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Controversies and Recent Advances in Senescence and Aging
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Aging is the leading predictive factor of many chronic diseases that account for most
of the morbidity and mortality worldwide, i.e., neurodegeneration, cardiovascular, pul-
monary, renal, and bone diseases, as well as cancers. Oxidative stress and reactive oxygen
species generation, over-production of inflammatory cytokines, the activation of oncogenes,
DNA damage, telomere shortening, and the accumulation of senescent cells are all widely
accepted mechanisms contributing to aging. Senescence is mainly thought to be provoked
by negative cellular stress but might also be induced by physiological developmental stim-
uli. Senescence is characterized by irreversible cell cycle arrest independent of quiescence
and terminal differentiation. However, more recent observations suggest that the status of
developmental and cancer senescent cells might not be irreversible. Aside from cell cycle
arrest, senescent cells are characterized by morphological changes and molecular damage,
metabolic alterations, and a specific secretory phenotype (SASP). Senescent cells contribute
to embryonic development and participate in tissue repair and tumor sup-pression, but
they are also involved in detrimental tissue decline during aging. Thus, the application
of senolytic or senostatic drugs to halt or reverse age-related pathologies could represent
an interesting therapeutic option. This Special Issue of Cells compiles novel and exciting
insights into the mechanisms of aging and senescence.

Carrillo-Salinas and colleagues describe the effects of short-chain fatty acids on the
function of neutrophils in young and older women with relevance for HIV infection risk [1].
HIV infection risk is high in younger women, but new HIV infections in older women
are rising worldwide. Vaginal microbiota represent a defense against infections including
HIV. Alterations in the physiological vaginal bacterial populations occur alongside other
stimuli in older women as well. High concentrations of short-chain fatty acids are the result
of vaginal dysbiosis. The authors compared the response of neutrophils from younger
and older woman to short-chain fatty acids. In response to HIV stimulation, short-chain
fatty acids reduced the chemokine secretion of neutrophils of young and older women. In
addition, incubation with pathological concentrations of short-chain fatty acids diminished
the activation and migration of neutrophils from older women and reduced the secretion
of alpha defensins as molecules with antiviral activity. These interesting results do not only
show that vaginal dysbiosis via short-chain fatty acids reduces neutrophil function but that
these perturbations become more prominent with increasing age. The data also suggest
that the re-establishment of physiological vaginal microbial flora with a resulting decrease
in short-chain fatty acids might be a relatively simple way to reduce to some extend the
risk of infections, especially in older populations.

Oxidative stress is generally assumed to increase with aging and induce senescence
which might have consequences for one’s lifespan. Reducing neuronal oxidative stress
is known to extend the lifespan in Drosophila [2]. However, the exact source for reactive
oxygen species in this model is not fully understood. Baek and colleagues published in this
Special Issue of Cells the identification of dual oxidase (Duox) as a source for reactive oxygen
species (ROS) in Drosophila melanogaster [3]. Duox is activated by intracellular calcium to
produce H2O2. Duox heterozygous male flies showed an expected reduced expression of
Duox by 50%, as well as decreased ROS and H2O2 production. They survived longer under
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standard conditions as well when they were exposed to ROS-producing food. Whether
neuroinflammation and senescence in this model are reduced remains to be determined.
Nevertheless, the data nicely support the critical involvement of reactive oxygen species in
lifespan determination in this model. Unfortunately, the relations between antioxidants,
ROS production, and human health and longevity seem to be more complex [4,5].

Ke et al. determined ROS production in retinal pigment epithelial (RPE) cells [6].
They compared mononucleated and multinucleated RPE cells and determined that under
baseline conditions, ROS production was similar in both cell types, while multinucleated
cells had higher ROS production and DNA damage after irradiation. Surprisingly, in mice,
the number of multinucleated cells was not age-dependent and the comparison between
different species revealed that multinucleation seems to be a characteristic of nocturnal
animals, while in humans and other diurnal species the fraction of multinucleated cells is
low. Differences in ROS production and DNA damage were only detectable after the irradi-
ation of mononucleated and multinucleated cells. As multinucleation was independent of
the age of the mice, this represents another example of the dissociation of reactive oxygen
species production, DNA damage, and age-related phenotypes.

Besides the deleterious effects of ROS, telomere shortening is considered to be a
hallmark of aging [7]. Exercise is believed to have positive effects on telomere length
and the associated shelterin complex proteins, while the opposite is the case for obesity.
Nevertheless, shelterin genes show a very dynamic spaciotemporal expression pattern
throughout the lifespan [8], and the effects of exercise on telomere length differ largely
across multiple studies and have mostly been measured in peripheral blood cells. The
group of researchers working alongside Markus Herrmann reported a careful study using
exercised and sedentary rats fed with either a standard or a high-fat diet [9]. The rats were
exercised for quite a long period of 10 months and telomere length and mRNA expression
of telomerase, as well as the shelterin genes Terf-1 and Terf-2, were measured in multiple
organs. A high-fat diet in the non-exercised control group induced telomere shortening and
reduced mRNA expression for telomerase, Terf-1, and Terf-2 only in visceral fat, while in
most organs no conclusive effects were observed in telomere length, telomerase, Terf-1, and
Terf-2 expression in response to exercise or a high-fat diet. Nevertheless, it seems possible
that such a difference might occur in response to training in very old age. A challenge for
the future will be to establish training protocols and dietary interventions which might
increase telomere length and delay aging.

Unfortunately, long telomeres and high telomerase activity might not only protect
against aging but are also characteristic of cancer cells. Therefore, the inhibition of telom-
erase activity could represent an attractive therapeutic target for anti-tumor applications.
Yan et al. screened a library of 800 natural compounds for potential inhibitors of telomerase
activity [10]. They identified sanguinarine chloride as being an inhibitor of telomerase
expression and activity. This compound inhibits the growth of several cancer cell lines
in vitro and of xenograft tumors in vivo. The safety and efficacity as a potential drug
candidate for anti-tumor therapy in humans remains to be determined in future studies.

Another important factor driving aging is cellular senescence. Senescence is charac-
terized by the growth arrest of cells, which was first described in fibroblasts in long-term
culture [11,12] and the expression of characteristic markers and secretion of a variety of
diverse molecules, the so-called senescence-associated secretory phenotype (SASP) [13].
A problem with the characterization of senescent cells is that not a single highly specific
marker exists to identify these cells. Thus, the International Cell Senescence Association
released a consensus statement remarking that a combination of more than two typical
markers is required to identify a cell as being senescent [14]. Zimmermann and colleagues
carefully investigated markers of senescence in melanocytes and melanoma cells. They
induced senescence in human melanocytes via the overexpression of mutant BRAFV600E
and in melanoma cells via the chemotherapeutic agent etoposide [15]. Both cell types
showed increased beta-galactosidase (β-Gal) activity. As this is very common but poorly
understood in the field, although all cells were exposed to the senescence-inducing stimuli,
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only a fraction became β-Gal positive. The cell cycle inhibitor p16INK4A was induced
in both models, and as a third marker for the SASP, the authors suggested CXCL2. The
use of the two independent cell systems allows important conclusions to be drawn on the
choice of senescence biomarkers when working with melanocytic systems, and thus the
paper serves as important guidance in the field. In the future, an enormous amount of
work regarding the detection of senescence in response to different stimuli and in different
cell and organ systems will have to be conducted.

Although the authors describe p16INK4A as a marker for senescence and p16Ink4a-
targeting models are frequently used to eliminate senescent cells (reviewed in [13]), we
reported a careful analysis of p16Ink4a expression in several organs starting from embry-
onic development (Embryonic Day 10) until old age in mice [16]. The expression of p16
was highly dynamic in all organs in the embryonic and postnatal stages and increased
dramatically in old mice, which at this time point agrees with senescence and SASP factor
expression. The expression of p19 and p21 was less variable and increased to a moderate
extent in old age. Interestingly, high p16Ink4a protein expression during embryonic de-
velopment coincided with organ differentiation. In old mice, we observed a predominant
expression of p16 mRNA and protein in liver endothelial cells versus non-endothelial
cells. This is in agreement with a recent p16 ablator mouse model, which affects liver
sinusoidal endothelial cells the most prominently [17]. The expression of p16Ink4a in
early life was confirmed recently in a highly sensitive reporter system in fibroblasts of
the lung. These p16Ink4a-positive cells surprisingly had an enhanced capacity to sense
tissue inflammation and respond through their increased secretory capacity to promote
epithelial regeneration [18].

In addition, we reviewed the roles of p16INK4A, p14ARF/p19ARF, and p21 in organ
development and homeostasis in this Special Issue of Cells [19]. We analyzed the knowledge
surrounding p16INK4A, p14ARF/p19ARF, and p21 in embryonic and organ development
and described in detail the data reported in the literature and the different animal models
targeting these senescence-associated proteins. We highlight the most recent advancements
and controversial findings, which have largely contributed to a broader understanding
of the senescence mechanism and the roles of p16, p19Arf, and p21 therein. Interestingly,
senescent cells do not only have detrimental effects but are also required for physiological
functions and are involved in tissue repair. The SASP is not a uniform set of secret factors
but differs depending on p16 or p21. The beneficial effects of senescent cell removal are
most likely due to a normalization of the SASP and not merely attributed to the removal
of these “non-functional” cells; finally, p21-dependent senescence is not an irreversible
mechanism which leads to the clearance of the p21-expressing cells via macrophages, but
can be reversible [20].

Chen and Skutella propose in their review partial senescent cell reprogramming as
a strategy for anti-aging therapies [21]. They suggest that partial reprogramming can
produce a secretory phenotype that facilitates cellular rejuvenation. They carefully point
out that only partial reprogramming is desired to avoid tumor risk and organ failure and
describe approaches for achieving this goal. The authors review the strategies for reversing
senescence and the potential underlying mechanisms, identify candidates for this approach,
and develop clinical translational strategies to achieve partial reprogramming of senescent
cells with the aim of increasing people’s healthy lifespan and reducing frailty. This review
has already attracted a very broad audience.

Hong and colleagues focus in their review on the molecular mechanisms of alveolar
epithelial stem cell senescence and the senescence-associated differentiation disorders in
pulmonary fibrosis [22]. The topic is of high actual interest as SARS-CoV-2 viral infec-
tions induce acute pulmonary epithelial cell senescence, which is followed by fibrosis and
largely determines the disease outcome. The authors focus on the TGF-β signaling pathway
inducing the suppression of telomerase activity and thereby inducing senescence of the
alveolar epithelial stem cell and pulmonary fibrosis. Alternatively, dysregulation of the
shelterin complex protein TPP1 mediating the DNA damage response, pulmonary senes-

3



Cells 2023, 12, 902

cence, and fibrosis is discussed. They highlight studies indicating that the development
of senescence-associated differentiation disorders is reprogrammable and reversible by
inhibiting stem cell replicative senescence in pulmonary fibrosis, and provide a framework
for the targeted intervention of the molecular mechanisms of alveolar stem cell senescence
and pulmonary fibrosis.

Cellular senescence in aging lungs and lung diseases is reviewed in this Special Issue
of Cells by Aghali and colleagues [23]. They provide a successful overview of cellular
senescence, as well as the known signaling pathways and biomarkers of senescence. The
role of cellular senescence in chronic obstructive pulmonary disease (COPD) and idiopathic
pulmonary fibrosis (IPF) is reviewed in detail. Furthermore, the implications of mitochon-
drial alterations and mitochondrial DNA mutations in senescence and aging in the lung are
discussed. Finally, the authors provide a clinically important outlook regarding senescence
as a potential therapeutic target in lung diseases.

The group working with Maria Cavinato published two review articles in this Special
Issue of Cells entitled “Controversies and Recent Advances in Senescence and Aging”. The
first article deals with the topic of senescence. The authors introduce the relation between
cellular senescence and skin aging and analyze in great detail the major components
of air pollution on lungs and mainly skin aging. Air pollution and the consequences for
senescence and aging is a highly relevant topic for countries with increased industrialization
and intensified transport. Fortunately, the authors also provide guidance for tackling
the consequences of air pollution on the skin by reviewing the available information on
therapeutics and cosmetics in this specific field [24].

In the second article, the group summarizes the current knowledge surrounding
age-related lysosomal dysfunctions [25]. Deregulated nutrient sensing, mitochondrial dys-
function, and altered intercellular communication are additional characteristics of senescent
cells, which can be attributed to lysosomal dysfunction. The authors introduce lysosomal
components, their structure, and lysosomal biogenetic and metabolic pathways. They
describe the function of lysosomes in endocytosis, autophagy, mitophagy, and mitochon-
drial dysfunction, and explain in detail the lysosomal dysfunctions related to aging and
senescence. As a major pathway for senescence, mTORC signaling is discussed. In terms
of potential therapeutic interventions, it is interesting to note that the treatment of senes-
cent cells with mTORC1 inhibitors ameliorates senescence phenotypes and extends the
lifespan in mice [26]. In addition, increased β-galactosidase activity in the lysosomes of
senescent cells might represent an opportunity to activate highly specific pro-drugs as
senolytic compounds [27].

Jin and colleagues review the relation between pyroptosis, autophagy, and sarcopenia
in aging [28]. Pyroptosis—cellular inflammatory necrosis—represents a form of regulated
cell death, which plays a role in the ageing progress. It is closely related to age-related
diseases such as cardiovascular diseases, Alzheimer’s disease, osteoarthritis, and sarcope-
nia. Sarcopenia refers to an aging-related loss of muscle mass. Autophagy of skeletal
muscle cells can inhibit the activation of the pyroptosis pathway. The authors discuss the
mechanisms of aggravated oxidative stress and poor skeletal muscle perfusion in ageing
muscle, which activate the nod-like receptor (NLRP) family to trigger pyroptosis, and the
role of chronic low-grade inflammation in this process.

Brauning et al. discuss natural killer cells’ phenotypes and functions in aging [29].
The age-related impairment of the immune function (immunosenescence) is one important
cause of age-related morbidity and mortality. Despite an increased number of natural
killer (NK) cells in aged individuals, their function is impaired with reduced cytokine
secretion and decreased target cell cytotoxicity. NK cells are the central actors in the
immunosurveillance of senescent cells, thus also linking the mechanisms of senescence and
aging together. This excellent review describes the recent advances and open questions
in understanding the interplay between systemic inflammation, senescence burden, and
NK cell dysfunction in the context of aging. A profound understanding of the factors
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driving NK cell aging is a pre-requisite for developing potential therapies countering
age-related diseases.

Last but not least, Cai and colleagues review mouse models of accelerated aging [30].
Mice are frequently used in aging and senescence research due to their similarities to
humans, their short lifespan, and the ease of reproduction. Nevertheless, models of
accelerated aging are highly valuable in order to decrease time and costs in aging research.
This review provides excellent guidance and a description of the available models for
researchers working in the field.

Taken together, the Special Issue “Controversies and Recent Advances in Senescence
and Aging” comprises an excellent collection of original articles and reviews highlighting
different novel aspects in the fields of senescence and aging research. They will hopefully
stimulate discussions and further research in these fields which are extremely important
for a constantly aging human population.
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Abstract: Half of the people living with HIV are women. Younger women remain disproportionally
affected in endemic areas, but infection rates in older women are rising worldwide. The vaginal
microbiome influences genital inflammation and HIV infection risk. Multiple factors, including
age, induce vaginal microbial alterations, characterized by high microbial diversity that generate
high concentrations of short-chain fatty acids (SCFAs), known to modulate neutrophil function.
However, how SCFAs may modulate innate anti-HIV protection by neutrophils is unknown. To
investigate SCFA-mediated alterations of neutrophil function, blood neutrophils from younger and
older women were treated with SCFAs (acetate, butyrate and propionate) at concentrations within
the range reported during bacterial vaginosis, and phenotype, migration and anti-HIV responses
were evaluated. SCFA induced phenotypical changes preferentially in neutrophils from older women.
Butyrate decreased CD66b and increased CD16 and CD62L expression, indicating low activation and
prolonged survival, while propionate increased CD54 and CXCR4 expression, indicating a mature
aged phenotype. Furthermore, acetate and butyrate significantly inhibited neutrophil migration
in vitro and specifically reduced α-defensin release in older women, molecules with anti-HIV activity.
Following HIV stimulation, SCFA treatment delayed NET release and dampened chemokine secretion
compared to untreated neutrophils in younger and older women. Our results demonstrate that SCFAs
can impair neutrophil-mediated anti-HIV responses.

Keywords: short-chain fatty acids; neutrophil; HIV; aging; women

1. Introduction

New human immunodeficiency virus (HIV) infections have been reduced by 40%
since 1998, but around 1.5 million people were still newly infected with HIV in 2020 [1].
Although younger women are at higher risk in endemic areas, new HIV infections in older
women are rising worldwide [2–5], a fact to take into account given the increase in the size
of the elderly population expected in the upcoming decades [6,7].

The vaginal microbiota is a dynamic community of bacteria that works as a first-line
defense against invading pathogens, along with the epithelial mucosal barrier and the
immune mucosal response [8–10]. The vaginal microbiota, dominated by the Lactobacilli
species that maintain high concentrations of lactic acid [11] and a low pH in the lower tract,
is considered to be beneficial and reduce the risk of HIV acquisition [12–15]. However,
multiple stimuli, including antibiotics, sexual activity, vaginal hygiene, menstrual cycle, and
oral contraceptives, can alter these bacterial populations, resulting in vaginal dysbiosis and
increased risk of HIV acquisition [12,16–21]. Data also indicate that the vaginal microbiome
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changes after menopause, with a decreased presence of Lactobacillus species compared to
premenopausal women [22–24]. This fact, together with changes in immune cell responses,
the pro-inflammatory environment, and a reduction of protective mediators in the female
reproductive tract (FRT), may increase the risk of HIV acquisition in postmenopausal
women [7,23,25–28].

An important consequence associated with vaginal dysbiosis is the increased presence
of short-chain fatty acids (SCFAs), metabolic products of anaerobic bacterial fermentation.
SCFAs are physiologically present in the genital mucosa at low concentrations (0–4 mM),
with acetic, butyric and propionic acids being the most abundant [11,29–32]. However,
under conditions that induce vaginal dysbiosis, the reduction in Lactobacilli is associated
with a drop in lactate concentration and an increased vaginal pH that facilitates the growth
of facultative and anaerobic bacteria, resulting in abnormally elevated concentrations of
acetate, butyrate and propionate (20–140 mM) [11,29–32].

SCFAs present at mucosal surfaces act on epithelial cells to modify barrier function [9]
and also diffuse into the subepithelial compartment to act directly on immune cells by
interaction with the G-protein coupled receptors GPR43, GPR41 and GPR109A [33–35].
SCFAs have been described to play a critical role as immunomodulators to prevent mucosal
inflammation in the gut [36]. However, high concentrations of SCFAs in the FRT seem to
promote inflammation [9,31,37]. Genital inflammation is known to increase susceptibility to
HIV infection [15,38,39], but very little is known about the effect of high concentrations of
SCFAs on innate immune responses and the susceptibility to HIV infection in women [31].

We recently demonstrated that neutrophils from the FRT of healthy women release
neutrophil extracellular traps (NETs) in response to HIV stimulation [40]. NET release
is a process characterized by the extracellular ejection of DNA associated with granular
proteins with antimicrobial activity [40–42], which has been shown to inactivate HIV
in vitro [40,41]. In contrast, studies of inflammation in the context of sexually transmitted
infections (STIs) describe associations between neutrophil-derived molecules in cervico-
vaginal secretions with an increased risk of HIV acquisition [43–45]. These apparently
opposite findings highlight the gap in our knowledge about how alterations in the micro-
biome may affect neutrophil function and anti-HIV responses. Importantly, neutrophils
highly express GPR43, the main SCFA receptor [35], representing a likely candidate to be
modulated by changes in the microbial metabolome. However, it is unknown whether the
anti-HIV potential of neutrophils is modified by SCFAs.

In this context, we hypothesize that pathological concentrations of SCFAs due to
changes in genital microbiota can modulate neutrophil responses to HIV and directly
impact the risk of HIV acquisition. To begin to answer this question, we optimized an
in vitro model to evaluate the effects of pathological concentrations of SCFA on neutrophil
function and anti-HIV activity in younger and older women.

We found that pathological concentrations of SCFAs reduced neutrophil activation
in an age-dependent manner, inhibited neutrophil migration and reduced the release of
NETs and innate antiviral molecules. Our findings provide proof of concept that genital mi-
crobial alterations that induce an increase in SCFA concentrations may impair neutrophils’
physiological functions and reduce their antiviral potential.

2. Materials and Methods
2.1. Study Subjects

All investigations involving human subjects were conducted according to the prin-
ciples expressed in the Declaration of Helsinki and carried out with the approval of the
Institutional Review Board of Tufts University (protocol code: MODCR-01-11201, approved
on 20 October 2014). Volunteer healthy and HIV-seronegative women were included in the
study, and informed consent was obtained from all subjects. Information regarding age
was provided, but no other information was disclosed. Women included in the study were
classified as younger (n = 17; 18–28 years-old; median = 24) or older (n = 18; 65–72 years-old;
median = 68).
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2.2. Neutrophil Isolation from Human Peripheral Blood and Treatment with SCFAs

Venous blood of healthy women was collected into 10 mL EDTA tubes (BD Vacutainer;
Franklin Lakes, NJ, USA). Polymorphonuclear cell (PMN) isolation was performed by
positive selection using CD15 MicroBeads (Miltenyi Biotec; Auburn, CA, USA) and a whole
blood column kit following the manufacturer’s instructions (Miltenyi Biotec). This isolation
method was effective with 92.84% viability (Figures 1a and S1a) and >94% neutrophil
enrichment (as CD45+ CD15+ CD66b+ cells), determined by flow cytometry. Purified
neutrophils were resuspended in HBSS culture medium (Hanks’ Balanced Salt Solution,
Gibco; Waltham, MA, USA) for imaging analysis or in X-VIVO 15 media for cell culture
(Lonza; Bend, OR, USA) and stimulated with 25 mM of sodium acetate, sodium butyrate or
sodium propionate for 1 or 3 h as indicated for further analysis.
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Figure 1. High concentrations of butyrate and propionate induce phenotypical changes in hu-
man neutrophils. (a) Quantification of cell death induced by high concentration of SCFA (n = 12).
(b) Representative example of flow cytometry plots showing CD66b expression on neutrophils in
control condition (CTL) and after butyrate treatment (25 mM) for 3 h. (c) Percentage of CD66blow

neutrophils after treatment with SCFAs (acetate, butyrate, and propionate) 25 mM for 3 h (n = 12).
(d) Representative example of flow cytometry plots and (e) percentage of CD66blow CD16high neu-
trophils after SCFA treatment (n = 12). (f) Flow cytometry plots and (g) changes in percentage of
CD62L+ neutrophils induced by SCFAs. Effect of pathological concentration of SCFAs on ((h,i);
n = 11) CD16high CD62Lhigh or CD62Llow neutrophil population and (j,k) CD54+ neutrophils (n = 11).
(l) Representative flow cytometry plots and (m) quantification of the percentage of CXCR4high

CD62Llow neutrophils after treatment with pathological concentration of SCFAs (n = 4). (n) Changes
induced by propionate treatment in CD54 expression of neutrophils gated on CXCR4high CD62Llow

population. Each dot represents a different patient (age of patients: 18–72 years old). Non-parametric
paired Friedmann test was used, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. CTL: control; Acet: acetate
25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.
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2.3. Determination of Neutrophil Phenotype by Flow Cytometry

Neutrophils were fixed with 4% PFA for 30 min at 4 ◦C, washed and stained for
20 min in the dark with the following anti-human antibodies: CD45-APC-Cy7 (clone
2D1; Biolegend, San Diego, CA, USA), CD54-BV421 (clone HA58; Biolegend), CD62L-
BV711 (clone SK11; Biolegend), CXCR4-BV-785 (clone 12G5; Biolegend), CD66b-APC
(clone REA306; Miltenyi Biotec), CD15-FITC (Miltenyi Biotec) and CD16-PE (clone 3G8;
BD Biosciences, Franklin Lakes, NJ, USA). A live/dead fixable blue dead cell stain kit
(Thermo Scientific; Waltham, MA, USA) was used to assess cell death in cultures before
fixation. Fluorescence Minus One (FMO) controls were used to identify and gate positive
populations (Figures 1 and Figure S1b). Analysis was performed on an LSRII flow cytometer
(BD; Ashland, Wilmington, DE, USA) or Aurora cytometer (Cytek Biosciences; Fremont,
CA, USA) and assessed using FlowJo software (BD) or OMIQ (www.omiq.ai (accessed
on 13 July 2021)). The expression of surface markers was measured by the percentage of
positive cells.

2.4. Migration Assay

Neutrophil migration was evaluated using a Transwell assay inserted into an ultra-low
attachment 24-well plate (Corning Inc., Corning, NY, USA). Cells were seeded at a density
of 4 × 105/well in X-VIVO 15 media (Lonza) into the upper chamber of a Transwell insert
(5 µm pore size; Corning, Inc.), and XVIVO-15 with sodium acetate, sodium butyrate or
sodium propionate at a final concentration of 25 mM was added to the lower chamber
to study if SCFAs at this concentration could act as a chemoattractant. After 3 h at 37 ◦C,
the cells from both chambers were collected and stained for immune phenotyping by
flow cytometry. The migration ratio was calculated by dividing the number of cells in the
bottom chamber by the sum of cells in the top + bottom chamber and normalizing to the
control group.

2.5. Generation of GFP-Labeled VLPs

Modified pNL43 provirus-based plasmid for expression of GFP-labeled viral-like
particles (VLPs) and encoding NL43 Env in cis (referred to as pNL4GagGSGFP/K795)
was described previously [46]. Briefly, the enhanced GFP (EGFP) coding sequence is
expressed in the frame at the 3’end of the gag, replacing the protease and most of the
reverse transcriptase coding region. The Ψ-signal on the RNA and the complete gag open
reading frame (ORF) remain intact. Furthermore, a plasmid with an inactivated Env ORF,
resulting in no expression of functional Env protein (referred to as pNL4GagGSGFPDelta-
env/K806), was derived from K795 for pseudotyping and complemented with pBaL.26 Env
expression plasmid (NIH AIDS Reagent program, catalog number 11,446, contributed by
Dr. John Mascola) [47]. Non-infectious, EGFP-labelled VLPs were produced by transfection,
concentrated by ultracentrifugation, and enumerated essentially as described [46].

2.6. Time-Lapse Microscopy of NETs

Human purified neutrophils from blood were plated in a 96-well plate (Corning Inc.;
Corning, NY, USA) and stimulated with 25 mM of sodium acetate, sodium butyrate or
sodium propionate (Sigma-Aldrich; St. Louis, MO, USA), in the presence or absence of
GFP-labeled HIV-viral like particles (HIV-VLPs). Cytotox red reagent (Essen Bioscience;
Ann Arbor, MI, USA) was used to label DNA. Images were collected every 3–5 min for at
least 3 h at 37 ◦C using a 10x objective with the IncuCyte S3 (Sartorius; Bohemia, NY, USA).
Extracellular DNA-labeled red signal and GFP-VLP signal were quantified to determine
the NET-HIV area with the Incucyte software as described [40].

2.7. HIV Stimulation

HIV-1-BaL (R5) isolates were obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH, from Dr. Suzanne Gartner, Dr. Mikulas Popovic
and Dr. Robert Gallo [48] and propagated in PBMCs as described [49]. Purified blood
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neutrophils were stimulated with HIV-1 BaL for 1h at an MOI of 0.5, after which the culture
supernatants were collected and stored at −80 ◦C until used for cytokine and chemokine
analysis by Luminex. Uninfected controls were incubated for the same length of time in
media without the virus.

2.8. Quantification of Cytokines and Chemokines by Luminex

Supernatants from SCFA- and HIV-stimulated neutrophils were centrifuged at
18,000× g for 10 min to remove any cell debris and NETs. Then, supernatants were trans-
ferred to a new plate for HIV inactivation with 0.5% Triton X-100 (Sigma) for 30 min at
4 ◦C. Two different panels of cytokines and chemokines were measured using Millipore
human cytokine multiplex kits (EMD Millipore Corporation; Billerica, MA, USA) following
the manufacturer’s instructions. Panel 1: sCD40L, MIP-1α, MIP-1β, GM-CSF, IFNγ, TNFα,
IL-1β, IL-5, IL-6, IL-8, IL-10, IL-22, GROα, IFNα2, IL-13, IL-27 and PDFG-AB/BB. Panel 2:
IL-8, MCP-1, MIP-1α, RANTES, MDC and MIG. Signal was measured using the MAGPIX
system by Luminex (Luminex Corporation; Austin, TX, USA) and quantified with Luminex
xPONENT software.

2.9. ELISA

The concentration of α-defensins 1–3 was quantified in cell-free culture supernatants
after 3 h of treatment with acetate, butyrate or propionate 25 mM using the commercial Hu-
man alpha-defensin 1 DuoSet ELISA (R&D Systems; Minneapolis, MN, USA) following the
manufacturer’s instructions. The control group was incubated with X-VIVO 15 media. The
concentration of sCD62L was also measured using the Human L-Selectin/CD62L DuoSet
ELISA (R&D Systems) from the same supernatants used for α-defensin and Luminex.

2.10. Quantification of GPR43 by Western Blot

Human neutrophil pellets were resuspended in extraction buffer containing RIPA
buffer, 1% NP-40, 1mM PMSF, 1x phosphatase inhibitor (PhosSTOP, Millipore Sigma;
Burlington, MA, USA), and 1× protease inhibitor (cOmplete, Millipore Sigma) and were
lysed for 45 min on ice. The cell lysate was centrifuged at 12,000× g at 4 ◦C for 5 min.
Protein concentration was determined with a protein assay reagent (Pierce 660 nm, Thermo
Scientific), and 10–20 µg were mixed with 1× Laemmli SDS sample buffer and heated at
95 ◦C for 5 min. Samples were run in 4–20% acrylamide gels (Mini-PROTEAN TGX Precast
Protein Gels, Bio-Rad; Hercules, CA, USA) at 200 V for 1 h. After electrophoresis, proteins
were transferred to a PVDF membrane using a rapid transfer system (Trans-Blot Turbo
Transfer System, Bio-Rad). Membranes were blocked using a blocking solution (Pierce
Fast Blocking Buffer, Thermo Scientific) for 5 min at RT, washed with 0.1% Tween20 in
TBS (pH 7.6), and then incubated overnight with 1:1000 polyclonal rabbit anti-human
GPR43 antibody (Thermo Scientific) in a 5% BSA, 0.05% NaN3, 0.1% Tween-20 TBS solution.
After washing, the membrane was incubated with 1:7500 anti-Rabbit IgG (H + L) (IRDye
800CW, Li-Cor; Lincoln, Dearborn, MI, USA) in a 1% dry milk, 0.1% Tween 20, TBS solution
for 45 min at RT. Protein quantification was performed using the Li-Cor Odyssey system.
Protein levels were relativized to unstimulated control.

2.11. Statistical Analysis

Data analysis was performed using the GraphPad Prism 9 software. Data are repre-
sented as median ± interquartile range (IQR). A two-sided p-value ≤ 0.05 was considered
statistically significant. Non-parametric Mann–Whitney U test or Wilcoxon’s matched
pair test was used for comparison of two groups, and non-parametric Kruskal-Wallis or
Friedman tests followed by Dunn’s post-test were used for comparison of three or more
groups. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Grubb’s analysis (alpha = 0.05) was used to
identify potential outliers.
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3. Results
3.1. Pathological Concentrations of SCFAs Induce Phenotypical Changes in Human Blood Neutrophils

In order to identify phenotypical changes in neutrophils under conditions of high
concentration of SCFAs, we incubated blood neutrophils from healthy women (range
of age: 18–72 years old) with three different SCFAs (butyrate, propionate or acetate) at
a pathological concentration (25 mM) and compared the expression of several activation
markers by flow cytometry (Figure S1a; gating strategy). This concentration was selected
based on previous literature indicating a range concentration of SCFA of 20–140 mM during
vaginal dysbiosis [11,29–32]. First, we observed that pathological concentrations of SCFAs
did not induce cell death in neutrophils after 3 h of treatment compared to the control group
(Figure 1a). In untreated neutrophils, two subpopulations were identified based on CD66b
expression, CD66blow and CD66bhigh (Figure 1b, top panel). Treatment with butyrate
specifically induced a significant decrease in the expression of CD66b (Figure 1b; bottom
panel), increasing the proportion of CD66blow neutrophils (Figure 1c), while no significant
changes were observed for CD66b expression when neutrophils were treated with acetate
or propionate (Figure 1c). In addition, butyrate and propionate treatment modified CD16
expression, inducing a shift from the CD66bhighCD16low population found in untreated
neutrophils (Figure 1d; top panels) to CD66blowCD16high in butyrate and propionate-
treated neutrophils (Figure 1d,e; bottom panels). Butyrate treatment also increased CD62L
expression on neutrophils (Figure 1f,g), while no significant changes were detected for the
other SCFAs (Figure 1g).

Because CD16 and CD62L can define different neutrophil subsets with distinct effector
functions [50], we next determined changes in the co-expression of these two markers
(Figure 1h). Consistent with our observations with each individual marker, we detected
a significant increase in the CD62LhighCD16high neutrophil population after butyrate treat-
ment (Figure 1h,i; left graph), indicating a mature and partially activated phenotype.
Although we identified an outlier in Figure 1i (left graph), the difference remained signifi-
cant after excluding from the analysis this outlier data point in the data set (p = 0.016). In
addition, butyrate and propionate treatment also increased the proportion of CD62Llow

CD16high neutrophils (Figure 1i; right graph).
Finally, we analyzed the expression of CD54 (intracellular adhesion molecule 1,

ICAM-1) in neutrophils, a marker of activation and migration. Only propionate induced
a significant increase in the proportion of CD54+ neutrophils (Figure 1j,k), while no effect
was observed with the other SCFAs. Since upregulation of CD54 and downregulation
of CD62L in combination with CXCR4 [51] are markers that indicate “aged” neutrophils,
an overly active population of circulating neutrophils with an expanded lifespan, we
further explored the expression of CXCR4 following SCFA treatment to confirm the induc-
tion of an aged phenotype. Only pathological concentrations of propionate significantly
increased the proportion of CXCR4highCD62Llow neutrophils (Figure 1l,m), which also
showed higher expression of CD54 (Figure 1n), characteristic of neutrophils with an aged
phenotype [51].

Taken together, our results suggest that butyrate at pathological concentrations reduces
activation of neutrophils and increases maturation, while propionate induces phenotypical
alterations characteristic of “aged” neutrophils.

3.2. Effects of SCFA Treatment Are Enhanced in Neutrophils from Older Women

Recognizing that as women age, immune functions and the composition of the vaginal
microbiome are modified [7,24], we stratified the women in our study into younger (average
of 24.78 years old) and older groups (average of 66.22 years old) and evaluated phenotypical
changes to determine if age had any potential effects on susceptibility to a pathological
concentration of SCFAs. Interestingly, the CD66high (Figure 2a) and CD66blow (Figure 2b)
neutrophil populations were very conserved in younger women and did not change
after treatment with SCFAs. In contrast, older women showed high variability in the
levels of CD66b expression, and these levels were significantly reduced after butyrate
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treatment, with a decrease in the proportion of CD66bhigh neutrophils (Figure 2a) and
an increase in CD66blow neutrophils (Figure 2b). Furthermore, the observed effect of
butyrate and propionate increasing CD16 expression on CD66blow neutrophils (Figure 1c,d)
was enhanced in neutrophils from older women (butyrate: 12.2-fold change, propionate:
8-fold change) compared to younger women (butyrate: 3-fold change, propionate: 2-fold
change) (Figure 2c). Similarly, butyrate and propionate treatment only increased CD62L
expression on neutrophils in older women, with no significant changes in younger women
(Figure 2d). However, when we analyzed changes in the co-expression of CD62L and
CD16, we observed high variability of a CD62Lhigh CD16high neutrophil population in
older women after SCFA treatment, while this population was almost absent in younger
women (Figure 2e).
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Figure 2. Pathological concentrations of butyrate and propionate preferentially modifies the phe-
notype of neutrophils from older women. Effect of SCFAs on the percentage of (a) CD66bhigh,
(b) CD66blow, (c) CD66blowCD16high, (d) CD62L+, (e) CD62LhighCD16high, and (f) CD54+ neutrophils
after 3 h of treatment (25 mM) in neutrophils from younger (triangles) and older women (circles),
quantified by flow cytometry. Each dot represents a different patient (younger = 6; older = 5–6). Non-
parametric paired Friedmann test was used, followed by Dunn’s post-test for multiple comparisons;
* p ≤ 0.05, *** p ≤ 0.001. CTL: control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate
25 mM.

Finally, although propionate induced an increase in the proportion of CD54+ neu-
trophils in the older population, this change did not reach statistical significance (Figure 2f).

Collectively, our data indicate that neutrophils from older women are more respon-
sive to high concentrations of SCFAs than younger women, specifically to butyrate and
propionate, resulting in a non-activated mature phenotype.

3.3. Pathological Concentrations of SCFAs Inhibit Neutrophil Migration In Vitro

CD62L (L-selectin) and CD54 (ICAM-1) are adhesion molecules involved in neutrophil
transmigration [52]. Since we observed changes in CD62L and CD54 expression following
SCFA treatment, we next investigated neutrophil migration in the context of pathological
concentrations of SCFAs. To determine if pathological concentrations of SCFAs would act
as a chemoattractant for neutrophils, we used a transwell system, plating neutrophils on
the top chamber and a high concentration of SCFAs (25 mM) or control media in the bottom
chamber, and the phenotype of neutrophils was determined by flow cytometry following
the same gating strategy used for Figures 1, 2 and S1a. After 3 h, high concentrations of
acetate and butyrate significantly inhibited neutrophil migration compared to the control
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condition, while propionate did not affect neutrophil migration compared to control media
(Figure 3a).
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Figure 3. High concentrations of acetate and butyrate inhibit neutrophil migration. (a) Migration
ratio of neutrophils in the presence of SCFAs 25 mM for 3 h (n = 14). (b) Expression of CD16 on
neutrophils that migrated to the bottom chamber after 3 h in the absence (control: CTL) or presence of
different SCFAs (25 mM) measured by flow cytometry (n = 14). (c) Effect of age on CD16+ neutrophils
treated with SCFAs 25 mM (younger = 6; older = 8). Migrated neutrophils in the bottom chamber
of the transwell were collected and the percentage of (d) CD62L+ neutrophils in the absence or
presence of SCFAs was quantified (n = 6). (e) Effect of age on CD62L+ neutrophils that migrated
towards propionate (younger = 3; older = 3). The same analysis was conducted for CD54+ neutrophils
(f, n = 12), and effect of age on CD54+ neutrophils that were chemoattracted by propionate (g) was
examined (younger = 4; older = 8). Each dot represents a different patient. (a,c) Wilcoxon t-test and
(b,d–g) non-parametric paired Friedmann test were used; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. CTL:
control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.

Next, we analyzed changes in CD16, CD62L and CD54 expression in the neutrophils
that migrated. We observed a trend towards an increased proportion of CD16+ neutrophils
in the butyrate condition, although it did not reach statistical significance compared to
untreated controls (Figure 3b). When we evaluated the effects of age, untreated neutrophils
from older women showed significantly higher expression of CD16 after migration com-
pared to neutrophils from younger women (Figure 3c). However, this difference was
abrogated in the presence of SCFAs (Figure 3c).

In contrast, we found a significant increase in CD62L+ neutrophils after migration in
the propionate condition (Figure 3d), which was independent of age (Figure 3e), while these
populations were absent in the acetate and butyrate conditions. In addition, we observed
a higher proportion of CD54+ neutrophils after migration to propionate (Figure 3f), and
this CD54+ neutrophil population was significantly more abundant in younger compared
to older women (Figure 3g).

Taken together, these results demonstrate that high concentrations of acetate and
butyrate inhibit neutrophil migration, while propionate does not affect migration capacity
but modifies the phenotype of migrated neutrophils with increased expression of CD62L
and CD54 in an age-dependent manner.

3.4. High Concentrations of SCFAs Modify Innate Secretion Profile by Neutrophils from Older Women

Following cellular activation and migration, CD62L is rapidly cleaved off and released,
displaying immunomodulatory properties [53], mainly inhibiting leukocyte recruitment.
Because we detected changes in activation phenotype and surface expression of CD62L
after SCFA treatment of neutrophils, we next measured levels of soluble CD62L (sCD62L) in
supernatants. The concentration of sCD62L was significantly decreased when neutrophils
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were treated with butyrate or propionate for 3 h, but not acetate (Figure 4a). Interestingly,
when samples from women were stratified by age, SCFAs did not alter sCD62L secretion in
neutrophils from younger women (Figure 4b), but sCD62L was significantly reduced after
acetate, butyrate and propionate treatment in older women compared to untreated controls
(Figure 4c).
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Figure 4. Pathological concentrations of SCFAs significantly reduced the release of sCD62L
and α-defensin 1–3 by neutrophils from older women. (a) Quantification of sCD62L released
by SCFA-treated neutrophils and stratified by younger (b) and older women (c), measured by
ELISA. (d) Quantification of α-defensin 1–3 released by SCFA-treated neutrophils and stratified by
younger (e) and older women (f) after 3 h, measured by ELISA. Each dot represents a different
patient (n = 14; younger = 6, older = 8). Non-parametric paired Friedmann test was used; * p ≤ 0.05,
** p ≤ 0.01. CTL: control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.

To evaluate if other innate secreted molecules could also be affected by SCFA treatment,
we measured the secretion of α-defensin 1–3, an antimicrobial peptide very abundant
in neutrophils that displays broad spectrum microbicidal activity, including anti-HIV
activity [54]. When all women were analyzed together, only butyrate significantly reduced
α-defensin 1–3 release by neutrophils after 3 h (Figure 4d). After separating women based
on age, no changes were observed in the younger group (Figure 4e), while acetate and
butyrate treatments significantly reduced α-defensin 1–3 release by neutrophils from older
women (Figure 4f).

Next, we determined if classical pro-inflammatory molecules were modified by SCFA
treatment. A panel of cytokines and chemokines was measured in supernatants from SCFAs-
treated neutrophils by Luminex. However, none of the secreted cytokines and chemokines
analyzed, which included the classical pro-inflammatory cytokines GM-CSF, IFN-γ, IL-1β,
IL-6, IL-8 and TNFα, changed after 3 h of treatment with SCFAs (Figure S2). No significant
differences were found between younger and older women, although neutrophils from
older women showed a trend to secrete lower levels of most of the molecules analyzed
(Figure S2).

Overall, these data demonstrate that pathological concentrations of SCFAs modify
secretion profiles of innate molecules selectively in neutrophils from older women but do
not alter the secretion of pro-inflammatory cytokines and chemokines.
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3.5. High Concentrations of SCFAs Delay NET Release and Chemokine Secretion in Response to HIV

Since vaginal dysbiosis is known to increase the vaginal concentrations of SCFAs [55,56]
and the risk of HIV acquisition [13,17,19,21], we next investigated if the high SCFA envi-
ronment could affect neutrophil antiviral response to HIV. SCFA-treated neutrophils from
younger and older women were challenged with HIV-VLPs, and the release of NETs was
measured with time-lapse microscopy as described [40]. Consistent with our previous
results, we observed that following HIV stimulation, neutrophils actively released NETs,
which entrapped HIV-VLPs (Figure 5a). NET release started within minutes after HIV
exposure and was sustained for at least 3 h after HIV stimulation (Figure 5b). Quantifica-
tion of NET-HIV complexes demonstrated a significant upregulation after HIV exposure
compared to unstimulated controls (Figure 5c).

Next, we asked if SCFA could modify NET release by themselves or in response to HIV.
In the absence of HIV stimulation, high concentrations of acetate, butyrate or propionate
did not increase NET release in comparison to control untreated neutrophils (Figure S3).
In addition, pathological concentrations of SCFAs did not modify the overall magnitude
of HIV-induced NET release during the first 3 h after stimulation, whether women were
analyzed together (Figure 5d) or separated into younger and older groups (Figure 5e).

Next, we evaluated if SCFA treatment could modify the timing of NET release. HIV-
induced NETs were significantly upregulated as early as 5 min following HIV stimulation
in untreated and butyrate-treated neutrophils (Figure 5f, white and black symbols). In
contrast, acetate- and propionate-treated neutrophils showed a 15 min delay in NET
release after HIV stimulation (Figure 5f). Furthermore, propionate-treated neutrophils not
only delayed but significantly decreased initial NET release following HIV stimulation
compared to the HIV control condition (Figure 5f). Then, we evaluated whether SCFA
treatment affected neutrophils from younger and older women differently. In the absence
of SCFAs, HIV-induced NET release was detected 5 min after stimulation in neutrophils
from younger women (Figure 5g) and 15 min after stimulation in neutrophils from older
women (Figure 5h). Interestingly, acetate, butyrate and propionate treatments delayed 1 h
HIV-induced NET release in neutrophils from younger women (Figure 5g), while butyrate
induced a 30 min delay and propionate induced a 1h delay in the anti-HIV response of old
neutrophils (Figure 5h).

As a control, we determined whether HIV could modify the protein level of the
main receptor for SCFAs, GPR43, which is highly expressed by neutrophils [35]. HIV did
not change the expression of GPR43 in neutrophils after 1h of stimulation, quantified by
Western blot (Figure 5i,j).

In order to study if additional mechanisms involved in neutrophil-mediated anti-HIV
responses were altered by a high concentration of SCFAs, neutrophils were stimulated with
replication-competent HIV-BaL for 1 h and a selected panel of chemokines relevant for
chemoattraction of HIV-target cells, and direct anti-HIV activity was measured in super-
natants by Luminex [39]. We observed a significant increase in the release of IL-8 (CXCL8),
MCP-1 (CCL2), MIP1α (CCL3), RANTES (CCL5), MDC (CCL22) and MIG (CXCL9) by
neutrophils in response to HIV (Figure 6), while other cytokines, such as TNFα or IL-10,
were undetectable (data not shown). Interestingly, HIV stimulation in the presence of
a high concentration of SCFAs dampened the release of these molecules, with a signifi-
cant reduction for most molecules detected in the presence of butyrate and a significant
reduction in MDC secretion in the presence of butyrate and propionate (Figure 6).

Taken together, our findings indicate that a pathological concentration of SCFAs
significantly delays HIV-induced NET release by neutrophils from both younger and older
women and reduces the release of chemokines in response to HIV stimulation.
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Figure 5. Pathological concentrations of SCFA induce a significant delay in HIV-induced NET release
by neutrophils. (a) Representative image of NET formation and co-localization with HIV-VLPs,
quantified with IncuCyte S3 system. (b) Total NET-HIV area of unstimulated controls (white dots)
and HIV-VLP (black dots) is represented over time. (c) Quantification of HIV-NET area in the first
3 h and (d) after treatment with 25 mM of acetate, butyrate or propionate after stimulation with
HIV-VLPs (n = 16). (e) Effect of age on NET release by SCFA-treated neutrophils. (f) Comparison of
HIV-induced NET release by time intervals in all women (n = 16) and separated in (g) younger (n = 7)
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and (h) older (n = 9) groups. (i) Representative Western blot and (j) neutrophil GPR43 protein
quantification after 1 h of stimulation with HIV-VLPs, relative to unstimulated CTL (n = 3). Scale
bar: 50 µm. Each dot represents a different patient (n = 16; younger = 7; older = 9). Wilcoxon’s
matched-pairs signed-rank test was used for two-group comparisons, and Kruskall–Wallis with
Dunn’s post-test was used to compare three or more groups. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
CTL: control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.
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Figure 6. High concentrations of butyrate significantly reduces the release of chemokines in response
to HIV stimulation. Neutrophils were stimulated with HIV-BaL in the presence or absence of SFCAs
for 1 h, and cell-free supernatants were used to quantify the concentration of the following molecules
by Luminex: (a) IL-8 (CXCL8), (b) MCP-1 (CCL2), (c) MIP1α (CCL3), (d) RANTES (CCL5), (e) MDC
(CCL22) and (f) MIG (CXCL9). Each dot represents a different patient (n = 6). Dotted line: limit of
detection. Non-parametric paired Friedmann test was used, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. CTL:
control; Acet: acetate 25 mM; Buty: butyrate 25 mM; Prop: propionate 25 mM.

4. Discussion

Our study demonstrates that pathological concentrations of SCFAs modify neutrophil
activation, secretion profile and anti-HIV responses in an age-dependent manner. We found
that different SCFAs exert specific effects and that neutrophils from older women are more
susceptible to modulation by SCFA treatment. Our findings are relevant to understanding
how changes in the composition of the genital microbiome that alter the metabolome
may affect neutrophil-mediated innate protection in the genital tract of younger and
older women.

It is well known that women with vaginal dysbiosis and bacterial vaginosis (BV) have
a shift in their vaginal microbiota, with an increased number and diversity of facultative
and anaerobic bacteria [8]. Furthermore, high-diversity bacterial communities in the FRT
are strongly associated with pro-inflammatory genital cytokines that activate immune cells
in vivo [15,57]. Several studies have shown that there is a shift in metabolites from lactate
toward mixed SCFAs during vaginal dysbiosis [30,31,55,56,58], which include a wide range
in concentrations (20–140 mM) of acetate, butyrate and propionate [11,29–31].

To understand how changes in the microbiome and microbial metabolites may af-
fect neutrophil-mediated innate protection against infections, in this study, we optimized
an in vitro model to evaluate the potential effects of a high-SCFA-concentration environ-
ment on neutrophils by treating blood neutrophils with three different SCFAs (acetate,
butyrate and propionate), known to be increased in conditions with vaginal dysbiosis and
at concentrations described as pathological in the lower tract of the FRT [9,11,29,30]. Under
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these conditions, we observed modifications specific to each SCFA. Butyrate induced phe-
notypical changes in neutrophils, with decreased CD66b and increased CD16 and CD62L
expression. CD66b is an adhesion molecule and a marker of neutrophil activation [59],
while CD16 is involved in neutrophil survival [60], and CD62L is a marker for transmigra-
tion and maturation that is downregulated as neutrophils age [61,62]. Therefore, our results
suggest that a high concentration of butyrate induces low activation and longer survival of
non-aged mature neutrophils. Consistently, previous studies have shown upregulation of
CD16 expression on vaginal neutrophils in women with BV [63] and inhibition of neutrophil
apoptosis after treatment of peripheral neutrophils with high concentrations of butyrate
in vitro [64]. Although Aoyama et al. [65] reported a significantly higher percentage of neu-
trophil apoptosis after treatment with a high concentration of butyrate, this only happened
after 20 h in culture, and no differences were observed only after 3 h, which is in line with
our observations. Furthermore, propionate treatment very specifically upregulated CD54
(ICAM-1) expression, which is typically upregulated in transmigrating neutrophils but not
in circulating or tissue-resident neutrophils [66].

Recently, aged neutrophils have been considered important in inflammatory
responses [51]. This pro-inflammatory subset, defined as CXCR4high CD62Llow CD54high

neutrophils, displays increased capacity to phagocytize and migrate [51], but can mediate
tissue damage by producing NETs and reactive oxygen species (ROS) under conditions of
sterile inflammation [67]. In this line, preventing the recruitment of aged neutrophils has
been demonstrated to be protective against tissue damage [62]. Interestingly, we observed
that pathological concentrations of propionate induced a phenotype of aged neutrophils.
A previous unpublished study has reported a higher number of aged neutrophils in cervi-
covaginal fluid and cervical cytobrush in women with vaginal dysbiosis [68], which could
be deleterious for the genital mucosa under vaginal dysbiosis.

Interestingly, phenotypical changes were mainly observed in older women in the
presence of SCFAs, while neutrophils from younger women only showed a minimal increase
in a CD66low CD16high population after butyrate and propionate treatment, suggesting
enhanced sensitivity to the effects of SCFA with aging. The reason for this remains unsolved,
but it could be related to changes in the expression of SCFA receptors. Future studies are
needed to address this question.

Upon neutrophil activation, surface expression of CD62L is quickly reduced mainly
through proteolytic cleavage [53,69], which results in the release of a functionally active
soluble extracellular fragment, known as sCD62L. sCD62L is detected in the plasma of
healthy humans [70,71] and plays two major roles: preventing lymphocyte recirculation [72]
and inhibiting transendothelial migration of other leukocytes [71]. Consistent with the
increase in expression of membrane-bound CD62L in neutrophils from older women
after SCFA treatment, we detected a significant reduction in the release of sCD62L. Given
that sCD62L has been involved in the regulation of leukocyte adhesion and migration,
the functional consequences of reduced sCD62L in the FRT of older women remain to
be investigated.

In addition to changes in phenotype, we observed reduced migration of neutrophils
towards SCFA-rich environments in both younger and older women. Particularly, high
concentrations of acetate and butyrate, but not propionate, significantly inhibited neutrophil
migration. These findings are in agreement with previous studies with human peripheral
neutrophils [35] and animal models [73–75], demonstrating that pathological concentrations
of SCFAs inhibit neutrophil migration. Interestingly, while propionate did not affect
neutrophil migration, we describe for the first time that unstimulated neutrophils which
migrated towards propionate experienced phenotypical changes with upregulation of
CD54 in an age-dependent manner, suggesting that these neutrophils are prepared for
transendothelial migration.

Taken together, our study and previous studies from others suggest that physio-
logical levels of SCFAs can act as chemoattractants for immune cells and specifically
for neutrophils [35,76], while pathological concentrations prevent neutrophil migration
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independently of age. This anti-chemotactic action could be a contributing factor to the de-
scribed low presence of neutrophils in vaginal secretions from women with BV [11,37,77], al-
though reduced neutrophil presence during BV has not been confirmed in all studies [10,63].
Importantly, while our in vitro model evaluated the individual effects of each SCFA, neu-
trophils in the genital tract would be exposed to a combination of SCFAs, and therefore,
the overall result remains to be elucidated. However, given that both butyrate and acetate
inhibited migration, we speculate that SCFAs in combination at pathological concentra-
tions would likely inhibit neutrophil recruitment as a final result. Nevertheless, it will be
important to determine which combinations and specific concentrations of SCFAs attract or
inhibit neutrophil chemotaxis in vivo since some microbial alterations associated with STIs
are accompanied by an increased presence of neutrophils in genital secretions, while other
alterations are not.

SCFAs are known to play an important role in the host as immunomodulators [36].
Despite their well-described anti-inflammatory properties at physiological levels, SCFAs
are less inhibitory when found at high concentrations [9,31,74,78]. Previous studies have
reported that peripheral blood mononuclear cells (PBMCs) increased their production of
pro-inflammatory cytokines, including IL-1β, IL-6 and IL-8, after 6 to 18 h of treatment with
pathological concentrations of SCFAs alone [31]. In contrast to these findings, we did not
observe an increase in classical pro-inflammatory cytokines following SCFA treatment for
3 h, suggesting that pathological levels of SCFAs do not enhance the pro-inflammatory se-
creted profile of neutrophils. We did observe, however, that butyrate and acetate treatment
reduced the secretion of α-defensin 1–3, particularly in neutrophils from older women.
α-Defensins 1–3 are antimicrobial peptides with broad antimicrobial activity, including anti-
HIV activity [45,54,79,80], and are important for the anti-HIV activity of neutrophils [41].
Our finding of reduced α-defensin 1–3 secretion by neutrophils after SCFA treatment may
indicate reduced HIV inactivation potential.

Furthermore, we detected a delay in NET release after HIV stimulation when neu-
trophils were challenged in the presence of SCFAs. In contrast to a previous report [81]
showing increased NET release after neutrophil treatment with SCFAs in the mM con-
centration range, we did not observe any significant differences after SCFA treatment in
the absence of HIV stimulation. The reason behind these disparate results remains to be
determined but may be due to the different methodologies used to quantify NETs. We have
recently demonstrated that neutrophils from the FRT and blood display direct anti-HIV
activity through the release of NETs [40]. Therefore, our results suggest that tissue envi-
ronments with pathological concentrations of SCFAs can reduce NET release and impair
anti-HIV defense by neutrophils. Interestingly, while propionate delayed NET release in
both younger and older women, butyrate and acetate preferentially affected NET release
in neutrophils from younger women. The mechanisms responsible for these differences
remain unknown but recognizing that the composition of the vaginal metabolome changes
as women age, this finding may be relevant to understanding how anti-HIV protection
changes with age.

Another novel finding in our study is that we demonstrate that HIV stimulation of
neutrophils in vitro induces the secretion of the chemokines IL-8, MCP-1, MIP1α, RANTES,
MDC and MIG, and this effect is dampened in the presence of a high concentration of
SCFAs, particularly butyrate. This finding adds to the evidence suggesting that SCFAs
reduce the ability of neutrophils to respond to HIV stimulation.

Lastly, our study has several limitations. While our results with blood neutrophils
offer insight into how environments with high SCFA concentrations may modify neutrophil
phenotype and function, future studies with neutrophils obtained from the genital tract
of women with vaginal dysbiosis are needed to confirm our results. Further, we address
the effects of individual SCFAs, but in vivo, we would expect a combination of SCFAs and
different combinations depending on the microbiome alterations [32]. Studies that analyze
the effects of vaginal secretions (with a known metabolome) on neutrophils are needed. We
describe age-dependent effects; however, the sample size included in this study is limited,
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and the ages of the women recruited for our study were very polarized between younger
women (18–35 years old) and older women (54–72 years old). Further studies with larger
sample sizes are needed to confirm our results and to define changes in middle-aged and
perimenopausal groups, also at high risk for infection in the US [82]. Finally, we have
described a number of factors that are modified in a high-SCFA environment that could be
relevant for inflammation and antiviral defense; however, additional factors and underlying
mechanisms for the described changes remain to be investigated, such as, for example, the
potential role of galectin-9 modifications in inflammatory cytokine/chemokine release and
neutrophil recruitment [83–86].

5. Conclusions

Overall, our study demonstrates that pathological concentrations of SCFAs can induce
phenotypic changes in neutrophils in an age-dependent manner, specifically butyrate and
propionate, which differentially upregulate CD16, CD62L and CD54, classical markers
of activation, maturation and aging. Furthermore, high concentrations of SCFAs reduce
anti-HIV responses in neutrophils, including reduced secretion of the antimicrobial peptide
α-defensin 1–3, reduced secretion of chemokines and delayed NET release following HIV
stimulation. Our findings provide proof of concept that genital microbial alterations which
induce an increase in SCFA concentrations may impair neutrophil physiological functions
and reduce their antiviral potential.
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Abstract: Reducing the oxidative stress in neurons extends lifespan in Drosophila melanogaster, high-
lighting the crucial role of neuronal oxidative damage in lifespan determination. However, the source
of the reactive oxygen species (ROS) that provoke oxidative stress in neurons is not clearly defined.
Here, we identify dual oxidase (duox), a calcium-activated ROS-producing enzyme, as a lifespan
determinant. Due to the lethality of duox homozygous mutants, we employed a duox heterozygote
that exhibited normal appearance and movement. We found that duox heterozygous male flies,
which were isogenized with control flies, demonstrated extended lifespan. Neuronal knockdown
experiments further suggested that duox is crucial to oxidative stress in neurons. Our findings suggest
duox to be a source of neuronal oxidative stress associated with animal lifespan.

Keywords: lifespan; duox; ROS; Drosophila melanogaster

1. Introduction

Hydrogen peroxide (H2O2) is a reactive oxygen species (ROS) that functions in signal-
ing pathways by specifically oxidizing redox-sensitive proteins in diverse biological pro-
cesses [1–4]. However, the upregulated or dysregulated production of H2O2 in combination
with diminished anti-ROS activity confers oxidative stress that abrogates redox-dependent
signaling or nonspecifically and irreversibly damages macromolecules, in turn accelerating
the aging process and decreasing lifespan [5–9]. Neurons are particularly susceptible to
oxidative stress, and the elevation of the antioxidant power in neurons has been shown to
extend lifespan [10–14]. Various anti-ROS enzymes and anti-ROS transcriptional networks
are well known, yet the source of ROS production that provokes oxidative stress in neurons
is not yet completely understood.

ROS production is inducible by members of the NADPH oxidase (NOX) family;
such induced production is distinct from the steady-state ROS production that occurs
through oxidative respiration in mitochondria [15]. Dual oxidase (Duox) is a member
of the Nox family, with an EF-hand motif that is activated by intracellular calcium to
produce H2O2 [1,16,17]. It is widely expressed in the nervous system in rats, zebrafish, and
Drosophila [18–21]. Inflammation, wounds, and various signals that increase intracellular
calcium ion concentration all activate duox [22–25] and, in particular, UV irradiation, ROS,
and p38 MAPK signaling increase its expression [18,26–30]. Duox is known to mediate pain
hypersensitivity due to UV-induced damage [31] and, in the CNS, axon regeneration after
wounds [32,33]. However, the full role of duox in the nervous system still remains largely
unknown. In Drosophila, there is only a single duox gene, in contrast to the two genes present
in mammals [21]. Here, we show that through its generation of H2O2, duox contributes to
oxidative stress in neurons and is a determinant of Drosophila melanogaster lifespan.
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2. Materials and Methods
2.1. Fly Strains and Maintenance

Tub-Gal4, elav-Gal4, Mef-Gal4, UAS-duoxRNAi (#38907 and #32903), and duoxKG07745

were purchased from the Bloomington Drosophila Stock Center. UAS-duoxRNAi (#38907
and #32903) and duoxKG07745 were outcrossed with w1118 for ten generations to eliminate
background effects. Flies were raised on standard cornmeal fly food at 25 ◦C and 50%
humidity in a 12-hour light/dark-cycle incubator.

2.2. Lifespan and Oxidative Stress Assays

For lifespan assays, 20 flies per vial were transferred to fresh food vials every two days.
Dead flies were counted every day. For survival under oxidative stress, 5-day-old flies were
starved for 6 h at 25 ◦C in vials containing water-soaked tissues and then transferred to
vials containing either normal food with 5 mM methyl viologen hydrate (paraquat) or 5%
sucrose-agar medium with 5% hydrogen peroxide [34]. Dead flies were counted every 12 h.

2.3. Locomotive Activity

Negative geotactic movement assays were performed as described previously [35].
Briefly, a vial (9.5 cm × 2 cm) containing 10 flies was tapped to send the flies to the bottom.
Flies that crossed the 8-centimeter line from the bottom within 10 s were scored. In total,
100 male flies were assessed in 10 vials (10 flies per vial).

2.4. RT-PCR and Real-Time PCR

Total RNA was extracted from 20 flies using Trizol reagent (Invitrogen, Grand Island,
NY, USA) and cDNA was obtained by reverse transcription (TOPscript RT Mix; Enzynomics,
Seoul, Korea). Real-time PCR was conducted using SYBR green PCR Master Mix on the ABI
PRISM 7500 system (Applied Biosystem, Foster City, CA, USA). The primer pairs used were
as follows. Duox: CAGACCGAGAAACAGCGCTAC, AAACAGCCGGCTGAGCCTGCG;
rp49: CACCAGGAACTTCTTGAATCCGG, AGATCGTGAAGAAGCGCACC; catalase: CG-
GCTTCCAATCAGTTGAT, GATGTGAACTTCCTGGATGAG; dSOD1:CAAGGGCACGGT
TTTCTTC, TCCGGACCGCACTTCAATC; dSOD2: AATTTCGCAAACTGCAAGC, AC-
CACCAAGCTGATTCAGC.

2.5. Determination of Total ROS Levels

Total ROS was measured as previously described [36]. Briefly, 10 flies or the heads
of 50 flies were homogenized in 200 µL of 50 mM Tris-HCl, pH 7.4, on ice. Extracts were
centrifuged at 13,200 rpm for 10 min at 4 ◦C. Homogenates were incubated with H2DCFDA
(Life Technologies, Carlsbad, CA, USA) at 5 µM in a 200-microliter reaction volume at 37 ◦C
for 15 min in darkness, carried out on 96-well plates. Florescence intensity was monitored
on a Gemini XPS fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA)
set for 488 nm excitation and 520 nm emission. Florescence intensity was normalized by
protein amount measured by Bradford method [37]. All experiments were carried out with
three biological replicates.

2.6. Determination of H2O2 Levels

H2O2 was measured as previously described [36]. Briefly, 10 flies were homogenized in
phosphate saline buffer (50 mM, pH 7.4) containing aminotriazol (2 mg/mL) and incubated
at 4 ◦C for 15 min. The extracts were centrifuged at 13,200 rpm for 10 min at 4 ◦C to obtain
supernatants. H2O2 levels were measured using a hydrogen peroxide assay kit (Cayman
Chemical, Ann Arbor, MI, USA) on a microplate reader (VersaMax; Molecular Devices)
set to 590 nm. H2O2 levels were normalized according to protein amount measured by
Bradford method [37]. All experiments were carried out with three biological replicates.
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2.7. Determination of Protein Oxidation

Carbonyl groups in proteins were detected using an oxyblot protein oxidation detec-
tion kit (Milipore, Billerica, MA, USA) according to the manufacturer’s instructions. Briefly,
proteins were extracted from 10 flies or ~50 fly heads using RIPA buffer, reacted with 2,4-
dinitophenylhydrazine (5 mM) at 25 ◦C for 100 min, and then subjected to SDS/PAGE and
Western blotting using an antibody to the dinitrophenyl moiety. The blots were developed
with ECL (Amersham, Buckinghamshire, UK) and the images were captured with a Vilber
Lourmat Fusion FX (Vilber Lourmat, Eberhardzell, Baden-Württemberg, Germany). Band
intensities were determined with the Fusion program (Vilber Lourmat). Finally, blots were
stripped with a stripping buffer (Thermo Fisher scientific, Waltham, MA, USA), and then by
a separate Western blot carried out using β-actin antibody (Santa Cruz, Dallas, TX, USA),
which was used as loading control. All experiments were carried out with three biological
replicates.

2.8. Determination of DNA Oxidation

The level of 8-hydroxydeomyguanosine (8-OHdG) was measured using the OxiSelectTM

Oxidative DNA Damage ELISA kit (Cell Biolabs, San Diego, CA, USA). Briefly, genomic
DNA from 10 flies or ~50 fly heads was extracted using PureLinkTM genomic DNA kits
(Invitrogen, Carlsbad, CA, USA), treated at 95 ◦C for 5 min, and digested with nuclease P1
(20 mM sodium acetate, pH 5.2) and alkaline phosphatase (100 mM Tris, pH 7.5). Samples
were centrifuged for 5 min at 6000× g and the supernatants were used for ELISA assays
following the manufacturer’s instructions. The amount of 8-OHdG in each sample was
calculated based on an 8-OHdG standard curve.

2.9. TUNEL Labeling

Adult fly brains were dissected in M3 medium (Merck, Boston, MA, USA), fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS, 50 mM, pH 7.4) for 20 min at room
temperature, washed with PBS, and permeabilized by 2 min incubation in PBS containing
Triton X-100 (0.1%) on ice. After washing with PBS three times, the samples were first
incubated in Na citrate (0.1 M, pH 6.0) for 10 min at 65 ◦C, followed by incubation in
Tris-HCl buffer (0.1 M, pH 7.5) containing 3% BSA and 20% bovine serum albumin for
30 min. After washing three times with PBS, the samples were incubated in TUNEL assay
solution (In Situ Cell Death Detection Kit; Roche, Basel, Switzerland) for 1 h at 37 ◦C, in
accordance with the manufacturer’s recommendations. After washing three times with
PBS, the samples were mounted in mounting solution (Prolong Gold Antifade reagent; Life
Technologies) and examined by confocal microscopy (Leica TCS SP5; Leica Microsystems,
Morrisville, NC, USA).

2.10. Statistical Analysis

The statistical significance of differences in standard error of the mean (SEM) values
was obtained using Student’s t-test (two-tailed), analysis of variance (ANOVA) with post
hoc analysis (Dunnett’s tests, two-tailed). Kaplan-Meier survival curves were used for
lifespan and survival analysis with log-rank tests. Prism software (GraphPad version 6.0,
San Diego, CA, USA) was used to calculate p-values. Results were considered statistically
significant at levels * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results

To find genes involved in lifespan extension, we carried out a small-scale screening of
mutants with extended lifespan, which identified duox heterozygous (duoxKG07745/+) male
flies of interest. In the transgenic allele, the P-element KG07745 was inserted into the second
intron of the duox locus, which reduced the duox transcripts to ~half the level in control
flies (Figure 1A–C). As the insertion was downstream of the initiation codon, the Duox
protein structure was disrupted, suggesting that the duoxKG07745 allele was probably null
or severely hypomorphic with regards to protein function The. DuoxKG07745 homozygotes
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were lethal, while the duoxKG07745 heterozygotes were normal in both appearance and
movement (Figure S1).
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Figure 1. Extension of male lifespan with duox heterozygosity and neuronal duox knockdown. (A) 
Diagram showing the location of the P-element (KG07745), which is inserted in the second intron of 
duox. Empty and filled squares denote noncoding and coding regions of exons, respectively. Arrows 
denote primers used for RT-PCR. (B) Agarose-gel image of RT-PCR products following amplifica-
tion of the duox gene from control (w1118 , denoted duox+/+) and heterozygous (duox KG07745/+, denoted 
duox+/−) flies. rp49 was used as a loading control. Three independent experiments carried out with 
similar results. (C) qRT-PCR of duox gene, with rp-49 used as a control. Relative expression denotes 
duox transcript level. Averages and standard errors were derived from three independent experi-
ments. Student’s t-test, *** p < 0.001. (D) Lifespan of wild-type and duox heterozygous male flies. 
Twenty flies/vial, total twenty vials. Log-rank test, **** p< 0.0001. duox+/+ denotes w1118 flies. duox+/−

denotes duox+/kG07745 flies, which were isogenized ten times with control flies (w1118). (E) Lifespans of 
elav-Gal4>UAS-duoxRNAi flies. elav/#38907 and elav/#32903 denote elav-Gal4>UAS-duoxRNAi #38907, 
elav-Gal4/+; UAS-duoxRNAi #32903/+. Twenty flies/vial, total ten vials, male flies. Log-rank test, **** p 
< 0.0001. UAS-duoxRNAi (#38907, 32903) flies were isogenized with control w1118 flies ten times to re-
duce genetic background differences. 

Initial screening involved a small number (n=40) of unisogenized duox heterozygous 
males. To ensure rigor, we isogenized the duox heterozygous flies with the control flies 
(w1118) ten times to reduce genetic background differences, and increased the population 
to 400 flies, with 20 flies per vial given fresh food every two days. We focused on the duox
heterozygous male flies due to the small effect of the allele on the lifespans of the hetero-
zygous female flies (Figure S2A). The control male flies (w1118) lived for a median of 70
days; meanwhile, the isogenized duox heterozygous males had an extended median 
lifespan of 81 days, which was an increase of 15% (Figure 1D, Table S1). Next, we em-
ployed the bipartite Gal4/UAS expression system to knock down the duox function across

Figure 1. Extension of male lifespan with duox heterozygosity and neuronal duox knockdown.
(A) Diagram showing the location of the P-element (KG07745), which is inserted in the second intron
of duox. Empty and filled squares denote noncoding and coding regions of exons, respectively. Arrows
denote primers used for RT-PCR. (B) Agarose-gel image of RT-PCR products following amplification
of the duox gene from control (w1118, denoted duox+/+) and heterozygous (duox KG07745/+, denoted
duox+/−) flies. rp49 was used as a loading control. Three independent experiments carried out with
similar results. (C) qRT-PCR of duox gene, with rp-49 used as a control. Relative expression denotes
duox transcript level. Averages and standard errors were derived from three independent experiments.
Student’s t-test, *** p < 0.001. (D) Lifespan of wild-type and duox heterozygous male flies. Twenty
flies/vial, total twenty vials. Log-rank test, **** p< 0.0001. duox+/+ denotes w1118 flies. duox+/−

denotes duox+/kG07745 flies, which were isogenized ten times with control flies (w1118). (E) Lifespans of
elav-Gal4 > UAS-duoxRNAi flies. elav/#38907 and elav/#32903 denote elav-Gal4 > UAS-duoxRNAi #38907,
elav-Gal4/+; UAS-duoxRNAi #32903/+. Twenty flies/vial, total ten vials, male flies. Log-rank test,
**** p < 0.0001. UAS-duoxRNAi (#38907, 32903) flies were isogenized with control w1118 flies ten times
to reduce genetic background differences.

Initial screening involved a small number (n = 40) of unisogenized duox heterozygous
males. To ensure rigor, we isogenized the duox heterozygous flies with the control flies
(w1118) ten times to reduce genetic background differences, and increased the population
to 400 flies, with 20 flies per vial given fresh food every two days. We focused on the
duox heterozygous male flies due to the small effect of the allele on the lifespans of the
heterozygous female flies (Figure S2A). The control male flies (w1118) lived for a median
of 70 days; meanwhile, the isogenized duox heterozygous males had an extended median
lifespan of 81 days, which was an increase of 15% (Figure 1D, Table S1). Next, we employed
the bipartite Gal4/UAS expression system to knock down the duox function across the whole
body, including in both muscle and neurons. Rigorously, we isogenized the UAS-duoxRNAi

(#38907, 32903) flies with w1118 flies ten times to reduce the genetic background differences
between the Gal4 > UAS-duoxRNAi flies and the control Gal4 > w1118 flies. Driving the
whole-body duoxRNAi (#38907 and #32903) expression with the whole-body Gal4 (tub-Gal4)
was lethal. A second experiment using muscle-only Gal4 (mef-Gal4) did not demonstrate
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pronounced lifespan extension in the males or females (Figure S2C,D). However, driving
the duox RNAi with the pan-neuronal Gal4 (elav-Gal4) extended the male lifespan by 10%
and 20%, respectively, for the duoxRNAi #38907 and #32903 relative to the elav-Gal4/+ control
(Figure 1E, Table S1); the lifespan extension in the females was not pronounced (Figure S2B).

As Duox is a ROS-producing enzyme, the duox heterozygotes (duox+/−) would be
expected to produce less ROS than the control flies (duox+/+). The global ROS was measured
using the non-fluorescent compound 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA), which reacted with the ROS to produce fluorescent dichlorofluorescein (DCF). The
ROS-dependent DCF fluorescence intensity was normalized to the protein concentration
in each extract. The whole-fly extracts from the duox heterozygotes produced less ROS
than those from the controls (Figure 2A). The head extracts from the flies with the neuronal
knockdown of the duox also exhibited less ROS than the controls (Figure 2B). Similarly,
the assays of the H2O2 production revealed that the duox heterozygote whole-fly extracts
produced less H2O2 than those from the controls (Figure 2C). The same was true of the
head extracts from the flies with the neuronal knockdown of the duox (Figure 2D). ROS
mediates the oxidation of amino acid residues in proteins and of the bases in DNA [38–40],
and this oxidation was decreased in the whole-body extracts of the duox heterozygous male
flies (Figure 3A,C). Similarly, the neuronal knockdown of the duox via RNAi resulted in
reduced protein and DNA oxidation in the head extracts (Figure 3B,D).
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Figure 2. Decrease in global ROS and H2O2 levels with duox heterozygosity and neuronal duox
knockdown. Global ROS (A,B) and H2O2 (C,D) levels normalized to protein concentration were
derived for whole-fly extracts (A,C) and head extracts (B,D). Values for duox+/+ (A,C) and elav/+ (B,D)
were set to 100%. Error bars represent SEM of three replicates using 5-day-old male flies. Student’s
t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. duox+/+ and duox+/− denote w1118 and duox+/kG07745.
elav/#38907, 32903 denotes elav-Gal4/UAS-duoxRNAi #38907, elav-Gal4/+; UAS-duoxRNAi #32903/+.
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Relative protein and DNA oxidation levels in whole-fly extracts (A,C) and in head extracts (B,D).
Data were set to duox+/+ (A,C) and elav/+ (B,D) at 100%. Error bars represent SEM of three replicates
using 60-day-old (A) and 45-day-old male flies (B–D). Three replicates. Error bars represent SEM.
Student’s t-test, * p < 0.05, ** p < 0.01, and *** p < 0.001. duox+/+ and duox+/− denote w1118 and
duox+/kG07745, respectively. elav/#38907, 32903 denotes elav-Gal4/ UAS-duoxRNAi #38907, elav-Gal4/+;
UAS-duoxRNAi #32903/+.

Given that the duox heterozygous males experienced less oxidative damage, next, we
examined whether these males exhibited increased survival when provided with ROS-
producing food. When given food-containing paraquat, an agent that produces cellular
ROS, the duoxKG07745 heterozygous males exhibited increased survival; they also showed
increased survival on H2O2-containing food (Figure 4A,B). Oxidative stress is relevant
to apoptotic cell death and neurodegeneration, suggesting that apoptotic cells might be
reduced by duox reduction. Indeed, the apoptotic cells in the brain were reduced by the duox
heterozygosity and by its neuronal knockdown (Figure S3). The observed ROS decrease
could have been due to increased levels of anti-ROS enzymes. However, the levels of the
anti-ROS enzyme catalase, dSOD1, and dSOD2 were constant with age regardless of the
duox status (Figure S4), suggesting that the lower ROS level in the duox heterozygous flies
was not due to anti-ROS enzymes, but to duox heterozygosity.
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served in other contexts. For example, increased reducing power in neurons via the in-
creased activation of CncC due to keap1 mutation results in extended lifespan for males, 

Figure 4. ROS resistance associated with duox heterozygosity. Survival of 5-day-old male flies on food
containing 10 mM paraquat (A) and 10% hydrogen peroxide (H2O2) (B). n = 200 (20 flies/vial, total
10 vials). Log-rank test, **** p < 0.0001. duox+/+ denotes w1118 flies. duox+/− denotes duox+/kG07745

flies, which were isogenized ten times with control flies (w1118).

4. Discussion

Neurons are vulnerable to oxidative stress, which is related to neuronal aging, neu-
ropathies, and lifespan. Considerable attention has been paid to antioxidant defense
systems, but the ROS sources that oxidize macromolecules in neurons are not yet well
defined. Here, we identify Duox, a calcium-activated NADPH oxidase, as a determinant
of neuronal oxidative stress and lifespan. We found that neuronal oxidative damage was
reduced and lifespan was extended by the neuronal knockdown of duox in Drosophila
melanogaster. Our findings suggest that duox is a source of ROS production in neurons,
which affects lifespan.

It is intriguing that oxidative stress, particularly stress in neurons, should impact
lifespan. It was previously shown that lifespan can be extended by enhancing anti-oxidative
power in neurons, specifically through the neuronal overexpression of Peroxiredoxin 4
(prx4), an anti-ROS protein, and of glutamate-cysteine ligase, an enzyme that catalyzes the
biosynthesis of the reducing agent, glutathione [13,41]. Similarly, the neuronal knockdown
of Kelch-like ECH-associated protein 1 (keap1) increases longevity [8,12]; this gene encodes
an inhibitor of the cap ’n’ collar (CncC) transcription factor, the Drosophila homolog of the
mammalian nuclear factor E2-related factor 2 (NRF2), which provides a major anti-ROS
cellular system by directly inducing expression of anti-ROS genes. Thus, our findings are in
line with previous reports that reducing oxidative stress in neurons is beneficial to lifespan.

We further observed that lifespan extension is pronounced in duox heterozygous
males but less so in heterozygous females, and a similar trend was seen with the neuronal
knockdown of the duox. Such sexual dimorphism in longevity has previously been observed
in other contexts. For example, increased reducing power in neurons via the increased
activation of CncC due to keap1 mutation results in extended lifespan for males, but not
females [42]. A recent report similarly found that oltipraz, an NRF2-activating drug, extends
lifespan more in males than in females [43]. It appears that sexual dimorphism exists in
regard to neuronal oxidative-stress-dependent lifespan.
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It is worth mentioning the duox-dependent lifespan extension in C. elegans. In this
model nematode, lifespan is expectably shortened upon the substantive increase of duox
activity [44]. However, and much more unexpectedly, a modest increase in duox results in
extended lifespan [44,45]. Why is a low-level increase in duox activity beneficial to lifespan?
The underlying mechanism involves the activation of the expression of SKN-1, the C. elegans
homolog of NRF2 [44]. NRF2 is a transcription factor that responds to ROS and is known
to extend lifespan [9,45–47]. Therefore, extension of lifespan with a low-level increase in
duox is achieved by strengthening anti-ROS power via NRF2 activation. Thus, our findings
concerning Drosophila duox in combination with other reports regarding C. elegans duox
support the notion that oxidative stress regulates lifespan.

Oxidative stress can occur due to an imbalance between ROS production and the
cellular antioxidant defense network. In Drosophila, NRF2-dependent anti-ROS power
declines with age, suggesting that oxidative stress is more likely to occur in older ani-
mals [8,43,48,49]. Duox activity and expression are increased in gut and embryo epithelial
cells undergoing apoptotic cell death, in mammalian neurons through the stabilization of
duox transcripts by ROS, and in gut epithelial cells by PLCβ-calcium and p38 MAPK signal-
ing [18,24,27,29,30]. In addition, duox is elevated in aged brains and in Drosophila models
of Alzheimer’s disease [50]. Thus, chronic inflammation, protein-aggregate-induced cell
death, and various signals involving PLCβ-calcium or p38 MAK could aberrantly activate
duox activity and expression in neurons, which could confer oxidative stress and lifespan
determination. It would be informative to examine whether neuronal duox knockdown
reduces neuronal inflammation, a hallmark of which is the activation of microglial cells
or astrocytes. However, the pursuit of this idea is hindered by the lack of antibodies or
markers for activated microglial and astrocytic cells, which is a limitation of these studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11132059/s1, Figure S1. Negative geotactic movement. Wild-
type (duox+/+) and duox heterozygous (duox+/−) male flies were used for negative geotactic movement.
n = 100 (10 flies/vial, total 10 vials for each point). duox+/+ denotes w1118 flies. duox+/− denotes duox
kG07745/+ flies, which were isogenized with control (w1118) flies; Figure S2. Lifespan of female (A–C)
and male flies (D). (A) Wild-type and duox heterozygous flies. n = 400, female flies. duox+/+ denotes
w1118 flies. duox+/− denotes duox kG07745/+ flies, which were isogenized with control (w1118) flies. (B,C)
Lifespan of elav-Gal4>UAS-duoxRNAi (elav/#38907, 32903) and mef-Gal4> UAS-duoxRNAi (mef /#38907,
32903). n = 200, female flies. (D) Lifespan of mef-Gal4> UAS-duoxRNAi (mef /#38907, 32903). n = 200,
male flies. UAS-duoxRNAi (#38907, 32903) flies were isogenized with control w1118 flies ten times to
reduce genetic background differences; Figure S3. Decrease of TUNEL-positive cells in the brain with
duox heterozygosity and neuronal duox reduction. (A,B) Confocal images of whole-mount staining of
Drosophila (40-day-old) brains with the DNA dye DAPI (blue) and TUNEL (red). (C,D) Quantification
of TUNEL-positive cells in panels A & B. Error bars represent SEM of three replicates. Student’s t-test,
*** p < 0.001. duox+/+ and duox+/− denote w1118 and duox+/kG07745, respectively. elav/#38907, 32903
denotes elav-Gal4/ UAS-duoxRNAi #38907, elav-Gal4/+; UAS-duoxRNAi #32903/+; Figure S4. Anti-ROS
enzyme levels are not affected by duox heterozygosity. Agarose gel images of RT-PCR products of
anti-ROS genes obtained from male flies. Similar results were obtained among the three replicates.
dSOD denotes Drosophila superoxide dismutase. rp49 was used as a loading control. +/+ and +/− denote
w1118 and duox+/kG07745, respectively. Table S1. Quantification of Lifespan.
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Abstract: Multinucleated retinal pigment epithelium (RPE) cells have been reported in humans
and other mammals. Rodents have an extremely high percentage of multinucleated cells (more
than 80%). Both mouse and human multinucleated RPE cells exhibit specific regional distributions
that are potentially correlated with photoreceptor density. However, detailed investigations of
multinucleated RPE in different species and their behavior after DNA damage are missing. Here,
we compared the composition of multinucleated RPE cells in nocturnal and diurnal animals that
possess distinct rod and cone proportions. We further investigated the reactive oxygen species (ROS)
production and DNA damage response in mouse mononucleated and multinucleated RPE cells and
determined the effect of p53 dosage on the DNA damage response in these cells. Our results revealed
an unrealized association between multinucleated RPE cells and nocturnal vision. In addition,
we found multinucleated RPE cells exhibited increased ROS production and DNA damage after
X-ray irradiation. Furthermore, haploinsufficiency of p53 led to increased DNA damage frequency
after irradiation, and mononucleated RPE cells were more sensitive to a change in p53 dosage. In
conclusion, this study provides novel information on in vivo PRE topography and the DNA damage
response, which may reflect specific requirements for vision adaption and macular function.

Keywords: multinucleation; retinal pigment epithelium; reactive oxygen species; photoreceptor;
DNA damage; p53

1. Introduction

The retina pigment epithelium (RPE) is a pigmented cell monolayer between pho-
toreceptors and the choroid of the retina. The RPE plays a key role in normal retina
function due to its phagocytosis of photoreceptor outer segments (POS), cycling of retinoids
for phototransduction, the constitution of the blood–retina barrier, and the maintenance
of the immune-privileged status of the eye [1–3]. Therefore, dysfunction of the RPE is
closely linked to multiple degenerative diseases of the retina, such as age-related macular
degeneration (AMD) [4,5].

Most mammalian cells are mononucleated, while polyploidy is detected in megakary-
ocytes, hepatocytes, trophoblast giant cells, and cardiomyocytes [6,7]. In humans, mult-
inucleated RPE was reported, where 3–5.3% of human RPE cells are bi-nucleated [8,9].
Interestingly, the percentage of multinucleated RPE is especially high in rodents, compro-
mising more than 80% of total RPE cells, and the amount increases in an age-dependent
manner [8,10]. The existence of the multinucleated RPE may be important for the phagocy-
tosis of the RPE since oxidized POS increases RPE multinucleation in vitro [10]. A recent
investigation of the human RPE implied that the existence of multinucleated RPE is in
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accordance with rod and cone photoreceptor density [9]. Therefore, we conducted a com-
parative study of the multinucleated RPE of nocturnal and diurnal animals with distinct
rod and cone percentages in their retinas.

Increased mitochondrial and nuclear DNA damage has been detected in the RPE of
degenerated retinas [11,12]. High oxygen tension in the macule and the unique phagocyto-
sis function cause constant oxidative stress in the RPE, which is considered the major insult
in DNA damage [12,13]. The efficient repair of a double-strand or single-strand DNA break
is critical for preventing the genomic instability that can cause cell death, gene mutation,
and cellular senescence. Whether mononucleated and multinucleated RPE cells exhibit
altered DNA repair efficiency is largely unknown.

In the present study, we confirmed the existence of multinucleated RPE cells in humans
of different ages. The composition of multinucleated RPE cells was further studied in mice
from postnatal day 11 (before eye-opening) to 22 months and compared in nocturnal and
diurnal animals. Our observation revealed that the multinucleation of RPE cells might
be an adaptation to night vision. Finally, we found that multinucleated cells exhibited
reduced DNA repair efficiency and were more sensitive to p53 dosage change upon DNA
damage exposure in vivo. Haploinsufficiency of p53 leads to delayed DNA damage repair
in multinucleated RPE cells compared to mononucleated RPE cells in the same eye.

2. Materials and Methods
2.1. Animals

C57BL/6J mice were used in this study. Mice were housed in standard cages in a
specific pathogen-free facility on a 12-h light/dark cycle with ad libitum access to food
and water. Mice were given 1 Gy of X-radiation (Rs2000 160 kV, 25 mA, and 1.22 Gy/min).
At the end of the repair time, mice were euthanized, and their eyes were removed. All
experimental procedures involving animals were approved by the Animal Use and Care
Committee of Zhongshan Ophthalmic Center at the Sun Yat-Sen University, Guangzhou,
China. Chickens, pigeons, pigs, and rabbits were bought from the market, zebrafish and
rats were bought from Sun Yat-Sen University. For pigeons, chickens, rabbits and pigs, the
eyes were harvested within three hours after slaughtering the animals. For mice, rats and
zebrafish, the eyes were collected immediately after the death of the animals. The animal
ages are: pigeon: 1 year, chicken: 1 year, pig: 10 months, rabbit: 6 months, zebrafish: 1 year,
mouse: 2 months, rat: 2 months.

2.2. Genotyping

Mouse tail lysis buffer was added to mouse tail, incubating at 65 ◦C for more than 2 h
and heating at 95 ◦C for 5 min. Briefly, 2 µL of genomic DNA were mixed with 20 µL of the
Green Taq Mix (Vazyme, Nanjing, China, #P131-03), For detecting p53 gene, and primers
and probes specific for p53-geno (primer-F GTGCCCTGTGCAGTTGTG and primer-R
CTCGGGTGGCTCATAAGGTA), p53-neo (primer-F TGAATGAACTGCAGGACGAG and
primer-R AATATCACGGGTAGCCAACG). For detecting Pde6 gene, primer Pde6brd1
F1: TACCCACCCTTCCTAATTTTTCTCAGC, Pde6brd1 F2: GTAAACAGCAAGAGGCTT-
TATTGGGAAC, and Pde6brd1 R: TGACAATTACTCCTTTTCCCTCAGTCTG were used.
For detecting Crb1 gene, primer Crb1rd8 F1: GTGAAGACAGCTACAGTTCTGATC, Crb1rd8
F2: GCCCCTGTTTGCATGGAGGAAACTTGGAAGACAGCTACAGTTCTTCTG, and Crb1rd8
R: GCCCCATTTGCACACTGATGAC were used.

2.3. Fundus Photography and Fluorescein Angiography

Fundus images and fluorescein angiography were performed before X-ray treatment
using the Micron IV retinal imaging microscope (Phoenix Research Laboratories, Pleasanton,
CA, USA) [14]. After anesthesia with 1% sodium pentobarbital (70 µL/10 g), dilation of the
pupils and lubrication of the cornea, the mice were taken for fundus photography first, and
then I.P. was injected with 2% fluorescein sodium solution (Al-con laboratories, Fort Worth,
TX, USA) (5 µL/g), and fluorescein angiographic images were recorded in 5 min.
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2.4. Mouse Retina Protein Extraction and Western Blot Analysis

The retinas were dissected in PBS and suspended in 120 µL of RIPA buffer (per retina)
containing proteinase inhibitor cocktail (Bimake, Shanghai, China, #B14002), protein phos-
phatase inhibitor A (Beyotime, Shanghai, China, #P1082) and protein phosphatase inhibitor
C (Beyotime, Shanghai, China, #P1092). The total proteins were extracted sonication using
an EpiSonic 2000 Sonication System (EPIGENTEK, Farmingdale, NY, USA) (Amplitude:
40%, 10 s on and 10 s off for 7 min in total). For Western blot (WB) analysis, it was per-
formed as described previously with some modifications [14]. For each WB, 30–50 µg of
total protein was used. The protein was separated by 12% SDS-PAGE and transferred to the
PVDF membrane. The membrane was blocked by 5% milk in TBST for 1 h. After washing
with TBST, the membrane was incubated with primary antibodies γH2Ax (Santa Cruz,
Dallas, Texas, USA, sc-517348, 1:1000 dilution) and GAPDH (Proteintech, Rosemont,
IL, USA, #60004-1-Ig, 1:2000 dilution). The secondary antibody was diluted in TBST
(1:3000 dilution). After washing with TBST, enhanced chemiluminescence (ECL) detec-
tion was performed by using the Ultra sensitive ECL Chemiluminescence Kit (NCM
Biotech, Suzhou, China, #P10300) according to the manufacturer’s specifications. The
exposure and development of PVDF membrane were performed using Tanon 5200 (Tanon,
Shanghai, China).

2.5. Histology, Immunohistochemistry and Immunofluorescence

For immunohistochemistry (IHC) and immunofluorescence (IF), the eyes were fixed
in the FAS eye fixation solution (Servicebio, Wuhan, China, #G1109), dehydrated using an
increasing ethanol gradient and embedded in paraffin as previously described [14]. Three
sections (thickness: 10 µm) through the optic disk of each eye were prepared. The antigen
was retrieved by incubation at 95 ◦C in 10 mM sodium citrate buffer for 15 min, after
which the slides were immunoassayed with primary antibodies Rhodopsin (Cell Signaling
Technology, Danvers, MA, USA, #27182 1:200 dilution) at 4 ◦C overnight. The following
IHC was conducted according to the manufacturer’s protocol (GTVision TMIII, #GK500705)
(Gene Tech, Shanghai, China). After development, the slides were counterstained with
hematoxylin and observed under a Tissue-FAXS Q confocal microscope (TissueGnostics,
Vienna, Austria). For the immunofluorescence, the slides were immunoassayed with
primary antibodies γH2Ax (sc-517348, 1:50 dilution) at 4 ◦C overnight, followed by a 2-h
incubation with the secondary antibody. The cell nucleus was labeled with DAPI (SIGMA,
Saint Louis, MO, USA, #D9542). F-actin was labeled with fluorescein isothiocyanate
phalloidin (YEASEN, Shanghai, China, # 40735ES75).

2.6. Animals’ RPE Flat Mount Immunofluorescence

For mouse RPE IF, the procedure was performed as described previously [15]. The
RPE flat mounts were incubated with primary antibodies γH2Ax (sc-517348 1:50 dilution)
or 53bp1 (Bethyl, Montgomery, TX, USA, A300-272A-M, 1:200 dilution) overnight at 4 ◦C,
followed by a 2-h incubation with the secondary antibody (Cell signaling # 4412S #8890S)
and DAPI (SIGMA #D9542). Images were captured with a Tissue Fax confocal microscope.
For chickens, pigeons, zebrafish, pigs, rats, rabbits RPE IF, the cell nucleus was labeled
with DAPI, the epithelial cell was labeled with ZO1, or F-actin was labeled with fluorescein
isothiocyanate phalloidin (YEASEN #40735ES75). Images were captured with TissueFAXS
Q confocal microscope (TissueGnostics, Vienna, Austria). Image J (National Institutes of
Health, Bethesda, MD, USA) was used to delineate cell profiles and measure the area of the
cell for each age group of mice, more than 50 mono-nucleate RPE cells and multi-nucleate
RPE cells were detected. For chickens, pigeons, zebrafish, pigs, rats, or rabbits RPE IF,
the cell nucleus was labeled with DAPI, epithelial cell was labeled with ZO1. The slides
were captured with a Leica DM4000 B LED (Leica, Wetzlar, Germany) or TissueFAXS
Q confocal microscope (TissueGnostics, Vienna, Austria). For images were analyzed by
TissueFAXS Viewer (TissueGnostics, Vienna, Austria) and ImageJ (National Institutes of
Health, Bethesda, MD, USA).
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2.7. Comet Assay

The RPE were dissected in PBS and suspended in 1 mL of 0.25% Trypsin for 1 h, 37 ◦C.
After centrifuging and removing Trypsin, the RPE cells were diluted with cold PBS at
1 × 105/mL. Pay attention to avoiding light during the experiment. Using CometAssay®

Kit (R&D, Minneapolis, MN, USA, #4250-050-K), the following procedure was conducted
according to the manufacturer’s protocol. The cell was labeled with SYBR® GREEN I
(biosharp, Hefei, China, #BS358A). Images were captured with a TissueFAXS Q confocal
microscope (TissueGnostics, Vienna, Austria). Images analyzed by TriTek Comet Score
Freeware 1.6.1.13 (TriTek, Corp. Sumerduck, VA, USA).

2.8. Primary Cell Culture

The eyeballs were quickly dipped in 70% ethanol and then rinsed in sterilized PBS.
The cornea, lens, iris, and neuron retina were removed and the remaining posterior eyecups
in a 1.5 mL EP tube containing 1 mL of pre-warmed Trypsin were added. After incubation
at 37 ◦C for 1 h, we resuspended the RPE cells in the tube by flipping, then gently aspirated
the RPE/Trypsin solution to a new tube with a blue tip. Leave the choroid in the original
tube. Collected RPE cells by centrifugation. 1500–2000 rpm, RT, 5 min. Washed the RPE
pellet with 1 mL pre-warmed complete DMEM 2 times. (1500–2000 rpm, RT, 5 min.) Gently
resuspend the washed RPE cells and seed them in the coated 12-well dish with a coverslip.
After 5 days, we washed the unattached cells and debris with PBS.

2.9. Cell Proliferation Assay

The EdU cell proliferation staining was performed using an EdU kit (BeyoClick™
EdU Cell Proliferation Kit with Alexa Fluor 488, Beyotime Biotechnology, Shanghai, China,
C0071S). Briefly, primary mouse RPE cells were seeded in 12-well plates for 5 days. Subse-
quently, cells were incubated with 10 µM EdU for 4.5 h, fixed with 4% paraformaldehyde
for 15 min, and permeated with 0.3% Triton X-100 for another 15 min. The cells were incu-
bated with α-tubulin overnight at 4 ◦C and followed by a 1h incubation with the secondary
antibody in a dark place, later the Click Reaction Mixture for 30 min at room temperature
and then incubated with Hoechst 33342 for 30 min. The slides were observed under a
40× oil objective lens with a ZEISS LSM 980 confocal microscope (ZEISS Microscopy, Jena,
Germany). Image J was used to count Edu positive or negative cells.

2.10. Measurement of Intracellular ROS Levels

The intracellular ROS levels were measured using a Reactive Oxygen Species Assay
Kit (Beyotime, Shanghai, China, S0033S). Briefly, the cells were seeded in 12-well plates as
described in primary cell culture and exposed to 1 Gy X radiation and continued culture
for 4 h. Following the treatment, the cells were incubated with 10 µM DCFH-DA for 30 min
at 37 ◦C and then incubated with Hoechst 33342 for 30 min. The slides were captured
with a Leica DM4000 B LED (Leica, Wetzlar, Germany). ImageJ was used to analyze the
fluorescence integrity for ROS level.

2.11. Mitochondrial Membrane Potential

The mice were divided into three groups, PBS, sodium iodate (SI), and X-ray. Briefly,
as for PBS and SI groups, we first intraperitoneally injected mice with PBS or 20 mg/kg
SI, and then anesthetized mice with 1% sodium pentobarbital, and then dilated the pupils
and lubricated the cornea. Later, 1 µL of 200 µM Mito-Tracker Red CMXRos (Beyotime,
Shanghai, China, C1049B) was intravitreally injected and the RPE whole mounts were
prepared 1 day-post injection. As for the X-ray group, intravitreal injection of Mito-Tracker
Red CMXRos was performed 1 day before exposure to 1 Gy of X-ray irradiation. After
dissecting of RPE whole mount, DAPI and FITC were counterstaining as described above.
The slides were captured with a Leica DM4000 B LED (Leica, Wetzlar, Germany). Image J
was used to analyze mitochondria number and average area.
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2.12. Statistical Analysis

Results are expressed as mean ± SEM and mean ± SD unless otherwise indicated.
GraphPad Prism 9.0software (GraphPad software, Inc., La Jolla, CA, USA) was used for
statistical analysis as described in Results. All tests are two-tailed, unpaired t-tests unless
otherwise indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.0001.

3. Results
3.1. Distribution of Mononucleated and Multinucleated Cells in Mouse RPE

Firstly, we determined the distribution of mono- and multinucleated RPE cells in mice
of different ages. The mice were confirmed by sequencing or PCR to exclude Pde6brd1

or Crb1rd8 strains, which are naturally occurring retinal degeneration mouse mutants
(Supplementary Figure S1). The RPE whole mount was obtained from postnatal day 11
(P11), 2-month (2M), and 22-month (22M)-old mice, and image regions were selected ac-
cording to the distance to the optic nerve head (Figure 1a). Mice have a significantly higher
percentage of multinucleated RPE cells compared to humans, and the highest amount
was detected around the optic nerve, where 80% of RPE cells were multinucleated in all
ages examined (Figure 1b). Furthermore, the number of multinucleated cells decreased
in the peripheral regions, which is consistent with previous reports (Figure 1c) [10]. In-
terestingly, when observed at similar locations, no significant differences in the number
of multinucleated cells were found at different ages (Figure 1d), suggesting that region
rather than age impacts the existence of the multinucleated RPE in mice. When the RPE
cell size was analyzed, multinucleated RPE cells exhibited a two-fold increased area than
mononucleated cells in all ages examined (Figure 1e). In addition, significantly increased
cell size was observed in old mice (22 M), for both mononucleated and multinucleated RPE
cells. Finally, we compared cell proliferation in mononucleated and multinucleated RPE
cells by 5-ethynyl-2 deoxyuridine (EdU) analysis. As shown in Figure 1f, mononucleated
and multinucleated RPE cells show similar Edu-positive cell percentages when cultured
in vitro, suggesting multinucleation does not affect DNA incorporation in RPE cells.

Figure 1. Distribution of mononucleated and multinucleated cells in mouse RPE of different ages.
(a) IF analysis was performed on whole-mount RPE of postnatal day 11 (mice that had just opened their
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eyes, P11) 2-month (2 M), and 22-month-old (22 M) mice. The RPE morphology was demonstrated
by ZO1 staining, and the nuclei were stained with DAPI. Scale bar: 200 µM for P11 and 500 µM for
2 M and 22 M. The bottom image depicts a schematic graph showing different geographic locations
of RPE flat mounts used in image analysis. (b) The mononucleated and multinucleated RPE cells are
shown in different regions. The length indicates the relative distance from the optic nerve head. Scale
bar: 20 µM. (c,d) Quantification of mononucleated and multinucleated RPE cells at different regions.
(e) The cellular area of mononucleated and multinucleated RPE cells is indicated. ****: p < 0.0001,
ns: not significant. For each group, more than 50 cells were quantified. (f) EdU staining shows
DNA synthesis in primary mouse RPE cell cultures. The cell skeleton structure was labeled by
α-tubulin staining and the nuclei were counterstained by DAPI. Right panels: quantification results
of EdU-positive RPE cells. For each group, more than 20 cells were quantified. All Data are shown as
mean ± SD.

3.2. A High Percentage of Multinucleated RPE Correlates with Nocturnal Vision

Although the mouse retina does not have a macula, the central region resembles the
human macula in some aspects [15]. Interestingly, the highest frequencies of multinucleated
cells in human RPE were found in the macula [9]. Further, multinucleated RPE cells are
enriched in macula perifovea, where the highest amount of rods are located but are absent
in the macular fovea, which only contains cone photoreceptors [9]. These results prompted
us to examine the multinucleated RPE in diurnal and nocturnal vision animals, in which
rod and cone photoreceptors show distinct compositions. Generally, nocturnal animals had
a higher percentage of rods than diurnal animals [16]. Interestingly, our results show that
nocturnal animals (mice, rats, and rabbits) had a significantly increased multinucleated RPE
than diurnal animals (chickens, pigeons, pigs and zebrafish) (Figure 2a,b). Even in nocturnal
animals, rodents (mice and rats), which have a lower number of cones than rabbits, showed
a higher percentage of multinucleated RPE cells than rabbits (Figure 2c). Finally, we found
a significant positive correlation between the percentage of multinucleated RPE and rod
in six animals with known rod amounts (Figure 2d) [17–26]. Therefore, we concluded
that the percentage of multinucleated RPE and rod photoreceptors is positively correlated
in the retina.

Figure 2. High percentage of multinucleated RPE correlates with nocturnal vision. RPE cells in diurnal
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vision (a) and nocturnal vision (b) animals. The PPE morphology was indicated by ZO1 staining,
and the nuclei were stained by DAPI. n = 3 for each animal. (c) comparison of mononucleated and
multinucleated RPE with the key parameters characterizing the adaptation of the retina to nocturnal
or diurnal vision. (d) Correlation of multinucleated RPE percentage with rods percentage in animals
mentioned in (c). The data were presented as –log10 and two-tailed Pearson correlation coefficients
were used to calculate the r and p values.

3.3. Multinucleated RPE Exhibits Increased DNA Damage Compared to Mononucleated RPE

The RPE of mice represents an ideal model system to study DNA damage response in
polyploidy cells due to its high percentage of multinucleated cells. Therefore, we induced
DNA damage by exposing mice to 1 Gy of X-ray ionizing radiation (IR), as this dosage has
been reported to cause DNA double-strand break in mice retinas [27]. We first confirmed
that IR led to DNA damage in mice retinas through immunofluorescence (IF) analysis
using the DNA damage marker γH2Ax. We found the damaged DNA signal culminated
at 1 h post-IR, then dramatically decreased 1 day later and was barely detected 3 days
after IR (Figure 3a). This tendency was further confirmed by WB analysis (Figure 3b).
Next, we determined RPE DNA damage through γH2Ax staining. Similar to the retina,
the RPE displays distinct DNA damage as early as 1 h after irradiation (Figure 3c). The
damaged DNA was gradually repaired as γH2Ax-positive cells decreased in number 1 day
after IR and further decreased at 3 days post-IR (Figure 3c). Notably, the multinucleated
RPE displayed a significantly higher level of γH2Ax-positive cells at all three time points,
indicating that the multinucleated RPE may have reduced DNA repair efficiency compared
to mononucleated cells (Figure 3c). 53BP1 is a key regulator for DNA damage repair,
the 53BP1-decorated nuclear bodies mediate the formation of the DNA damage repair
platform. Therefore, we investigated 53BP1 foci in mouse RPE whole mount. However,
although multinucleated RPE cells exhibited increased γH2Ax foci, the 53BP1 foci were
not significantly altered in multinucleated and mononucleated cells (Figure 3c). Finally, we
performed an analysis of DNA double-strand breaks using a neutral comet assay which
revealed an increased tail moment 1 h after IR for multinucleated RPE (Figure 3d). Moreover,
at 1 and 3 days post-IR, the multinucleated RPE had a 1.32-fold and 1.49-fold greater tail
moment than mononucleated cells, respectively (Figure 3e). Together, these results showed
that DNA double-strand breaks are repaired less efficiently in multinucleated RPE cells
than in mononucleated RPE cells although similar 53BP1 foci formations were observed.

3.4. Multinucleated RPE Cells Show Increased ROS Production after IR Exposure

Since increased DNA damage was observed in multinucleated RPE cells, we thus de-
termined reactive oxygen species (ROS), a potent DNA damage inducer for DNA damage
in RPE cells. Fluorescent ROS analysis demonstrated that primarily cultured mononu-
cleated and multinucleated RPE cells show similar low ROS levels in normal conditions
(Figure 4a,b). After IR exposure, dramatic upregulation of ROS was detected in RPE cells,
where multinucleated cells show significantly higher levels of ROS (Figure 4a,b). Since ROS
production contributes to mitochondrial damage, we further investigated the mitochon-
drial morphology in mouse RPE in vivo. As shown in Figure 4c, oxidative stress directly
induced by oxidant sodium iodate, or by IR, leads to evident enlarged mitochondria area,
possibly due to swelling of mitochondria upon damage insults. However, no significant
alterations were found in mononucleated and multinucleated RPE cells (Figure 4d). Taken
together, these results indicate that multinucleated RPE cells generated more ROS than
mononucleated cells upon DNA damage insult.

43



Cells 2022, 11, 1552

Figure 3. Multinucleated RPE cells exhibit reduced DNA repair efficiency compared to mononucle-
ated RPE. DNA damage was induced by exposing the mice to 1 Gy of X-ray irradiation (IR). The
retina and RPE were collected at 1 h, 1 day, and 3 days after IR. (a). IF and immunohistochemistry
(IHC) analysis of retina cryosections. The DNA damage was indicated by γ-H2AX staining, and the
cytoskeleton F-actin was labeled by FITC− phalloidin. The retina structure was further demonstrated
by IHC staining of rhodopsin, the photoreceptor marker. Scale bar: 20 µm. (b). WB analysis of the
retina treated as described above. The quantification results of three independent experiments were
shown in the bottom panel. *: p < 0.05. ns: not significant (c). IF images of γH2AX and 53BP1 staining
in the RPE at 1 h, 1 day, and 3 days after irradiation. Scale bar: 20 µm. Right panels: quantitative
analysis of the DNA damage comparing mononucleated and multinucleated RPE was completed
by counting the γH2AX-positive or 53BP1-positive cells. Forty regions in whole-mount RPE from
4 mice were randomly selected and quantified. * p < 0.05, **** p < 0.0001 and ns: not significant.
(d). Comet assay showed DNA damage in RPE cells after IR. Neutral comet assay was performed
using digested mouse RPE cells, which were collected at the indicated time point post-IR. The en-
larged figure demonstrates a typical multinucleated and mononucleated cell. Scale bar: 100 µm.
(e). Quantitative analysis of tail movement at the indicated time post-IR. At each time point, more
than 80 mononucleated and 15 multinucleated RPE cells were counted, respectively. * p < 0.05,
*** p < 0.001, **** p < 0.0001, ns: not significant. All data are shown as mean ± SD.
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Figure 4. Multinucleated RPE cells generate more ROS than mononucleated RPE cells. Multinucleate
mouse RPE cells exhibited increased ROS production than mononucleate cells after IR exposure.
The primary mouse RPE cells were untreated (Ctrl) or exposed to 1 Gy of IR. After recovery in
growth medium for 4 h, the ROS levels were detected and the nuclei were counterstained by Hoechst.
Arrowheads indicate multinucleated RPE cells. (b) Quantitative results of ROS as indicated in (a).
The green fluorescence intensity was quantified by Image J. For each group, about 15 cells were
quantified. *: p < 0.05, ns: not significant. (c) Mitochondria morphology in mouse RPE whole mount
with or without sodium iodate (SI) or IR exposure. The F-actin was labeled by FITC-phalloidin and
the mitochondria were labeled by Mitotracker red. The nuclei were stained by DAPI. Scale bar: upper
panels: 25 µM, lower upper panels: 10 µM. (d) Quantification results of mitochondria average area
in mononucleated and multinucleated RPE cells. n = 15 cells per group. **: p< 0.01, ***: p < 0.001,
ns: not significant. All data are shown as mean ± SD.

3.5. p53 Haploinsufficiency Leads to Increased DNA Damage in the RPE

p53 is a key gene controlling the DNA damage response. It is unknown whether or not
p53 has a different effect on mononucleated and multinucleated RPE DNA damage. Because
homozygous depletion of p53 in C57BL/6J mice led to severe eye abnormalities [28], we
used p53 heterozygotes (p53+/−) in our investigation. However, fundus photography
revealed that more than 60% of p53+/− mice (14 out of 21 mice) also have an ocular
abnormality, including retinal pigment epithelial depigmentation, retina folds, colobomas,
and abnormal vasculature (Figure 5a). HE staining further confirmed a retinal fold in
those mice (Figure 5b). To exclude the effect of pre-existed ocular abnormalities, we
selected p53+/−mice with normal fundus characteristics for IR exposure. IF analysis of
RPE flat mounts showed a normal RPE structure in these p53+/− mice (Figure 5c). In
control mice, γH2AX signals were barely detected in wild-type (WT) and p53+/− RPE,
suggesting that haploinsufficiency of p53 does not spontaneously cause DNA damage
(Figure 5c). After IR exposure, p53+/− RPE exhibited increased DNA damage in both
mononucleated and multinucleated cells compared to WT RPE, and this higher level of
DNA damage was observed at 1 h, 1 day, and 3 days post-IR (Figure 5d,e). These results
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highlight the requirement of p53 in efficient DNA damage repair in the RPE. Next, we
compared DNA damage between mononucleated and multinucleated cells in p53+/− RPE.
Similar to WT RPE, p53+/−multinucleated RPE showed a higher level of DNA damage
than mononucleated RPE at 1 day and 3 days post-IR. However, when investigated 1 h
after IR, mononucleated and multinucleated cells in p53+/− RPE exhibited comparable
γH2AX signals (Figure 5f); this contrasts with WT RPE, in which multinucleated cells
displayed a higher frequency of DNA damage than mononucleated cells (Figure 4c). These
results suggest that mononucleated cells may be more sensitive to p53 reduction than
multinucleated cells after DNA damage exposure.

Figure 5. Induction of DNA damage in WT and p53+/−mouse retina. (a). Left: fundus photography
(upper panels) and fluorescein angiography (lower panels) were performed to analyze WT and
p53+/−mice eye morphology. Right: quantification results of the normal and abnormal eye fundus
photography from p53+/−mice. (b). IHC of rhodopsin shows RPE and retina morphology in WT
and p53+/− mice. Scale bar: upper: 200 µM, middle and bottom: 100 µM. (c–g). The WT and
p53+/−mice were subject to 1 Gy of IR, and retinas or RPE cells were collected at the indicated
time point post-IR. (c) WB analysis shows relative the indicated protein levels in mouse retinas.
Right panels: the relative γH2Ax level was obtained by normalizing with GAPDH. ***: p < 0.001,
ns: not significant. (d). Comparison of DNA damage response in WT and p53+/− RPE. IF analysis
of γH2AX staining at the indicated time point post-IR. The cell cytoskeleton F-actin was labeled
by FITC-phalloidin staining. Scale bar: 20 µm. (e–g). Quantitative analysis of the γH2AX-positive
RPE cells in WT and p53+/−mice. WT: n = 4, p53+/−: n = 3. Total of 40 regions of WT group and
30 regions of p53+/− group were randomly selected, and the γH2AX-positive cells were counted
and quantified. * p < 0.05, ** p < 0.005, *** p < 0.001, **** p < 0.0001, and ns: not significant. All data
are shown as mean ± SD.
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4. Discussion

In this study, we determined the composition of multinucleated RPE in several animal
species. We revealed region but not age as the determining factor for the multinucleated cell
amount in the RPE of mice. The multinucleated RPE is associated with the rods’ percentage,
which may be an adaption to nocturnal vision. Moreover, our results demonstrate that a
multinucleated RPE has reduced efficiency in DNA damage repair, and p53 dosage change
has a stronger impact on mononucleated cells than multinucleated cells after IR-induced
DNA damage.

The existence of polyploidy cells might be a consequence of cellular stress or metabolic
requirement. For example, polyploidy is important for cardiac muscle function under
stressed conditions, and multinucleated mammary epithelial cells are essential for effective
lactation [29,30]. Polyploidization may increase tissue metabolic capacity by enhancing
transcriptional and translational output [31]. In this regard, the central region of the
mouse retina possesses a higher photoreceptor cell density than the peripheral regions,
underlining an increased phagocytic and metabolic burden for the central RPE [15]. Our
study further correlated the distinct spatial distribution of multinucleated RPE with the
rods’ proportion and nocturnal vision adaption. Nocturnal animals have developed sev-
eral unique ocular structures to maximize light collection; one example is the inverted
heterochromatin structure in the rods’ nuclei [22]. Currently, we do not know if a high
proportion of multinucleated RPE is required for specific rod photoreceptor metabolism or
for dim-light sensing in the dark. Nevertheless, to our knowledge, this is the first evidence
linking multinucleated RPE with the rods’ proportion and nocturnal vision. Further studies
using neural retina leucine zipper (Nrl) knockout mice, in which rod photoreceptors are
converted to cone photoreceptors [32], should directly address this point.

Due to a large number of multinucleated cells, the RPE of mice presents an ideal
model to study whether multinucleated and mononucleated cells have different responses
to DNA damage. Our results show, for the first time, that the multinucleated RPE cells
exhibited increased DNA damage after IR. We speculate that multinucleated RPE cells
are more prone to DNA damage in comparison with mononucleated RPE cells, due to
the enhanced production of ROS, which is a potent DNA damage inducer. On the other
side, we found the key DNA damage repair protein, 53BP1, showed similar foci formation
efficiency in mononucleated and multinucleated RPE cells after IR, suggesting the impaired
DNA damage repair is not due to the 53BP1 defect. A recent in vitro study showed that
multinucleated human RPE1 cells exhibited more γH2AX-marked DNA damage and
delayed formation and resolution of 53BP1 foci [33]. In that study, the in vitro cultured cell
line was used and multinucleation was induced by disruption of normal cell mitosis [33].
We speculate that different cellular conditions, i.e., naturally occurred versus induced
multinucleation, and in vitro versus in vivo environment, may result in different DNA
damage responses in diverse multinucleated cells. The exact mechanism responsible for
increased DNA damage in multinucleated RPE is still unknown, and systemic analysis of
the DNA damage sensors, transducers, and effectors should provide valuable information.
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mouse strains.
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Abstract: (1) Obesity and exercise are believed to modify age-related telomere shortening by regu-
lating telomerase and shelterins. Existing studies are inconsistent and limited to peripheral blood
mononuclear cells (PBMCs) and selected solid tissues. (2) Female Sprague Dawley (SD) rats received
either standard diet (ND) or high-fat diet (HFD). For 10 months, half of the animals from both diet
groups performed 30 min running at 30 cm/s on five consecutive days followed by two days of rest
(exeND, exeHFD). The remaining animals served as sedentary controls (coND, coHFD). Relative
telomere length (RTL) and mRNA expression of telomerase (TERT) and the shelterins TERF-1 and
TERF-2 were mapped in PBMCs and nine solid tissues. (3) At study end, coND and coHFD animals
showed comparable RTL in most tissues with no systematic differences in TERT, TERF-1 and TERF-2
expression. Only visceral fat of coHFD animals showed reduced RTL and lower expression of TERT,
TERF-1 and TERF-2. Exercise had heterogeneous effects on RTL in exeND and exeHFD animals with
longer telomeres in aorta and large intestine, but shorter telomeres in PBMCs and liver. Telomere-
regulating genes showed inconsistent expression patterns. (4) In conclusion, regular exercise or HFD
cannot systematically modify RTL by regulating the expression of telomerase and shelterins.

Keywords: telomeres; telomerase; shelterin; moderate exercise; high-fat diet; Sprague Dawley rats

1. Introduction

The shortening of telomeres, protective nucleoprotein structures at the end of all
chromosomes, is a hallmark of aging that compromises genomic integrity and alters the
expression of many genes [1]. Due to the inability of the DNA polymerase to fully replicate
the 3′ end of chromosomes, telomeres progressively shorten with every cell division until
they reach a critical threshold below which they lose their DNA-protecting properties and
send cells into senescence or apoptosis [2]. Numerous studies have shown that short and
dysfunctional telomeres are linked to premature atherosclerosis, diabetes, and hyperten-
sion [3–7]. Furthermore, telomere length is inversely related to mortality risk [8–11].

Aging is an individual process that can be influenced by modifiable lifestyle factors,
such as physical activity, nutrition, stress, sleep, smoking and others [12–21]. Physical
inactivity and obesity are established triggers of metabolic dysfunction, chronic inflamma-
tion, and oxidative stress, which increase the risk of atherosclerosis, diabetes, hypertension,
dementia, and other age-related diseases [22,23]. Based on previous studies, it has been
speculated that physical inactivity and obesity also accelerate telomere attrition and pro-
mote telomeric dysfunction [24]. Conversely, it has been proposed that regular exercise
and a balanced diet promote healthy aging not only through beneficial effects on body
composition, metabolic function, vascular function, blood pressure, inflammatory pro-
cesses, and mental stress [25], but also through the preservation of telomere length and
function [13,26–30]. It has further been hypothesized that lifestyle-induced effects on
telomeres are mediated through telomere-regulating proteins, such as telomerase and
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shelterins [16,18,19,21,27,31]. Telomerase can counteract telomere shortening by adding
new hexanucleotides to the telomeric ends. With the help of shelterins, a complex of
six individual proteins, telomeres assume a unique three-dimensional structure that is
essential for their function. Upon binding of the shelterin complex to the TTAGGG motif,
telomeric DNA folds backward forming a structure known as t-loop [32,33]. A breakdown
of the t-loop structure, called telomere uncapping, represents a critical mechanism that
promotes age-related vascular dysfunctions, cellular senescence and inflammation beyond
telomere shorting [34].

Obesity and physical inactivity are highly prevalent in modern societies [35]. Accord-
ing to the World Health Organization (WHO), approximately 30% of the global population
is obese [36] and the Centre of Disease Control in the US has estimated an overall preva-
lence of physical inactivity in the US of approximately 25% [37]. Despite intensive research
activities, the mechanisms that mediate the increased risk of chronic degenerative diseases
in obese and inactive individuals are incompletely understood. Previous studies have nur-
tured the idea that both of these lifestyle factors could increase disease risk and mortality
through an enhancement of telomere shortening that compromises genomic integrity [38].
However, the results of observational studies are controversial, and experimental evidence
that establishes a mechanistic link between obesity, physical inactivity and accelerated
telomere shortening is largely lacking. Several observational studies showed an inverse
relationship between telomere length (TL) in leucocytes (LTL) and BMI [39,40], whereas
others found the opposite [41] or no significant association [42,43]. Inverse correlations
have also been reported for LTL and different indices of body composition, such as body
fat content, waist circumference, waist-to-hip ratio, and nuchal fat thickness [43–50]. In
contrast, two mouse models of obesity and metabolic syndrome failed to show acceler-
ated telomere shortening despite an upregulation of telomerase and senescence-associated
genes, such as checkpoint kinase 2 (Chk2), p53, and p21 [22,23].

Considering that exercise is a highly cost-effective way to improve health and to
prolong life [51–55], obese individuals are often prescribed a physical activity program with
moderate endurance exercise, such as walking or cycling [56]. Observational studies have
reported higher LTL in exercising individuals of different age groups and different activity
levels [15,17,18,57,58]. However, available prospective and interventional studies provide
conflicting results. In a 5-year longitudinal study by Soares-Miranda L et al., physical activ-
ity and physical performance were unrelated to LTL [59]. In contrast, Werner et al., showed
increased LTL and an upregulation of telomerase and telomere repeat binding factor (TRF)
2 after 6 months of aerobic endurance training or high intensity training [17,18]. The results
from animal studies are also inconclusive. While Ludlow et al. showed a preservation of TL
in cardiomyocytes and hepatocytes of exercising mice [16,17,21,60], Werner et al. did not
find differences between cardiac TL of exercising and sedentary mice [16,17,21,60]. Regard-
less of potential effects on TL, exercise seems to alter the expression telomere-regulating
proteins, such as telomerase and shelterins [60].

Whether or not obesity and physical activity are causally related to telomere length
and the expression of telomere-regulating proteins remains elusive. Furthermore, previous
studies are limited to analyses of TL in leucocytes, myocardium, skeletal muscle, and liver.
Additionally, potential interactions between the consumption of a hypercaloric diet and
regular exercise has not been studied systematically. This aspect is of particular relevance
as exercise is often used to compensate bad eating habits and to treat obesity. Therefore,
the present study aimed to address this gap of knowledge by mapping TL in leucocytes
and 9 solid tissues from aged sedentary rats that were fed for 10 months either a normal
chow-based diet (ND) or a synthetic high-fat diet (HFD). In order to explore potential
interactions between the consumption of HFD and exercise, half of the animals from both
groups performed regular treadmill running with moderate intensity.
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2. Materials and Methods
2.1. Animal Model

Ninety-six female Sprague Dawley (SD) rats were purchased from Janvier Labs
(Le Genest-Saint-Isle, France) at four months of age. The animals were kept in groups
of three animals per cage under constant conditions on a 12 h/12 h light/dark cycle at the
core facility animal housing at the Medical University of Graz (Austria). Temperature was
maintained between 22 and 25◦C. Humidity ranged between 55 to 58%. After one week
of acclimatization, the animals were randomly assigned to receive either a standard diet
(ND) (Altromin, Lage, Germany) with 3230 kcal/kg and 11% fat or a custom-designed
beef-tallow high-fat diet (HFD), rich in saturated fatty acids (SFA), in particular C16:0 and
C18:0, with 5150 kcal/kg and 60% fat (Table 1; ssniff, Soest, Germany). Food and tap water
were provided ad libitum.

Table 1. Organ weight in female SD rats after 10 months of treadmill exercise.

Organs Measurement ND HFD
Sedentary

n = 22
Exercising

n = 22
Sedentary

n = 16
Exercising

n = 12

heart
average weight 1.31 ± 0.21 1.24 ± 0.11 1.40 ± 0.14 1.46 ± 0.19 ###

normalized weight 0.28 ± 0.04 0.27 ± 0.03 0.30 ± 0.03 0.31 ± 0.03 ###

spleen average weight 0.98 ± 0.16 0.97 ± 0.15 1.20 ± 0.16 ### 1.18 ± 0.23 ##

normalized weight 0.21 ± 0.03 0.21 ± 0.03 0.24 ± 0.07 0.25 ± 0.04 ###

liver
average weight 12.53 ± 1.72 12.50 ± 1.80 14.03 ± 2.36 # 15.16 ± 4.40 #

normalized weight 2.67 ± 0.31 2.56 ± 0.68 2.98 ± 0.52 # 3.28 ± 0.89 #

visceral fat
average weight 13.20 ± 5.26 10.46 ± 4.48 40.13 ± 12.81 ### 39.46 ± 23.20 ###

normalized weight 0.03 ± 0.01 0.03 ± 0.01 0.08 ± 0.018 ### 0.07 ± 0.03 ###

Organ weight is given in grams. The weights of heart, spleen, and liver were normalized to total tibia length
(cm), while visceral fat weight was normalized to body weight (g). Data are presented as mean ± SD; # p < 0.05,
## p < 0.01, ### p < 0.001 compared to the appropriate normal diet control group with the two-tailed Student’s
t-test for independent samples.

2.2. Experimental Design and Treatment

Animals were randomly allocated to following 4 groups, each consisting of 24 animals:
coND, exeND, coHFD and exeHFD. coND and exeND animals were fed with ND for the
entire study period, whereas coHFD and exeHFD received HFD. The animals from exeND
and exeHFD groups performed a 10-month exercise program consisting of 30 min of forced
running on a treadmill (Panlab, Barcelona, Spain) on five consecutive days followed by
2 days of rest. The running speed was constant and set at 30 cm/s. The training protocol
was based on previous experimental studies [61–64]. The animals in the coND and coHFD
groups did not exercise and had no access to a running wheel. These animals were used as
sedentary controls.

2.3. Euthanasia and Sample Preparation

At the time of scarification, blood was collected by heart puncture into plasma-EDTA
and serum tubes (Sarstedt, Nümbrecht, Germany) under deep isoflurane anaesthesia
(Forane, Abbott, Austria). After centrifugation at 2000× g for 12 min at room temperature,
plasma and serum samples were aliquoted and stored at −80◦C until batched analysis.
Immediately after blood collection, the following organs were explanted and snap frozen
in liquid nitrogen: liver, skeletal muscle, heart, aorta, large intestine, spleen, kidney, brain,
lung, visceral fat. Subsequently, all tissue samples were stored together deep-frozen at
−80◦C until analysis. Exclusion criteria were the development of illnesses or tumours
during the intervention period.
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2.4. Analysis of Relative Telomere Length (RTL) in PBMCs and Solid Organs

After diluting 100 µL of whole blood with 100 µL of dH2O, DNA was isolated with the
MagNA Pure LC instrument (Roche, Austria) using the Total Nucleic Isolation Kit (Roche,
Austria). Subsequently, relative telomere length (RTL) of peripheral blood mononuclear
cells (PBMCs) was measured by quantitative real-time PCR (qPCR) using a protocol devel-
oped by Cawthon [65]. This assay quantifies the ratio of average TL (T) to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as single copy reference gene (S). The single copy
gene is used as amplification control for each sample and to determine the number of
genome copies per sample. All qPCR analyses were performed on a Thermocycler CFX384
TouchTM (Biorad, Feldkirchen, Germany) instrument using the following primers:

1. Telomere For: 5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′;
2. Telomere Rev: 3′-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-5′;
3. GAPDH For: 5′-CACCTAGACAAGGATGCAGAG-3′;
4. GAPDH Rev: 3′-GCATGACTGGAGGAATCACA-5′.

All primers have been purchased from Eurofins Genomics, Austria. Each run included
a standard curve made by dilutions of isolated and pooled rat DNA from 21 different blood
samples, to determine the quantity of the targeted templates. RTL has been calculated as
the ratio of telomere quantity to single copy reference gene quantity (T/S ratio).

RTL in solid organs was analysed with the same method described before. For this
purpose, approximately 10 mg of tissue were homogenised in 300 µL Magna Pure Lysis
Buffer (Roche, Wien, Austria) using the MagnaLyser (Roche, Wien, Austria). Subsequently,
the DNA was isolated and quantified using the same procedure as for blood leucocytes.

2.5. The mRNA Expression Analyses in Blood Cells and Solid Organs

TERT, TERF-1, and TERF-2 gene expression was analysed in RNA extracts of all solid
organs. As blood leucocytes were used up for the measurement of RTL, they were not
available for mRNA expression analyses. Therefore, mRNA expression in spleen was used
as reference because the organ belongs to the lymphatic system and is rich in leucocytes.
From each organ, 10 mg of tissue were homogenised in 300 µL Magna Pure Lysis Buffer
(Roche, Wien, Austria) using the MagnaLyser (Roche, Wien, Austria). RNA was extracted
from these homogenates with the Total Nucleic Isolation Kit (Roche, Wien, Austria) on a
MagNA Pure LC instrument (Roche, Wien, Austria). Subsequently, the mRNA in these
extracts was transcribed into cDNA using the QuantiTect Reverse Transcription kit (Qiagen,
Hilden, Germany). Finally, mRNA expression of TERT, TERF-1, and TERF-2 was analysed
by qPCR with TaqMan probes (Life Technologies dba Invitrogen, Waltham, MA, USA). The
expression of each target gene expression was calculated with the ∆∆CT method using
β-actin as reference gene. The sequences of the probes used were as follows:

5. B-actin: 5′-CTTCCTTCCTGGGTATGGAATCCTG-3′;
6. Tert: 5′-ATCGAGCAGAGCATCTCCATGAATG-3′;
7. Terf-1: 5′-AAAACAGACATGGCTTTGGGAAGAA-3′;
8. Terf-2: 5′-GAGAAAATTTAGACTGTTCCTTTGA-3′.

2.6. Statistical Analyses

Results are shown as mean ± standard deviations (SD). Qualitative variables such as
tumor abundance and type were assessed with the Fisher’s exact test or the Chi-squared
test. Group differences were assessed using the two-tailed Student’s t test for dependent or
independent samples or the Mann–Whitney U test depending on the distribution of the data.
Group comparisons with three or more groups were analysed using the two-way ANOVA
or the Kruskall–Wallis test for independent samples. Correlations between variables were
determined by linear regression analysis according to Pearson (r, Pearson Correlation
coefficient; p, univariate ANOVA). Data were plotted using Python programming language
with Jupyter Notebook within the data science package Anaconda3 for Windows. IBM
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SPSS v. 26 for Windows was used for explorative data analysis and a level of acceptance of
the null hypothesis was set at p = 0.05.

3. Results
3.1. Characterization of the Animal Model

From the 96 rats, 6 were excluded prior to the end of the study due to general health
issues. A total 18 animals developed benign tumours and, thus, were excluded from
the final analysis. Tumours were more frequent in animals on HFD rather than on ND
(16 vs. 2 rats, p = 1.289 × 10−4). The tumours in the HFD animals were of heterogeneous
nature compared to the ND group (p < 0.001), as masses were found in breasts, ovaries, and
abdomen of obese animals. Regular exercise did not significantly change tumor incidence
in both diet groups (coND vs. exeND, p = 0.975; coHFD vs. exeHFD, p = 0.347) nor tumor
diversity in the HFD group (p = 0.197). After exclusion of dropouts, 72 eligible animals
were included in the final statistical analyses.

At study end, the animals in the two HFD groups had a significantly higher body
weight than those in the ND groups (Figure 1). Median body weight between ND and HFD
differed by 115 g in sedentary animals and by 90 g in exercising animals. In line with this
finding, also the weight of individual organs and tissues, such as heart, liver, and visceral
fat, was significantly higher in HFD animals (Table 1).
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comparison of independent samples. ** p < 0.01 compared to appropriate sedentary control group;
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The exercise protocol was well tolerated by the animals of both diet groups. Body
weight of exeND animals was significantly lower than that of coND animals (p < 0.01),
whereas coHFD and exeHFD animals showed no difference. In the factorial ANOVA, the
main effects of diet and exercise on body weight were significant with F (1, 67) = 80.92,
p = 3.89 ×10−13, and F (1, 67) = 8.29, p = 0.005, respectively. There was no significant
interaction between diet and exercise, F (1, 67) = 0.138, p = 0.712. Regular exercise induced
a higher organ weight of heart and liver in HFD animals, but not in ND animals (Table 1).

3.2. Influence of HFD on RTL and the Expression of Telomere-Regulating Genes in
Different Tissues

When compared to ND, 10 months of HFD consumption had no systematic effect on
RTL across different organs. In visceral fat RTL was significantly lower in coHFD animals
than in coND animals. In contrast, renal RTL was slightly higher in coHFD than in coND
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animals. All other solid tissues and PBMCs showed comparable RTL between the two diet
groups. (Figure 2).
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TERT mRNA expression varied substantially between tissues with highest expression
levels in liver and kidney. The consumption of HFD did not result in a systematic difference
of TERT mRNA expression across different organs (Figure 3). Spleen, large intestine, and
kidney showed higher TERT mRNA expression levels in coHFD than in coND animals,
whereas in visceral fat a lower TERT mRNA expression was observed.
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Similar to TERT, also mRNA expression of the two shelterins, TERF-1 and TERF-2,
varied substantially between tissues. The consumption of HFD upregulated TERF-1 and
TERF-2 mRNA expression in 3 (Figure 4a) and 5 (Figure 4b) out of nine tissues, respectively.
In contrast, a reduced mRNA expression of both shelterins was seen in only one and two
tissues, respectively. A simultaneous upregulation of TERF-1 and TERF-2 in coHFD animals
was found in skeletal muscle, aorta, and large intestine. In contrast, visceral fat showed
a lower mRNA expression of both shelterins in these animals. Furthermore, TERF-1 was
markedly reduced in the liver of coHFD rats, whereas TERF-2 was increased in spleen and
kidney but decreased in lung tissue.
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Combining all the differences described before in an effect matrix, it becomes apparent
that only in visceral fat HFD consistently reduces RTL and the mRNA expression of
telomere-regulating genes (Figure S1). Instead, in four out of nine tissues mRNA expression
of one or more telomere-regulating genes was increased without a change in RTL.

3.3. Influence of Exercise on RTL and the Expression of Telomere-Regulating Genes in
Different Tissues

Ten months of regular treadmill running had heterogeneous effects on RTL in different
tissues with significantly longer telomeres in aorta and large intestine tissue, but shorter
telomeres in PBMCs and liver RTL (Figure 5). In all other tissues, RTL did not significantly
differ between sedentary and exercising animals. Of note, the simultaneous administration
of HFD did not substantially change this pattern.

Exercise had vastly different effects on mRNA expression of TERT, TERF-1 and TERF-2
in different tissues. In some tissues, but not all, HFD altered the exercise-induced effects
observed in ND animals. TERT mRNA expression was increased in spleen, liver, kidney,
and lung of exeND animals compared to coND animals (Figure 6a). Conversely, in exeHFD
animals, TERT expression in large intestine and kidney was significantly lower than in
coHFD, whereas spleen, liver and lung showed no differences (Figure 6b).
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are shown as white circles above the box plots. RTL is expressed as ratio of average telomere length 
to the reference gene GAPDH. The two-tailed Student’s t-test or the Mann–Whitney U-test were 
used for group comparison of independent samples. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. respective 
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effects observed in ND animals. TERT mRNA expression was increased in spleen, liver, 
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TERF-1 mRNA expression was significantly reduced in liver, lung, and visceral fat, 
but increased in skeletal muscle, aorta, and large intestine of exeND rats when compared 
to coND animals (Figure 7a). In exeHFD animals instead, TERF-1 mRNA expression was 

Figure 5. Comparison of RTL in PBMCs and nine solid organs isolated from exercising and sedentary
SD rats that received normal diet or HFD for 10 months. (a) sedentary (coND) vs. exercising (exeND)
animals on ND, (b) sedentary (coHFD) vs. exercising (exeHFD) animals on HFD. Outliers are shown
as white circles above the box plots. RTL is expressed as ratio of average telomere length to the
reference gene GAPDH. The two-tailed Student’s t-test or the Mann–Whitney U-test were used
for group comparison of independent samples. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. respective
sedentary controls.
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Figure 6. Comparison of TERT expression in nine solid organs from exercising and sedentary SD
rats that received either normal diet or HFD for 10 months. (a) sedentary lean animals (coND) vs.
exercising lean animals (exeND), (b) sedentary obese animals (coHFD) vs. exercising obese animals
(exeHFD). Outliers are shown as white circles above the box plots. TERT mRNA expression is
shown in arbitrary units. The two-tailed Student’s t-test or the Mann–Whitney U-test were used
for group comparison of independent samples. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. respective
sedentary controls.

TERF-1 mRNA expression was significantly reduced in liver, lung, and visceral fat,
but increased in skeletal muscle, aorta, and large intestine of exeND rats when compared
to coND animals (Figure 7a). In exeHFD animals instead, TERF-1 mRNA expression was
increased in spleen, liver, large intestine, and kidney, but reduced in skeletal muscle when
compared to coHFD animals (Figure 7c).
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expression levels in skeletal muscle and kidney in exeHFD rats when compared to coHFD 
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one or more telomere-regulating genes was associated with an increase in RTL (Figure 
S1). All other differences in mRNA expression of telomere-regulating genes were unre-
lated to RTL. Similar to exercise, also HFD failed to induce systematic effects on RTL and 
telomere-regulating genes. Only in kidney and visceral fat of obese sedentary animals, did 
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and exercise was only observed in kidneys, where exercising obese rats exhibited a similar 
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Figure 7. Comparison of TERF-1 and TERF-2 expression in nine solid organs from exercising and
sedentary SD rats that received either normal diet or HFD for 10 months. (a) TERF-1 in sedentary
lean animals (coND) vs. exercising lean animals (exeND), (b) TERF-2 in sedentary lean animals
(coND) vs. exercising lean animals (exeND) (c) TERF-1 in sedentary obese animals (coHFD) vs.
exercising obese animals (exeHFD), (d) TERF-2 in sedentary obese animals (coHFD) vs. exercising
obese animals (exeHFD). Outliers are shown as white circles above the box plots. TERF-1 and TERF-2
mRNA expression is shown in arbitrary units. The two-tailed Student’s t-test or the Mann–Whitney
U-test were used for group comparison of independent samples. * p < 0.05; ** p < 0.01; *** p < 0.001 vs.
respective sedentary controls.

TERF-2 mRNA expression was significantly increased in five out of nine solid organs
of exeND animals when compared to coND rats (Figure 7b), namely spleen, skeletal muscle,
aorta, large intestine, and kidney. In exercising obese animals instead, TERF-2 mRNA
expression was profoundly different with a higher expression level in liver, but reduced
expression levels in skeletal muscle and kidney in exeHFD rats when compared to coHFD
animals (Figure 7d).

Summarizing all the results from sedentary and exercising lean animals in the effect
matrix (left column), it becomes clear that only in aorta and large intestine an increase in
one or more telomere-regulating genes was associated with an increase in RTL (Figure S1).
All other differences in mRNA expression of telomere-regulating genes were unrelated to
RTL. Similar to exercise, also HFD failed to induce systematic effects on RTL and telomere-
regulating genes. Only in kidney and visceral fat of obese sedentary animals, did RTL and
telomere-regulating genes show changes directed in the same way. However, the changes in
both tissues pointed in opposite directions. An interaction between HFD and exercise was
only observed in kidneys, where exercising obese rats exhibited a similar RTL to sedentary
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lean controls (Figure S1). Additionally, both exercising groups show reductions in hepatic
RTL, but inconsistent changes in the hepatic expression of telomere-regulating genes.

3.4. Correlation Analysis

To further explore our hypothesis that lifestyle factors can modify RTL through reg-
ulatory effects on the expression of telomere-regulating genes, we performed correlation
analyses that included the animals from all four groups. Figure 8 illustrates that RTL was
not consistently correlated to any of the telomere-regulating genes. For example, in kidney
(R = 0.337; p = 0.004) and visceral fat (R = 0.337; p = 0.004) RTL and TERT mRNA expression
were positively correlated, whereas large intestine (R = −0.252; p = 0.036) and spleen
(R = −0.263; p = 0.028) showed the opposite. Likewise, RTL and TERF-2 were positively
correlated in aorta (R = 0.373; p = 0.002), kidney (R = 0.318; p = 0.007) and visceral fat
(R = 0.332; p = 0.007), but negatively correlated in liver (R = −0.247; p = 0.053).
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4. Discussion

Here, we show for the first time that neither regular exercise nor the consumption of
HFD have a systematic effect on RTL in solid tissues and PBMCs of SD rats. In fact, most
tissues had comparable RTL in the respective intervention and control groups. Additionally,
dual stimulation by feeding HFD to exercising animals did not change this result. Never-
theless, some tissues exhibited significantly higher RTL after 10 months of HFD (kidney) or
exercise (aorta and small intestine), whereas other tissues showed reduced RTL upon HFD
(visceral fat) or exercise (PBMCs and liver). These differences were not accompanied by a
consistent mRNA expression pattern of the respective telomere-regulating genes tert, terf-1
and terf-2. Therefore, the present results do not support the hypothesis that regular moder-
ate endurance exercise or prolonged exposure to a diet rich in saturated lipids influence
RTL through the expression of telomerase and shelterins.

The comprehensive mapping of RTL and related telomere-regulating genes after
long-term exposure to HFD and exercise significantly expands existing knowledge on
the influence of modifiable lifestyle factors on age-related telomere shortening. Previous
in vivo studies have mostly focused on RTL in specific cells or tissue types, such as PBMCs
or myocardium [16,17,21,60]. The results are rather inconsistent. Ludlow et al. showed
in wild type derived short telomere mice (CAST/Ei) that 1 year of voluntary running in
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a running wheel preserved TL in myocardium and liver, but not in skeletal muscle [60].
Similar to the present study, these effects were not accompanied by consistent alterations
of telomere-regulating genes that would explain these effects. In contrast, after 3 weeks
of voluntary wheel running, Werner et al. reported an upregulation of telomerase activity
(TA) in murine aorta and PBMCs, and an increased aortic gene expression of TERF-2.
Additionally, senescence-associated genes, such as Chk2, p53, and p21, were lowered in the
aorta of exercising animals. However, the increased expression of these telomere-regulating
genes did not result in a significant difference of aortic TL after 6 months of exercise when
compared to inactive controls [17]. The TL results reported by the two studies of Ludlow
et al. and Werner et al. are not in line with our findings, where 10 months of regular
moderate running exercise reduced RTL in PBMCs and liver, whereas aorta and large
intestine showed a significant increase.

The inconsistencies between existing exercise studies in animals may, at least partly,
be explained by differences in the animal models used. Our results were obtained in
SD rats, whereas previous studies worked with CAST/Ei [60] and C57/Bl6 mice [17].
Additionally, the duration of exercise varied amongst existing studies between a few weeks
and one year, which further limits comparability. In addition, a greater group size with
22 coND and 22 exeND animals provides robustness to our results. The studies from
Ludlow et al. and Werner et al. were performed with no more than 10 animals per group,
which limits statistical power and leaves more room for random effects. A major strength
of the present study is strict standardization of the exercise intervention, which consisted
in forced treadmill running for 30 min at fixed speed on 5 consecutive days per week. The
efficacy of this intervention is evidenced by a significantly lower body weight at the time of
scarification. In contrast, most previous studies used voluntary wheel running, which is
not standardized.

Similar to the exercise studies discussed before, mouse models of obesity and metabolic
syndrome also failed to show accelerated telomere shortening despite an upregulation
of Chk2, p53, and p21 [22,23]. For example, feeding mice for 60 weeks with a high-
fat/high-sucrose diet induced obesity and metabolic dysfunction, but did not accelerate
LTL shortening [23]. With advancing obesity, the animals were physically less active, which
should have amplified potentially adverse effects of obesity. Additionally, in genetically
modified rats with metabolic syndrome, Takahashi et al. showed comparable myocardial
TL than in wild-type controls [22]. At the same time, telomerase expression and TA were
upregulated together with the senescence-associated genes Chk2, p53, and p21. These
results are in line with our present study, showing similar RTL in PBMCs, liver, aorta, and
skeletal muscle after 10 months of HFD or ND. Additionally, large intestine, spleen, brain,
and lung showed comparable RTL in the two groups. In our model neither exercise nor
HFD induced a consistent expression pattern of telomere-regulating genes, namely tert,
terf-1 and terf-2. Only kidney and visceral fat showed significant differences in RTL, but in
opposite directions. Similar differences were detected for the expression of tert and terf-2.
However, the relevance of these effects is questionable as TERT, TERF-1 and TERF-2 were
also altered in several other tissues of HFD animals without affecting the respective RTL.
Furthermore, most existing studies reported effects of exercise and obesity on telomerase
and shelterins, but often this was not associated with changes in RTL. In line with existing
data, correlation analyses in the present study showed inconsistent correlations between
RTL and mRNA expression levels of the three telomere-regulating genes. Altogether, these
results question the pathophysiological relevance of such observations.

A unique aspect of the present study is the combination of exercise and HFD. In
modern societies, people often try to compensate adverse nutritional habits with exercise,
but the efficacy of this approach is not well documented. Our results show that such an
approach does produce a different outcome than exercise alone. Specifically, RTL was lower
in PBMCs, liver and kidney of exercising animals on HFD, but higher in aorta and large
intestine. Despite a comparable pattern of RTL in the different organs of exercising animals
on normal diet and HFD, incongruent results were registered for the mRNA expression of
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tert, terf-1 and terf-2. For example, terf-1 and terf-2 were both increased in skeletal muscle
of exercising animals on ND but decreased in exercising animals on HFD. However, both
groups showed comparable RTL in this tissue. In line with this argument, also correlation
analyses that included all 72 animals did not show consistent correlations between RTL
and the expression level of telomerase or shelterins. For example, an inverse correlation
between RTL and tert was seen in spleen and large intestine, whereas kidney and visceral
fat showed the opposite. In all other tissues both parameters were not correlated.

This present animal study does not support the results from human studies showing
a reduced LTL in obese people [39,40] and a preservation of TL upon regular endurance
exercise [17]. Although some studies do not support an inverse relationship between TL
and obesity [41–43], a recent meta-analysis calculated a significantly lower LTL in obese
individuals than in normal-weight individuals [49]. Moreover, LTL was inversely correlated
with BMI, body fat content, waist circumference, waist-to-hip ratio, and nuchal fat thickness.
However, the observational character of the studies included impedes any conclusion
towards causality. Additional insights can be gained from longitudinal observation studies
that assessed LTL in obese patients before and after bariatric surgery [66]. Available
results indicate an improvement in LTL after >2 years, probably due to an improvement in
inflammation and oxidative stress. However, only a small number such studies has been
published, with rather heterogenous design and outcome. Human studies that investigated
LTL in exercising and sedentary individuals are also inconsistent. Several observational
studies have shown higher LTL in exercising individuals of different age groups and activity
levels [15,17,18,57,58]. Additional support from prospective observation and intervention
studies is strongly limited. Soares-Miranda L et al. performed serial blood collections
over a 5-year period in 582 older US adults and found no significant association between
physical activity, physical performance, and LTL [59]. In contrast, Werner et al. reported an
increase in LTL, TA, and TERF-2 expression after 6 months of aerobic endurance training or
high intensity training, which was not seen in controls [17,18].

A general downside of existing human studies is the limitation of TL analyses to
blood leucocytes, which impedes conclusions about TL in solid tissues of obese and lean
individuals. However, previous results from our group have shown that LTL does not
provide reliable information on TL in other tissues [67]. While RTL in some tissues, exhibit
a positive correlation with LTL, others show the opposite. Additionally, RTL in young and
aged SD rats did not systematically change.

The present results should be interpreted with caution keeping in mind the strengths
and limitation of this study. A rather large number of animals per group and a strictly
standardized exercise intervention provide robustness to the results. In addition, the
intervention period was quite long. However, results from Werner et al. suggest, that
up to 18 months may be needed to observe a significant reduction in TL [16]. SD rats
have an average life expectancy of 2 years so that our animals were sacrificed at advanced
adult age, but they cannot be regarded old. The exercise protocol applied was rather
moderate and a more intensive regimen might have produced different results. However,
with this protocol we aimed to mimic a common recreational activity pattern in adults.
Energy intake and energy expenditure may have varied between individual animals and
different groups. The lacking information on both factors adds some uncertainty to the
interpretation of our results. Another important limitation is the RT-qPCR method that has
been used for the measurement of RTL. This method gives an average TL across all cells and
chromosomes but does not provide information on the percentage of very short and long
telomeres. There is some evidence that the percentage of very short telomeres rather than
average TL is associated with aging and age-related disease [68]. However, determination
of the shortest telomeres requires highly sophisticated and cumbersome methods, such as
Telomere Shortest Length Assay (TeSLA) [69]. In addition, these methods are difficult to
standardize and not suitable for high throughput analysis. As we had planned to analyze
more than 1000 samples, these assays were deemed not feasible for our purpose. Lastly,
telomere-regulating genes were only analysed by mRNA expression, but not at protein
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level. Although mRNA expression and protein analyses may give discordant results, we do
not feel that this limits the overall meaning of our results. The absence of systemic effects
on RTL in PBMCs and solid tissues and the highly inconsistent mRNA expression pattern
of telomerase and shelterins limit the potential scope of these factors as relevant mediators
of telomere effects induced by exercise and diet.

5. Conclusions

In summary, the present in vivo study does not provide evidence that modifiable
lifestyle factors, such as obesity and exercise, have significant systemic effects on telomere
shortening and the expression of telomere-regulating genes. Additionally, exercise and
HFD do not show significant interaction. Any lifestyle-related effect on RTL and telomere-
regulating genes in one tissue type does not allow conclusions on other tissues or cell types.
Future research should address the impact of exercise and diet on the shortest telomeres
and explore their role for aging and degenerative disease. Moreover, future studies on
the effects of lifestyle factors on telomere length and telomere function should focus on
advanced adult age, where degenerative disease most frequently occurs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11101605/s1, Figure S1: Effects matrix that visualizes the effects
of exercise, HFD, and the interaction of both lifestyle factors on RTL and the mRNA expression of
telomere-regulating genes.
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Abstract: Reverse transcriptase hTERT is essential to telomerase function in stem cells, as well
as in 85–90% of human cancers. Its high expression in stem cells or cancer cells has made telom-
erase/hTERT an attractive therapeutic target for anti-aging and anti-tumor applications. In this
study, we screened a natural product library containing 800 compounds using an endogenous hTERT
reporter. Eight candidates have been identified, in which sanguinarine chloride (SC) and brazilin
(Braz) were selected due to their leading inhibition. SC could induce an acute and strong suppressive
effect on the expression of hTERT and telomerase activity in multiple cancer cells, whereas Braz
selectively inhibited telomerase in certain types of cancer cells. Remarkably, SC long-term treatment
could cause telomere attrition and cell growth retardation, which lead to senescence features in cancer
cells, such as the accumulation of senescence-associated β-galactosidase (SA-β-gal)-positive cells, the
upregulation of p16/p21/p53 pathways and telomere dysfunction-induced foci (TIFs). Additionally,
SC exhibited excellent capabilities of anti-tumorigenesis, both in vitro and in vivo. In the mechanism,
the compound down-regulated several active transcription factors including p65, a subunit of NF-κB
complex, and reintroducing p65 could alleviate its suppression of the hTERT/telomerase. Moreover,
SC could directly bind hTERT and inhibit telomerase activity in vitro. In conclusion, we identified that
SC not only down-regulates the hTERT gene’s expression, but also directly affects telomerase/hTERT.
The dual function makes this compound an attractive drug candidate for anti-tumor therapy.

Keywords: telomerase/hTERT; anti-cancer; sanguinarine chloride; cellular senescence

1. Introduction

Telomeres are continuously shortened during the process of DNA replication as DNA
polymerase cannot synthesize chromosomal end sequences [1]. Mammalian telomeric
DNA consists of TTAGGG hexanucleotide tandem DNA repeats forming loop structures,
with the interactions of specialized telosome/shelterin proteins [2,3]. In order to maintain
the genomic stability and protect cells from senescence, shortened telomeres could be
elongated by two mechanisms: in a telomerase-dependent manner in most pluripotent
stem cells and cancer cells, or the alternative lengthening of telomeres (ALT) in 10–15%
cancer cells [4].

Human telomerase ribonucleoprotein contains the catalytic reverse transcriptase hTERT
and RNA template hTERC associated with the accessory H/ACA proteins [5]. hTERT is
highly conserved among species. Human TERT is composed of four main domains [6]. The
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N-terminal extension (TEN) domain is connected with the 5′-terminal of the telomerase
RNA-binding domain (TRBD) by a short linker sequence. The central reverse transcriptase
(RT) domain and the C-terminal extension (CTE) domain make up a right-hand structure
containing palm-, finger- and thumb-like subdomains. Together, the sequential TRBD-RT-
CTE domains form a ring-like structure for telomere repeat addition [6].

Telomerase activity is strictly modulated at multiple levels, including the expres-
sion of telomerase subunits, the process of holoenzyme assembly and its recruitment to
telomeres [7]. Compared with the ubiquitously expressed hTERC in cells, the restrictively
expressed protein hTERT is the major limiting factor of telomerase activity regulation [8].
Suppressing telomerase activity by decreasing hTERT protein blocks telomere extension.
Very short telomeres could trigger telomere dysfunction and induce a DNA damage re-
sponse and cell senescence. Except for its involvement in telomeres elongation, hTERT
turned out to participate in many non-telomeric biological events; for instance, the expres-
sional regulation of aging-related genes or oncogenes [9]. Interestingly, c-myc can bind to
the E-box motif in the hTERT promoter region to activate its transcription [10], while hTERT
is also able to stabilize c-myc protein and modulates its binding to target promoters [11].
NF-κB p65 has been reported to modulate telomerase expression [12], and also mediate
the nuclear translocation of the hTERT protein from cytoplasm via TNF-α in the cancer
cell line [13].

In most cancer cells, stem/progenitor cells and certain somatic cells in special physio-
logical states, such as activated T cells, hTERT is expressed to activate telomerase, making
it attractive as a therapeutic target for cancer [14,15]. Imetelstat, also known as GRN163L,
is chemically modified oligonucleotide, which can silence the telomerase assembly pro-
cess [16]. BIBR1532 has been identified as a selective telomerase inhibitor that tightly
binds to the FVYL motif near TRBD and can result in an impediment to the interaction of
hTERT TRBD with the CR4/5 stem loop of telomerase RNA [17]. Yet, like most quinoline
derivatives, BIBR1532 exhibits a certain degree of cytotoxicity, and causes apoptosis and
senescence in high doses over 25 µM [18].

Cell senescence is a state of growth arrest caused by several factors, such as telomere
loss and DNA damage [19]. Cancer cells show features such as senescence after exposure to
certain chemotherapeutic compounds [20]. Therefore, the telomerase inhibitor, as a factor
of accelerated cell senescence, is a double-edged sword on its applications, and is accepted
in anti-cancer strategies via triggering senescence.

Successful clinical outcomes require prolonged treatment, which may lead to severe
toxicity in patients. In comparison with synthetic chemicals, natural products are more
acceptable and environmentally friendly. In this work, we used CRISPR/Cas9 to establish
a cell-based platform aiming to screen out certain natural compounds that modulate the
expression of endogenous hTERT, and found some compounds with potential applications,
of which sanguinarine chloride (SC), a benzophenanthridine alkaloid extracted from the
root of Sanguinaria canadensis, is very attractive.

SC exhibits clear-cut antitumor properties, with evidence of apoptotic cell death induc-
tion and anti-proliferation through generating reactive oxygen species [21], suppressing
the NF-κB pathway [22], inhibiting cyclin-dependent kinases and cyclins [23] and block-
ing VEGF function in angiogenesis [24]. Besides this, sanguinarine is commonly used in
toothpaste and oral health products because of its antibacterial and anti-inflammatory
effects [25]. However, since 1999, a sanguinarine-added mouthwash product Viadent®

was reported to be associated with age-related leukoplakia, indicating its pre-neoplastic
adverse effects [26,27]. Notably, how sanguinarine induces leukoplakia remains unclear
so far, and the underlying mechanism of the anti-tumor effect of sanguinarine remains
elusive; thus, figuring out its biological target and detailed molecular mechanism is crucial
for pharmacological usage.
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2. Materials and Methods
2.1. Chemicals

Sanguinarine chloride hydrate (SC) was purchased from Aladdin (S101540; Shanghai,
China) and Brazilin (Braz) was purchased from Sigma-Aldrich (SML2132; St. Louis, MO,
USA). All the chemicals were dissolved in DMSO and stored at −20 ◦C.

2.2. Cell Culture and Transfection

The HEK293T cell line and cancer cell lines, including HTC75, HeLa, DLD1, MDA-
MB-231, Hs578t and A549, were routinely cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Corning; New York, NY, USA) supplemented with 10% Fetal bovine serum (FBS;
Excell Bio; Jiangsu, China). Human skin fibroblasts (HFs) and human umbilical vein
smooth muscle cells (HUVSMCs) were cultured in Dulbecco’s Modified Eagle Medium/F-
12 Nutrition Mixture (DMEM/F12; Gibco; New York, NY, USA) containing 10% FBS
(Hyclone; Logan, UT, USA). Peripheral blood mononuclear cells (PBMCs) were cultured
in RPMI 1640 medium (Gibco; New York, NY, USA) with 10% FBS (Hyclone; Logan, UT,
USA). Lipofectamine2000 reagents (Invitrogen; Carlsbad, CA, USA) were used for cell
transfections of recombinant plasmids.

2.3. Flow Cytometry Screening

A total of 800 compounds of a natural product library (Natural Products Collection;
Microsource; Gaylordsville, CT, USA) was applied and screened in a hTERT-P2A-GFP
reporter cell line. Cells were treated by compound in 96wells for 48 h and were then har-
vested in PBS buffer. GFP and dsRed2 expressions were analyzed by using flow cytometry
(Beckman CytoFLEX S; Brea, CA, USA). The mean fluorescence intensity (MFI) of collected
cells was taken as the screening index indicating the expression of the target gene.

2.4. Quantitative Telomeric Repeat Amplification Protocol (Q-TRAP) and IP-TRAP

Q-TRAP assays were performed as described [28]. Briefly, 105 cells were lysed on ice
for 30 min in 100 µL NP40 lysis buffer (10 mM Tris-HCl pH 8.0; 1 mM MgCl2; 1 mM EDTA;
0.25 mM sodium deoxycholate; 150 mM NaCl; 1% NP-40; 10% glycerol; 1% fresh protease
inhibitor cocktail) and then centrifuged at 13,200 rpm for 10 min at 4 ◦C. The supernatant
was mixed with 100 ng/µL TS primer (5′-AATCCGTCGAGCAGAGTT-3′), 100 ng/µL ACX
primer (5′-GCGCGGCTTACCCTTACCCTTACCCTAACC-3′), and 1mM EGTA in 2 × Real-
Star Green Power Mixture (with ROX) (GeneStar; Beijing, China), and then incubated at
30 ◦C for 30 min for telomeric repeat extension and PCR amplification (40 cycles, 95 ◦C
for 15 s and 60 ◦C for 60 s) using the Step One PlusTM Real-Time PCR system (Applied
Biosystems; Foster, CA, USA). As for IP-TRAP, the cell lysis was immunoprecipitated by
anti-FLAG M2 beads (Sigma-Aldrich; St. Louis, MO, USA) at 4 ◦C for 3 h and eluted by
3 × FLAG peptides. The eluates were mixed with the compound and subjected to the
TRAP assay.

2.5. Terminal Restriction Fragment (TRF)

The average telomere length was measured as described [29]. Briefly, genomic DNA
was digested by Hinf I and Rsa I overnight at 37 ◦C, separated by agarose gel, then
denatured and hybridized with a radio labeled telomeric probe (TTAGGG)4. The dried
gel was exposed to a phosphor screen and then scanned with Amersham Typhoon IP
Phosphorimager (GE Healthcare; Torrington, CT, USA). The average telomere length was
calculated using ImageJ (National Institutes of Health developed; Bethesda, MD, USA) and
GraphPad Prism software (San Diego, CA, USA).

2.6. SA-β-Gal Staining

The assay was performed by using a Senescence β-Galactosidase Staining Kit (Bey-
otime; Shanghai, China). Briefly, cells were seeded in 12-well plates and fixed with 4%
formaldehyde for 15 min at room temperature. The fixed cells were then washed with PBS
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3 times and incubated with fresh SA-β-gal staining reagent mix containing 1.0 mg/mL
X-galactosidase at 37 ◦C for 24 h to microscopically observe the staining.

2.7. GST Pull Down and Telomerase Activity Reconstitution In Vitro

The GST pull down assay for GST-hTERT purification was carried out as described
previously [30]. Briefly, IPTG was added at 16 ◦C for 20 h to stimulate the hTERT fusion
protein expression. The fusion protein was incubated with GST beads at 4 ◦C for 4 h and
washed three times. The eluates were stored at −80 ◦C for further experiments.

The reconstitution of telomerase activity in vitro was performed as described [28].
Purified GST-tagged hTERT products (GST-opTERT) were incubated with in vitro tran-
scribed hTERC in telomerase reconstruction buffer (25 mM Tris-HCl pH7.4; 2.6 mM KCl;
1 mM MgCl2; 136 mM NaCl; 1 mM EGTA; 10% glycerol; 1 mM DTT; 1×proteinase inhibitor
cocktail; 0.5 U/µL of RNase inhibitor) at 37 ◦C for 30 min. Compounds in serially diluted
concentrations were added into the reconstructive products, followed by the TRAP assay.

2.8. Thioflavin T (ThT) Biochemical Assay

The experiments were conducted in 96-well microplates. In total, 1 µg genome of
DNA sample was mixed with ThT at a final concentration of 2 µM in the buffer (20 mM
Tris-HCl pH 7.0, 40 mM KCl) at room temperature. The fluorescence emission was collected
at 491 nm in a multi-mode microplate reader (BioTek; Winooski, VT, USA).

2.9. Microscale Thermophoresis (MST) Assay

Human telomeric oligonucleotides (Telo24, 5′-Cy5-(TTAGGG)4-3′) were annealed in
the K+ buffer (10 mM K2HPO4/KH2PO4 pH 7.0, 100 mM KCl) by heating to 95 ◦C for
6 min, then cooled down to room temperature and store at 4 ◦C. The annealed telomeric G-
quadruplex samples (1 µM) were incubated with compound SC at concentrations ranging
from 0.15625 µM to 320 µM in the K+ buffer for 30 min, followed by the MST assays. The
MST assay was conducted using the Monolith NT.115 device (NanoTemper Technologies;
Munich, Germany) according to the manufacturer’s instructions. Data were analyzed using
MO. Affinity Analysis software (NanoTemper Technologies; Munich, Germany).

2.10. Fluorescence Polarization Assay

SC at a high concentration over 10 µM exhibits autofluorescence. The equilibrium
binding of the compound with hTERT TRBD protein was monitored by fluorescence
polarization assay. All fluorescence polarization compound–protein binding assays were
performed in 100 µL PBS buffer containing 10 µM SC and purified His tagged hTRBD in a
serially diluted concentration from 2.5 µM to 40 µM in 96-well black polypropylene plates.
Fluorescence polarization (FP) measurements were performed at room temperature using
a VictorTM X5 2030 Multiple Reader (PerkinElmer; Waltham, MA, USA). BSA was used as a
negative control.

2.11. Soft-Agar Colony Formation Assay

The MDA-MB-231 cell suspension was mixed in 0.3% soft agar in DMEM containing
10% FBS and the compound, then layered on 0.6% solid agar in DMEM containing 10% FBS
and the compound. In total, 1000 cells were seeded per well in a 6-well plate. After 14 days
of culturing, colonies were observed under a microscope and the total numbers of colonies
from ten random fields of view were counted for the statistical analysis.

2.12. In Vivo Cell Derived Xenograft (CDX)

MDA-MB-231 cells suspended in cold PBS buffer were inoculated subcutaneously into
6–8-week-old nude mice in situ. After the xenograft model was established, the mice were
injected intravenously with the compound at a dosage of 1.1 µg/kg (the concentration of
the compound in blood was 1 µM if the blood volume was estimated as 7% of the body
weight). The compound was administrated every three days. The volume of tumor and
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the body weight were recorded before each injection. The tumor volume was calculated as
LW2/2, where L represents the long diameter and W represents the short diameter.

2.13. Statistical Analysis

Data are shown as mean ± SD. Experiments were carried out in three technical
replicates. Student’s t-test and one-way ANOVA test were used for statistical significance
analyses with the software GraphPad Prism version 6.0 (San Diego, CA, USA). The fitting
curves were depicted using Original version 9.0. A p value less than 0.05 is statistically
significant (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

3. Results
3.1. Natural Compound Screening in hTERT Promoter-Driven GFP Reporter Cell Line and
Identification of Potential Inhibitor Candidates

In order to screen out hTERT regulatory molecules, we established a platform of
hTERT reporter HEK293T cells using CRISPR/Cas9 to knock in the P2A-GFP fusion gene
before the stop codon of the hTERT gene (Figure 1A). hTERT and GFP were transcribed
together from the same promoter, and translated fusion proteins were self-cleaved by a
small linker peptide, P2A. The red fluorescent protein dsRed2 was stably transfected into
the reporter cell line as an internal control of the fluorescence-based FACs screening. Since
the abundance of the hTERT protein was much lower than that of most of the other proteins
in the cell, here, we took advantage of a monoclonal-derived cell line with a relatively
low intensity of GFP and a high intensity of dsRed2 for the screening (Figure 1A and
Figure S1A). The initial screening focused on the commercial natural compound library
containing 800 small molecules (Supplementary Figure S1B); 69 compounds exhibiting the
mean fluorescence intensity (MFI) of GFP, normalized by dsRed2 with at least 40% decline
compared to the control (DMSO), were enriched for the second screening (Supplementary
Figure S1B). These 69 natural products were conducted to three independent repetitive
screens and 8 candidate compounds were repeatably obtained with a significant decrease
in the MFI of GFP/dsRed2 (Figure 1B, Supplementary Table S1). These eight candidates
were further verified, and SC and Braz were selected due to their outstanding inhibitory
effects (Figure 1C and Figure S1C, Supplementary Table S1). Braz has been patented as a
kind of natural telomerase inhibitor [31].

Based on the flow cytometry data, treating reporter cells with SC (1 µM) or Braz
(10 µM) for 48 h decreased the MFI of GFP, but did not influence dsRed2 expression
(Figure 1D and Figure S1D, Supplementary Table S1). The hTERT expression level and
relative telomerase activity (RTA) were examined in reporter cells under treatment with SC
or Braz. Indeed, both SC and Braz inhibited hTERT mRNA level and telomerase activity,
which confirms our screening result (Figure 1E,F and Figure S1E,F).

3.2. Inhibitory Effects of SC on Telomerase Activity in HTC75 Cancer Cells

The characteristic of its higher expression in most cancer cells makes telomerase/hTERT
a valuable predictive biomarker and drug target in malignant cells. To evaluate their inhi-
bition of RTA in cancer cells, we treated HTC75 cells with the two candidate compounds
respectively for 48 h, and then performed the Q-TRAP assay. HTC75 is a telomerase-
positive fibrosarcoma cell line that can maintain a constant telomere length during in vitro
passaging, and is commonly used in the telomere field [32]. The results suggested that SC
suppresses the telomerase activity in a dose-dependent manner (Figure 2A). The CCK-8 cell
proliferation assay showed the effect of SC at different dosages on the viability of HTC75
cell. The fitting curve indicated the median viable concentration was 2.18 µM (Figure 2B).
To explore cancer cell proliferative inhibition induced by the compound, we carried out
an analysis of cell cycle and apoptosis. SC-treated cells showed a subtle cell cycle arrest in
the G2/M phase compared with control cells (Figure 2C,D). Cells incubated with 2 µM SC
exhibited an acute increase in apoptotic cells (Figure 2E). The result was consistent with
previously reported studies, wherein SC induced apoptosis through generating reactive
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oxygen species [33,34]. Furthermore, we wondered if SC effectively works in different
types of cancer cells; the RTA of five other kinds of solid tumor cell lines were examined
after 48 h treatment. SC exhibited a consistent suppressive effect on telomerase modulation
in all tested cell lines, although with different degrees of inhibitory effects (Figure 2F).
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Figure 1. Screening of natural hTERT inhibitors and their verification in the endogenous hTERT-
P2A-GFP knock-in HEK293Treporter cell line. (A) Schematics of the endogenous hTERT-P2A-GFP
HEK293T reporter cell line construction and the screening strategy of a natural product pool for
telomerase modulators. Two rounds of screening were carried out and compounds with GFP/RFP
ratio ≤ 0.6 were selected as candidates. (B) Results from the second round of compound screening,
with two candidates highlighted as potential inhibitors. The orange triangle indicates SC while the
green rectangle indicates Braz. (C,D) Mean fluorescence intensity (MFI) quantification of endogenous
hTERT-GFP (C) and internal reference dsRed2 (D) after 1 µM SC treatment for 48 h. (E) hTERT mRNA
level by quantitative real-time PCR of reporter cell line upon the treatment of SC (1 µM) for 24 h.
DMSO served as the control group. (F) Real-time quantitative telomeric repeat amplification protocol
(Q-TRAP) assay in reporter cells treated with SC (1 µM). DMSO served as the control group. The
screening was performed three independent times. Real-time PCR and Q-TRAP assays are from
triplicate samples (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Compared with SC, Braz could also induce cell cycle arrest in the G2/M phase
(Supplementary Figure S2A), whereas no exacerbation of apoptosis events was observed
at the concentrations that inhibit telomerase activities in HTC75 cells (Supplementary
Figure S2B). In terms of the potential use as a natural telomerase inhibitor, Braz could
only inhibit telomerase in certain types of cancer cells, which indicates its restricted ap-
plicability in multiple kinds of tumors, compared to the broad-spectrum anti-telomerase
property of the compound SC (Supplementary Figure S2C). Furthermore, we assessed the
cytotoxicity of Braz in different cancer cells. The compound showed proliferative inhibition
effects in HeLa, DLD1 and HTC75 cells, which also inhibit RTA in these three cell lines
(Supplementary Figure S2D).
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Figure 2. Effects of SC treatment on different cancer cells. (A) The inhibitory effect of SC on telomerase
activity in HTC75 cells was evaluated. The relative telomerase activity (RTA) level suggested a dose-
dependent suppressive effect. (B) The CCK-8 assay showed the cell viability curve of SC in HTC75
cells. The median toxic concentration (TC50) was 2.18 µM. (C) Cell cycle analysis through PI staining
and the following flow cytometry for HTC75 cell treated with SC. (D) Quantification of cell cycle
populations measured in (C). (E) Quantification of apoptotic cells (Annexin-V FITC positive cells).
(F) The 1 µM SC treatment for 48 h hindered RTA in multiple cancer cells, normalized by RTA of
the DMSO group. All the analyses were performed on triplicate samples (* p < 0.05, ** p < 0.01,
**** p < 0.0001).

3.3. Effects of SC on Cancer Cell Senescence and Telomere Length through Prolonged Treatment

To identify the optimal anti-telomerase dosage of SC, we evaluated RTA in HTC75
tumor cells treated with SC at different concentrations for 48 h. The Q-TRAP results
showed the IC50 (half maximal inhibitory concentration) of SC to telomerase was 1.21 µM
(Figure 3A). Cell cycle arrest and apoptosis events may indirectly down-regulate the telom-
erase. These indirect negative cellular events should be avoided whenever possible when
the telomerase inhibitor is applied in anti-tumor therapy. Based on these considerations
and the data mentioned above, 1 µM SC could substantially inhibit telomerase activity
with no obvious apoptosis induction in cancer cells. Therefore, we chose this concentration
for further experiments.

Upon continuous treatment with the specified dose of compound SC, the HTC75 cells
retained unchanged morphological characteristics compared to the DMSO-treated control
cells in a short period; however, prolonged SC-treated cells became shrunken and irregular
(Figure 3B). A curve of cumulative population doubling was plotted to assess cancer cell growth.
The proliferation of SC-treated cells was much slower than the DMSO-treated cells (Figure 3C).
The persistent inhibition of hTERT protein level caused by prolonged compound treatment
(Figure 3D) may cause the accumulation of telomere attrition. Telomere length was measured
by the terminal restriction fragment (TRF) assay. The average telomere length of HTC75 cells
treated with SC for a long time was obviously shortened, compared to the DMSO-treated
HTC75 cells (Figure 3E,F). The shortened telomeres can manifest a DNA damage response and
drive the cells into senescence. SA-β-gal staining showed more senescent cells in the SC-treated
group (Figure 3G). The senescent markers p16/p21/p53 were all up-regulated at the protein
levels (Figure 3H). Prolonged SC treatment also induced more telomere dysfunction-induced
foci (TIFs) in HTC75 cells (Figure 3I).
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Figure 3. Continuous treatment with SC led to cell senescence in cancer cells. (A) Fitting curve
of inhibitory effect of SC on RTA in HTC75 cells. IC50 = 1.21 µM. (B) Morphology of HTC75 cells
treated with 1 µM SC versus DMSO between day 3 and day 45. (C) The cell growth curve of the
HTC75 cells continuously treated with 1 µM SC, comparing to DMSO-treated groups. (D) Western
blotting analysis to confirm the inhibitory effect of SC on hTERT protein level. GAPDH served as an
internal reference. (E) HTC75 cells continuously treated with 1 µM SC were analyzed by terminal
restriction fragment (TRF) assay. (F) Quantitative average telomere length from (E). (G) SA-β-gal
staining assay to identify cell senescence in HTC75 cells continuously treated with 1 µM SC. (H) The
senescence markers p16/p21/p53 were up-regulated in cancer cells after chronic treatment of the
compound. (I) Telomere dysfunction-induced foci (TIFs) were analyzed using anti-53BP1 antibody
(red) and PNA-conjugated telomere C strand probe (green) when HTC75 cells were treated with the
compound for 40 days. Cells with TIFs ≥3 were counted for the significance test. The experiments
were performed in 3 independent cell lines and the results are shown as mean ± SD, n = 3 (* p < 0.05,
** p < 0.01, **** p < 0.0001).
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As a moderate telomerase inhibitor in cancer cells, Braz suppressed HTC75 cell growth
as well as RTA in a long-period treatment (Supplementary Figure S3A,B). However, the
average telomere length of Braz-treated cells remained unchanged compared to that of the
control cells (Supplementary Figure S3C).

3.4. SC Inhibits Telomerase Depending on p65 Expression

We have confirmed that SC could reduce the mRNA level of hTERT gene; the dual
luciferase reporter assay of hTERT promoter (−1200 bp) suggested the suppressive effect of
SC on transcriptional activity (Figure 4A). In addition, we also treated the cancer cells with
the transcription blocking reagent Actinomycin D and SC to assess the mRNA stability of
hTERT, and found that SC does not affect hTERT mRNA stability (Supplementary Figure
S4A). So far, we have speculated that SC suppresses hTERT expression by modulating
hTERT promoter activity, but not mRNA stability.
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Figure 4. SC inhibited telomerase activity depending on p65 expression in cancer cells. (A) The dual
luciferase reporter assay suggested the compound has suppressive effects on hTERT transcriptional
activities. (B) The relative mRNA levels of partial common transcription factors, which have been
reported to regulate hTERT transcription. (C) The protein levels of pan-p65 and pi-p65 in cancer
cells after 1 µM SC treatment for 48 h. DMSO served as a control. (D) Western blot was carried
out to detect the protein level of overexpressed p65 in sanguinarine chloride-treated cells. (E) The
mRNA level of hTERT was rescued in the SC-treated group by overexpressing p65. (F) Telomerase
activity assay in p65 re-introduced HTC75 cells with SC treatment for 48 h. All the analyses were
from triplicate samples (* p < 0.05, ** p < 0.01, ns means no significance).

The hTERT promoter contains many transcription factor-binding sites, including GC-
motifs and E-boxes, which can directly modulate telomerase transcription in response
to physiological processes, including tumorigenesis. The transcriptional regulation of
telomerase is complicated in different cancer cells due to diversified mutations and multi-
layered networks [35]. For cells chronically exposed to the compound SC, we detected the
mRNA levels of 10 previously reported classic transcription factors and found a significant
decrease in p65, c-MYC, and MXD1 levels. Among the positively correlated transcription
factor genes, p65 was observed to be down-regulated by SC to the most significant extent
(Figure 4B and Figure S4B). Moreover, Western blotting confirmed a decreased level of the
p65 protein in the cells treated with the compound (Figure 4C).

To investigate the mechanism by which SC inhibits hTERT/telomerase, we transiently
transfected p65 and c-myc plasmids respectively into cancer cells treated with the com-
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pound (Figure 4D and Figure S4C). The reintroduction of p65, rather than c-myc, alleviated
the inhibitory effect of SC on telomerase at both the hTERT mRNA level (Figure 4E and
Figure S4D) and the RTA level (Figure 4F and Figure S4E). These results indicate that SC
inhibits hTERT/telomerase in a p65-dependent manner.

3.5. SC Directly Modulates Telomerase In Vitro

The rapid attrition of telomere length in SC-treated cells suggests that SC might also
directly inhibit telomerase activity, besides decreasing hTERT expression. Previously, it was
found that the addition of sanguinarine at 10 µM has strong affinity for human telomere
repeats and c-MYC promoter sequence, enabling the forming of a G-quadruplex structure
in vitro [36]. Isoquinoline alkaloids, represented by sanguinarine, were found to selectively
recognize the telomeric G-quadruplexes in vitro and inhibit telomerase in MCF-7 cells [37].
In brief, the G-quadruplex is a common target for telomerase or other reverse transcriptases.
Moreover, c-myc is an essential transcription factor in cell growth, acting via regulating the
expression of related genes, including hTERT. The promoter region of c-MYC also contains
abundant G-quadruplex motifs [38]. Our work suggested that SC retards HTC75 cell
growth and represses the expression of hTERT and c-MYC (Figures 3D and 4B). In contrast
to the reported 10 µM concentration of sanguinarine that recognizes the G-quadruplex
in vitro, the effective dosage of SC as a telomerase inhibitor in our system was lowered
to 1 µM in various cells. Notably, cells were unable to survive at a dosage/concentration
of over 4 µM. Nevertheless, we wondered whether telomerase could be inhibited in our
system by SC via G-quadruplex binding or not.

Thus, we performed IP-TRAP and telomerase reconstitution assays. Firstly, we want
to evaluate the inhibitory effects of the compound in vitro. The schematic experimental
processes of IP-TRAP are depicted in Figure 5A. The immunoprecipitated telomerase com-
plex from hTERT-overexpressed cells was incubated with serial dilutions of the compound
for the telomere extension reaction. SC displayed a dose-dependent inhibitory effect on the
activity of immunoprecipitated telomerase holoenzyme. The IC50 to immunoprecipitated
telomerase in vitro was 1.40 µM (Figure 5A), which is close to the IC50 value when in cell
culture (1.21 µM in Figure 3A). This IC50 was much lower than the concentration necessary
for SC to bind the G-quadruplex.

We next purified the GST-tagged hTERT protein and in vitro transcribed hTERC, and
then incubated them in a water bath. Subsequently, the addition of the compound signifi-
cantly impeded the reconstituted telomerase activity in a concentration-dependent manner.
Surprisingly, the suppressive effect of the compound on the reconstituted telomerase activ-
ity in vitro was exhibited at the nanomole level (Figure 5B). In conclusion, we identified
that sanguinarine chloride directly inhibits telomerase at a concentration much lower than
the 10 µM reported in vitro.

To investigate whether the cellular telomerase inhibition by the compound depends on
telomeric G-quadruplex formation, we carried out a series of biochemical assays. Based on a
previous work [36], we synthesized a human telomeric oligonucleotide (Telo24) labeled with
Cy5 fluorophores. A Microscale Thermophoresis (MST) assay showed the dose-dependent
binding of the compound SC to the telomeric G-quadruplex DNA. Unexpectedly, the EC50
(half maximal effective concentration) to telomeric G-quadruplexes was 100 times more
than the IC50 to telomerase in cancer cells (120 µM in Figure 5C vs. 1.21 µM in Figure 3A).
Thioflavin T (ThT) is a fluorescent dye used to sense G-quadruplex structures, especially
in human telomeric DNA [39]. The fluorescence signal of ThT showed no difference
after treatment with 1 or 2 µM of the compound or DMSO, while Pyridostatin, a G-
quadruplex DNA-stabilizing agent, significantly enhanced the cellular ThT signal intensity
(Figure 5D). BG4 is an antibody specific to the G-quadruplex structure. Immunofluorescence
was used to visualize and quantify the cellular co-localization of G-quadruplex motifs
and telomeres (indicated by an antibody against the telomeric repeat binding factor 2).
Following treatment with 1 µM SC, the cell were comparable to in the DMSO control, both
in the BG4 foci and in the colocalized foci of BG4 and TRF2 (Figure 5E). Furthermore,
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SC at high concentrations (more than 10 µM) could emit an autofluorescence signal, thus
fluorescence polarization assays were carried out. The binding curve implied that SC could
directly interact with TRBD of the hTERT protein in vitro (Figure 5F).
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Figure 5. SC directly suppressed telomeric repeat extension in vitro without inducing a G-quadruplex
motif. (A) Schematic representation of immunoprecipitation-based TRAP experiment. FLAG-hTERT-
overexpressing HEK293T cells were subjected to immunoprecipitation. The elutes mixed with SC
were used to perform the TRAP assay in vitro. The inhibition of natural telomerase activity by SC
was presented in a dose-dependent manner, and the fitting curve showed that its IC50 to natural
telomerase in vitro was 1.4 µM. (B) Purified GST-opTERT was incubated with in vitro-transcribed
hTERC for 30 min, then mixed with SC to perform the TRAP assay. SC directly suppressed the activity
of reconstituted telomerase at the nanomole level in vitro. (C) MST analysis of the interaction of the
telomeric G-quadruplex with SC. The EC50 was 120 µM. (D) Detection of 2 µM Thioflavin T (ThT)
fluorescence intensity at 491 nm for the whole genomic DNA in a K+ Tris-HCl buffer. Pyridostatin
(PDS) was the positive compound used to induce G-quadruplex structure. (E) Representative
immunofluorescence images of the G-quadruplex (recognized by BG4 antibody, red) and TRF2 (green)
foci in HTC75 cells treated with SC or DMSO for 48 h. Quantification of the number of G-quadruplex
foci (recognized by BG4 antibody) per nucleus in compound-treated HTC75 cells (right upper) and
quantification of the number of colocalized G-quadruplex foci (recognized by BG4 antibody) and
TRF2 in the nucleus (right bottom). In total, 100 nuclei were counted and statistically analyzed. (F) A
fluorescence polarization binding assay with His-tagged hTRBD and SC was performed, and the
EC50 was 24.84 µM; the BSA protein served as a negative control. All the analyses were performed
on triplicate samples (* p < 0.05, **** p < 0.0001, ns means no significance).

Taken together, the results showed that exposing cells to 1 µM SC does not change
the formation of the G-quadruplex, and indicated that the compound at the concentra-
tion of 1 µM suppresses the telomerase activity in cancer cells by directly binding to the
hTERT protein.
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3.6. Assessment of Safety and Antitumor Efficacy of SC

As a matter of fact, sanguinarine has shown potential antitumor value in animal
models [40,41]. In our system, we also needed to evaluate its safety performance and
antitumor efficacy in vitro and in vivo. Firstly, we detected the cell viability of three SC-
treated human primary cells with no telomerase expression. The growth of human skin
fibroblasts (HFs) and HUVSMCs was analyzed via the CCK-8 assay kit, and the viability
of PBMCs was traced based on CFSE labeling. All the results pointed to the safe and
non-poisonous characteristics of SC in relation to primary somatic cells at a low dosage
(Figure 6A,B). The cell cycle and apoptosis assays performed in the HFs suggested no
increased apoptosis or cell cycle arrest was induced (Figure 6C,D). In the tested cells,
1 or 2 µM of SC had no proliferative inhibition effect.
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Figure 6. Application of SC to the inhibition of tumor formation. (A) the CCK-8 assay showed no
proliferative inhibitory effect of SC in human primary skin fibroblast cells (left) and HUVSMC (right)
at the concentration that was effective in inhibiting telomerase activity in cancer cells (data shown
in Figure 3, IC50 to telomerase = 1.21 µM). (B) Human PBMCs were measured by CFSE labeling
and then treated with 2 µM SC for 72 h. The similar characteristics of the histograms indicate that
SC does not affect the proliferation of PBMCs. (C) Cell cycle PI staining assay was performed in
fibroblast with 2 µM of compound. (D) Apoptosis analysis for human fibroblasts following SC
treatment. (E) Representative photographs of the colonies from the soft agar colony formation assay
in MDA-MB-231 cells treated with SC or DMSO (control). The red arrows indicate the formed cell
colonies. The statistical number of colonies formed in ten randomly visual fields was quantified.
(F,H) MDA-MB-231 cells were used to establish an orthotopic xenograft model in nude mice. Here,
1 µM blood concentration of SC or DMSO (vehicle) was injected into the tail vein. The total blood
volume of a mouse was estimated as 7% of the body weight. A representative picture of the developed
tumors of each group (F); tumor volume was measured every 3 days (G), and the body weights of
xenograft nude mice was measured before every injection (H). All cellular assays were performed on
triplicate samples, and the animal experiment was carried out in 4–7 mice (n = 4 in control group;
n = 7 in SC treatment group; four sets of data were used in the volume and body weight assays,
** p < 0.01, **** p < 0.0001, ns means no significance).
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MDA-MB-231 is a triple-negative breast cancer cell line commonly used to represent
one kind of advanced breast cancer. Triple-negative breast cancer is considered to be the
most dangerous because of its aggressive behavior, the lack of an effective therapy, and the
high mortality in clinic. Since we found that SC works effectively in breast cancer cell lines
(Figure 2F), we next wondered about the anti-tumor effect of SC. MDA-MB-231 cells were
seeded into soft agar medium with drug treatment. After 14 days of culture, in the presence
of 1 or 2 µM SC, a dramatic reduction in MDA-MB-231 cell-derived colonies was observed
in comparison with the control (Figure 6E). Moreover, MDA-MB-231 cells were transplanted
into nude mice in situ to evaluate the compound’s capability of suppressing tumorigenesis.
The compound (final concentration ~1 µM in blood) was injected intravenously into the
xenograft model every 3 days throughout the experimental period, and the same proportion
of DMSO was used as the control. The volumes of tumors and the mouse body weight were
monitored before each injection. The tumors in SC-treated mice reduced 40% versus those
in control mice after 24 days of administration (Figure 6F,G), whereas the body weights
remained at a constant level (Figure 6H). Taken together, we see that 1 µM SC exhibited
strong antitumor efficacy both in vitro and in vivo.

4. Discussion

Natural products and traditional Chinese medicine have been reported to exhibit vari-
ous anti-cancer capabilities. The discovery of natural compounds that inhibit telomerase
can lead to advancements in tumor therapy. Here, we utilized a telomerase reporter cell
line indicating the expression level of endogenous hTERT, which can sensitively reflect
telomerase modulation under physiological conditions. After stably expressing dsRed2
as an internal control, this reporter can indicate the relative expression of hTERT based
on the ratio of MFI. The screening approach is simple, rapid, and low-cost. Given the
advantages of the reporter, we carried out a high-throughput screening of the natural prod-
uct library. We succeeded in finding a few small molecules that can modulate telomerase
positively (data not shown) or negatively, which are promising for use in anti-aging or
anti-cancer applications.

Among the eight identified candidate inhibitors, we found that Braz has been patented
as a natural telomerase inhibitor previously [31], while few related experimental studies
about its suppressive effect on telomerase have been published. Here, we identified that
Braz could inhibit RTA by down-regulating the hTERT gene and retarded the cell growth via
G2/M phase arrest in cancer cells. However, only certain types of cancer cells sensitively
responded to Braz. Q-TRAP data and CCK8 assay demonstrated reduced telomerase
activities and cell proliferation in HTC75, HeLa and DLD1 cells upon treatment with
the compound, while MDA-MB-231, Hs578t and A549 cells have no response to 8 µM
Braz (Supplementary Figure S2C). The effective inhibition of telomerase caused by Braz
may be associated with the cytotoxicity of this compound, implying that the telomerase
repression by Braz is likely operated via an indirect or complex mechanism. Furthermore,
telomerase activity was inhibited in cancer cells following a long-term treatment with Braz,
whereas telomere shortening was not observed (Supplementary Figure S3C). Isolated from
Caesalpinia sappan L. [42], Braz displayed antitumor abilities by inducing apoptosis and
cell cycle arrest [43]. How Braz suppresses telomerase and its anti-carcinogenesis role
in vivo remain to be further studied in the future.

SC was another telomerase inhibitor candidate with leading inhibition that we identi-
fied from the library. SC exhibited a broad effective range in cancer cell types and an acute
inhibitory effect on telomerase and cancer cell growth. This compound down-regulated
hTERT expression, which may be mediated by directly changing the hTERT transcriptional
activity because of the decreased expression of several hTERT regulatory transcription
factors, including the c-myc family, p65 et al. The oncogene c-MYC is a common and
essential factor in the modulation of hTERT/telomerase. P65 is a subunit of the NF-κB
complex and can target the remote region of the hTERT promoter (near−600 bp) to regulate
its transcription [44]. Moreover, p65 could interact with hTERT to facilitate it transporting
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into the nucleus [13]. Reintroducing c-myc or p65 into the compound-treated cells indicated
that the telomerase inhibition could only be rescued by p65, suggesting SC suppresses
telomerase depending on p65 expression but not c-myc.

In addition, overexpressing FLAG-hTERT in the hTERT promoter reporter cell line
caused an increase in GFP fluorescence intensity (Supplementary Figure S5A). This result
implied that TERT transcription may enable positive feedback via its encoded protein, i.e.,
hTERT may act as a transcription coactivator to regulate its expression; consistently, c-myc
could target the hTERT promoter region to activate its transcription, and hTERT could also
regulate and stabilize c-MYC at the transcriptional level [11].

Apart from that, we also found that low dosages of SC could directly suppress telom-
erase activity both in vitro and in vivo, while not affecting telomeric G-quadruplex forma-
tion. Moreover, this inhibition in vitro was achieved at the nanomole level, much lower
than the EC50 to the telomeric G-quadruplex in K+ solution and the IC50 to telomerase at
the cellular level. Thus, SC may also directly bind to and suppress hTERT/telomerase. We
performed a fluorescence polarization binding assay with TRBD and SC. The preliminary
result showed a dose-dependent interaction in vitro (Figure 5F). Furthermore, we also
found that this compound specifically decreases exogenous hTERT protein levels compared
to the control, possibly by modulating its stability (Supplementary Figure S5B).

Sanguinarine has been used against different tumor or chronic diseases via different
mechanisms [45]. Specifically, in breast cancer and cervical cancer, sanguinarine generates
reactive oxygen species to induce apoptosis, and suppresses the NF-κB pathway to prevent
metastasis [22,46,47]. In prostate cancer, the compound arrests the cell cycle by inhibiting
cycle kinases and cyclins [23]. In myeloid cells, it targets the stability and phosphoryla-
tion of the IκB protein, and in certain cancers, this compound inhibits VEGF function in
angiogenesis [24,48–50]. hTERT has also been reported to participate in the modulation
of angiogenesis. Considering the complicated function of sanguinarine, researchers have
designed different therapeutic approaches depending on specific cancers. For instance, low
concentrations of sanguinarine could synergistically enhance the therapeutic efficacy of the
chemotherapeutic agent doxorubicin in drug-resistant leukemia cells [21,51–53].

Different from other anti-tumorigenesis studies of sanguinarine, which were carried
out by inducing apoptosis and cell cycle arrest at high concentrations [54], the adminis-
tration dosage of SC was much lower in our system. Cancer cells, chronically exposed to
the compound at a lower concentration for a long time, can show remarkably shortened
telomeres, consequently inducing cancer cell senescence.

In conclusion, SC displayed an inhibitory effect on hTERT expression and telomerase
activity that slowed down cell growth. Long-term treatment with SC induced changes of
cell morphology and triggered senescence events, including an increase in SA-β-gal activ-
ity, the up-regulation of the expression of p16/p21/p53 pathways, progressive telomere
dysfunctions (TIFs), and telomere shortening. Together, all these events triggered by SC led
to senescence in cancer cells, thus blocking their progression. SC inhibits telomerase by
dual functions, and its antitumor effect is potent and safe.

Previously, the sanguinarine-added mouthwash product Viadent® has been reported
to be associated with age-related leukoplakia, indicating its pre-neoplastic adverse effects.
Oral leukoplakia is a classic symptom in dyskeratosis congenita patients [55]. Our findings
show that long-term SC treatment will decrease telomere length, suggesting human adult
stem cells may also be affected by long-term treatment with sanguinarine. This may explain
the mechanism of the adverse effects of the Viadent® mouthwash product. More precise
works judging the appropriate dosage, duration and drug delivery system will improve its
application in pharmacological contexts.

5. Conclusions

Robust telomerase activity is a common feature shared by 90% cancers. Our study
identified SC at the precise dosage as an effective telomerase inhibitor, with anticancer
applications. Historically, telomerase inhibitors have shown unsatisfactory performances
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in clinic, although they have exhibited strong suppressive effects at the cell or animal level.
Therefore, as a natural telomerase inhibitor with dual functions (regulation on the mRNA
and protein levels) and little proliferative inhibition effects on somatic cells, SC is potent
and safe, providing a potential therapeutic approach for human malignancies. Our study
proposes a prolonged treatment approach using SC to induce cancer cell senescence. Anti-
tumor drugs such as SC may be synergistically used with senolytics that kill senescent cells
to improve the efficacy. Additionally, the precise dosage and duration of SC application in
cancer therapeutics need to be considered in future research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11091485/s1, Figure S1: Compound screening for endogenous
hTERT inhibitors; Figure S2: Effects of Braz treatment on cancer cells; Figure S3: Analysis of HTC75
cell treated with Braz; Figure S4: The mechanism of SC regulates hTERT transcription; Figure S5:
Discussion supplement; Table S1: The result of the second screening.
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Abstract: Detection and quantification of senescent cells remain difficult due to variable phenotypes
and the absence of highly specific and reliable biomarkers. It is therefore widely accepted to use a com-
bination of multiple markers and cellular characteristics to define senescent cells in vitro. The exact
choice of these markers is a subject of ongoing discussion and usually depends on objective reasons
such as cell type and treatment conditions, as well as subjective considerations including feasibility
and personal experience. This study aims to provide a comprehensive comparison of biomarkers and
cellular characteristics used to detect senescence in melanocytic systems. Each marker was assessed
in primary human melanocytes that overexpress mutant BRAFV600E, as it is commonly found in
melanocytic nevi, and melanoma cells after treatment with the chemotherapeutic agent etoposide.
The combined use of these two experimental settings is thought to allow profound conclusions on
the choice of senescence biomarkers when working with melanocytic systems. Further, this study
supports the development of standardized senescence detection and quantification by providing a
comparative analysis that might also be helpful for other cell types and experimental conditions.

Keywords: senescence; melanocyte; melanoma; beta-galactosidase

1. Introduction

Cellular senescence describes a stable state of growth arrest, commonly accompanied
by ample molecular and phenotypical changes. In the decades since its first description
by Hayflick and Moorhead in 1961 [1], cellular senescence has been linked to numer-
ous physiological and pathological conditions, ranging from developmental processes to
neurodegenerative diseases and cancer [2]. In each of these conditions, establishment of
senescence is caused by one of three major mechanisms: telomere shortening, oncogene
activation, or extensive DNA damage [3]. When it comes to melanocytes and malignant
melanoma, two of these mechanisms are of special importance: first, oncogene-induced
senescence (OIS) as a central feature of melanocytic nevi that prevents further oncogenesis
and malignant transformation of such benign lesions [4]. As melanocytic nevi have been
causally linked to development of malignant melanoma [5,6], stabilization of OIS or clear-
ing of senescent melanocytes remain an important and promising approach in preventing
tumorigenesis [7,8]. Second, DNA damage-induced senescence is an important part of ther-
apeutic treatment of malignant melanoma. The majority of cytotoxic treatments cause DNA
damage to induce apoptosis and senescence, thereby halting tumor growth [9]. However,
growing evidence was found that senescent cancer cells might become therapy-resistant,
resulting in residual tumor masses and potentially recurrent malignancies [10,11]. Conse-
quently, there is a need for efficient and reliable detection and targeting of senescent cells.
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Although fundamental hallmarks of cellular senescence are conserved in most experimental
and clinical conditions, the exact phenotype is often variable and affects the reliability of
biomarkers [12]. In addition, the majority of these markers are not completely specific for
cellular senescence, e.g., growth arrest and activation of DNA damage response [12,13].
Melanocytes introduce another potential problem since they physiologically show high lev-
els of lysosomal beta-galactosidase activity [14]. This potentially interferes with detection
of senescence-associated beta-galactosidase (SA-β-Gal) [15], one of the most widely used
markers of cellular senescence [16], and needs to be taken into consideration. The aim of
this study is to comprehensively evaluate biomarkers of cellular senescence for their use in
primary melanocytes and melanoma cells. It is thought to support the ongoing discussion
on the choice of the best markers, especially in the complex field of melanoma research,
and thereby improving the reliability and reproducibility of senescence detection.

2. Materials and Methods
2.1. Cell Culture

Normal human melanocytes (NHEM, neonatal) were obtained from Lonza and cul-
tivated in MGM-4 BulletKit medium (Lonza, Basel, Switzerland) with 1% penicillin/
streptomycin. NHEM from different donors were used between passages 6 and 8. Cells
from the same donor, but at a different passage, were considered biological replicates.
HEK293T cells for transduction were a generous gift from Prof. Stephan Hahn (Ruhr-
Universität Bochum, Germany). Their cultivation required high-glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% FCS and 1% penicillin/streptomycin. Both
NHEM and HEK293T cells were incubated at 37 ◦C and 5% CO2 in a humified atmosphere.
Melanoma cell line Mel Juso was cultivated in RPMI 1640 medium with 2% sodium bi-
carbonate, 10% FCS and 1% penicillin/streptomycin at 37 ◦C, and 8% CO2. Mycoplasma
contamination was regularly excluded for all primary cells and cell lines. When reach-
ing approximately 80% confluence, cells were washed with PBS and detached using a
solution of 0.05% trypsin and 0.02% EDTA in PBS. After centrifugation and removal of
the trypsin solution, cells were either passaged or counted using a Neubauer counting
chamber. Melanoma cell line Mel Im was cultured as described in Section 2.3. Unless
otherwise stated, cell culture chemicals and media were obtained from Sigma Aldrich
(Steinheim, Germany).

2.2. Lentiviral Transduction of Melanocytes

Lentiviral transduction using a third-generation vector system was described else-
where [17]. Briefly, HEK293T cells were seeded in 10 cm plates at a density of 2 × 106 cells/
plate. On the next day, three vectors were introduced simultaneously using transfection
with Lipofectamine® LTX (Thermo Fisher, Waltham, MA, USA): an envelope plasmid
pHIT-G, a packaging plasmid pCMV ∆R8.2, and a target plasmid with the DNA of interest
(either copGFP or B-RAFV600E). Cells were incubated 16 h before the medium was changed
to MGM-4 BulletKit medium. After additional incubation for 24 h, supernatants were
collected, filtered, and applied to NHEM. Polybrene® (Santa Cruz, Dallas, TX, USA) was
added to a final concentration of 1 µg/mL to increase the efficiency of viral uptake. Due to
high sensitivity of primary cells, lentiviral supernatants were removed after approximately
6 h. Cells were washed three times with PBS and cultivated in regular MGM-4 BulletKit
medium. All experiments using transduced melanocytes started exactly 7 days after trans-
duction to allow establishment of a senescent phenotype. All data in this study are derived
from samples that are either untransfected or transfected with scrambled siRNAs. Different
transductions are referred to as Mock (copGFP control plasmid) or BRAFm (B-RAFV600E).

2.3. Induction of Senescence in Melanoma Cells

Etoposide treatment started 24 h after approximately 200,000 cells/well were seeded
in 6-well plates. Etoposide (R&D Systems, Minneapolis, MN, USA) was dissolved in DMSO
to achieve a stock solution of 50 mM, which was then diluted in culture medium to a final
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concentration of 100 µM and applied to the cells. Control cells were treated with a similar
amount of DMSO to exclude effects of the solvent. After an incubation period of 48 h, cells
were detached as described in Section 2.1 and either collected for further processing or
counted using a Neubauer counting chamber.

Treatment with acidified nitrite was described recently [18]. After a treatment period
of 5 min, cells were incubated for 48 h in culture medium and eventually detached and
collected for further processing. For the analysis of long-time acidosis effects, melanoma
metastasis cell line Mel Im was cultured in medium at pH 6.7 for at least 2 months prior
to analyzation. Therefore, low-glucose DMEM was supplemented with 10% FCS and 1%
penicillin/streptomycin and 0.2% sodium bicarbonate as buffer. Cells were then incubated
at 37 ◦C and 8% CO2 to set the desired pH value. Control cells were cultured conventionally
at pH 7.4 in low-glucose DMEM including 3.7% sodium bicarbonate, supplemented with
10% FCS and 1% penicillin/streptomycin at 37 ◦C, and 8% CO2.

2.4. Analysis of mRNA Expression Using Real-Time PCR

Total RNA isolation was achieved using E.Z.N.A.® Total RNA Kit II (Omega Bio-Tek,
Norcross, GA, USA) according to manufacturer’s instructions. Generation of cDNA was
performed as previously described [19]. For real-time PCR, LightCycler® 480 II devices
(Roche, Basel, Switzerland) were used with forward and reverse primers from Sigma-
Aldrich. Primer sequences can be found in Table 1.

Table 1. Oligonucleotides used for real-time PCR.

Gene Forward Primer Reverse Primer

CDKN2A GGAGCAGCATGGAGCCTTCGGC CCACCAGCGTGTCCAGGAAGC
CDKN1A CGAGGCACCGAGGCACTCAGAGG CCTGCCTCCTCCCAACTCATCCC

TP53 AAGTCTAGAGCCACCGTCCA AGTCTGGCTGCCAATCCA
CXCL2 ATCAATGTGACGGCAGGGAAA CGAAACCTCTCTGCTCTAACAC
CCL8 CCCAGGTGCAGTGTGACATTA GGGAGGACCCCACAACACTA

18s TCTGTGATGCCCTTAGATGTCC CCATCCAATCGGTAGTAGCG

2.5. Western Blot Protein Analysis

Total protein isolation was realized using radio-immunoprecipitation assay buffer
(Roche) as described previously [17]. A total of 20 µg protein were loaded on 12.75% SDS
polyacrylamide gels for electrophoresis and immediately blotted onto a PVDF membrane
(Bio-Rad, Hercules, CA, USA). Protein load of each sample was quantified using Ponceau
S staining. After a washing step using double distilled water, membranes were blocked
for 1 h using 5% non-fat dried milk/TBS-T. Primary antibodies against γH2AX (1:1000 in
5% NFDM, Cell Signaling, 9718), p16 (1:500 in TBS-T, R&D Systems, AF5779, previously
used in [20]), p21 (1:1000 in 5% NFDM, Abcam, ab109199), p53 (1:2000 in 5% BSA, Santa
Cruz, sc-126), pERK and ERK (1:1000 in 5% BSA, Cell signaling, 4370 and 9102) were
incubated overnight, shaking at 4 ◦C. The primary antibody against β-actin (1:5000 in
5% BSA, Sigma Aldrich, A5441) was incubated for 1 h at room temperature. Secondary
antibodies conjugated to horseradish peroxidase (HRP, Cell Signaling 7074 and 7076, and
Dako P0449) were applied for 1 h at room temperature. Afterwards, Clarity™ Western
ECL Substrate (Bio-Rad) was added to the membranes for visualization with a Chemostar
chemiluminescence imager (Intas, Goettingen, Germany). Quantification of signal inten-
sity was achieved using LabImage software (Version 4.2.3, Kapelan Bio-Imaging GmbH,
Germany). One sample of NHEM was excluded from analysis of p16 protein levels due to
artifacts interfering with signal quantification.

2.6. Immunofluorescent Stainings

Approximately 20,000 cells were seeded on 18 mm round coverslips and incubated
overnight. On the next day, cells were washed twice with PBS and subsequently fixed with
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4% PFA for 10 min. Staining procedure started immediately after this fixation step, since
even short-term storage was found to interfere with nuclear PML signal in our experiments.
Permeabilization using 0.1% Triton-X100 in PBS for 3 min was followed by 30 min blocking
with 10% BSA in PBS. The primary antibody against PML (1:200 in 1.5% BSA/PBS, Santa
Cruz, sc-966) was added and incubated overnight at 4 ◦C. The secondary antibody (1:400 in
1.5% BSA/PBS, Thermo Fisher, A32727) was incubated for 1 h at room temperature. Cells
were then stained with DAPI (1:10,000 in PBS, Sigma Aldrich) and mounted on microscope
slides using Aqua-Poly/Mount (Polysciences, Warrington, PA, USA). Final stainings were
analyzed using an Olympus IX83 inverted microscope in combination with Olympus
CellSens Dimension software (Version 2.3, Olympus, Tokyo, Japan). DAPI staining of
the stainings was used to analyze heterochromatin formation. Brightness and contrast of
representative images were adjusted evenly to increase visibility of the staining.

2.7. Real-Time Cell Proliferation Analysis (RTCA)

Proliferation was measured using the xCELLigence System (Roche) as described
elsewhere [21]. In short, approximately 3000 cells/well were seeded on specific plates
and loaded into the device. Proliferation was monitored for five (Mel Juso) or nine days
(NHEM) without replacing culture medium. The parameter slope describes the steepness of
each curve during proliferation and was normalized to control treatment.

2.8. XTT Cell Viability Assay

Approximately 3000 cells/well were seeded in a 96-well plate. Cell viability was
assessed after an incubation period of 7 days (NHEM) or 48 h (Mel Juso) using the Cell
Proliferation Kit II (Roche) according to the manufacturer’s instructions. Due to low cell
density, it was not necessary to replace culture medium at any time during the incubation
period. A Clariostar Plus Multiplate reader (BMG Labtech, Ortenberg, Germany) was used
for photometric detection. Absorbance values were normalized to control treatment.

2.9. Staining of Senescence-Associated Beta-Galactosidase Activity

Quantification of β-galactosidase activity was done 7 days post transduction in NHEM
and 48 h post treatment in Mel Juso. Fixation and staining were performed using the
senescence β-galactosidase staining kit (Cell Signaling, Danvers, MA, USA) according to
the manufacturer’s instructions. After staining, cells were washed twice with PBS and
stored at 4 ◦C for up to two weeks. An Olympus IX83 inverted microscope in combination
with Olympus CellSens Dimension Software (Olympus) was used to acquire images of the
stainings, which were then quantified manually using ImageJ. The same images were used
to manually assess and quantify changes in cellular morphology. Brightness and contrast
of representative images were adjusted evenly to increase visibility of the staining.

2.10. Flow Cytometry of Fluorescent Beta-Galactosidase Substrates

Activity of β-galactosidase was also quantified using fluorescent substrates in combi-
nation with flow cytometry. After treatment and adequate incubation times (see Sections 2.2
and 2.3), approximately 350,000 cells were seeded in 6-well plates exactly 12 h prior stain-
ing. The ImaGene Red™ C12RG lacZ Gene Expression Kit (Molecular Probes) was used
in accordance to the manufacturer’s instructions. In short, staining began by addition of
300 µM chloroquine reagent in 1 mL prewarmed cell medium. After incubation for 30 min
at 37 ◦C, 6.67 µL substrate reagent were added directly to the supernatant to achieve a final
concentration of 33 µM. Cells were incubated for another 1 h at 37 ◦C before they were
detached and collected. Following centrifugation, samples were resuspended in 1 mM
PETG reagent in 1% BSA/PBS and transferred to FACS tubes. For staining with DDAO, a
solution of 20 µM DDAO galactoside (Thermo Fisher) and 0.1 µM Bafilomycin A1 (Sigma
Aldrich) cell culture medium was prepared and applied to the cells. Plates were then
sealed with parafilm and incubated for 90 min at 37 ◦C. Cells were eventually washed
with PBS and detached, followed by centrifugation and resuspension in 1% BSA/PBS. All
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samples were measured using a BD LSRFortessa™ flow cytometer in combination with BD
FACSDiva™ software (Version 8.0, BD Biosciences, San Jose, CA, USA).

2.11. Statistical Analysis

Analysis and visualization of experimental results was done using GraphPad Prism
9 software (Version 9.1.2, GraphPad Software Inc., San Diego, CA, USA). If not other-
wise stated, at least three biological replicated were measured and statistical analysis was
performed by Student’s unpaired t-test. All results are normalized to the respective con-
trol treatment and shown as mean ± SEM. A critical value of p < 0.05 was considered
statistically significant.

3. Results
3.1. RNA Markers of Senescence

Quantification of gene expression displays an easy and reliable approach to assess
cellular conditions, including senescence. We here used quantitative RT-PCR to detect
specific mRNAs regulated in senescence of normal human melanocytes (NHEM) and
melanoma cells. NHEM received lentiviral transduction of mutated BRAFV600E, which
leads to oncogene-induced senescence (OIS) as initially described by Michaloglou et al. [4].
Melanoma cell line Mel Juso was treated with 100 µM etoposide, an inhibitor of topoiso-
merase II, to induce DNA damage and thereby trigger cellular senescence. Traditional
mRNA markers of senescence include cell cycle inhibitors and members of the senescence-
associated secretory phenotype (SASP). We started with assessing cell cycle inhibitors
p21CIP1/WAF1 and p16INK4A, which are encoded by CDKN1A and CDKN2A genes, respec-
tively. While CDKN2A was significantly induced in both experimental settings, we detected
a significant increase of CDKN1A only in melanoma cells treated with etoposide, while
there was no significant effect in senescent NHEM (Figure 1A,B). A third cell cycle inhibitor,
p53 encoded by the TP53 gene, did not show any regulation on mRNA level in both systems.
We further assessed gene expression of CXCL2 and CCL8, which are associated with the
SASP [22]. While both markers were increased in senescent NHEM and melanoma cells, a
statistical significance could only be detected for CXCL2.

3.2. Protein Markers of Senescence

Since mRNA markers have a number of limitations, mostly due to the possibility of
translational and posttranslational regulation, we next tested for different protein mark-
ers of cellular senescence. Interestingly, aforementioned cell cycle inhibitors p16INK4A,
p21CIP1/WAF1 and p53 are among the most common proteins for detection and quantifica-
tion of cellular senescence [23]. We, therefore, used Western blot analysis to assess and
compare their regulation in different experimental settings. Protein levels of all three
cell cycle inhibitors doubled during OIS in NHEM (Figure 2A). Melanoma cells treated
with etoposide showed a stronger increase of p21CIP1/WAF1, while upregulation of p53
turned out to be rather variable (Figure 2B). Cell cycle inhibitor p16INK4A protein, however,
was absent in melanoma cells (data not shown). As several studies found an association
of ERK1/2 activation with cellular senescence [18,24], we assessed this marker next. A
significant increase of phosphorylated ERK1/2 was found in both senescent NHEM and
melanoma cells. It is important to note that the effect in NHEM is potentially caused by
overexpression of mutant BRAFV600E, an upstream kinase of ERK1/2. The melanoma cell
line used in our experiments also carries a mutation upstream of ERK1/2, affecting HRAS
and NRAS genes. In contrast to NHEM, however, both control and treatment cells bear
these mutations, indicating that they do not attribute for the increased phosphorylation
of ERK1/2 after etoposide treatment. Furthermore, we detected γH2AX as an indicator
of DNA damage in melanoma cells, and found a strong but not reliable upregulation
when assessing biological replicates, thereby preventing statistical significance. The same
marker could not be detected in senescent NHEM (data not shown). Another molecular
marker of DNA damage showed increased levels of nuclear promyelocytic leukemia pro-
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tein (PML), which is best assessed using immunocytochemistry. While we could detect a
significant increase of nuclear PML staining in NHEM, there was only a tendency toward
an upregulation in melanoma cells treated with etoposide (Figure 2C,D).
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(n = 7) and (B) melanoma cell line Mel Juso treated with 100 µM etoposide (n = 3). Bars are shown as
mean ± SEM (Student’s t-test). (*: p < 0.05, **: p < 0.01, ****: p < 0.0001).

3.3. Functional and Morphological Markers of Senescence

A central hallmark of cellular senescence is the discontinuation of cell division and
thereby proliferation. We here used real-time cell proliferation analysis (RTCA) to track
cell growth over time, and found a significant decrease in both experimental settings
(Figure 3A,B). In addition, proliferative activity can be measured indirectly by incubating
cells for an appropriate time period followed by cell viability analysis. Since incubation
times are largely dependent on the proliferation rate of control cells, we used 7 days
(NHEM) and 48 h (Mel Juso) in our experiments. An XTT assay revealed significantly
reduced cell viability in BRAFV600E-transduced NHEM and etoposide-treated Mel Juso
cells, hence indicating reduced proliferation (Figure 3C,D).

Some functional consequences of cellular senescence lead to morphological changes,
including heterochromatin formation, flattening, and multinucleation of cells. Senescence-
associated heterochromatin foci (SAHF) were detected using DAPI staining, revealing a
significant increase in both primary and melanoma cells (Figure 3E,F). Next, we assessed
flattening and multinucleation, which were both significantly elevated after treatment
of Mel Juso with etoposide (Figure 3H). NHEM, however, already had high levels of
flattened cells in the control treatment, with a small but significant increase after entering
OIS (Figure 3G). Interestingly, multinucleation in NHEM was negligible, as only very few
cells with two or more nuclei were found.
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Figure 2. Protein markers of cellular senescence. Western blot analysis of (A) NHEM transduced with
mutated BRAFV600E (all n = 7, p16 n = 6) and (B) melanoma cell line Mel Juso treated with 100 µM
etoposide (n = 3). (C,D) Immunofluorescent stainings of PML and DAPI. Scale bars equal 20 µm. Bars
are shown as mean ± SEM (Student’s t-test). (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).

3.4. Quantification of Senescence-Associated Beta-Galactosidase Activity

Next, we quantified activity of senescence-associated beta-galactosidase (SA-β-Gal),
which is stated to be the gold standard when it comes to detection of cellular senescence [16].
Multiple experimental approaches have been developed to reliably measure activity of
beta-galactosidase in vitro, with the method of Dimri et al. [14] being the most widespread.
It is based on the cleavage of X-Gal to yield a blue and insoluble dye, which can be
easily detected using bright field microscopy. We used this method to quantify senescent
primary and melanoma cells, and detected a significant increase compared to the respective
controls (Figure 4A,B). Next, two fluorescent substrates of beta-galactosidase were used in
combination with flow cytometry, namely C12RG (Figure 4C,D) and DDAO galactoside
(Figure 4E,F). While both substrates share the main feature of producing a fluorescent
molecule upon hydrolysis by beta-galactosidase, their chemical and functional properties
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differ notably. The resorufin-based C12RG is not fluorescent in its inactive state and carries
a lipophilic tail that integrates in the cellular membrane to anchor the fluorescent product
within the cell and ensure signal stability. DDAO galactoside, on the other hand, is an
intrinsically fluorescent molecule that drastically changes its excitation and emission spectra
after hydrolysis. In our experiments, both molecules successfully detected senescent cells
similar to the traditional X-Gal assay. The percentage of positively stained cells was
comparable among all three detection methods, in both control and treatment settings.
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Figure 3. Functional and morphological markers of senescence. RTCA assay using (A) NHEM (n = 7)
and (B) melanoma cell line Mel Juso (n = 3). A representative example is shown on the left. (C,D)
Cell viability analysis 7 days (NHEM, n = 7) or 48 h (Mel Juso, n = 3) after treatment. (E,F) Detection
of cells with visible SAHF using DAPI staining. Scale bars equal 10 µm. (G,H) Quantification of
flattened and multinucleated cells. Arrowheads indicate flattened cells, arrows mark multinucleation.
Scale bars equal 20 µm. Bars are shown as mean ± SEM (Student’s t-test). (*: p < 0.05, **: p < 0.01,
***: p < 0.001, ****: p < 0.0001).
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(E,F) Flow cytometry after staining with DDAO galactoside. Histograms are representative examples.
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***: p < 0.001, ****: p < 0.0001).

3.5. Validating Selected Markers for Detection of Cellular Senescence in Melanoma Cells

While primary melanocytes are well characterized even in their senescent state, malig-
nant melanoma is one of the most highly mutated cancers and thereby comes with a high
grade of heterogeneity [25]. Further, induction of senescence in therapeutic or physiological
settings might be due to a broad variety of stimuli, indicating that further validation is
necessary for this cell type. Based on the data described in this study, we selected a set
of three markers that showed the best results in melanoma cells treated with etoposide:
SA-β-Gal, p21, and morphological changes, including flattening and multinucleation. In a
first step, Mel Juso cells were treated with acidified nitrite, a novel antitumor treatment
previously described [18]. A significant increase of SA-β-Gal, detected via X-Gal assay,
was revealed (Figure 5A). Induction of p21 was present on both mRNA and protein level
(Figure 5B). Since acidified nitrite interfered with β-actin expression (data not shown), we
used 18s mRNA as reference, as well as Ponceau S staining during protein quantification.
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When assessing morphological changes, we could detect a significant increase of flattened
cells, while multinucleation remained scarce (Figure 5C). To account for mutational het-
erogeneity of malignant melanoma, cell line Mel Im was used in addition. In contrast to
Mel Juso cells, which bear a NRASQ61L mutation but wild-type BRAF, Mel Im cells carry
wild-type NRAS but mutated BRAFV600E. Further, we introduced a physiological stimulus
of cellular senescence, long-term acidosis, as described recently [26]. During long-term aci-
dosis, Mel Im cells exhibited a strong increase of SA-β-Gal staining (Figure 5D), combined
with increased p21 mRNA and protein (Figure 5E). Similar to aforementioned treatment
with acidified nitrite, we detected elevated levels of flattened cells without any relevant
effect on multinucleation (Figure 5F).
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Figure 5. Validation of selected markers in malignant melanoma cells. (A–C) Mel Juso cells treated
with acidified nitrite showed increased SA-β-Gal staining (A), p21 mRNA and protein (B), and
some effects on morphology (C). (D–F) Mel Im cells during long term (LT) acidosis were found
to have strong SA-β-Gal activity too (D), accompanied by p21 mRNA and protein (E) as well as
morphological alterations (F). Scale bars equal 50 µm. Bars are shown as mean ± SEM (Student’s
t-test). (*: p < 0.05, ***: p < 0.001, ****: p < 0.0001).
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4. Discussion

Reliable detection and quantification of senescence have been major challenges ever
since its first description decades ago. Heterogeneous cell populations, combined with
a strong dependency on cell type and senescence trigger [27], increased the difficulty of
developing universal molecular markers. To date, the only generally valid marker of
cellular senescence is thought to be SA-β-Gal [16], while the vast majority of remaining
molecules have to be carefully assessed and validated for each experimental setting. This
study focusses on melanocytic systems by comparing two clinically relevant in vitro mod-
els: Primary melanocytes bearing mutant BRAFV600E to enter OIS, as commonly found in
melanocytic nevi [4], and melanoma cells after treatment with chemotherapeutic agent
etoposide. It thereby combines a physiological setting, in which the difference between
proliferating and senescent cells is relatively small, with a therapeutic approach that com-
pares highly proliferative cancer cells with severely damaged cells after treatment. The
expected distance of control and treatment conditions, in terms of the senescent phenotype,
is an important consideration to be made before selection of senescence biomarkers, as it
defines the appropriate sensitivity required for the experiment. A second consideration is
the quantity of molecular markers. While diagnostic and therapeutic approaches require
sophisticated sets of biomarkers to detect senescent cells with great sensitivity and speci-
ficity, a reduced and simplified selection might be sufficient for most research applications.
The latter will be addressed at the end of this section, as we will propose a condensed set of
senescence biomarkers designated for research on melanocytes or melanoma cells.

When assessing cellular senescence, cell cycle inhibitors are commonly used as mRNA
and protein markers. Their importance has been extensively reviewed elsewhere [28–30].
Briefly, two different pathways are induced, namely Arf/p53/p21 and p16/pRb, both
resulting in cell cycle arrest as reviewed by Larsson [31]. However, several limitations have
to be taken into account: first, activation of cell cycle inhibitors is dynamic and depends on
the cellular state. As indicated by several studies, p21CIP1 and p53 are commonly found
during the initiation of senescence, but may decline afterwards, while p16INK4A shows
delayed upregulation to stabilize senescence [32,33]. Consequently, assessing single cell
cycle inhibitors might not be sufficient to detect senescent cells reliably. A second limitation
is introduced by their low specificity, especially p21CIP1 and p53, as other cellular conditions
can cause a similar upregulation. This includes quiescence [34,35], apoptosis [36,37],
and cellular dormancy [38]. Finally, cancer cells commonly bear mutations of cell cycle
inhibitors [39], potentially interfering with their re-activation and limiting their use as a
molecular marker of senescence. As pathways for induction of senescence are far from
being fully understood, establishment of a senescent phenotype without activation of
major cell cycle inhibitors seems reasonable. This is of special importance for malignant
melanoma, as it belongs to the most highly mutated cancers [25].

The SASP is an important hallmark of cellular senescence and can be detected either by
qPCR to measure mRNA levels of SASP components or via enzyme-linked immunosorbent
assay (ELISA). We here used qPCR to detect levels of CXCL2 and CCL8, while many more
SASP components might be equally useful [40,41]. Most of these markers, however are
easily affected by cell type, senescence trigger, and cellular microenvironment [42]. Further,
SASP components are reportedly increased during quiescence and even apoptosis [43,44].
Moreover, DNA damage is considered to a central mediator of cellular senescence, as it
was previously linked to replicative as well as premature senescence caused by oncogene
activation, cytotoxic therapy, or other triggers [45]. We assessed two members of the
DNA repair response (DRR), gamma-H2AX and PML, which both turned out to be rather
unreliable. A possible explanation is found in the experimental settings used in this study:
gamma-H2AX is one of the first steps for recruitment and localization of DRR proteins [46],
which possibly explains why it could not be detected in primary melanocytes seven days
after oncogene overexpression in full senescence. The exact function and regulation of
PML during DRR remains unclear, but it was found to be more stable in our experiments.
However, it is important to note that PML has widespread cellular functions and is involved
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in several physiological and pathological processes [47,48]. Another, yet uncommon marker
of senescence is phospho-ERK1/2 as an indicator of MAPK activity. Although it seems
counterintuitive at first, recent studies have reported significant evidence that MAPK
signaling contributes not only to proliferation, but also to cellular senescence [49,50]. Since
pathways regulating ERK activation are affected by mutations in many cancers and the
majority of melanomas [51], special caution should be exercised when using phospho-
ERK1/2 for detection of senescence.

Discontinuation of proliferation displays the most important functional consequence
of cellular senescence. A common and feasible method to detect this is metabolic assays
based on mitochondrial activity, including XTT assay used in this study. Such indirect
measurement of proliferation has certain drawbacks, as mitochondrial activity might
be affected without any further consequences on proliferation, leading to false positive
results. On the other hand, senescence itself was shown to affect mitochondria [52], thereby
impairing the necessary correlation of mitochondrial activity and cell count. Consequently,
metabolic assays have only limited reliability when measuring proliferation rates in the
context of cellular senescence. Impedance-based systems like RTCA bypass these problems
by directly quantifying the coverage of specific cell culture plates, which is a result of cell
count and cell size. Although senescent cells commonly show changes in morphology and
size [53], such effects can easily be excluded by analyzing the slope of the proliferation
curve rather than raw impedance values. Morphological changes might serve as markers of
senescence on their own, with the main advantage that they do not require any processing or
staining. Senescent cells are usually flattened [53], which was supported by our experiments.
Multinucleation could not be found in melanocytes, but melanoma cells treated with
etoposide, the reason for which is unknown. Further, there was no relevant increase of
multinucleation when testing different senescence inducers and a second melanoma cell
line, indicating that this parameter is not reliable. Since research on morphological changes
during senescence and underlying mechanisms is sparse, critical evaluation of their use as
markers of senescence is barely possible.

Finally, we assessed the gold standard of senescence detection, SA-β-Gal. Its main
advantages include easy detection and comparatively high, but not perfect specificity for
senescent cells [54]. Melanocytes are among the very few cell types that physiologically
express high levels of lysosomal β-galactosidase, the same enzyme referred to as SA-
β-Gal in senescent cells [14,15]. Since its expression increases over time, it is generally
advisable to use neonatal melanocytes for in vitro experiments, as it was done in this
study. Furthermore, experiments including SA-β-Gal should be conducted at low passage
numbers. From our experience, primary neonatal melanocytes start to show increased
β-galactosidase activity after approximately 15 population doublings (equals 10 passages),
which is why all experiments in this study were performed before cells had doubled 12
times (equals 8 passages). We then used two fluorescent substrates in combination with flow
cytometry to measure SA-β-Gal and got results comparable to the traditional X-Gal assay,
thereby confirming their validity. Flow cytometry has a number of advantages, including
the possibility to analyze full samples with a consistent threshold, instead of manually
analyzing a small percentage of cells and individually defining positive and negative cells.
Pigmented melanocytes introduce another challenge during analysis of X-Gal stainings, as
it may be difficult to distinguish between brown pigment and blue dye. The combination
of fluorescent substrates and automated analysis using flow cytometry displays an easy
solution to overcome such difficulties. Finally, neither staining with fluorescent substrates
nor flow cytometry require fixation or preprocessing of cells. This introduces the possibility
of flow cytometric sorting of cells with increased SA-β-Gal activity, as it was already done
in recent studies [55,56].

After evaluating the molecular markers used in this study, it becomes evident that
although the majority of them reliably detects senescence, there is no single molecule
or cellular property with sufficient specificity to discriminate between senescence and
other, possibly related cellular states. A combination of several markers, each with its own
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advantages and limitations, might display an adequate solution. As described initially,
such a set of markers should be adjusted and validated for each cell type. Based on our data,
we suggest two different sets of molecular markers for primary melanocytes and melanoma
cells: when working with NHEM, increased SA-β-Gal activity should be the first marker
and is preferentially assessed using flow cytometry. Cell cycle inhibitor p16INK4A was found
to be strongly and reliably induced, thereby rendering it the second best molecule to detect
when investigating cellular senescence. As morphological and functional characteristics
were somewhat variable in NHEM, we suggest to add either CXCL2 as a marker of the
SASP, or PML immunofluorescence for detection of DNA damage as a third marker. In
melanoma cells, SA-β-Gal activity also represents the main marker of cellular senescence,
with the advantage that detection via traditional X-Gal assay is sufficient. Beside this,
morphological flattening and induction of cell cycle inhibitor p21CIP1/WAF1 should be used
as additional and reliable markers.

In summary, this study assessed a variety of senescence markers in two different
melanocytic systems. We found most of them working reliably, but critical evaluation of
their capabilities and drawbacks highlighted the importance of elaborate combined solu-
tions. Finally, we proposed a set of up to three molecular markers for primary melanocytes
and malignant melanoma cells to ensure reliable detection of cellular senescence in vitro.
Our data supports the ongoing discussion and potentially improves senescence detection,
until novel and sophisticated molecular markers are found.
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Abstract: A plethora of factors have been attributed to underly aging, including oxidative stress,
telomere shortening and cellular senescence. Several studies have shown a significant role of the
cyclin-dependent kinase inhibitor p16ink4a in senescence and aging. However, its expression in
development has been less well documented. Therefore, to further clarify a potential role of p16 in
development and aging, we conducted a developmental expression study of p16, as well as of p19ARF
and p21, and investigated their expression on the RNA level in brain, heart, liver, and kidney of mice
at embryonic, postnatal, adult, and old ages. P16 expression was further assessed on the protein
level by immunohistochemistry. Expression of p16 was highly dynamic in all organs in embryonic
and postnatal stages and increased dramatically in old mice. Expression of p19 and p21 was less
variable and increased to a moderate extent at old age. In addition, we observed a predominant
expression of p16 mRNA and protein in liver endothelial cells versus non-endothelial cells of old mice,
which suggests a functional role specifically in liver endothelium of old subjects. Thus, p16 dynamic
spatiotemporal expression might implicate p16 in developmental and physiological processes in
addition to its well-known function in the build-up of senescence.

Keywords: aging; endothelial cells; development; liver; heart; brain; kidney; senescence; SASP

1. Introduction

Aging is characterized by the gradual continuous decline of functions of cells, tis-
sues, and the whole organism [1]. This age-related functional degeneration affects each
organism that passes through developmental phases up to aging, as it is experienced by
single cellular and multicellular organisms [2]. In mammals, aging is associated with a
variety of pathologies and has been classified as the leading predictive factor of many
chronic diseases that account for the majority of morbidity and mortality worldwide [3].
These diseases include neurodegenerative (Alzheimer’s and Parkinson), cardiovascular,
pulmonary, renal, and bone disorders, and cancers [4–9]. What makes aging a common
risk factor is the fact that it arises from molecular mechanisms and pathological pathways
that are cornerstones for the development of all these diseases. This includes oxidative
stress and overproduction of reactive oxygen species, overproduction of inflammatory
cytokines, activation of oncogenes, DNA damage, telomere shortening, and, consequently,
accumulation of senescent cells [10–15].

Cellular senescence is a stress response defined as an irreversible arrest of cellular
proliferation that results from experiencing potentially oncogenic stress [16]. Senescence
was first discovered in primary cell culture in which cells exhibited a replicative senescence
after extended period of growth which was termed the Hayflick’s limit [17,18]. Senescent
cells are usually characterized by phenotypic changes, morphological and biochemical,
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and adopt a secretory phenotype known as the senescence-associated secretory phenotype
(SASP) [3,19–21]. Morphologically, senescent cells are usually larger than normal ones
and exhibit a flattened shape, sometimes with multi-nuclei. However biochemically, these
cells show a differential expression profile especially for some genes which rendered them
as senescence fingerprints. Senescence-associated β-galactosidase, is an enzyme that is
upregulated in senescent cells, and which acts as senescence biomarker [22]. Moreover,
ectopic expression or upregulation of several genes has been identified, which includes
augmented secretion of proinflammatory cytokines, proteases, and growth factors, which
are all together termed the SASP [23–25]. A variety of causes underly the induction
of cellular senescence; this includes oncogenic stress, telomere shortening, mitogenic
signals, genomic DNA damage, epigenomic modifications, and tumor suppressor gene
dysregulation [26–33].

Two major pathways have been identified to generate and maintain senescence, rep-
resenting the intrinsic arm of cellular senescence. The key regulatory proteins of these
pathways are the cell cycle regulators p16Ink4a (afterwards termed p16), p19Arf (after-
wards p19), and p21 in addition to p53 and retinoblastoma protein (pRB). p21 acts mainly
as a downstream effector of p53, and p16 is an upstream regulator of pRB via inhibition of
cyclin-dependent kinases Cdk4 and Cdk6 [34–38]. Based on their action in regulating the
cell cycle, p16, p19, and p21 were associated with cancer, aging, senescence, regeneration,
and tumor suppression [21,35,39]. Expression of p19and p21 in embryonic development
has been described [21,40–43], while little is known about the expression of p16 during
development [44–46]. Therefore, we investigated p16, p19, and p21 RNA expression and
p16 protein localization in several organs during embryonic and postnatal development as
well as in adult and old mice.

2. Materials and Methods
2.1. Mice and Tissue Preparation

All animal work was conducted according to national and international guidelines
and was approved by the local ethics committee (PEA-NCE/2013/106).

Timed pregnant mice (NMRI and C57BL/6) were purchased from Janvier Labs (Le
Genest-Saint-Isle, France). The day of vaginal plug was considered embryonic day (E)
0.5. Pregnant mice were sacrificed by cervical dislocation at the indicated time points.
Embryonic tissues were dissected, and tissues were used to prepare RNA. The day of birth
was considered postnatal day (P) 0.

2.2. Mouse Tissue Samples, Histology, and Immunohistology

For immunohistochemistry, collections of paraffin-embedded whole embryos were
used up to E18.5; for later stages, hearts, livers, kidneys, and brains were dissected. Sam-
ples from at least three different animals per time point were analyzed. Three-micrometer
paraffin sections were used for histological and immunohistological procedures. For p16
immunohistology, after heat-mediated antigen retrieval and quenching of endogenous
peroxidase activity, the antigen was detected after antibody application (1:500 dilution,
p16 mouse monoclonal antibody, clone 2D9A12; ab54210, Abcam, Cambridge, UK,; addi-
tionally for some samples, a p16 mouse monoclonal antibody, clone 1E12E10, MA5-17142,
Thermo Scientific, Courtaboeuf, France) using the M.O.M peroxidase kit from Vector (Vector
Laboratories, PK-2200, Burlingame, CA, USA.) following the manufacturer’s instructions.
Avidin/Biotin blocking was performed using a kit from Vector (SP-2001). Diaminobenzi-
dine (DAB) served as substrate (Sigma, Saint-Quentin-Fallavier, France). Sections were
counterstained with hematoxylin (Dako, Trappes, France) [47,48]. Omission of the first
antibody served as a negative control, and additional controls were livers from p16 knock-
out mice. Slides were photographed using a slide scanner (Leica Microsystems, Nanterre,
France) or an epifluorescence microscope (DMLB, Leica, Germany) connected to a digital
camera (Spot RT Slider, Diagnostic Instruments, Sterling Heights, MI, USA). For immunoflu-
orescence double-labelling of mouse livers, anti-CD31 rabbit monoclonal antibody (1:2000
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dilution, clone EPR17259, Ref: ab225883) from Abcam was combined with the mouse
monoclonal anti-p16 antibody (Abcam) using Alexa Fluor 594 donkey anti rabbit and
Alexa-Fluor 488 donkey anti mouse secondary antibodies (Jackson ImmunoResearch, New-
market, Suffolk, UK) [49]. Negative controls were obtained by omission of first antibodies.
Images were taken using a confocal ZEISS LSM Exciter microscope (Zeiss, Jena, Germany).

2.3. RNA Isolation, Reverse Transcription, and Quantitative PCR

Using the Trizol reagent (Thermo Scientific, Courtaboeuf, France), total RNA was
isolated from brain, heart, liver, and kidneys of four different samples each at different
stages of development (embryonic day 10.5, 12.5, 14.5, 16.5, and 18.5; postnatal days 1,
7, 21, 3 months, and 16–18 months) [50]. For E10.5 and E12.5, tissues from 7 embryos
each were pooled per sample. For E14.5 and E16.5, organs from 4 embryos were used per
sample. First-strand cDNA synthesis was performed with 500 ng of total RNA using the
Thermo Scientific Maxima First Strand cDNA Synthesis Kit (#K1672, Thermo Scientific,
Courtaboeuf, France), which contains DNase I, RNase inhibitor, oligo (DT) and random
hexamer primers. The cDNAs were diluted 10 times in nuclease free water. Two microliters
of the diluted reaction product were taken for real-time RT-PCR amplification which was
performed using a StepOne Plus thermocycler (Thermo Scientific) and the PowerUp SYBR®

Green Master Mix (#A25742, Thermo Scientific) or EurobioGreen Mix (GAEMMX02H,
Eurobio, Les Ulis, France). For each sample, expression of the housekeeping genes Gapdh,
Rplp0, and β-actin was determined. Three independent housekeeping genes were used
as expression for each gene might vary under different experimental conditions [51,52].
Expression for each sample was calculated by subtracting the mean value of housekeeping
gene Ct’s from the gene of interest Ct using the ∆Ct method [47,48,50,52–58]. Afterward,
relative gene expression values were obtained by normalization of each sample against
the mean value of all samples at E10.5 to determine differences between the organs and
time points investigated. The mean value of all samples at E10.5 was set to 1 for easier
illustration as described [50]. Primer sequences are listed in Table 1.

Table 1. Primers used for quantitative RT-PCR.

Gene of Interest Oligonucleotide Sequences References

p16ink4 F: AGGGCCGTGTGCATGACGTG
R: GCACCGGGCGGGAGAAGGTA [59]

p19arf F: CGCTCTGGCTTTCGTGAAC
R: GTGCGGCCCTCTTCTCAA [60]

p21 F: AATTGGAGTCAGGCGCAGAT
R: CATGAGCGCATCGCAATCAC [61]

Tgf-b1 F: AGCTGGTGAAACGGAAGCG
R: GCGAGCCTTAGTTTGGACAGG This study

Vegfa F: CTCACCAAAGCCAGCACATA
R: AATGCTTTCTCCGCTCTGAA [54]

Il-6 F: CACTTCACAAGTCGGAGGCT
R: TGCCATTGCACAACTCTTTTCT [54]

Mmp9 F: CCATGCACTGGGCTTAGATCA
B: GGCCTTGGGTCAGGCTTAGA [54]

Gapdh F: AGGTCGGTGTGAACGGATTTG
R: TGTAGACCATGTAGTTGAGGTCA [47,48,54,58]

β-actin F: CTTCCTCCCTGGAGAAGAGC
R: ATGCCACAGGATTCCATACC [47,48,54,58]

Rplp0 F: CACTGGTCTAGGACCCGAGAAG
R: GGTGCCTCTGGAGATTTTCG [47,48,54,58]
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2.4. Endothelial Cell Magnetic-Activated Cell Sorting (MACS)

Kidneys, livers, hearts, and brains were isolated from four adult (3 months) mice
and four old (18 months) mice each. Organs were minced and afterward digested with
0.1 mg/mL of DNase I (10104159001, Roche Diagnostics, Mannheim, Germany) and
1 mg/mL of Collagenase A (11088793001, Roche) in 10 mL of DMEM culture media (Ther-
moScientific) for 1 h at 37 ◦C. Digested samples were passed through 70-µm filters (Smart-
Strainers, 130-098-462, Miltenyi Biotec, Paris, France), centrifuged, and washed twice with
PBS containing 2% fetal calf serum (FCS) and 0.5 mM of EDTA (ThermoScientific). Cells
were re-suspended in 90 µL of the same buffer (PBS + FCS + EDTA)/107 cells. Endothelial
cells were labelled by adding 10 µL/107 cells of magnetic microbead-associated anti-CD31
antibody (130-097-418, Miltenyi) at 4 ◦C for 15–30 min. Cells were separated via LS column
(130-042-401, Miltenyi) pre-washed with 3 mL of PBS + FCS + EDTA and attached to a
MidiMACS separator magnet (130-042-302, Miltenyi). Non-endothelial cells were eluted by
washes with 3x 3 mL of PBS + FCS + EDTA. Afterward, endothelial cells were eluted by
removing the LS columns from the magnetic field and flushing with 6 mL of PBS + FCS
+ EDTA. Eluted cells were separated as 1/3 for RNA extraction (see above) and 2/3 for
protein extraction and quantification.

2.5. Protein Isolation, Quantification, and Western Blot

After endothelial cell sorting as described above, 2/3 of each endothelial and organ
cells were taken from the total cell suspension. Cells where centrifuged at 3000 rpm for
10 min at 4 ◦C. Then, cells were incubated with 100 µL and 150 µL of RIPA buffer (Sigma)
for endothelial and organ cells, respectively, and kept on ice for 30 min. Afterwards,
samples were agitated overnight at 4 ◦C. The next day, the tubes were centrifuged at
16,000 rpm for 30 min at 4 ◦C. The total protein containing supernatant was recovered
and stored at −80 ◦C.

Proteins were quantified by colorimetric BCA assay according to manufacturer’s
instructions (Uptima, Montluçon, France). Samples were diluted 20 times in distilled water
and loaded in triplicates of 10 µL each, in transparent 96-well plates. In addition, BSA
standards ranging from 0 to 2 mg were loaded in triplicates (10 µL). Absorbance was
measured at a wavelength of 560 nm in a plate spectrophotometer (Biorad, Marnes-la-
Coquette, France).

For Western blotting, 60 µg of protein in Laemmli buffer was denatured at 95 ◦C for
5–10 min. Samples were loaded on acrylamide gels (acrylamide/bisacrylamide 37.5/1) and
set for electrophoresis. Afterward, proteins were transferred to PVDF membranes (162-0177,
Biorad), and the membranes were blocked with 5% milk for 1 h (232100, Difco Skim Milk).
p16 was detected using a rabbit monoclonal anti-p16 (Abcam; ab211542) diluted 1:2000
in PBS + 0.05% Tween 20 + 2.5% milk powder (overnight, 4 ◦C), followed by anti-rabbit
peroxidase-labeled secondary antibody addition (Vector Laboratories) diluted 1:2000 in
PBS + 0.05% Tween 20 + 2.5% milk powder for 1 h. Then, the chemiluminescence signal
was obtained by incubation with the enzyme-specific substrate (RPN2235, Amersham,
ECL Select Western blotting detection reagent). Afterward, the membrane was stripped
by application of 10 mL of stripping buffer for 15 min (ST010, Gene Bio-Application
L.T.D., Kfar-Hanagid, Israel) and washed 5x 5 min with distilled water before a second
identical blocking step with milk for the detection of Gapdh as housekeeping protein. A
rabbit monoclonal anti-Gapdh antibody (Abcam; ab181602) was used, and the signal was
generated with same secondary antibody and substrate mentioned above.

2.6. Statistics

Data are expressed as means ± standard error of the mean (S.E.M.). Statistical differ-
ences were assessed by analysis of variance (ANOVA) followed by the Bonferroni post-hoc
test (Graph Pad Instat, GraphPad Software, Inc., San Diego, CA, USA). A p-value < 0.05
was considered to reflect statistical significance.
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3. Results
3.1. p16Ink4a, p19, and p21 mRNA Expression during Embryonic Development and Postnatal
Stages in Different Organs

Expression of the mRNAs of the three genes p16, p19 and p21 was assessed at different
ages (E10.5, E12.5, E14.5, E16.5, E18.5, P1, P7, P21, 3 months (adult), and 16–18 months
(old)). Experiments were conducted on brain, heart, kidney, and liver tissues from which
RNA samples were extracted and quantified by reverse transcription-quantitative PCR,
normalized to the respective means of Rplp0, Gapdh, and β-actin housekeeping genes. The
results below show the comparison of relative expression levels at all investigated ages in
each organ for the three genes of interest (Figure 1) and the comparison of the expression
levels of each gene in the different organs at each age (Figure 2).

In the brain, we observed a significant upregulation of p16 expression beginning
at E14.5 until P7 compared to E10.5. Surprisingly, p16 expression dropped significantly
at P21 compared to P7 (p < 0.05) to reach the highest levels in old animals. p21 levels
increased significantly around E16.5 during embryonic development and remained at
stable levels during further development, increasing less than p16 in brains from old mice.
p19 expression became upregulated around E14.5 and remained more or less stable during
further brain development, showing an increase only in brains of old subjects.

Also in the heart, kidney, and liver p16 expression increased constantly over time
with higher expression levels than p19 and p21, which both showed rather low, fluctuating
expression during embryonic and postnatal development. Interestingly, in the heart, p16
tended to drop between P7 and P21 (p = 0.070) comparable to the time course in the
developing brain. In old stages, p16 expression in brain, heart, kidney, and liver was largely
increased. Also, p19 and p21 levels were upregulated in the respective organs, but to a
much lesser extent than p16 (Figure 1).

To further analyze the relative mRNA expression data for p16, p19, and p21 in embry-
onic development and in postnatal stages, we compared the expression of each gene in the
brain, heart, kidneys, and liver at each time point (Figure 2). Expression levels of p16 were
significantly higher at E10.5 in the brain compared to the developing heart, kidney, and
liver. At E14.5, E18.5, and P21, the liver displayed the highest p16 expression compared to
the other investigated organs. At adult and old life stages, p16 expression was high, but
not significantly different in the four organ systems studied. P19 expression did not vary
much between brain, heart, kidneys, and liver. An increase of p19 could be observed in
the kidney during development at embryonic day E12.5. Therefore, although p16 and p19
are situated in the same chromosomal region, spatiotemporal expression patterns seem
to be unrelated. Expression of p21 increased mostly in the brain during embryonic and
postnatal development beginning at E16.5 compared to E10.5, while in the other organs,
only temporary very restricted significant alterations were observed. Only in old animals,
in all organs a significant increase in p21 expression was noted (Figure 1). At embryonic
day 12.5, p21 expression was highest in the kidneys, while at E16.5 and P21, it was highest
in the brain, compared to heart, kidneys, and liver. Even in old animals, p21 mRNA levels
were elevated in brains compared to the kidneys (Figure 2).
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3. Results 
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Expression of the mRNAs of the three genes p16, p19 and p21 was assessed at dif-
ferent ages (E10.5, E12.5, E14.5, E16.5, E18.5, P1, P7, P21, 3 months (adult), and 16–18 
months (old)). Experiments were conducted on brain, heart, kidney, and liver tissues 
from which RNA samples were extracted and quantified by reverse transcription-
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housekeeping genes. The results below show the comparison of relative expression lev-
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ure 2). 

 

Figure 1. p16, p19, and p21 are differentially expressed during development and adulthood. Quan-
titative RT-PCRs for p16, p19, and p21 in mouse brains, hearts, kidneys, and livers at different
time-points of development and in adulthood (n = 4 each, the four samples for E10.5 were each
pooled from 7 organs, at E12.5, and 14.5 the four samples were pooled from four organs each).
E: embryonic day, P: postnatal day, adult: 3 months of age, old: 16–18 months of age. Expression of
each gene was normalized to the respective Gapdh, actin, and Rplp0 expression. Next, the average of
all organs and samples at E10.5 was calculated. Individual samples were then normalized against
this average value (see Materials and Methods for details). Significance was tested for all time points
between E10.5 and 18 months. Data are mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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E12.5 and 14.5 the four samples were pooled from four organs each). E: embryonic day, P: postna-
tal day, adult: 3 months of age, old: 16–18 months of age. Expression of each gene was normalized 
to the respective Gapdh, actin, and Rplp0 expression. The average of all organs and samples at E10.5 
was calculated and set to 1. Individual samples were then normalized against this average value 

Figure 2. Differential spatiotemporal expression of p16, p19, and p21. Quantitative RT-PCRs for p16,
p19, and p21 in mouse brains, hearts, kidneys, and livers at different time points of development and
in adulthood (n = 4 each, the four samples for E10.5 were each pooled from 7 organs, at E12.5 and
14.5 the four samples were pooled from four organs each). E: embryonic day, P: postnatal day, adult:
3 months of age, old: 16–18 months of age. Expression of each gene was normalized to the respective
Gapdh, actin, and Rplp0 expression. The average of all organs and samples at E10.5 was calculated
and set to 1. Individual samples were then normalized against this average value (see Materials and
Methods for details). Significance was tested between the different organs for each time point. Data
are mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.2. Immunohistochemical Investigation of p16 Expression

In addition to quantitative p16 assessment on the mRNA level, we investigated its
expression in the brain, heart, kidneys, and liver at the different time points by immuno-
histochemistry. In the developing brain, we detected p16 in neuronal cells of the cephalic
mesenchyme (E10.5) and the neopallial cortex (E12.5–E18.5). The number of p16-positive
neurons increased with differentiation of the brain up to E18.5. (Figures 3 and 4). Neurons
of the cortex of old animals displayed a high p16 reactivity. Endothelial cells of the cortex
occasionally showed a faint p16 signal (Figure 5), which increased at adult (3 months) and
old (16–18 months) stages (Figure 6). Some cardiomyocytes showed p16 expression at early
embryonic stages E10.5–E12.5 (Figure 3). With compaction of the myocardium, the number
of p16 expressing cardiomyocytes increased from E14.5 to P1. From P7 on, the frequency of
p16 expressing cardiomyocytes decreased (Figures 3–5). Endothelial cardiac cells frequently
showed p16 expression, with a strong increase in old animals (Figure 6). Similarly to the
brain and the heart, more p16-positive cells were found upon differentiation of the kidney.
Whereas only faint expression of p16 could be detected in the ureteric bud at E10.5 and
E12.5, during formation of the metanephric nephrons and interstitial mesenchyme, a high
number of cells expressed p16. The number of p16 expressing cells in the kidney decreased
postnatally (Figures 3–5). In old mice, p16 was highly expressed in glomerular structures,
composed of podocytes, fibroblasts, and endothelial cells, and in vessels of the kidney
(Figure 6). In the hepatic primordium (E10.5–E12.5), very few cells exhibited p16 expression.
With the onset of hepatic hematopoiesis, the number of p16 expressing cells in the embry-
onic liver increased (Figure 3). From P1 on, when the bone marrow becomes the dominant
hematopoietic organ, very few cells in the liver expressed p16 (Figure 5). In livers of old
mice, we detected a strong signal in endothelial cells compared to hepatocytes (Figure 6).
Liver sections with omission of the primary antibody and sections from p16 knockout
mice were used as negative controls for the immunostaining (Figure S1). Embryonic p16
expression was confirmed using a different monoclonal antibody (Figure S2).

3.3. Selected SASP Factor Expression

To gain additional insights into the potential relevance and function of p16 expression
during embryonic and postnatal development and in adult and old mice, we measured
mRNA expression of Il-6, Mmp9, Tgfb1, and Vegfa as selected SASP (senescence associated
secretory phenotype) factors [21,62,63] during the time points and in the organs mentioned
before. As each of these genes has individual functions at different time points and in
different organs, we considered only a concomitant modification of the four genes as in-
dicative of SASP. In agreement with the literature, we observed an increase in the measured
SASP factors in all organs in old mice (Figure 7). Mmp9 was transiently upregulated during
late embryonic and early postnatal development in the liver, but as the other investigated
genes did not follow the same time course, it might not be indicative for SASP, and the
increase in p16 expression during embryonic and postnatal development alone is not
indicative for senescence.
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Figure 3. p16 is expressed in the brain, heart, kidneys, and liver during embryonic development
(E10–E14). Representative photomicrographs of p16 immunostaining on sections of mouse embryos
(3,3′ diaminobenzidine (DAB) substrate, brown, hematoxylin counterstaining) at different stages
before birth. Arrows indicate exemplary p16-positive cells. Scale bars represent 50 µm.
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es before birth. Arrows indicate exemplary p16-positive cells. Scale bars represent 50 μm. 

Figure 4. p16 is expressed in the brain, heart, kidneys, and liver during embryonic development
(E16–E18). Representative photomicrographs of p16 immunostaining on sections of mouse embryos
(3,3′ diaminobenzidine (DAB) substrate, brown, hematoxylin counterstaining) at different stages
before birth. Arrows indicate exemplary p16-positive cells. Scale bars represent 50 µm.

3.4. Higher p16 Expression in Endothelial versus Non-Endothelial Cells in the Liver

As our immunohistochemistry approach suggested higher p16 expression in endothe-
lial versus non-endothelial cells in the liver, we confirmed colocalization of p16 with Cd31
by double-labelling and confocal imaging of wild-type mice livers at 3 and 18 months of
age (Figure 8a). For quantitative determinations, endothelial and organ liver cells were
isolated from adult (3 months) and old (18 months) mice. In adult livers, endothelial vs.
non-endothelial p16 mRNA levels tended to be higher, which became highly significant in
old livers (Figure 8b). A comparable result was obtained in Western Blot analyses, show-
ing slightly higher p16 expression in endothelial vs. non-endothelial cells in adult livers,
and a dramatic increase of p16 expression in endothelial cells from livers of old animals
(Figure 8c). Expression levels for p16 mRNA in endothelial versus non-endothelial cells
did not differ for the other adult and old organs, except for the hearts of old mice, where
organ cells showed higher p16 expression than endothelial cells. Interestingly, although
we observed high p16 expression in old liver endothelial cells versus non-endothelial cells,
this was not correlated with an increase in the expression of SASP genes except for Tgfb1,
while Vegfa expression was even lower in endothelial cells (Figure S3). This is consistent
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with the previous observation that liver endothelial cells in aged mice are highly metabolic
active and functional despite high p16 expression [64].
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Figure 5. p16 is continuously expressed after birth in vascular and organ cells. Representative pho-
tomicrographs of p16 immunostaining for the brain, heart, kidneys, and liver (3,3′ diaminobenzidine
(DAB) substrate, brown, hematoxylin counterstaining) at different stages after birth. Note the persis-
tent expression of p16 in neuronal cells of the brain, cardiomyocytes, tubular and glomerular kidney
cells, and hepatocytes (green arrows) and endothelial cells (red arrows). Scale bars indicate 50 µm.
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dine (DAB) substrate, brown, hematoxylin counterstaining) at different stages after birth. Note the 
persistent expression of p16 in neuronal cells of the brain, cardiomyocytes, tubular and glomerular 
kidney cells, and hepatocytes (green arrows) and endothelial cells (red arrows). Scale bars indicate 
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Figure 6. p16 is continuously expressed in adults and increases in old animals. Representative 
photomicrographs of p16 immunostaining for the brain, heart, kidneys, and liver (3,3’ diamino-
benzidine (DAB) substrate, brown, hematoxylin counterstaining). Note the persistent expression 
of p16 in neuronal cells of the brain, cardiomyocytes, tubular and glomerular kidney cells, and 
hepatocytes (green arrows) and endothelial cells (red arrows), which increases with age. Scale bars 
indicate 50 μm. 

Figure 6. p16 is continuously expressed in adults and increases in old animals. Representative pho-
tomicrographs of p16 immunostaining for the brain, heart, kidneys, and liver (3,3′ diaminobenzidine
(DAB) substrate, brown, hematoxylin counterstaining). Note the persistent expression of p16 in
neuronal cells of the brain, cardiomyocytes, tubular and glomerular kidney cells, and hepatocytes
(green arrows) and endothelial cells (red arrows), which increases with age. Scale bars indicate 50 µm.
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Figure 7. Differential spatiotemporal expression of SASP factors in comparison to p16. Quantita-
tive RT-PCRs for p16, Tgfb, Vegfa, Il6, and Mmp9 in mouse brains, hearts, kidneys, and livers at dif-
ferent time points of development and in adulthood (n = 4 each, the four samples for E10.5 were 
each pooled from 7 organs, at E12.5 and 14.5 the four samples were pooled from four organs each). 
Expression of each gene was normalized to the respective Gapdh, actin, and Rplp0 expression. Next, 
the average of all organs and samples at E10.5 was calculated. Individual samples were then nor-
malized against this average value. Significance was tested for all time points between E10.5 and 
18 months. E: embryonic day, P: postnatal day, adult: 3 months of age, old: 16–18 months of age. 
Data are mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Cd31 by double-labelling and confocal imaging of wild-type mice livers at 3 and 18 
months of age (Figure 8a). For quantitative determinations, endothelial and organ liver 
cells were isolated from adult (3 months) and old (18 months) mice. In adult livers, en-
dothelial vs. non-endothelial p16 mRNA levels tended to be higher, which became high-

Figure 7. Differential spatiotemporal expression of SASP factors in comparison to p16. Quantitative
RT-PCRs for p16, Tgfb, Vegfa, Il6, and Mmp9 in mouse brains, hearts, kidneys, and livers at different
time points of development and in adulthood (n = 4 each, the four samples for E10.5 were each pooled
from 7 organs, at E12.5 and 14.5 the four samples were pooled from four organs each). Expression of
each gene was normalized to the respective Gapdh, actin, and Rplp0 expression. Next, the average of
all organs and samples at E10.5 was calculated. Individual samples were then normalized against this
average value. Significance was tested for all time points between E10.5 and 18 months. E: embryonic
day, P: postnatal day, adult: 3 months of age, old: 16–18 months of age. Data are mean ± SEM.
* p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 8. Liver vascular cells express higher levels of p16 than liver cells with aging. (a) Confocal
images of Cd31 (red)/p16 (green) double-labeling on adult (3 months) (left image) and old (18 months)
(right image) liver tissues. Arrows indicate p16/Cd31-positive vascular cells. Scale bars represent
50 µm. (b) Quantitative RT-PCRs for p16 of sorted liver endothelial cells (black bar) and liver organ
cells (white bar) at 3 months (upper panel) and 18 months (lower panel). Expression of p16 was
normalized to the respective Gapdh, actin, and Rplp0 expression. Data are mean ± SEM. *** p < 0.001.
(c) Western Blot for p16 in 3- or 18-month-old liver endothelial cells and 3- or 18-month-old liver cells.
Gapdh served as standard.

4. Discussion

Our results have shown dynamic and differential expression of p16 during embryonic
and postnatal development as well as in adult and old mice in the brain, heart, kidneys,
and liver. Expression of p16 was varying significantly within each organ during embryonic
development in a matter of days. At the same time, p19 and p21 did not show such a
remarkable variation of expression. We limited the current study to the investigation
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of brain, heart, kidney, and liver as these organs already develop at the embryonic time
points chosen [65–68] and are relatively easy to isolate. Nevertheless, it is possible that
p16, p19, and p21 might be expressed in a variety of developing organs. For example, p21
expression has already been described during embryonic development, i.e., in muscle,
nasal epithelium, tongue muscles, hair follicles, epidermis, and cartilage, and was related
in part to growth arrest and senescence [42,69,70]. Expression of p19 has been described in
the developing nervous system [44], while p16 has not been detected during embryonic
development in earlier studies [45]. However, the authors of this study did not exclude
that p16INK4a mRNA might be expressed at low levels or restricted sites in embryos.
The authors reported an upregulation of p16 transcripts in organs from 15 month-old
mice; however, the original PCR data do not show a specific p16 signal [45]. Using highly
sensitive quantitative RT-PCR and antibody staining methods [48,54–58,71], our finding of
a relatively high p16 expression during development and especially at old stages might be
more accurate.

Upregulation of p16/p19 and p21 is widely accepted as a marker of aging and senes-
cence [16,72–74]. In human tissue samples, P16 was detected in endocrine and exocrine
pancreas, skin, kidneys, liver, intestine, spleen, brain, and lung. Its expression increased in
all investigated organs except for the lung with increasing age [75]. We demonstrate here
that murine p16 expression highly increased in all organs investigated between 3 months
and 16 months of age. We observed a less pronounced increase in p19 and p21 compared
to p16 in old versus adult mice, which is consistent with previous reports in mice and
humans [76]. We could not detect organ-specific differences in p16 expression at 16 months
of age, which contrasts with a recent study from Yousefzadeh et al. [77]. This might be
explained by the age difference of the animals used in their study which compares mice
aged from 15–19 weeks with 120-week-old subjects. A study comparing P16 protein ex-
pression by immunohistochemistry in human tissues from young, middle-aged, and old
donors confirmed a significant increase of P16 in the liver, kidneys, and brain in old subjects.
However, no P16 expression could be detected at all ages investigated in the heart, which
might be due to species differences [75].

Regarding expression of p16, p19, and p21 and the role of senescence during embryonic
development, the literature is more controversial. Unlike p21, p16 and p19 were reported to
be absent in early studies as discussed above [45,69]. Senescence, however, has been de-
tected based on SA-β-galactosidase staining during embryonic development, which seems
to depend on p21 expression [42,43,78]. Interestingly, absence of p21 was compensated by
apoptosis, but still slight developmental abnormalities were detectable [43]. Although these
studies focused mainly on p21, p16 loss has also been shown to result in developmental
defects in the eye [79]; inactivation of p16 and p19 induced cardiomyocyte proliferation [80];
p16 has been detected in the ventricular and subventricular zones at embryonic and early
postnatal stages in the rat brain; SA-β-galactosidase activity and p16 expression has been
detected in regressing mesonephros of quails [81]; p16 expression in mouse embryos has
been detected in motoneurons and the senolytic ABT-263 decreased the number of these
cells [82]. Nevertheless, not all highly p16-positive cells are necessarily senescent [83,84].
For example, overexpression of p16 slowed cell cycle progression in the G0/G1 phase and
induced erythroid lineage differentiation [85], which might correspond to the early p16
expression in embryonic mouse livers [86]. Lack of p16 is linked to increased cardiomyocyte
proliferation [80], while lower cardiomyocyte proliferation, differentiation, and specifica-
tion are required for myocardial compaction [87,88], which coincides with our observed
cardiac p16 expression.

Furthermore, the notion of senescence as an irreversible form of cell cycle arrest,
leading to death of the cell [18] has been recently questioned by the observation that cancer
cells can escape from the senescence induced cell cycle arrest and gain a highly aggressive
growth potential [89]. Highly interesting, it has also been demonstrated that embryonic
senescent cells re-enter the cell cycle and contribute later to tissue formation [40]. We
observed organ specific variations of p16 expression, especially by immunohistochemical
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localization of p16 protein during development. Expression of p16 in development might
reflect its function of slowing down cell cycle progression, a process essential for cell type
specific differentiation. Knockout mice for p16/p19 and selectively for p16 are prone to tumor
development [90–92], but potential developmental defects have not been investigated as
the mice are viable and fertile. Thus, re-evaluation of potential developmental defects in
mice with inactivation of p16 or elimination of p16 expressing cells remains an interesting
challenge for further studies.

In postnatal livers, p16 has been intensively studied. p16 has protective effects in non-
alcoholic steatohepatitis and liver fibrosis through the regulation of reactive oxygen species
(ROS) and oxidative stress [93,94]. Specific removal of liver endothelial cells expressing
high levels of p16 resulted in fibrosis and liver deterioration, indicating that these cells are
required for the maintenance of liver physiology [64]. However, detailed future studies
using conditional cell type-specific knockout approaches will be needed to determine the
specific function of p16 in liver endothelial cells.

5. Conclusions

Taken together, p16 expression in embryonic stages might reflect an implication in
developmental differentiation processes. Further elucidation of the characteristics of p16
expressing cells, using embryos with inactivation or specific elimination of p16 expressing
cells will hopefully shed light on the possible functions of p16 in differentiation, in addi-
tion to its implication in senescence and aging. Moreover, in aged mice, the significant
upregulation of p16 expression in liver endothelial cells points to a selective role in liver
endothelial physiology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells11030541/s1, Figure S1: Representative photomicrographs of p16 immunostaining on
sections of mouse livers, Figure S2: Representative photomicrographs of p16 immunostaining using
a different p16 antibody (clone 1E12E10) on sections of mouse embryos, Figure S3: Expression
of selected senescence-associated secretory phenotype (SASP) factors and p16 in endothelial and
non-endothelial cells.
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Abstract: It is widely accepted that senescent cells accumulate with aging. They are characterized by
replicative arrest and the release of a myriad of factors commonly called the senescence-associated
secretory phenotype. Despite the replicative cell cycle arrest, these cells are metabolically active
and functional. The release of SASP factors is mostly thought to cause tissue dysfunction and to
induce senescence in surrounding cells. As major markers for aging and senescence, p16INK4,
p14ARF/p19ARF, and p21 are established. Importantly, senescence is also implicated in development,
cancer, and tissue homeostasis. While many markers of senescence have been identified, none are
able to unambiguously identify all senescent cells. However, increased levels of the cyclin-dependent
kinase inhibitors p16INK4A and p21 are often used to identify cells with senescence-associated
phenotypes. We review here the knowledge of senescence, p16INK4A, p14ARF/p19ARF, and p21 in
embryonic and postnatal development and potential functions in pathophysiology and homeostasis.
The establishment of senolytic therapies with the ultimate goal to improve healthy aging requires care
and detailed knowledge about the involvement of senescence and senescence-associated proteins
in developmental processes and homeostatic mechanism. The review contributes to these topics,
summarizes open questions, and provides some directions for future research.

Keywords: development; aging; endothelial cells; senescence; SASP; metabolic function; stem cells

1. Introduction

Senescence was first described by Hayflick in isolated fibroblasts in culture [1,2]. In re-
sponse to repeated replication, DNA damage, metabolic alterations, reactive oxygen species
or cytotoxic drugs, cells enter permanent cell cycle arrest, change their morphology to more
flat and large cells, express and secrete cytokines, chemokines, growth factors, bioactive
lipids, and pro-apoptotic factors—the so-called senescence-associated secretory phenotype
(SASP) and become positive for senescence-associated beta-galactosidase (SAβG) [3–11].
Although the morphological features are easy to follow in cultured cells, the identification
in vivo or on histological sections is more problematic. SAβG staining is also not uniform in
all old cells or in response to typical inducers of senescence, e.g., doxorubicin [12]. During
embryonic development, even some co-localization of SAβG staining with proliferation
markers was detectable [13]. Thus, recently the use of combinations of different markers
and expression of SASP factors was suggested from the International Cell Senescence
Association to correctly identify senescent cells [5]. In addition, the expression of SASP
factors varies depending on different cell types [14]. Whether different cell types are to
the same extent susceptible to age-related senescence is equally unclear. The conventional
view in agreement with the Hayflick experiments would suggest that replicative cells are
prone to senescence with increasing age. Nevertheless, senescence-like features were also
observed in terminally differentiated non-cycling cells [15–18] and in macrophages and T-
cells [19–21]. As typical markers for aging and senescence p16INK4A, p14ARF/p19ARFArf,
and p21 are accepted [3–7,10,11,22–28]. These proteins were originally identified as cell

121



Cells 2022, 11, 1966

cycle inhibitors (for details see below). Thus, senescence could also be viewed as an ex-
treme case of cell cycle inhibition except for the case of postmitotic cells. p16INK4A is
one of the most attractive and intensively investigated marker of aging and senescence as
expression has been initially reported to be absent during embryonic development [29,30]
and it is highly expressed in advanced age and senescence [24–28,31–37]. We and others
provided recent evidence that p16INK4A is expressed during development in several
organs [38]. The elimination of p16INK4A-expressing cells in aged animals did not only
have the expected positive effects, but also negatively impacted the health span, caused
liver fibrosis [39] and interfered with normal wound healing [40,41]. Thus, it seems timely
to review knowledge of senescence, p16INK4A, p14ARF/19ASRF, and p21 in embryonic
and postnatal development, in disease and homeostasis.

2. p16INK4A, p14ARF/p19ARF, and p21—Basic Molecular Mechanisms

p16INK4A was originally identified as a tumor suppressor gene [42,43]. Initially,
different names, i.e., multiple tumor suppressor-1 (MTS-1), inhibitor of cyclin dependent
kinase 4a (INK4a), cyclin dependent kinase inhibitor 2a (CDKN2A), have been used,
CDKN2A now being the official gene symbol. The human p16INK4A gene is located on the
short arm of chromosome 9 (9p21.3) while the mouse gene is located on chromosome 4.
The use of different open reading frames on the locus generates in both species’ alternative
proteins (p14p14ARF in humans and p19ARF in mice). In comparison to p16INK4A, they
differ in the first exon while they share the second exon, resulting in the translation of
different reading frames [44,45] (reviewed in [46]). The p21 gene (CDKN1A) is completely
independent and localized on chromosomes 6 and 17 in humans and mice, respectively.
p16INK4A acts as a specific inhibitor of the cyclin-dependent kinases CDK4 and CDK6 that
is mainly active in the G1 phase of the cell cycle to prevent the cell transition from the G1 to
S phase and subsequent proliferation arrest by rendering retinoblastoma protein (pRB) in
a hypo-phosphorylated state. CDK 4/6 bind cyclin D to form a complex that phosphorylates
retinoblastoma protein. When phosphorylated, pRB dissociates from E2F transcription
factors which translocate to the nucleus and activate transcription of S phase genes which
results in a cellular proliferation [47–49]. p16INK4A expression is tightly regulated via
a negative feedback loop with pRB. pRB phosphorylation promotes E2F translocation
and induces p16INK4A expression, which in turn inhibits CDK 4/6 and increases hypo-
phosphorylated pRB, leading to the downregulation of p16INK4A [50]. Alternatively,
elevated p16INK4A transcription in pRB negative cells has also been reported, indicating
alternative mechanisms for p16INK4A upregulation [25]. Furthermore, differences in
p16INK4A RNA expression did not correlate well with the pRB status of the cells [25].
p16INK4A and p19p14ARF/p19ARF are suppressed by promoter hypermethylation via
PRC1 and PRC2 complexes involving BMI-1, EZH2, ZFP 277, Mel18, CXB7, and CXB8
proteins [51–61]. Interestingly, pRB seems to also be involved in this regulatory loop
as a lack of pRB results in loss of histone H3K27 trimethylation and less recruitment of
BMI-1 and repression of the p16INK4A locus [62]. Activators of the p16INK4A locus
include AP-1 [63], JDP-2 [64–66], CTCF [67], Tcf-1 [68], p300 with Sp-1 [69], Meis1 [70], and
PPAR gamma [71]. These in vitro molecular studies should be interpreted with care. For
example, multiple beneficial effects were attributed to removal of p16INK4A-expressing
senescent cells in mice [17,72–82]. PPAR gamma stimulation induces p16INK4A-expression
and might result in senescent cell-based multi-organ failure. However, glitazones (PPAR
gamma activators, e.g., rosiglitazone) have been in clinical use as antidiabetic drugs for
more than 20 years [83].

Combined in vivo and in vitro studies using knockout mouse models, chromatin
immunoprecipitation (CHIP), and RNA sequencing showed that non-cleaved general tran-
scription factor TFIIA acts as a repressor of the p16INK4A, p14ARF/p19ARF, and p21 loci.
Taspase1-mediated (TASP1-mediated) cleavage of TFIIA ensures rapid cell proliferation
and morphogenesis by reducing transcription of p16INK4A and p14ARF/p19ARF. Conse-
quently, Tasp1 knockout mice showed variable degrees of micro-ophthalmia, anophthalmia,
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agnathia, general growth retardation, and defects of development of forebrain neurons,
which were partially rescued by combined knockout of p16INK4A and p14ARF/p19ARF [84].

Elegant in vivo studies showed that a common variant of a 58 kb non-coding sequence
in humans (70 kb in mice) flanking the p16INK4A/p14ARF/p19ARF locus is associated
with an increased risk of coronary artery disease [85–87]. The removal of this sequence
resulted in a low expression of p16INK4A/p14ARF/p19ARF and excessive proliferation of
aortic smooth muscle cells indicating that this region has a pivotal role in the regulation of
p16INK4A/p14ARF/p19ARF expression and control of cell proliferation [88].

Coordinated suppression/activation of the p16INK4A/p14ARF/p19ARF locus would
further implicate that p16INK4A and p14ARF/p19ARF expression patterns are related.
Our recent study on several organs during development and aging showed that this is
not the case [38]. Moreover, p14ARF/p19ARF shows different downstream signaling
from p16INK4A. p14ARF/p19ARF acts as a cell cycle inhibitor by interfering with the
activation of the P53 pathway, through binding to MDM2 and blocking MDM2-mediated
P53 degradation [89], although p14ARF/p19ARF might also have some P53-independent
actions [90]. p14ARF/p19ARF might induce apoptosis via Bax in a P53 independent
manner [91]. p14ARF/p19ARF is activated by Myc [92] and in a feedback mechanism
seems to physically interact with Myc protein and prevent its function as a transcriptional
activator. In addition, this action is independent of P53 [93,94]. p21 is another cyclin-
dependent kinase inhibitor and has been shown to fulfill anti-proliferative functions in
a mechanism that is P53-dependent. p16INK4A might activate p21, which acts by inhibiting
CDK2-cyclin E active complex formation, such as p16INK4A inhibition of CDK4/6 cyclin D.
The consequence is also hypo-phosphorylation of pRB and cell cycle arrest [95]. Interesting,
low p21 levels promote CDK-cyclin complex formation, while higher expression of p21
inhibits the activity of the complex [96]. This might explain to some extent the diverse
effects of altering the levels in vivo described below.

pRB interacts through various cellular proteins, among which E2F transcription factors
are the best characterized [97–99]. While transient E2F overexpression promotes cell cycle
progression and hyperplasia, sustained E2F3 overexpression promotes a senescence-like
phenotype in a p16INK4A-pRB-p14ARF/p19ARF pathway-dependent manner [100] points
again to the different outcomes dependent on timing and cellular model. E2F3 in addition
occupies the p14ARF/p19ARF promoter in mouse embryonic fibroblasts and E2f3 loss
is sufficient to derepress p14ARF/p19ARF, which in turn triggers activation of p53 and
expression of p21 [101]. The combined loss of all E2F transcription factors also results
in overexpression of p21, leading to a decrease in cyclin-dependent kinase activity and
Rb phosphorylation [98,99]. p21 is furthermore transcriptionally inhibited by a Myc-
Miz complex [102,103] and activated by Smad/FoxO complexes in response to TGF beta
stimulation [104]. The regulation of p16INK4A, p14/p14ARF/p19ARFArf, and p21 are
reviewed in detail elsewhere [105–110].

3. p16INK4A, p14ARF/p19ARF, and p21 in Organ Development

Earlier studies were not able to detect p16INK4A expression during mouse embry-
onic development [29,30]. However, the authors did not exclude the possibility that
p16INK4A might be expressed in different developing organs and time points, but the lack
of p16INK4A detection might rather represent technical limits [29]. We used recently sensi-
tive quantitative RT-PCR and immunohistochemistry techniques [111–115] to re-evaluate
p16INK4A expression during mouse embryonic development, in the adult, and in old
mice [38]. We determined p16INK4A expression between embryonic day (E10) and birth,
at postnatal day seven (P7), postnatal day 21, which corresponds to weaning, in adults, and
16–18-month-old mice. We focused on the heart, brain, liver, and kidney as these organs
or progenitors are already present at the first time point chosen [116–119]. p16INK4A,
p14ARF/p19ARF, and p21 were detectable at all investigated embryonic and postnatal
time points. Compared to p14ARF/p19ARF and p21, p16INK4A expression continued to
increase during development, remained then stable in adulthood and became dramatically
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upregulated in the organs of old animals. This high rise of p16INK4A expression with
old age is in principle in agreement with the literature defining p16INK4A as a marker of
aging and senescence [5,72,120–124]. In agreement with this, we also detected a significant
increase in SASP markers in all investigated organs of old animals. Interestingly, in the
organs of old mice, we observed the highest p16INK4A expression in vascular structures,
especially in the liver and the heart. During embryonic development, high p16INK4A
expression did not correspond with increased SASP expression and was observed in the
respective parenchymal cells and not in vessels, which coincided with the corresponding
time points of differentiation in the organs investigated [38], suggesting that in this instance,
p16INK4A might act in a classical way as cell cycle inhibitor as pre-requisite for differ-
entiation. Although we did not yet identify potential molecular regulators of p16INK4A
expression during embryonic development, it is interesting to note that p16INK4A and
p14ARF/p19ARF displayed a differential developmental expression pattern indicating
that not the genomic locus, but more specific regulatory elements of p16INK4A might
be activated.

In contrast to the early reports of absent p16INK4A expression during mouse de-
velopment [29,30], expression during rat brain development was described only slightly
afterward. In agreement with our results, p16INK4A expression colocalized with p53 in
the ventricular and subventricular zones at embryonic and early postnatal stages and p53
was mainly found in postmitotic cells of the cerebral cortex and hippocampus [125]. In the
olfactory epithelium, p16INK4A and p21 were detectable around birth, with p16INK4A
marking differentiating and p21 mature neurons [126]. p16INK4A expression was also
detected in bone marrow derived hematopoietic progenitor cells of adults [127] and in
epiphyseal growth plate chondrocytes and bone lining osteoblasts in growing mice [128].
In these cases, higher p16INK4A expression was associated with reduced cell prolifera-
tion, but senescence of these cells had not been reported. Increasing p16INK4A and p21
expression has been also observed in male germ cells coinciding with the timing of mitotic
arrest, but not with senescence [129]. These male germ cells enter meiosis during post-natal
life [130]. Increased p16INK4A expression was noted already in the endometrium between
days 2 to 5 of pregnancy in mice. Injection of a p16INK4A antibody decreased the number
of implanted blastocysts compared with that of a saline-injected group suggesting a role
of p16INK4A in blastocyst implantation [131]. This observation seems to be in contrast
to normal Mendelian frequencies of birth in p16INK4A knockout mice [132], but slight
deviations from Mendelian inheritance might become obvious only when analyzing large
numbers of pups [115] and implantation defects would be only detectable if the female
mice in mating are p16INK4A knockout instead of heterozygotes. p16INK4A expression
was also described in human endometrium during pregnancy [133].

During mouse embryonic development, p16INK4A was further detected in the gut in
intestinal stem cells and progenitor compartments. Loss of Bmi1 resulted in accumulation
of p16INK4A and p14ARF/p19ARF and reduced intestinal stem cell proliferation, which
was accompanied by increased differentiation to the post-mitotic goblet cell lineage. Bmi1
expression in intestinal stem cells was co-regulated by Notch and beta-catenin [134]. Bmi1
plays also important roles for maintenance of neural stem cell self-renewal [135–139], for
mesenchymal stem cell renewal and bone formation [140], for immature retinal progeni-
tor/stem cells and retinal development [141], and for hepatic stem cell expansion [142] via
negative regulation of p16INK4A, p14ARF/p19ARF, and p21.

Already in three-month-old mice, a significant number of p16INK4A-expressing
cardiomyocytes, mostly bi- and multinucleated cells, had been described [143]. We in-
vestigated expression much earlier during embryonic development and found increased
expression coinciding with cardiomyocyte differentiation [38]. As isolated cardiomyocytes
were immunostained in the previously mentioned report, potential expression in endothe-
lial cells at this time point was not detected. The authors considered p16INK4A expression
as a marker of senescence without further approaches to identify the cells as senescent [143].
Another study investigated the proliferation of cardiomyocytes by PCNA staining ex vivo
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in p16INK4A/p14ARF/p19ARF knockout mice. Surprisingly, the authors report 70% of
proliferating cardiomyocytes from 8 weeks old mice [144], which is in obvious contrast to
all data in the literature.

Specific p16INK4A knockout mice which retained p14ARF/p19ARF function dis-
played an increased incidence of spontaneous and carcinogen-induced cancers [132] and
melanomas [145] and thymus hyperplasia [132]. Thymus hyperplasia was associated
with increased numbers of CD4 and CD8 lymphocytes, which was surprisingly not due
to increased proliferation, but to reduced apoptosis of lymphocytes [146]. Mice lacking
p16INK4A and p14ARF/p19ARF on an FVBN genetic background develop cataracts and
micro-ophthalmia. They showed beginning from E15.5 defects in the developmental re-
gression of the hyaloid vascular system, retinal dysplasia, abnormal differentiation of the
lens, and cataracts [147]. Interestingly, the micro-ophthalmia phenotype in Task1 knockout
mice was partially rescued by the lack of p16INK4A and p14ARF/p19ARF suggesting
a fine-tuning of neuronal and eye development by the two proteins [84].

In addition, p14ARF/p19ARF knockout mice are prone to spontaneous and carcinogen-
induced cancers [148]. p14ARF/p19ARF is involved in perivascular cell accumulation postna-
tally in the mouse eye before eye development is completed [147,149–151]. p14ARF/p19ARF
decreased Pdgfr beta expression and blocked Pdgf-B-driven proliferation independently of
Mdm2 and p53, which prevents the accumulation of perivascular cells and allows regres-
sion of the hyaloid vascular system of the developing eye [152,153]. Tgfbeta2 is required
for p14ARF/p19ARF transcription in the hyaloid vascular system as well as in the cornea
and the umbilical arteries [154,155].

p14ARF/p19ARF is detectable in developing hepatoblasts [156], which agrees with our
recent report. Lack of the Tbx3 member of the T-box family of transcription factors results
in upregulation of p14ARF/p19ARF and p21 in the developing liver, which is associated
with severe defects in proliferation and in hepatobiliary lineage segregation, including the
promotion of cholangiocyte differentiation and abnormal liver development [156]. Whether
Tbx3 might directly regulate p14ARF/p19ARF and p21 expression was not determined in
this study.

p21 knockout mice were reported initially to develop normally despite defective G1
checkpoint control in isolated knockout embryonic fibroblasts [157]. Interestingly, p21
expression was detected by Western Blot in human fetal atrial tissue, but not in adult
hearts [158]. p21 was also found in developing rat ventricular myocytes [159]. In both
studies, no comparison with old ages was made. Some p21-expressing cardiomyocytes
were detected in E15.5 developing mouse embryos [160] and in trabecular myocardium
at E18.5 [161]. The number was largely increased in Foxm1 knockout embryos as well as
in Tbx20 overexpressing hearts at the early stages of development, which correlated with
reduced proliferation and cardiac hypoplasia [160,162,163]. Fog-2 was described as a direct
transcriptional repressor of p21 in cardiac development. Fog-2 mutant embryos showed
multiple cardiac malformations, upregulation of p21, and thin-walled myocardium [164].
p21 expression had also been described in developing skeletal muscle, bones, lung, and
spinal cord [165–169]. p21 has been also implicated in the mitotic arrest in male mouse
germ cells during embryonic development [170]. An elegant study analyzing p21 and
P57 double-mutant mice showed that both proteins redundantly control differentiation of
skeletal muscle, bones, and alveoli in the lungs. Mice lacking both p21 and p57 failed to
form myotubes, and displayed enhanced proliferation and apoptotic rates of myoblasts
clearly indicating a role of p21 and P57 in normal muscle development [171]. Skeletal
defects were more pronounced in embryos lacking p21 [171]. This report clearly shows the
redundancy of the different proteins in cell cycle control and might explain the only few
phenotypes observed in single knockout animals despite the importance of the cell cycle
regulators for embryonic development.

Besides these studies implicating mostly p21 in embryonic development and differ-
entiation, several reports also pointed to senescence as a potential mechanism for nor-
mal embryonic development. Munoz–Espin and colleagues performed whole-mount
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senescence-associated β-galactosidase SaβG) staining in mouse embryos. They detected
SaβG activity in endolymphatic sacs of the developing ear, in the closing neural tube, the
apical ectodermal ridge (AER) of the limbs, and later in regressing interdigital webs, around
the vibrissae, and in the mesonephros of dissected gonad-mesonephros complexes [13].
However, in the dissected gonad-mesonephros picture of the manuscript, some SAβG
staining also seems to be visible in the gonad and the Wolffian/Muellerian duct system.
In further analyses, the authors focused on the endolymphatic sac and the mesonephros.
SAβG activity in regressing mesonephros had been reported already earlier in chicken
embryos [172]. SAβG activity was also detected in mesonephros and endolymphatic sacs
of human embryos around 9 weeks of development [13]. As a marker of proliferation, they
used Ki67 staining and found low proliferation in cells with SAβG activity. Nevertheless,
during several developmental time points, some Ki67-positive cells were still detectable in
SAbG-positive structures. As a major actor in developmental senescence, the authors sug-
gested p21 based on immunostainings for several markers of senescence in endolymphatic
sacs and mesonephros. Interestingly, the authors detected high p16INK4A expression in
the gonad, which was not further commented upon. SAβG-positive cells were surrounded
by macrophages and disappeared during ongoing development while the macrophage
infiltration persisted longer. The attraction of macrophages was attributed to the SASP of
SAβG-positive cells, which resulted in the now widely accepted concept that senescent cells
secrete a cocktail of molecules, which beside other effects attract macrophages that finally
clear the senescent cells [13,173–176]. A subset of p16INK4A expressing macrophages,
which are SAβG-positive and might mediate this effect was identified recently in mouse
tissues [177]. However, as Munz–Espin and colleagues immunostained the embryos also
for p16INK4A, the macrophages in their model might represent a distinct population. Also,
in tumor-bearing mice, doxorubicin induced senescence and a SASP in the skin, indepen-
dent of macrophages and neutrophils [178], suggesting a certain variability in the events
of senescent cell clearance. Finally, Munz–Espin investigated potential developmental
defects in p21-deficient embryos. p21 knockout embryos had abnormal endolymphatic
sacs with infoldings at late stages of development (E18.5), which disappeared after birth
most likely due to macrophage clearance. Also in this case, the developmental program
to remove the abnormal cells was independent of SAβG-positive cells or p21. In the
uterus, which partially derives from the regressing Wolffian duct, the authors observed
frequent septation and consequently a lower number of pups in p21 knockout mice [13],
a phenotype, which had been missed in the first global analyses of these animals. Storer
et al. used in parallel a similar approach and detected SAβG-positive cells in the AER,
otic vesicle, the eye, branchial arches, gut endoderm, neural tube, tail, gall bladder, and
interdigital tissue [179]. Similarly, in this report, p16INK4A and p14ARF/p19ARF seemed
not to be involved in embryonic senescence, but p21 knockout embryos displayed less
SAβG-positive cells. Instead of becoming senescent, cells underwent apoptotic cell death
and were cleared by macrophages. Interestingly, the mesenchyme directly below the AER
showed reduced proliferation indicating that developmental senescence is directly linked
to cell proliferation and patterning of neighboring structures [179]. As additional sites of
SAβG-staining, the developing bones, placental trophoblast cells [180], and the visceral
endoderm [181] were identified. In the case of the visceral endoderm, SAβG-staining
was not indicative of senescence [181]. Senescent cells have been described in a variety
of developing organisms including birds, zebrafish, axolotl, naked mole rats, xenopus,
mouse, and humans [13,172,179,182–188], mostly on the basis of SAbG-staining. More
recently, the utility of SAβG-staining for the detection of developmental senescence has
been questioned as also apoptotic cells, e.g., in the interdigital tissue and postmitotic neu-
rons are stained independent of senescence [189–191]. Additionally, SAβG and p16INK4A
expression have been shown to be induced in macrophages in response to physiologi-
cal stimuli, without the cells being senescent [192]. Furthermore, we described recently
p16INK4A expression at different developmental time points and several organs, which
did not correspond to the known sites of SAβG expression. Only in old animals, but not
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during development, was a significant correlation between p16INK4A expression and SASP
factors detectable. Of interest is also the detection of senescence cells and significant SASP
activation in the development and response to stress in naked mole rats, which are consid-
ered a model of cancer-free longevity [186]. Reported sites of SAβG-staining, p16INK4A,
p19p14ARF/p19ARF, and p21 expression during development are briefly summarized in
Table 1 and illustrated in Figure 1.

Table 1. Detection of senescence markers during development.

Localization Detected Signal Species Ref.

Heart, kidney, brain, liver

p16INK4A,
p14ARF/p19ARF, p21

mRNA,
p16INK4A protein

mouse [38]

Brain p16INK4A mRNA rat [125]

Olfactory epithelium
p16INK4A,

p14ARF/p19ARF,
p21 protein

mouse [126]

Hematopoietic stem cells p16INK4A,
p14ARF/p19ARF mRNA mouse [127]

Chondrocytes,
osteoblasts p16INK4A, p21 protein mouse [128]

Male germ cells p16INK4A, p21 mRNA mouse [129,170]
Endometrium in
early pregnancy

p16INK4A mRNA,
p16INK4A protein mouse [131]

Endometrium
in pregnancy p16INK4A protein human [133]

Syncytiotrophoblast p16INK4A, p21 protein human [182]
Intestinal stem cells p16INK4A protein mouse [134]

Perivascular ocular cells p14ARF/p19ARF protein mouse [147,149–152]

Hepatoblasts p14ARF/p19ARF,
p21 protein mouse [156]

Heart p21 protein human, rat, mouse [158–161]
Muscle, cartilage, skin,

nasal epithelium,
hair follicles

p21 mRNA,
p21 protein mouse [165–167,171]

Mesonephros SAβG bird [172]
Endolymphatic sacs,

mesonephros SAβG mouse, human [13]

Neural tube,
AER, vibrissae SAβG mouse [193]

AER, otic vesicle, eye,
branchial arches, gut

endoderm, neural tube,
tail, gall bladder, and

interdigital tissue

SAβG mouse [179]

Bones, placenta
trophoblast cells SAβG mouse [180]

Visceral endoderm SAβG mouse [181]
Inner ear SAβG birds [183]

Pronephros, cement
gland, oral cavity,

olfactory epithelium,
lateral organs, gums

SAβG axolotl [184,185]

Yolk sac epithelium,
lower part of the gut SAβG zebrafish [185]

Nail bed, dermis,
hair follicle,

nasopharyngeal cavity
SAβG Naked mole rat [186]

Abbreviations: Ref.—Reference, AER—apical ectodermal ridge, SaβG—senescence-associated beta galactosidase
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Figure 1. Schematic illustration of detection of p16INK4A, p14ARF/p19ARF, p21, and SAβG in se-
lected murine organs during development. P16: p16INK4A; p19: p14ARF/p19ARF. During devel-
opment, p16INK4A, p14ARF/p19ARF, p21, and SAβG not only mark senescent cells. p16INK4A, 
p14ARF/p19ARF, and p21 proteins are expressed in distinct cell types during different developmen-
tal stages. Expression of the individual proteins correlates with lower expression of proliferation 
markers in agreement with their classical function as cell cycle inhibitors, with apoptosis, and cel-
lular differentiation. These fundamental processes contribute dynamically to tissue remodeling and 
morphogenesis during embryonic development. 
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out mouse models. However, more recent data allow to draw a more differentiated pic-
ture of senescence and the SASP in tumor initiation and progression (reviewed in [200–
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Figure 1. Schematic illustration of detection of p16INK4A, p14ARF/p19ARF, p21, and SAβG in
selected murine organs during development. P16: p16INK4A; p19: p14ARF/p19ARF. During
development, p16INK4A, p14ARF/p19ARF, p21, and SAβG not only mark senescent cells. p16INK4A,
p14ARF/p19ARF, and p21 proteins are expressed in distinct cell types during different developmental
stages. Expression of the individual proteins correlates with lower expression of proliferation
markers in agreement with their classical function as cell cycle inhibitors, with apoptosis, and cellular
differentiation. These fundamental processes contribute dynamically to tissue remodeling and
morphogenesis during embryonic development.

4. p16INK4A, p14ARF/p19ARF, and p21 in Homeostasis

The implications of p16INK4A, p14ARF/p19ARF, and p21 in senescence and aging
are extensively investigated and reviewed elsewhere [4–6,11,56,194–199]. Senescence has
long been considered an important mechanism to prevent tumorigenesis, thus acting as
a guardian of homeostasis, which agrees with p16INK4A, p14ARF/p19ARF, and p21 knock-
out mouse models. However, more recent data allow to draw a more differentiated picture
of senescence and the SASP in tumor initiation and progression (reviewed in [200–204]).
Organ and tissue homeostasis, however, do not only play a role in cancer prevention, but
represent the central organizing principle of physiology and pathophysiology [205]. Major
homeostatic and pathophysiological processes involving p16INK4A, p14ARF/p19ARF,
and p21 are summarized in Table 2 and described below.

Table 2. Major phenotypes associated with p16INK4A, p14ARF/p19ARF, or p21 modifications in
homeostasis and pathophysiology.

Pathophysiology/Homeostatic
Mechanism Intervention/Model Outcome Ref.

Physiology

Age-related cardiomyocyte
hypertrophy INK-ATTAC mouse Cardiac cell size↓ [73]

Age-related lipodystrophy INK-ATTAC mouse Adipose tissue mass ↑ [73]

Health-span INK-ATTAC mouse Survival ↑ [73]

Health-span p16INK4ACre; DTA Survival ↓ [39]

Age-related bone loss p16INK4A-3MR mouse = [206]
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Table 2. Cont.

Pathophysiology/Homeostatic
Mechanism Intervention/Model Outcome Ref.

Aging-related intervertebral
disc degeneration p16INK4A-3MR mouse

Histological disc
morphology

improved
[23]

Aging features p16INK4A overexpression Accelerated [207]

Adipocyte formation p16INK4A−/− Adipogenesis ↑ [208]

Longevity

p16INK4A−/−,
p14ARF/p19ARF−/−,

P53−/− Lifespan ↑ [209]

Longevity
Male fertility

p16INK4A/p14ARF/p19ARF
overexpression

Lifespan ↑
Absence of sperm [210]

Lifespan
INK-ATTAC mouse,

BubR1H/H background = [72]

Physical fitness
INK-ATTAC mouse

BubR1H/H background Endurance ↑ [72]

Aging-associated
liver fibrosis p16INK4ACre; DTA Fibrosis ↑ [39]

Aging-associated
hepatic steatosis INK-ATACC mouse Fat accumulation ↓ [17]

Wound healing p16INK4A-3MR mouse Wound closure ↓ [41]

Wound healing CCN1-dependent p16INK4A
induction Fibrosis ↓ [211]

Aging-associated
glomerulosclerosis INK-ATTAC mouse Glomerulosclerosis ↓ [73]

Aging-related physical
activity loss p21Cre;DTA Physical fitness ↑ [212]

Sarcopenia INK-ATTAC mouse,
BubR1H/H background Sarcopenia delayed [72]

Glaucoma INK-ATTAC mouse,
BubR1H/H background

Glaucoma
onset delayed [72]

Pathophysiology

Myocardial infarction INK-ATTAC
mouse, senolytics

Cardiomyocyte
proliferation ↑ [78]

Myocardial infarction p16INK4A overexpression Cardiac function ↑
Fibrosis ↓ [213]

Myocardial infarction p16INK4A−/−,
p14ARF/p19ARF−/−

Cardiomyocyte
proliferation ↑

Cardiac function ↑
[144]

Obesity INK-ATACC mouse
Insulin sensitivity ↑

Metabolic
dysfunction ↓

[214]
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Table 2. Cont.

Pathophysiology/Homeostatic
Mechanism Intervention/Model Outcome Ref.

Adipocyte conversion p16INK4A−/− White to brown ↑ [215]

Diabetes p16INK4A overexpression Insulin secretion ↑ [216]

Glucose homeostasis Human p16INK4A
inactivating mutations

Insulin secretion ↑
Insulin sensitivity ↓ [217]

Glucose homeostasis
Insulin sensitivity in

obese mice
p21Cre;DTA GTT ↑

ITT ↑ [218]

Diabetes p16INK4A overexpression
Insulin sensitivity ↑

Metabolic
dysfunction ↓

[219]

Pancreatic beta
cell regeneration p16INK4A overexpression Islet proliferation ↓ [220]

Pancreatic beta
cell regeneration p16INK4A−/− Islet proliferation ↑ [220]

Liver fibrosis
p53−/−;

p16INK4A/p14ARF/
p19ARF−/−

Fibrosis ↑ [221]

Ionizing radiation-induced
reduction of neurogenesis p16INK4A−/− partial restoration [222]

Radiation-induced
impairment of

cognitive function
p16INK4A-3MR mouse Cognitive function ↑ [223]

Cisplatin-induced
peripheral neuropathy

p16INK4A-3MR
mouse, senolytics Neuropathy ↓ [224]

Post-traumatic osteoarthritis p16INK4A-3MR mouse Osteoarthritis ↓ [225]

Radiation-induced
osteoporosis p21INK-ATTAC mouse Osteoporosis ↓ [226]

Macrophage polarization p16INK4A−/− Anti-inflammatory
phenotype ↑

[227]

Macrophage polarization Human p16INK4A silencing Anti-inflammatory
phenotype ↑ [228]

Irradiation-induced
immune dysfunction p16INK4A-3MR mouse

T-cell proliferation ↑
Macrophage

phagocytosis ↑
[229,230]

↑: Higher, ↓: Lower, =: not significantly different, −/−: knockout mouse model, BubR1H/H: mouse model
of accelerated aging with multiple age-related pathologies, INK-ATTAC mouse: allows deletion of p16INK4A
expressing cells, p16INK4ACre;DTA: mouse model allows deletion of p16INK4A expressing cells, p16INK4A-3MR
mouse: allows deletion of p16INK4A expressing cells, GTT: glucose tolerance test, ITT: insulin tolerance test

4.1. p16INK4A

Maintenance of cardiac function during aging and cardiac remodeling had to some
extent been attributed to the expansion and differentiation of cardiac-resident stem cells
(reviewed in [197]). To which extent cardiac stem and progenitor cells contribute to my-
ocytes, endothelium, smooth muscle cells, etc., in cardiac repair is still a matter of de-
bate [111,117,197,231–234]. In contrast to earlier publications, it is now widely accepted
that cardiac, but not hematopoietic-derived progenitor cells are implicated in the cardiac re-
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pair [235]. With increasing age, the fraction of p16INK4A-expressing cardiac stem cells and
expression of SASP factors increased in human biopsies [78]. A fraction of SAβG-negative
cardiac stem cells improved cardiac function after experimental myocardial infarction in
immunosuppressed mice while the fraction of SAβG-positive cells did not [78]. Notably,
injection of the SAβG-positive cells did not worsen cardiac function after experimental my-
ocardial infarction, which contrasts with the title of the manuscript [78]. The combination
of the senolytic drugs dasatinib and quercetin as well as the elimination of p16INK4A-
positive cells in the INK-ATTAC mouse model improved some cardiac parameters [78].
Unfortunately, neither the number of p16INK4A-positive cells nor cardiac function was
determined in this set of experiments. As the values in INK-ATTAC mice and dasatinib and
quercetin-treated animals differed for most parameters, it is possible that the cocktail of
senolytic drugs has additional effects besides the elimination of p16INK4A-expressing cells.
Of note, the original paper describing the generation and characterization of INK-ATTAC
mice [72] reported a lack of INK-ATTAC induction in the heart, liver, and aorta, making it
likely that the observed beneficial effects are due to secondary paracrine (SASP) induced
events. In this original mouse model, time course studies showed that the elimination
of p16INK4A expressing cells reflects the attenuated progression of age-related declines
rather than a reversal of aging [72]. This seems to be somehow in contrast to the study
mentioned before [78]. Most of the original investigations were done in the BubR1H/H

progeroid mouse genetic background, which might be slightly different from aged mice. In
a following manuscript, the same group detected increasing p16INK4A expression in aged
mice in all organs, but induction of the transgene with AP20187 did not affect the colon
or liver expression of senescence markers [73]. However, heart and kidney morphological
and expression parameters were to some extent normalized in aging INK-ATTAC mice
treated with AP20187 and healthy lifespan extended. The shortest survival was measured
in C57 wild-type mice treated with AP20187 [73]. In the heart, cardiomyocyte diameters
were reduced in aging INK-ATTAC mice treated with AP20187, while the left ventricu-
lar wall thickness as an alternative measure of hypertrophy was unaffected suggesting
that the clearance in INK-ATTAC mice is partial and tissue-selective [73]. This transgenic
mouse model under the control of a 2.6 kB p16INK4A-promoter fragment might not com-
pletely reflect endogenous p16INK4A expression and regulation as we detected p16INK4A
expression in the heart and liver [38,39] and elimination of p16INK4A expressing cells
in the p16INK4ACre;DTA model caused cardiac and liver fibrosis and reduced health
span [39], which is in agreement with the notion that senescent cells contribute to tissue
repair and maintenance [211,221].

Elevated expression of endogenous p16INK4A has been recently demonstrated in
a myocardial infarction (MI) model in mice. Forced overexpression of p16INK4A improved
cardiac function while silencing of p16INK4A deteriorated cardiac function. As a possi-
ble underlying mechanism, reduced fibroblast proliferation, and collagen accumulation
and less cardiac fibrosis was attributed to the classical cell-cycle inhibitory function of
p16INK4A [213]. Increased cardiomyocyte proliferation and better functional recovery
after MI has been reported in p16INK4A knockout mice [144]. This discrepancy remains
currently unresolved.

Genome-wide association studies have implicated the human p16INK4AInk4a/Arf locus
in the risk for cardiovascular and metabolic diseases and type 2 diabetes mellitus [236–238].
Deletion of a homologous region in mice caused reduced expression of p16INK4A and
Cdkn2b, increased tumor incidence, and increased body weights and mortality in the
animals [88]. Knockdown of p16INK4A enhanced adipogenesis in vitro, and adipose tissue
formation especially in the pericardial fat was enhanced in p16INK4A knockout mice [208].
The role of p16INK4A in adipogenesis seems to be related via several molecular mechanisms
to PPAR gamma (reviewed in [214]). Senolytic drug treatment or the use of INK-ATACC
mice has been shown to alleviate metabolic and adipose tissue dysfunction, improve
glucose tolerance, enhance insulin sensitivity, lower circulating inflammatory mediators,
and promote adipogenesis in obese mice [239]. p16INK4A regulates adipogenesis and
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adipose tissue insulin sensitivity mainly via CDK4 [208,240,241]. Part of the action of
p16INK4A in adipose tissue is related to obesity-induced inflammation and immune cell
polarization [228,242]. Bone marrow-derived macrophages from p16INK4A knockout
mice show polarization towards an anti-inflammatory M2 phenotype and silencing of
p16INK4A in macrophages from obese patients equally shifts the phenotype towards
M2 macrophages [227,228]. These effects seem to be independent of proliferation and
senescence [214], although earlier data indicated a critical role of the p16INK4A locus in
proliferation and programming of progenitor cell populations [243]. Besides the effects of
p16INK4A on macrophage polarization in adipose tissue, also increased white-to-brown
adipocyte conversion associated with enhanced energy expenditure and insulin sensitivity
has been reported in p16INK4A knockout mice [215]. Whether this is due to enhanced direct
conversion from white to brown adipocytes or it results from enhanced differentiation of
progenitor cells remains an open question.

In contrast to the results described above for the INK-ATACC model, which eliminates
p16INK4A expressing cells, a transgenic “Super-Ink4/Arf” mouse model with slightly
increased p16INK4A RNA expression in the liver has been described [219]. Despite one ex-
tra copy of p16INK4A, the animals showed no significant increase in p16INK4A protein
expression in the liver, heart, muscle, or pancreatic islets. Nevertheless, they did not de-
velop glucose intolerance with age and showed a higher insulin sensitivity. The authors
argued that the small increases in p16INK4A are causing this protective effect against the
development of age-related diabetes mellitus [219]. Increasing p16INK4A expression with
age in pancreatic islets has been described. Forced overexpression of p16INK4A reduced
islet proliferation, while old mice lacking p16INK4A in pancreatic islets demonstrated
enhanced islet proliferation and survival after beta-cell ablation, which agrees with the
“classical” antiproliferative effect of p16INK4A [220]. Several additional publications impli-
cated p16INK4A in insulin secretion and beta-cell proliferation [79,216,244,245]. In addition,
p16INK4A deficiency enhances fasting-induced hepatic glucose production via activation
of PKA-CREB-PGC1α signaling [246]. Accumulation of senescent cells during aging pro-
motes hepatic fat accumulation and steatosis via reduced capabilities of mitochondria to
metabolize fatty acids. Elimination of senescent cells in INK-ATTAC mice or by treatment
with a combination of the senolytic drugs dasatinib and quercetin reduces hepatic steato-
sis [17], while specific elimination of p16INK4A-expressing liver sinusoidal endothelial
cells induces hepatic fibrosis and premature death [39]. In humans with loss-of-function
mutations in CDKN2A encoding p16INK4A and p14ARF, carriers showed increased insulin
secretion, impaired insulin sensitivity, and reduced hepatic insulin clearance. There were
no significant differences between patients with mutations affecting both p16INK4A and
p14ARF and subjects with mutations affecting p16INK4A only suggesting that these effects
are indeed due to the p16INK4A loss of function [217]. Taken together, the different reports
from mice and humans suggest that p16INK4A acts at multiple levels of glucose homeosta-
sis and metabolism especially in older individuals. Potential developments of therapeutic
strategies for type 2 diabetes mellitus by modifying p16INK4A should be considered with
care given the potential cancer risk.

Besides the described implications of p16INK4A in the cardiovascular system, adi-
pose tissue, and metabolism, several publications also identified potential functions in
the circadian clock [247], neurogenesis, neuronal trans-differentiation, and axon regenera-
tion [222,248–250], most of them in agreement with cell cycle control by p16INK4A.

In an elegant study, Demaria and colleagues identified senescence as a potential
adaptative mechanism for tissue repair. They generated a bacterial artificial chromosome
(BAC)-transgenic mouse line containing 50 kb of the genomic region of the p16INK4A locus,
a luciferase and red fluorescent protein (RFP) reporter, and a truncated herpes simplex
virus 1 (HSV-1) thymidine kinase (HSV-TK) cassette allowing the elimination of cells with
activated p16INK4A locus upon treatment with ganciclovir [41]. RFP-positive cells showed
increased SAβG staining and increased levels of mRNAs encoding p16INK4A, p21, and the
SASP factors IL-6, MMP-3, and VEGF, but not IL-5, suggesting that the RFP-marked cells are
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indeed senescent. The elimination of these cells caused delayed cutaneous wound healing.
A similar phenomenon was also observed in p16INK4A/p21 double knockout mice, which
do not show senescence [251] but not in single p16INK4A or p21 knockout animals, which
are able to compensate the lack of one protein by the other in terms of senescence [41,251].
As major p16INK4A-positive cell types in the cutaneous injury model, endothelial cells
and fibroblasts were identified [41], which agrees with our recent observations [38,39].
Senescent endothelial cells and fibroblasts appear early after injury and accelerate wound
closure by inducing myofibroblast differentiation through the secretion of platelet-derived
growth factor AA [41]. Using the same mouse model, several reports indicated that
the removal of p16INK4A-expressing cells attenuated post-traumatic osteoarthritis [225],
had no effect on age-related bone loss [206], prevented age-related intervertebral disc
degeneration [23], improved irradiation-induced immune cell functional decline [229,230],
protected cognitive function [223], and alleviated cisplatin-induced peripheral neuropathy
in mice [224]. Senescent cells might also contribute to the release of hemostasis-related
factors, which in excess might contribute to thromboembolic events in the old [252]. Most
recently, the mouse model was used to study cellular senescence in cigarette smoke-induced
lung injuries in adult and old mice [253]. Cigarette smoke induced senescence, p16INK4A,
and p21 expression in adult animals, though surprisingly the opposite was observed in
old animals [253].

In line with the role of p16INK4A in cardiovascular progenitor cells mentioned
above, a potential function was postulated in skin stem and progenitor cells [254] and
a higher colony-forming ability and replating efficiency measured in bone marrow-derived
progenitor cells from p16INK4A knockout mice [255], which has been reviewed else-
where [105,256,257]. In aged p16INK4A knockout mice, superior repopulating ability in
bone marrow transplantation experiments compared with wild-type animals was noted,
while only tiny differences were detectable under baseline conditions [258]. In mice with
tetracycline-inducible overexpression of a human p16INK4A transgene, proliferation of
intestinal stem cells was diminished, and animals showed signs of accelerated aging, which
were mostly reversible upon withdrawal of tetracycline [207]. In this model, p16INK4A
overexpression was not associated with senescence as evidenced by lack of SAβG stain-
ing. In contrast to these mouse models, to the best of our knowledge, neither major skin
nor hematopoietic nor intestinal stem cell abnormalities were reported in patients with
p16INK4A mutations.

4.2. p14ARF/p19ARF

Although p16INK4A and p14ARF/p19ARFArf are transcribed from the same locus,
the proteins have some overlapping as well as distinct functions. Mice with an extra copy of
Ink4/Arf or the downstream effector P53 showed resistance against cancer, which is in line
with the general cell cycle and tumor suppressor function [259–262]. Intercrosses of both
mouse lines showed additional resistance to cancer and extended longevity [209]. It is likely
that the extended longevity in this model is at least in part due to the preservation of the
stem cell pool in different organs [209,263–266]. Extra copies of Ink4/Arf in homozygous
mice induced delayed aging, reduced the cancer incidence, improved longevity, diminished
kidney lesions, and DNA damage, but also caused male infertility [210]. Different mouse
models with activated P53 signaling also showed resistance to cancer development, but
decreased the lifespan and premature onset of age-related diseases such as osteoporosis
and tissue atrophy [267,268]. In line with this, these mouse models present reduced
hematopoietic, mammary gland, neuronal, and pancreatic stem and progenitor cells with
impaired hematopoiesis, mammary atrophy, decreased olfaction, and disturbed glucose
homeostasis [269–272]. Whether the discrepancies in the longevity of the various mouse
models are due to different levels of activation of the Arf-P53 pathway remains elusive.
Taken together, the p14ARF/p19ARFArf-p53 pathway seems to be mostly responsible
to maintain the stem cell pool and promote homeostasis, while data mostly from the
transgenic p16INK4A-INK-ATTAC and p16INK4A-3MR [41,239] mouse models suggest
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that elimination of p16INK4A might be beneficial for homeostasis and healthy aging
although this view was challenged recently [39].

4.3. p21

Recently, two mouse models were established to specifically address the role of p21
in senescence and tissue homeostasis. The first consists of an inducible p21-Cre model
(CreERT2), which allows after crossing with different floxed mice monitoring or elimination
of p21 expressing cells [212]. The second mouse strain is comparable to the p16INK4A-
INK-ATTAC mouse model but uses a 3.2 kb p21 promoter fragment driving expression
of the FKBP–Caspase-8 fusion suicide protein. The construct was inserted in the Rosa26
locus [226]. The p21-CreERT2 mice were crossed with a luciferase reporter, and lumi-
nescence was measured in vivo after doxorubicin treatment or a high-fat diet as known
inducers of senescence. Next, p21-CreERT2 animals were crossed with floxed knock-in
tdTomato mice confirming the expected increase in fluorescent cells in several organs
in old mice. Finally, the p21-CreERT2 line was crossed with a DTA ablator line, and
physical fitness was measured in old mice treated with Tamoxifen and controls. The elim-
ination of p21-positive senescent cells increased walking speed, grip strength, hanging
endurance, daily food intake, and daily activity indicating a rejuvenation phenotype in
response to the elimination of p21-expressing cells [212]. Surprisingly, p16INK4A- and
p21-expressing cell populations seem to be different [212], which is contrasting with the
lack of senescence in p16INK4A/p21 double knockout animals [251]. Also in the p21–
ATTAC model, the clearance of p21- but not p16INK4A-positive senescent cells prevented
radiation-induced osteoporosis and bone marrow adiposity [226], supporting the view
that p16INK4A- and p21-dependent senescence comprise different and independent path-
ways [3,5,22,273]. A high number of p21- but not p16INK4A-expressing cells was detected
in visceral adipose tissue of obese mice, mostly preadipocytes, endothelial cells, and
macrophages [218]. In contrast to visceral adipose tissue, the heart, kidney, liver, and brain
of old mice express high levels of p16INK4A in endothelial cells [38,39]. Elimination of
p21-expressing cells using the p21-CreERT2 line crossed with the DTA ablator line worked
in preadipocytes, macrophages, and leukocytes, but not in the endothelial compartment.
Functionally, it improved glucose homeostasis and insulin sensitivity in obese mice. Inter-
estingly, the removal of p21-positive cells had less metabolic benefits in female than male
mice [218] adding one more layer of complexity to potential translational approaches. Of
note, the senolytic cocktail of dasatinib plus quercetin was able to remove p21-positive
senescent adipocytes but not endothelial cells and macrophages [218]. Nevertheless, it
improved glucose homeostasis and insulin sensitivity and reduced pro-inflammatory SASP
secretion [218]. Although this elegant study clearly supports the idea of senolytic drugs as a
therapeutic strategy for obesity-induced metabolic dysfunction, it also raises new questions
about the mode of action of the senolytic drug cocktail, which seems to target one specific
senescent cell type.

A recent elegant study showed that in response to cellular stress, p21 and p16INK4A
are upregulated. Both induce cell cycle arrest and SASP expression, but the SASPs are
different [274]. The p21-induced secretome is characterized by the release of additional
immunosurveillance factors, in particular Cxcl14, which are lacking in the p16INK4A-
induced SASP. Consequently, the p21-induced secretome attracts macrophages. At later
stages, the macrophages polarize into a M1 phenotype, and the p21-exressing cells are
cleared via T cells. Most importantly, the authors showed that the p21-induced SASP places
the cells under immunosurveillance and establishes a timer mechanism for the cell fate. In
the case of p21, the expression normalizes within 4 days in mice, macrophages withdraw,
and the cells are not cleared. Thus, the specific p21-induced SASP sets the time frame
for the switch between surveillance and cell clearance mode of the immune system [274].
This mechanism might contribute to the developmental decisions described above, where
individual cells are mostly characterized by transient expression of p21.
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5. Open Questions and Perspectives

The establishment of several p16INK4A- and p21-deleter mouse lines mentioned
above contributes largely to our understanding of senescence and aging phenotypes.
As both proteins are expressed in different cell types and ablation has diverse effects,
senescence is not one biological entity, but comprises different cellular events and divergent
SASPs. The picture might be even more complex considering that in a given cell type
aging is heterogenous [275] and tissues are in different stages of senescence [276,277].
The observation of beneficial effects in organs where the transgene is not expressed in
p16INK4A-INK-ATTAC mice suggests a major role of SASP normalization instead of
direct elimination of senescent cells. This is further supported by the recent p21-Cre line
data [218] and the fact that the SASP from a small number of cells is sufficient to induce
senescence in young mice and senolytic drugs induced a rejuvenation phenotype [278].
The next complicating issue is that the SASP is also not a homogenous cocktail of released
factors but might highly differ in the composition of immunomodulatory factors and thus
determine more physiological aging versus pro-inflammatory deteriorating phenotype
(reviewed in [3,279]). Interestingly, different p16INK4A-positive cell elimination mouse
models showed diverse phenotypes with the p16INK4A-INK-ATTAC model delaying aging
phenotypes and increasing lifespan [72], while in the p16INK4A-3MR model wound healing
was disturbed [41], and in p16INK4ACre;DTA mice liver fibrosis and reduced health-
span were observed [39]. Thus, it would be important to determine whether p16INK4A-
expressing cells are the same in the three models under baseline conditions. For this
purpose, our recently established and knockout-validated immunohistochemistry protocol
could be a useful tool [38]. As p16INK4A expression is not an off–on phenomenon, but
increases from embryonic stages until old age [38], in the next step it would be interesting
to determine whether p16INK4A-expressing cells in the mouse models are eliminated
at different levels of p16INK4A expression. If this is the case, sorting of the cells and
secretome analysis could define the secretory phenotype of protective versus detrimental
p16INK4A expressing cells which finally may serve as a rejuvenation approach in aged
patients without the need and limitations of overexpression of reprogramming factors [279].
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Abstract: In this review, we seek a novel strategy for establishing a rejuvenating microenvironment
through senescent cells specific reprogramming. We suggest that partial reprogramming can produce
a secretory phenotype that facilitates cellular rejuvenation. This strategy is desired for specific partial
reprogramming under control to avoid tumour risk and organ failure due to loss of cellular identity.
It also alleviates the chronic inflammatory state associated with ageing and secondary senescence in
adjacent cells by improving the senescence-associated secretory phenotype. This manuscript also
hopes to explore whether intervening in cellular senescence can improve ageing and promote damage
repair, in general, to increase people’s healthy lifespan and reduce frailty. Feasible and safe clinical
translational protocols are critical in rejuvenation by controlled reprogramming advances. This review
discusses the limitations and controversies of these advances’ application (while organizing the
manuscript according to potential clinical translation schemes) to explore directions and hypotheses
that have translational value for subsequent research.

Keywords: ageing; senescence; senolytics/senostatics; p16Ink4a; p19Arf; p21Waf1/Cip1; SASP

1. Introduction

Ageing can be defined as a time-dependent decline in the functionality of the body.
At the cellular level, its essence can be seen as a gradual loss of normal cell function accom-
panied by a series of ageing phenotypes [1,2]. Stress factors such as telomere dysfunction,
DNA damage, oncogene activation, and organelle dysfunction accelerate the progression
of senescence at the cellular level, spreading through the cellular microenvironment and
accelerating organ dysfunction throughout the tissues, culminating in the loss of all vital
functions of the body (organ failure).

Interestingly, there is a self-balancing of repair after injury and renewal after ageing in
the organism itself. These balancing mechanisms include the conversion of resting stem
cells to progenitor cells in various tissues within dynamic homeostasis. Alternative or
anti-dysfunctional mechanisms act at the organelle level of dysfunction (e.g., alternative
mitochondrial glycolytic and glutamine metabolic pathways, activation of nuclear repair
through nuclear damage) [3–5]. At the tissue level, the senescence-associated secretory phe-
notype (SASP) has some anti-ageing potential in addition to being a senescence-promoting
factor (e.g., interleukin-6 (IL-6) can enhance tissue repair by promoting reprogramming [6,7];
interleukin-1 (IL-1) can promote the clearance of senescent cells by immunopurified NK
cells [8–10]). It is important to note that there is no evidence that anti-ageing can be
achieved by exploiting the beneficial aspects of ageing itself. This review aims to show
that reprogramming interventions on senescent cells have the potential to retain these valu-
able components compared with senescent cell removal. There is also the possibility that
reprogramming can be self-modified by the above result, in which senescence promotes
reprogramming: the same expression level of reprogramming factors may be more effective
in the senescent environment. In contrast, the efficiency of reprogramming is reduced
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when the senescent environment is mitigated or reversed, thus avoiding the harm caused
by over-induction.

To explore the anti-ageing potential of this balance, this review will discuss the possi-
bility and feasibility of attenuating senescence through intercellular interactions as follows:

a. To propose synergistic anti-ageing in order to clarify the idea of combined anti-
ageing with multiple rejuvenating factors and to serve the next research on new key
pathways that can be applied in combination with known anti-ageing pathways.

b. The hypothesis of a youthful secretory phenotype is proposed to generalise the anti-
ageing factors (particularly, NAD+, eNAMPT, GSTM2, etc. are involved in whole
body anti-ageing by regulating the circulating NAD+/NADH balance) found in the
secretome of young blood and young cells and to serve for future clinical translation
and co-application.

c. To propose the hypothesis that controlled reprogramming (defined as the induction
of Yamanaka factors expression to reverse the ageing phenotype of cells but with-
out iPSCs-induced pluripotent stem cell formation) may synergistically anti-age by
a youthful secretory phenotype.

2. The Characteristics of Ageing and their Potential for Translation
2.1. “Asynchronous Effect” in Ageing

As we age, the ageing of different organs and tissues is not synchronized, and the
parenchymal cells that perform the biological functions of organs/tissues are in different
stages of senescence [1].

It has been shown in mice that plasma cells and the antibodies they secrete infiltrate
various organs, appearing in the kidney, heart, liver, muscle, fat, lung, and thymus [2].
This implies that ageing in one organ may trigger or accelerate ageing-related chronic in-
flammation and dysfunction throughout the body via the systemic circulation. Furthermore,
when mice reach middle age, immune cells (T and B cells [2], M1 macrophages [11,12])
are extensively activated in adipose tissue [2]. These studies suggest that ageing and
immunity are inextricably linked, and ageing is an “asynchronous” process. On the other
hand, adipose tissue is one of the first areas of the body to show senescence-related pheno-
types (inflammatory cell infiltration and the appearance of senescence-related secretory
phenotypes) [1,2].

In fact, the removal of senescent cells can reduce the adverse effects of pre-senescent
fractions (e.g., senescent cell ablation-senolytics) [13]. As cellular senescence is not synchro-
nized, the senescence microenvironments originating from pre-senescent cells can cause
a vicious cycle (the senescence of one organ promoting the decline throughout the body) at
the tissue level [1,2]. The “old factors” that promote ageing may be diluted or suppressed
by another “rejuvenating factor (existing in young blood as well as being secreted by
a heterogeneous subgroup of ageing cells)”, thus acting as a rejuvenating agent [14,15].
Through transplanting pre-senescent adipocytes, it was found that the senescence of a small
number of adipose precursor cells was sufficient to induce organ senescence in juvenile
mice. The removal of transplanted senescent cells from young mice and naturally senescent
cells from naturally senescent mice by intermittent oral senolytics improved ageing (organ
function enhanced, survival increased by 36%, and the risk of death reduced by 65%) [13].

The heterogeneity of ageing is reflected on the one hand in the fact that chronic
inflammation differs in different tissues, specifically in the fact that SASP has different
levels in different tissues [2]. On the other hand, it is reflected in the different sequences of
appearance of senescent cells and the different rates of accumulation [1].

For example, in the kidney, where senescent cells increase significantly with age,
Cu/Zn-superoxide dismutase (Sod1) knockout mice result in high levels of oxidative cellu-
lar senescence [16]. Senescence-related secretory phenotypes (particularly IL-6 and IL-1β)
are also significantly increased [16]. The higher levels of circulating cytokines suggest that
the accelerated senescence phenotype may be due to increased inflammation caused by
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the accelerated accumulation of senescent cells [17]. The accumulation of senescent cells,
in turn, caused an increase in chronic inflammation [16].

Remarkably, asynchrony of senescence persists even in the same ageing cells (fibrob-
lasts in aged mice) [14]. Different subpopulations with different secretory phenotypes
influence the rate of wound healing in vivo by affecting reprogramming efficiency [14].

Taken together, it is feasible to intervene in pre-senescent tissues for overall benefit
by taking advantage of the asynchrony in ageing [18]. It is also known that the microen-
vironment has a key influence on the state of cell ageing (cells exposed to the secretome
of senescent cells will age faster) [13]. Rather, improving the cellular micro-environment
(increasing the secretory phenotype of young cells) to combat ageing is a promising direc-
tion [19]. In particular, adipose tissue is one of the first to be affected by ageing (also having
a key influence on the inflammatory state associated with ageing) [1,2].

2.2. “Synergistic Effect” in Anti-Ageing

It is shown that blood therapy involves several different anti-ageing factors (GDF11 [20],
GPLD1 [21], clusterin [22], Klotho [23], etc.). On the one hand, it leads to controversy [19],
but on the other hand, it also suggests that greater benefits may be achieved by synchroniz-
ing multiple factors to combat ageing. Synergistic anti-ageing is a phenomenon in which
the combined modulation of multiple anti-ageing factors produces a higher effect than the
sum of the effects of modulating any of them individually. Therefore, studies of ageing
patterns are instructive when discovering critical pathway of anti-ageing with synergistic
potential (e.g., in simple eukaryotes).

Some yeast cells show significant nuclear stability changes during cell ageing and
exhibit ribosomal senescence, while others develop mitochondrial dysfunction. In yeast
with a ribosomal senescence pattern, overexpression of Sir2 (a lysine deacetylase that con-
tributes to ribosomal DNA silencing) would extend the average lifespan of the yeast [24,25].
Overexpression of Sir2 and Hap4 prolongs lifespan by producing synergistic rather than
additive effects [26]. A similar synergistic effect is observed when the fob1∆ longevity
mutant enhances rDNA stability combined with Hap4 overexpression [25]. This model
also explains the anti-ageing synergy between caloric restriction, promoting heme activator
protein (HAP) and Sir2 [26]. These two seemingly independent lifespan factors can be un-
derstood as two key anti-ageing nodes and targets with synergistic anti-ageing effects. Both
could be considered critical anti-ageing nodes that need to be regulated simultaneously.

In another study using Caenorhabditis elegans (C. elegans) as a model, an essential reg-
ulator gene called CYC-2.1 (a nematode cytochrome C ortholog), a cytochrome strongly
associated with mitochondrial ageing was identified. Reducing CYC-2.1 expression ac-
tivated the “unfolded protein response” in mitochondria, promoting their division and
thus significantly extending nematode lifespan [27]. The rsks-1 (the C. elegans ribosomal
S6K ortholog) mutation increased average lifespan by 20%, the daf-2 (a nematode insulin
growth factor 1 receptor ortholog) mutation increased the average lifespan by 169%, and
the daf-2 and rsks-1 double mutation increased the average lifespan by 454% over the
wild type; thus, the increased longevity of the daf-2 and risk-1 double mutants is not
simply additive but has a synergistic effect on longevity [28]. On the other hand, TOR
(target of rapamycin) regulates mRNA translation levels via ribosomal S6 kinase (S6K) [29];
therefore, it demonstrates a significant synergistic anti-mitochondrial ageing effect of the
IIS (insulin/insulin-like signalling) and TOR [27]. This study also suggests that syner-
gistic regulation of ribosomal protein genes and mitochondrial function could increase
the synergistic effects of key anti-ageing factors to a greater extent. It also implies that
mitochondrial function regulation could be achieved through metabolic reprogramming
induced by remote intercellular regulation and could elicit a broader response from various
immune-metabolic cells and organs via an anti-ageing secretory phenotype.

Reactive oxygen species (ROS)-induced DNA damage response (DDR) activates
mTORC1 through direct phosphorylation of protein kinase B (PKB/Akt) by ATM, and acti-
vated Akt directly phosphorylates the TSC1/TSC2 complex, in this way activating mTORC1.
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Activation of mTORC1 promotes ROS-dependent DDR, and, through the mitochondrial
biogenesis transcriptional co-activator peroxisome proliferator-activated receptor-gamma
coactivator-1beta (PGC-1β), promotes ageing phenotypes (e.g., ASAP), ultimately resulting
in ROS-mediated DDR activation (upregulation of DDR protein γH2A.X) and cell cycle
arrest (with reduced expression of p21Waf1/Cip1 and p16INK4a) [4]. This apparent vicious
circle, if not broken, results in increasing senescence. Thus, improvements in mitochondrial
function and altered redox status are key factors in breaking this impasse.

Mitochondrial dysfunction-associated senescence (MiDAS) leads to a reduction in
the NAD+/NADH ratio, which leads to activation of AMPK and p53, which leads to
both growth arrest of senescent cells (caused by p53 activation, with pyruvate preventing
MiDAS growth arrest but restoring NF-κB activity) and AMPK-mediated p53 activation
reducing IL-1 secretion [3]. This implies that there are multiple and intricate patterns of
ASAP such that reprogramming strategies dependent on IL-6 boosting efficiency can break
the mitochondrial dysfunction (MiD)-ROS-dependent DDR vicious cycle by modulating
the NAD+/NADH ratio (possibly in parallel with the pyruvate response) while responding
to the promotion of the senescence microenvironment. It implies that the emergence and
persistence of rejuvenation microenvironments in the blood [30] (e.g., endocrine rejuvena-
tion microenvironment), as well as immune rejuvenation microenvironments, are crucial
because of their systemic nature (affecting almost all cells) and the breadth of their effects
(participating in nearly all rejuvenation-related pathways).

Short-term exposure to Oct4, Sox2, Klf4, and c-Myc (OSKM) (also called “Yamanaka
factors”) reverses the ageing phenotype of cells [31], demonstrating that senescence is
reversible [32]. This means that rejuvenating senescent cells is a new strategy for disrupt-
ing the vicious cycle of ageing by creating dynamic rejuvenation homeostasis in multiple
pathways together. However, it is important to note that premature termination of repro-
gramming can lead to failure in the rejuvenation of MSCs [33]. Thus, partial reprogramming
(defined as inducing Yamanaka factors expression to reverse the ageing phenotype of cells
but without iPSCs-induced pluripotent stem cells forming) is a potential anti-ageing inter-
vention [31] (Figure 1).

3. Strategies for Reversing Senescence and the Potential Underlying Mechanisms
3.1. Reprogramming-Based Therapies to Reverse Senescence

Partial reprogramming simultaneously lengthens telomeres, inhibits p53, and restores
mitochondrial function [31]. Interestingly, the telomerase reverse transcriptase overex-
pression in transgenic mice (Sp53/Sp16/SArf/Tg Tert mice) showed improved tumour
resistance and was found to prevent ageing-related degeneration (mainly atrophy) and
inflammatory processes, higher blood levels of IGF1, and a reduction in γ-H2AX foci.
Increased glucose tolerance and neuromuscular coordination cause a longer average lifes-
pan [40]. The telomere–p53–PGC pathway and its downstream gene network regulate the
functional state of multiple organs and ageing: increased levels of p53 (Trp53) lead to inhi-
bition of peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α).
The germline deletion of p53 fully restores PGC network expression; PGC-1α expression
restores mitochondrial respiration, cardiac function, and glucose allosterism [41]. Fur-
thermore, reducing peroxisome proliferator-activated receptor-gamma coactivator-1beta
(PGC-1b) attenuates cellular senescence-related phenotypes [4]. This implies that short-
term cyclic expression of OSKM can rejuvenate senescent cells’ epigenome in vivo, reduce
p16Ink4a and SASP, and affect various senescence-related regulatory pathways (such as
mitochondria dysfunction, DNA damage, impaired protein folding, telomere shortening,
and inflammation [31]), thus exerting a synergistic anti-ageing effect.
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Figure 1. Important advances in rejuvenation through partial reprogramming. Manukyan et al.:
Nine days OSKML expression restored the heterochromatin protein 1β (HP1β) level in senescent
human fibroblasts [32]. Ocampo et al.: Short-term OSKM expression alleviated ageing phenotypes
and increased lifespan of the progeria mice (LAKI 4F mice) [31]. Olova et al.: Partial reprogram-
ming (OSKM) induced stable rejuvenation of adult human fibroblasts before iPSCs forming [34].
Horvath et al.: Steve Horvath developed an “epigenetic clock” based on DNA methylation to es-
timate the extent of age (the Horvath clock) [35]. Sarkar et al.: Short-term OSKMNL expression
restored the epigenetic age (Horvath clock) of aged human fibroblasts and endothelial cells by mRNA
transfection [36]. Lu Y et al.: OSK treatment reset the epigenetic age (Horvath clock) and restored
mice’s vision through adeno-associated virus (AAV) vector [37]. Gill et al.: Transient reprogramming
(OSKM) rejuvenated mature human cells [38]. Alle et al.: OSKM treatment increased the lifespan and
improved premature phenotypes in the progeria mice [39].

Due to the “asynchronous” character of ageing, senescent cells reprogramming prefer-
entially affects the tissues that are first influenced by ageing (e.g., adipose tissue, the im-
mune system, and fibroblasts [1,2]). We, therefore, start our discussion with adipose tissue
(Figure 2). Ageing is often accompanied by a decline in subcutaneous adipocytes marked
by the depletion of adipose precursor cells [42], which in turn causes a change in fat tissue
distribution—i.e., more visceral white fat and less brown fat [43,44] as well as ectopic
fat deposits [45]. This transformation leads to a vicious circle of producing an ageing
microenvironment through an imbalance in the inflammatory state and cellular metabolic
state associated with ageing and, consequently, a disruption of cellular homeostasis (pro-
teostasis) [46].

Senescence of adipose precursor cells (caused by sirtuin 1 reduction) leads to the
accumulation of senescent adipocytes [43], which secrete pro-inflammatory factors that
constitute the first part of the senescent microenvironment and cause chronic inflamma-
tory infiltration of adipose tissue [47]. As ageing redistributes fat (visceral fat increases),
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senescent adipose tissue carries the chronic inflammatory state associated with senescence
(Mcp-1 and Il-6) throughout the body and gradually accumulates.

Increased white adipose tissue causes a decrease in glutamine levels in adipose tissue,
leading to increased macrophage glycolysis in adipose tissue, increased pro-inflammatory
transcription, and secretion of large amounts of SASP into the peripheral microcirculation,
generating a second part of the senescent microenvironment [48].

M1 macrophages in senescent white adipose tissue consume large amounts of NAD+ [11,12],
and adipocytes secrete less eNAMPT due to senescence [49,50], resulting in a systemic
NAD+/NADH ratio imbalance (lower), which accelerates mitochondrial dysfunction-
related senescence in cells throughout the body [3], resulting in an imbalance in en-
ergy metabolic status (glycolysis increase) and creating the third part of the senescent
microenvironment.

Mitochondrial metabolic disorders cause enhanced glycolytic pathways and cellular
redox disorders, resulting in systemic redox disorders [3,4]. Systemic fibroblasts under
the influence of the first three parts of senescence and their own senescence, decrease GST
secretion, exacerbating systemic peroxidation and creating the fourth part of the senescence
microenvironment [51].

The redox disorder strongly affects genomic stability [5], generating many miscon-
figured proteins, which form aggregates that are expelled from the cells and adipocytes,
which also discharge aged mitochondria, forming the fifth part of the senescent microenvi-
ronment [52–54].
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pathways by overexpression of Sirt1 [43,55]) by doxycycline-induced overexpression of OSKM.
The reversal of senescence by reprogramming can comprehensively improve senescence indicators
(decrease in p16, p21, senescence-associated β-galactosidase, etc.) and can, at the same time, ame-
liorate senescence-associated secretory phenotypes (decreased Mcp-1 and Il-6, MMP13) and even
improve histone methylation status (decrease in H3K9me3, H4K20me3) [31]. With the rejuvenation
of adipose tissue (telomere lengthening, phenotypic rejuvenation remodelling, and promotion of
gene damage repair), the upregulation of adipocyte glutaminase 1 [56] is reversed and the tissue is
therefore rescued from the glutamine depleted state caused by ageing. Increased levels of glutamine
will improve the chronic inflammatory state associated with ageing on a systemic scale by reducing
the transcription of pro-inflammatory genes in macrophages in adipose tissue [48]. This means that
the production of senescence-associated secretory phenotypes is reduced, thereby favouring the
maintenance of a youthful state in surrounding fibroblasts, adipocytes, and themselves. The repro-
gramming also promotes the production of secretory eNAMPT in extracellular vesicles. By altering
the NAD+ content of cells to regulate their mitochondrial metabolic state and redox homeostasis,
eNAMPT promotes the rejuvenation of various cells throughout the body (improves pancreatic and
hypothalamic secretion phenotypes, thereby amplifying anti-ageing effects via hormones) [49,57].
Macrophage rejuvenation not only improves the rejuvenation of the systemic secretory phenotype
but also attenuates NAD+ degradation through reduced CD38 expression [11]. This may have a syn-
ergistic anti-senescence effect with eNAMPT. NAD+ and a rejuvenated secretory phenotype (possibly
through metabolic reprogramming or cell rejuvenation via ERK–AMPK regulation of P16 and P53)
improve the GST secretory capacity of fibroblasts. Delivery of GST to organs throughout the body via
extracellular vesicles improved cellular redox homeostasis, resulting in a promising anti-ageing effect
(improves liver redox status and kidney ageing) [51]. Taken together, local reprogramming through
systemic cellular communication (eNAMPT, YSAP, and GST, etc.) produces synergistic anti-ageing
effects (improvement in redox and metabolic imbalances caused by mitochondrial senescence and
protein instability caused by ribosomal senescence). However, it is worth noting that further studies
are needed to determine whether reprogramming can produce sufficient alterations in the secretory
phenotype and whether intercellular communication can alter the secretory phenotype of adjacent
cells. (black arrow: direct stimulatory, round arrow: cycle, dotted arrow: tentative stimulatory,
down faded arrow: decrease, up faded arrow: increase; the grey dotted lines depict macro-level
improvements on the left and micro-level improvements on the right, both separated by green
dotted lines).

Protein mismatches reach the upper limit of cellular discharge and continue to accu-
mulate, damaging the cell’s genetic repair mechanism, which in turn disrupts all cellular
functions into a state of irreversible death, releasing waste after its death and thus cre-
ating the sixth part of the senescent microenvironment. (Therefore, the simple removal
of senescent cells might not avoid the senescence signal release process during senescent
cell death).

3.2. Potential Key Mechanisms Related to Reprogramming-Based Therapies

3.2.1. Cyclin-Dependent Kinase Inhibitors (p16INK4A)

Multiple lines of evidence suggest p16INK4A extensive involvement in the ageing pro-
cess, which could serve as an alternative regulatory centre in anti-ageing strategies. Mice
with low levels of cell cycle checkpoint kinase BubR1 expression suffer from an acceleration
in ageing as well as high levels of p16INK4A in tissues with age-related histopathology [58].
Targeted mutation of p16INK4A caused an ageing delay in the BubR1 mice. This delay
went on together with reduced levels of senescent cells. This reveals a connection between
biological ageing and cellular senescence [59]. In INK-ATTAC mice, where senescent cells
expressing p16INK4A are specifically killed, the loss of senescent cells increases the lifespan
and health span [60]. It has been observed that p16INK4A blocks E2F function and thus
inhibits α-klotho promoter activity to accelerated senescence [61]. The p16INK4a prevents
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inactivation of retinoblastoma (Rb) phosphorylation by inhibiting cyclin D-dependent
kinases. Then Rb represses E2F transcription factors expression by recruiting histone
deacetylases to its promoter. The activated retinoblastoma (Rb) pathway simultaneously
promotes formation of senescence-associated heterochromatic foci (SAHF), similarly refin-
ing the senescence-promoting mechanism of p16INK4a [62].

It is controversial whether there are side effects of p16INK4a -positive cells ablation.
Removal of p16INK4a positive cells can lead to the side effect of fibrosis in the liver and
perivascular tissue, which in turn reduces life expectancy [63]. Partial reprogramming of
senescent cells is therefore one of the possible solutions to this problem.

3.2.2. Senescence-Associated Secretory Phenotype (SASP)

On the whole SASP is detrimental. For example, less than 1% of senescent preadipocytes
can cause extensive physical dysfunction in young mice [13]. The killing of adjacent normal
cells by SASP affects organ function [64], causing secondary senescence and increasing the
accumulation of senescent cells that cause a variety of chronic inflammation/diseases [37]
(senescent cells themselves are stalled in replication, so their primary cause of increased
senescence is secondary senescence [64]). The anti-apoptotic capacity of senescent cells
also increases the accumulation of senescent cells, and this property also protects these
cells from SASP (creating a vicious circle) [65]. Targeted reprogramming of these cells
may kill cells by breaking the anti-apoptotic capacity of senescent cells (it has been demon-
strated in vivo in acute myeloid leukaemia cells, where short-term activation of OSKM
expression induces apoptosis in leukaemic cells with little effect on normal haematopoietic
stem and progenitor cells [66]). However, another possibility is to retain the beneficial
components while eliminating the harmful ones (senescent cells are heterogeneous, and
one subpopulation is beneficial for reprogramming and regeneration [14]). The validation
of this hypothesis is one of the valuable directions for future research, so this section will
comment on the beneficial potential of SASP.

Cells with p16INK4a promoter activation were monitored in vitro and in vivo to accu-
mulate senescence and inflammation. They showed senescence features such as reduced
cell proliferation and activation of senescence-associated β-galactosidase (SA-β-gal). Addi-
tionally, they augmented the expression of genes related to the SASP [67]. The biological
conditions associated with ageing, p16Ink4a, create a relaxed tissue environment by produc-
ing the cytokine interleukin 6, which supports reprogramming of OSKM in vivo [6].

Skeletal muscle and (white) adipose tissue are two tissues that develop phenotypes
associated with early senescence in response to BubR1 dysfunction, and they are high
in p16INK4A and p19Arf [58]. p16INK4A inactivation in BubR1-deficient mice attenuated
cellular senescence and premature senescence in these tissues. In contrast, p19Arf inac-
tivation exacerbated senescence and senescence in BubR1 mutant mice. Thus, BubR1
functional incompetence triggers Cdkn2a locus activation in some mouse tissues [58].
p16INK4A/p19Arf-free tissue attenuates cellular senescence and reduces IL6 production and
reprogramming efficiency. Tissues without p53, on the other hand, are extensively damaged
and senescent, create high levels of IL6, and are efficiently reprogrammed. Thus p16INK4A,
but not p19Arf, is required for OSKM-induced senescence and paracrine stimulation [68].

Specific removal of senescent cells, instead, reduces reprogramming effectiveness, and
the outcome of senescence on reprogramming is mediated in part by interleukin-6 (IL-6) [7].
Thus, SASP promotes reprogramming, but reprogramming decreases SASP and thus can
create a weak negative feedback regulation. On the plus side, it may prevent loss of organ
function and teratomas caused by excessive reprogramming. However, it may also result
in less efficient reprogramming. In addition to selecting safe tissues for reprogramming,
one should also consider the extensive linkage of the selected tissue to the whole body and
the simultaneous regulation of factors with synergistic effects in anti-ageing.

In addition to its contribution to reprogramming, SASP, as a major dynamic component
of the senescence microenvironment, also assumes a role in regulating the cellular senes-
cence state. Senescent cells can transfer proteins directly to neighbouring cells, and this
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cellular communication enhances the immune surveillance of cell senescence by natural
killer (NK) cells [52]. A direct attempt to exploit this mechanism is to liberate NK cells
from inhibition to target senescent cells for killing. This strategy shares a feature with
two other strategies (i.e., first, targeting senescent cells for killing by means of chimeric
antigen receptor T (CAR T) cells and NK cells [69], and second, 2-BCL-2 inhibition to induce
apoptosis to kill senescent cells [70]).

Senescence transmission has been found to be transmitted via soluble factors and
extracellular vesicles (sEVs) that makeup SASP [71]. In addition to SASP, Ras (rat sar-
coma viral oncogene)-induced senescence through a juxtacrine NOTCH1 (Notch Receptor
1)–JAG1 (Jagged1) pathway contributes to senescence in adjacent cells, defined as “sec-
ondary senescence” [72,73]. This shows the intercellular transmission of the senescence
state (NOTCH1/JAG1) and the potential of SASP secreted by senescent cells as a key node
in anti-ageing strategies. After reprogramming deeply aged cells with OSKM, the senes-
cent microenvironment is transformed into a rejuvenating microenvironment by altering
SASP; multiple substances in the rejuvenating microenvironment metabolically remodel
moderately aged cells (improved mitochondrial function) and then remodel mitochon-
drial nucleosome interactions such as ROS-DDR. The rejuvenation microenvironment is
characterized by a wide range of substances that reshape the metabolism of moderately
senescent cells (improved mitochondrial function). SASP is thus an essential part of the
microenvironmental remodelling and intercellular communication; another part of SASP’s
role is to link the endocrine (e.g., eNAMPT) and immune systems (e.g., glutamine) in this
strategy to amplify the effects and scope of anti-ageing, which is described below (Figure 2).

3.2.3. DNA Methylation Level (Epigenetic Clock)

Epigenetics, characterized by acetylation and methylation (especially methylation of
histone and the cytosines of CpG dinucleotides [35,74]), plays an essential role in cellular
ageing. Thus, the “epigenetic clock (using the key age-related CpGs in a weighted linear
model to predict chronological age)” might be indicative of biological age [37]. In addition,
multiple studies have shown that epigenetic rejuvenation is possible through partial repro-
gramming, as reflected by age-deceleration in epigenetic clocks [37]. Therefore, epigenetic
remodelling might be one of the most important ways to achieve a synergistic reversal
of ageing. A genome-wide knockdown screen of human embryonic stem cells carrying
a premature ageing mutation (CRISPR-Cas9-based) revealed that inactivation of the histone
acetyltransferase KAT7 could inhibit p15INK4b transcription by reducing acetylation of
histone H3 lysine 14 (H3K14) and is anti-ageing [75]. Reprogramming resets telomeres in
supercentenarian cells, implying its massive role in cell rejuvenation [76]. Even with exten-
sive epigenetic defects, reprogramming can still reset the epigenetic pattern to a revitalized
pluripotent state [77].

3.2.4. Telomeres

In addition to remodelling the epigenetic landscape, partial reprogramming also
prolongs telomeres in senescent cells [31]. Telomeres are repetitive nucleotide sequences
located at the ends of chromosomes, are directly linked to cellular senescence, and are
regulated by telomerase. Telomerase is a ribonucleoprotein complex that in humans
consists of an enzyme, telomerase reverse transcriptase (TERT), plus a non-coding human
telomerase RNA (hTR). The latter acts as a template for the prolonging of telomer length at
the ends of chromosomes [78].

Tert overexpression significantly delayed ageing in mice by slowing telomere wear
and preserving stem cell proliferative potential, but this required an increase in tumour
suppression to counteract the pro-tumorigenic effects telomerase [40]. Abnormal telomere
function inhibits PGC-1α and its downstream gene network via the p53-PGC pathway,
thereby affecting cellular metabolism, causing organ dysfunction and leading to ageing [41].
Transient activation of telomerase restores neurogenesis in the subventricular zone and
improves odour detection, suggesting that telomere lengthening reverses neural ageing
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and enhances its regenerative capacity, broadly improving organ function [79]. Therefore,
tissue-specific transient telomere activation appears to be beneficial. For example, studies
of telomerase gene therapy in mice by expressing pancreatic TERT with a broadly targeted
adeno-associated virus (AAV) have also achieved beneficial effects, including increased
pancreatic lifespan with reduced insulin sensitivity, osteoporosis, neuromuscular coordi-
nation, and molecular markers of ageing but no additional cancers occurred, which may
suggest that the known oncogenic activity of telomerase is reduced when expressed in
adult or aged organisms using an AAV vector [80].

In vitro assays with fibroblasts obtained from Tert knockout mice showed that mTert−/−

cells are more susceptible to senescence and malignancy than mTert+/+ cells. Telomerase
reverse transcriptase (TERT) expression is upregulated by mTert+/+ cells prior to senes-
cence. In addition, knockdown or downregulation of TERT by CRISPR/Cas9 or shRNA
reproduced the mTert−/− phenotype, while overexpression of TERT in mTert−/− cells
was rescued [81]. In summary, whether transient induction of telomerase expression is
beneficial should also be investigated in different tissues in vivo, but the vast differences in
the oncogenic capacity of human and mouse limit the potential application of telomerase.

The activation of yes-associated protein 1 (YAP1), which upregulates the pro-inflammatory
factor interleukin-18, can be rescued by mTert reactivation in mice with telomere dysfunc-
tion. In contrast, conventional SASP (IL-1, IL-6, IL8) did not show much change [82].
Thus, reprogramming strategies (which can regulate more inflammatory factors while
lengthening telomeres) may have a synergistic effect on reducing the ageing-related
chronic inflammation.

3.2.5. Youthful Secretory Phenotype (YSP)

The youthful secretory phenotype is a newly proposed hypothesis. It aims to generalize
the anti-ageing factors (including GDF11, GPLD1, clusterin, Klotho, NAD+, eNAMPT, GSTM2,
exosomes, et al.) found in young blood and in the secretome of young cells [20–23,49,51,57].
These “young factors (existing in young blood as well as being secreted by a heterogeneous
subgroup of ageing cells)” may dilute or inhibit “old factors” promoting ageing, thus
playing a rejuvenating role [14,15].

Plasma proteome alteration can also interfere with senescence through intercellular
and organ–organ communication [19]. Exposure of aged mice to young serum improved re-
generation of senescent satellite cells (through Notch signalling activation), increased senes-
cent hepatocytes’ proliferation, and restored the cEBP-α complex to youthful levels [83].
It is shown that blood input from young donors to elderly recipients improves the latter’s
senescence-related phenotype. It is not unique that the soluble factors and extracellular vesi-
cles (sEVs) that make up SASP can influence other cells’ senescence state and even transmit
senescence by secretion [71]. Therefore, it is tempting to think that the “youthful secretory
phenotype (YSP)” (secreted by young cells) could also convey youth across the whole body.
For example, neonatal umbilical cord (UC)-derived mesenchymal stem cell extracellular
vesicles (MSC-EV), which are rich in anti-ageing rejuvenation signals, rejuvenate senescent
adult bone marrow-derived mesenchymal stem cells (AB-MSC) [84]. Exposure of neonatal
umbilical cord-derived MSC extracellular vesicles (UC-EV) increased telomere length in
AB-MSC with a significant improvement in SASP. It improved age-related degeneration of
mouse bones and kidneys at the organ level.

After blood alteration, cardiac hypertrophy and cardiomyocyte size decreased signifi-
cantly in old mice with concomitant molecular remodelling [85]. Growth and differentiation
factor 11 (GDF11) could be one of the “rejuvenating” factors in young blood. Restoring
circulating GDF11 levels reverses functional and genetic damage in aged muscle stem
cells [86]. However, it remains controversial whether blood exchange therapy works by
restoring GDF11 in aged mice to youthful levels [86,87]. For example, whether young blood
improves synaptic plasticity and cognitive function through the activation of cyclic AMP
response element-binding protein (Creb) in dentate gyrus neurons [88] or by enhancing
neurogenesis in ageing mice via GDF11 [20].
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In addition, the mechanism of young blood combating senescence remains controver-
sial. The autophagic activity of aged livers can be restored by exposure to plasma from
juvenile donors. Conversely, inhibition of autophagic activity eliminates the anti-ageing
effect of plasmapheresis on the liver [89]. Exosomes from young serum significantly down-
regulated senescence-related genes (cyclin-dependent kinase inhibitor 2A, mechanistic
target of rapamycin, and insulin-like growth factor 1 receptor) and upregulated telomerase
related genes (e.g., Men1, Mre11a, Tep1, Terf2, Tert, and Tnks) in lung and liver by reversing
mmu-miR-126b-5p levels of aged mice [90]. Thus, circulating anti-ageing factors are not
unique and may work together through different pathways to exert anti-ageing effects. Ex-
ercise stimulates the liver to produce glycosylphosphatidylinositol-specific phospholipase
D (GPLD1) [21]. It cannot cross the blood–brain barrier; instead, it improves age-related
cognitive decline by reducing inflammation and increasing blood supply to the brain [21].
Thus, remote mediating mechanisms between organs can be both directly and indirectly
anti-ageing. Not limited to organs such as the liver, kidney and brain, the cytokines MCP-1
and IL-6 (pro-inflammatory) were found to be reduced in visceral adipose tissue (VAT) of
aged (18 months) mice by exposure to young plasma (from 3-month-old mice). Ageing
adipose tissue-derived stromovascular fraction cells showed a decrease in the expression
of the senescence markers (p16Ink4a and p21Waf1/Cip1) [91]. Thus, amelioration of ageing-
related hypofunction by providing a rejuvenating microenvironment (plasma proteome
alteration) for senescent cells is widely applicable in a wide range of tissues [18].

In addition to blood-based evidence, this “youthful secretory phenotype (YSP)” (se-
creted by young cells) anti-ageing phenomenon is also widely observed in a variety of tis-
sues (e.g., muscle, adipose, etc.). Cardiac stem cells are absent from the adult myocardium,
but paracrine effects derived from young cardiomyocytes lengthen the telomeres not re-
stricted to senescent cardiomyocytes. In aged rats treated with cardiac sphere-derived cells
(CDCs) from young donors, circulating levels of the inflammatory cytokines interleukin-1β
and interleukin-6 were reduced, along with elevated anti-inflammatory interleukin-10
levels, correlated with the observed improvements in exercise capacity, muscle reduction,
hair regeneration, and renal function [92]. This research shows that young source tissue
cells deliberately produce systemic benefits through systemic improvements rather than
local improvements in single-organ ageing alone. Allogenic CDC intracoronary infusion in
patients with heart attack increased left ventricle (LV) volume and N-terminal prob-type
natriuretic peptide (NT-proBNP) compared with placebo but did not reduce scarring [93].

Further studies have shown that the ageing bone marrow can be reconstituted by tail
vein transplantation of juvenile-derived antigen 1 positive (Sca-1+) bone marrow (BM)
stem cells. It also promotes the rejuvenation of the heart by activating the c-x-c motif
chemokine ligand 12 c-x-c chemokine receptor type 4 (Cxcl12/Cxcr4) pathway in cardiac
endothelial cells [94]. CDC transplanted into the rat heart after myocardial infarction
can derive exosomes into the bloodstream to promote myocardial repair via microRNAs
associated with myocardial recovery [95].

Nicotinamide adenine dinucleotide (NAD) is a metabolic cofactor that decreases
with age and supplementation with its precursors, most commonly nicotinamide (NAM),
is thought to be anti-ageing. Although NAM is a NAD+ precursor, NAM inhibits the
NAM salvage pathway without producing a net elevation in the NAD metabolome. NAM
treatment increases global protein acetylation, indicating that total sirtuins are inhibited.
Combined with the reduction in nicotinamide phosphoribosyltransferase (NAMPT) levels
it causes [96], the upper limit of the effect of NAD+ precursor supplementation alone
may not be sufficient to meet anti-ageing requirements (enzymatic reaction balance may
have an inhibitory effect on enzymes and enzyme depletion and inactivation due to age-
ing). Therefore, the reduction in NAD depletion caused by heavy braiding, enzyme re-
newal, and mitochondrial rejuvenation may be more advantageous. The NAD+-dependent
deacetylase (SIRT1) in mammalian adipocytes deacetylates intracellular nicotinamide phos-
phoribosyltransferase (iNAMPT) to facilitate secretion to form extracellular nicotinamide
phosphoribosyltransferase (eNAMPT) and enhance eNAMPT activity. eNAMPT in adipose
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tissue enhances hypothalamic NAD+/SIRT1 signalling and physical activity [57]. On the
other hand, the hypothalamus is thought to be the superior control centre for ageing
in mammals. By influencing endocrine regulatory centres, eNAMPT links adipose re-
programming anti-ageing strategies to endocrine regulation. The levels of eNAMPT in
extracellular vesicles (EVs) decreased significantly with age and increased the secretion
of eNAMPT-containing EVs from adipocytes; it significantly improved the behavioural
phenotype of ageing and prolonged lifespan in mice [49]. In addition to the direct effects on
cellular energy metabolism and redox, we should also consider the indirect effects caused
by eNAMPT, such as acetylation, which is widely involved in a variety of metabolic and
chromatin regulations (histone modifications) and thus extensively affects mitochondrial
metabolic remodelling and epigenetic remodelling in reprogramming strategies. Some
easily overlooked mechanisms of gene damage also need to be investigated in an integrated
manner to complete the network of crucial factors for reversal of ageing; e.g., in addition
to ROS-dependent DDR, DNA-protein cross-linking (DPC) is also one of the triggers of
nuclear senescence. Gene damage induces ATM/ATR activation, which activates the deu-
biquitinating enzyme VCPIP1/VCIP135 by phosphorylation, and VCPIP1 deubiquitinates
SPRTN(a DNA-dependent metalloproteinase) to create the conditions for its subsequent
acetylation, which eventually localizes SPRTN to chromatin damage sites to cleave DPCs
proteins and protect genomic stability from senescence [97]. Thus eNAMPT and the re-
sponse induced by changes in NAD+/NADH ratios (and even changes in sirtuin1,3) are by
no means limited to the previously described crosstalk mechanisms between ROS-induced
DNA damage response (DDR) and mitochondrial dysfunction-associated senescence (Mi-
DAS) [3,4] but are instead more broad. Reduced glutamine levels in lipid cells reduce
uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) levels via glycolysis, reducing
O-linked β-N-acetylglucosamine (O-GlcNAc). This ultimately leads to chronic inflam-
mation development by promoting a pro-inflammatory transcriptional response through
O-GlcNAcy of chromatin-binding proteins near inflammatory genes [48] (Figure 3).

Extracellular vesicles (EVs) secreted by young donor fibroblasts are rich in GST-active
GSTM2, increasing the level of GSH in mice and humans and reducing ROS accumulation
and lipid oxidation in aged mice and humans. This modulates brown adipose tissue (BAT)
and kidney and lung senescence markers and influences the SASP in serum, thereby system-
atically improving the cellular and physiological characteristics of ageing [51]. Therefore
the potential of sEVs in young individuals to ameliorate ageing-associated cell damage
was investigated [51]. The secretion of sEVs by old individual cells (“old cells”) can induce
paracrine senescence characteristics to the proliferating cells of young individuals (“young
cells”) to facilitate their reprogramming [7]. Thus, the above two relationships can be par-
tially reprogrammed to create a self-regulating virtuous cycle in the body. White adipose
tissue infiltrated by CD38+ M1 macrophages in senescent animals leads to a decrease in
the levels of NAD+ and its precursor, NMN. Knockdown of the CD38 gene prevented
a decline in NAD+. In vitro co-culture of senescent cells and macrophages resulted in
elevated CD38 expression and activity. Inhibition of SASP reduced CD38 in vivo, thereby
reversing the decline in NAD+ levels. It was shown that senescence-induced infiltration
of CD38+ macrophages in white adipose tissue overexpressing CD38 leads to an overall
decrease in NAD+. Small amounts of CD38 present in cells are sufficient to regulate their
NAD+ levels, but CD38 can also reduce NAD+ levels by blocking their use of extracellular
NMN. Exposure to CD38 antibody reversed the decline in NAD+ levels in white adipose
tissue of aged mice, and the effect was superimposed on NMN supplementation [11,12].
Thus, the introduction of adipose reprogramming can also broadly regulate multiple organs
throughout the body (vital metabolic organs such as the hypothalamus, liver, and pancreas)
by modulating CD38+ macrophages and circulating eNMPT and GST in both immune and
cellular metabolic pathways.

The mmu-miR-126b-5p in young serum-derived exosomes downregulates senescence-
related genes in (p16Ink4A, MTOR, and IGF1R) in lung and liver tissues of aged mice and
upregulates telomerase-related genes (e.g., Men1, Mre11a, Tep1, Terf2, Tert, and Tnks) in
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the liver to show anti-ageing potential [90]. An earlier study showed that transfection of
miR-21a-5p, miR-103-3p, and miR-30c-5p decreased Mre11a, p16INK4a, and Mtor in the
liver of aged mice [98]. Mmu-miR-291a-3p in mouse ESC exosomes decreased the activity
of β-galactosidase, improved proliferation, and decreased expression and translation of
TGF-β receptors 2, p53, and p21 in senescent cells. The human homologs of mma-miR-
291a-3p, hsa-miR-371a-3p, and hsa-miR-520e, exercise comparable anti-ageing activity [99].
On the other hand, increased miR-29b-3p in exosomes released by BM-MSC in ageing mice,
and consequently inhibition of sirtuin 1 (Sirt1), lead to increased senescence-associated
insulin resistance [100].
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Figure 3. Potential intracellular mechanisms related to senescent cells specific reprogramming.
Youthful secretory phenotype reverses the upregulation of cellular glutaminase 1 [56], so more
leucine is transported into adipocytes with glutamine export. Leucine activation of mTORC1 and
p70 ribosomal protein S6 kinase 1 (S6K1) promotes lipolysis and inhibits fatty acid synthesis [101].
However, its overall gains are obtained by increasing leptin and lipocalin secretion and/or synthesis
in adipocytes, activating AMPK/SIRT1/PGC-1α signalling to regulate mitochondrial metabolism,
and inhibiting the detrimental factors associated with mTORC1 activation to promote browning
and fatty acid oxidation [102]. Therefore, in addition to amplifying the anti-ageing effect, the use
of synergistic effects should also be considered to offset each other’s side effects to achieve an
overall benefit to highlight the superiority of this strategy. For example, direct intake of leucine
causes inhibition of Sestrin2, and thus activation of the rapamycin complex 1 (mTORC1) pathway,
which shortens lifespan [103]. However, by improving adipose tissue function, rejuvenated adipose
precursor cells produce more functional adipocytes, as we know that branched chain amino acids
(BCAAs) promote adipose precursor cell differentiation, which in turn reduces acetyl coenzyme A
(AcCoA) production from sugar and glutamine (thus increasing glutamine cycle levels and facilitating
leucine entry into adipocytes) and increase branched chain amino acid (BCAA) catabolic fluxes [104].
BCAA catabolism, which reduced leucine levels in other tissues (thereby derepressing Sestrin2
inhibition and inactivating the rapamycin complex 1 (mTORC1) pathway). This leucine distribution
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(adipocyte enrichment) facilitates the activation of AMPK/SIRT1/PGC-1α signalling to regu-
late mitochondrial metabolism while suppressing the detrimental effects of mTORC1 activation
in other tissues. Just as senescent adipocytes maintain survival by passing mitochondria to
macrophages [54,105], increased glutamine catabolism in senescent cells to lower intracellular pH
(glutamine-glutamate+NH4

+) is a way to save themselves [56], and the susceptibility of adipose
to senescence leads to high amide consumption, which reminds us that macrophages secrete large
amounts of SASP due to elevated glucolysis in a low glutamine environment [48]. Thus, increased
glutamine levels inhibit glucolysis and thus improve inflammation, while GSTM2 in exosomes pro-
vides more GSH to maintain redox homeostasis [51]. In combination with the promotion of glycine
adipocyte enrichment and the reduction in mTORC1 activation in other tissues, this is a synergistic
anti-ageing effect. Furthermore, due to eNAMPT and cell rejuvenation, excess branched-chain amino
acids are consumed via the tricarboxylic acid cycle, thereby retaining their role in promoting leptin se-
cretion and Sirt1 activity while preventing excessive mTORC1 activation. CD38 expression increases
with macrophage senescence, which can lead to a significant depletion of NAD+ [11,12], combined
with a decrease in Sirt1 [43] function and eNAMPT [49,50] secretion triggered by adipocyte senes-
cence and a decrease in the NAD+/NADH ratio [3]. This series of imbalances leads to mitochondrial
dysfunction and an imbalance in redox status. The removal of these cells will delay senescence by re-
ducing the above disorders, but the rejuvenation of these senescent cells may be achieved through the
tricarboxylic acid cycle and the rearrangement of the disordered metabolic and transcriptional state
through de novo synthesis and salvage production pathway (NAM–NMN–NAD+). The activation of
Sirt1 has an anti-ageing effect via the PGC-1α and FOXO pathways [106–108]. (black arrow: direct
stimulatory, round arrow: cycle, dotted arrow: tentative stimulatory, down faded arrow: decrease,
up faded arrow: increase).

4. Potential Candidates of Clinical Translation Scheme to Achieve Senescent Cells
Specific Reprogramming

Partial reprogramming can be achieved by the transient expression of nuclear repro-
gramming factors transfected by mRNAs [36] or by AAV delivery [37]. The other methods
used for complete reprogramming are also potent for applying partial reprogramming by
drug control, for example, by injecting plasmids encoding OSKM by the single hydrody-
namic tail vein (HTV) [109]. The effective cell permeability of recombinant transcription
factors was established by fusing it with the minimal transduction domain of ZEBRA
protein, triggering human fibroblasts’ regeneration and CD34+ cells without genetic inter-
ference and becoming one of the candidate approaches for a senescent cell-specific partial
reprogramming strategy [110]. Even reprogramming senescent cells with a low-dose OKSM
delivery vector of pseudo typic adeno-associated virus (AAV) using AAV-DJ-coated shells
is also an alternative approach [111]. However, since the amount of protein overexpressed
by AAV is itself low, it does not indicate its long-term safety, and the same AAV-mediated
reprogramming of OSK is more advantageous due to the removal of the oncogene c-Myc.
It would also be interesting to investigate whether there is a synergistic anti-ageing effect
of simultaneous overexpression of TERT and OSK (OSKM lengthens telomeres, the effect
of OSK on telomere length is currently unknown [37]). It is also suggesting that specific
induction of overexpression in pioneer senescent cells is a more favourable strategy than
uncontrollable direct overexpression. Customized solutions and a safe organization’s
choice are the directions that it will take to improve this strategy.

Pioneer transcription factors are defined as a class of transcription factors that can
differentially bind DNA-binding domains (DBDs) to silence chromatin targets and initiate
cell fate trajectory shifts [112]. In a reprogramming strategy, the TFs OSK act as pioneer
transcription factors in reprogramming to target the LIN28B motif, a key site for repro-
gramming and pluripotency on nucleosomes, and binding to Myc, which cannot target
nucleosomes alone, to direct its targeting to the condensed E-box on nucleosomes and
together regulate cell fate [112]. Some studies have shown that OSK combinations alone
still have an anti-ageing effect [37,113], but Myc, as an efficiency enhancer, greatly enhances
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reprogramming efficiency [114]. There is a critical role of Myc for glutamate metabolism.
Overexpression of c-Myc increases glutamine levels in lipocytes, thereby decreasing glycol-
ysis, and the glycolytic pathway produces less uridine diphosphate N-acetylamino glucose
(UDP-GlcNAc), further decreasing nuclear O-linked β-N-acetylamino glucose (O-GlcNAc)).
The reduced level of O-GlcNAc in the nucleus restricts the O-GlcNAcylation of inflam-
matory gene-associated chromatin-binding proteins, thereby inhibiting pro-inflammatory
transcription [48]. This will lead to attenuated chronic inflammation caused by enriched
immune cells in the vicinity of white adipocytes and through macrophages in tissues, atten-
uating NAD+ depletion in vivo [11,12]. This cascade breaks the ROS-induced DNA damage
response by increasing the NAD+/NADH ratio (DDR) and mitochondrial dysfunction-
associated senescence (MiDAS) crosstalk [3,4] while reshaping the rejuvenation pattern at
the epigenetic, metabolic, and redox levels and mitochondrial metabolism. Mitochondria
regulation also goes beyond energy metabolism and redox; as described above, the func-
tion of mitochondrial DNA should also be considered. For example, Humanin, a peptide
encoded by a short open reading frame within the mitochondrial genome, can extend
the lifespan through the daf-16/Foxo pathway [115]. Therefore, comparing the efficiency
and side effects of OSKM and OSK schemes in anti-ageing is also a way to resolve the
controversy (which is superior in anti-ageing).

5. Conclusions

Senescence-specific phenotypes are manifested by increased expression of senescence-
associated genes (senescence transcriptional program, epigenetic alterations, telomerase
shortening, senescence-associated chronic inflammatory state) and altered metabolic state
(altered mitochondrial function, redox imbalance, disturbances in the metabolism of key
molecules of senescence, such as NAD+), while cell cycle (cell cycle withdrawal) and protein
synthesis (ribosomal ageing phenotype, senescence-associated endocrine phenotype) also
appear to be characteristically altered. Of these, the senescence-associated endocrine phe-
notype (which encompasses the indirect cellular communication of all senescent cells with
immune cells, young cells, and organ-specific functional cells) is an essential component of
the senescence microenvironment. The multiple cytokines, enzymes, and extracellular vesi-
cles (EVs) [71] that make up the SASP can interact with young cells through the senescence
microenvironment, a balance that generally promotes senescence. Still, the rejuvenating
microenvironment of immature cells can also improve the metabolic state of senescent
cells at the tissue level and thus break the senescence signature within senescent cells
through the remodelling of protein synthesis and gene expression. It is possible that the
vicious cycle of senescence within senescent cells can be broken through the remodelling of
protein synthesis and gene expression patterns. For example, blood-derived factors and
extracellular vesicles of young origin have been shown to rejuvenate senescent mice [71,83],
implying that breaking the dominance of the senescent microenvironment in the senescent
organism and changing this balance to one dominated by the rejuvenating microenviron-
ment has the opportunity to reprogram the metabolism of senescent cells and thus break
the characteristic cycle of senescence within senescent cells.

Additionally, the senescent microenvironment itself promotes cellular reprogramming,
which may be an opportunity left by evolution to combat senescence with controlled re-
programming of local tissues (based on the OSKM Yamanaka factor, which essentially
creates a persistent young environment in a controlled manner), in turn, radically improv-
ing the overall senescence homeostasis of senescent cells through metabolic reprogram-
ming and epigenetic remodelling [51], and this deadlock-breaking anti-ageing strategy is
autonomously regulated by the ageing microenvironment, depending on the degree of
senescence (the more the microenvironment is inclined to senescence, the easier the local
reprogramming, metabolic reprogramming, and epigenetic remodelling).

In summary, the phenomena we expect to see in future research and clinical translation
are as follows: As rejuvenation becomes more pronounced, local reprogramming loses the
promotion from SASP and combines with a controlled induction system to avoid tumours
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and loss of cellular function. It must be stressed that this strategy must be implemented in
non-fatal tissues (such as adipose, fascia rather than myocardium, and nerves).
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Abstract: Pulmonary senescence is accelerated by unresolved DNA damage response, underpinning
susceptibility to pulmonary fibrosis. Recently it was reported that the SARS-Cov-2 viral infection
induces acute pulmonary epithelial senescence followed by fibrosis, although the mechanism remains
unclear. Here, we examine roles of alveolar epithelial stem cell senescence and senescence-associated
differentiation disorders in pulmonary fibrosis, exploring the mechanisms mediating and preventing
pulmonary fibrogenic crisis. Notably, the TGF-β signalling pathway mediates alveolar epithelial
stem cell senescence by mechanisms involving suppression of the telomerase reverse transcriptase
gene in pulmonary fibrosis. Alternatively, telomere uncapping caused by stress-induced telomeric
shelterin protein TPP1 degradation mediates DNA damage response, pulmonary senescence and
fibrosis. However, targeted intervention of cellular senescence disrupts pulmonary remodelling
and fibrosis by clearing senescent cells using senolytics or preventing senescence using telomere
dysfunction inhibitor (TELODIN). Studies indicate that the development of senescence-associated dif-
ferentiation disorders is reprogrammable and reversible by inhibiting stem cell replicative senescence
in pulmonary fibrosis, providing a framework for targeted intervention of the molecular mecha-
nisms of alveolar stem cell senescence and pulmonary fibrosis. Abbreviations: DPS, developmental
programmed senescence; IPF, idiopathic pulmonary fibrosis; OIS, oncogene-induced replicative senes-
cence; SADD, senescence-associated differentiation disorder; SALI, senescence-associated low-grade
inflammation; SIPS, stress-induced premature senescence; TERC, telomerase RNA component; TERT,
telomerase reverse transcriptase; TIFs, telomere dysfunction-induced foci; TIS, therapy-induced
senescence; VIS, virus-induced senescence.

Keywords: replicative senescence; DNA damage response; telomerase and telomeres; TGF-β signalling;
pulmonary fibrosis; COVID-19

1. Introduction

Ageing, characterized by the gradual loss of the integrity of the body’s physiologi-
cal function over time, occurs at a different pace as different tissue stem cells experience
different stress pressures and damage accumulations. In the lung, pulmonary epithelial
senescence represents the highest risk of idiopathic pulmonary fibrosis (IPF) [1,2]. Recently
it was reported that SARS-Cov-2 viruses cause acute pulmonary virus-induced senescence
(VIS), and subsequently fibrosis, illustrating a major mechanism of coronavirus disease
2019 (COVID-19) [3–5]. VIS features not only alveolar stem cell exhaustion, but also ep-
ithelial sloughing, dishevelled repair and fibrogenesis, ultimately resulting in recurrent
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dyspnea and respiratory failure similar to IPF [1,3–8]. As the alveolar epithelia contain
predominantly alveolar monolayer squamous epithelial type 1 (AEC1) cells (80%) that
are terminally differentiated without replicative capacity and the round cubic AEC2 stem
cells (~15%) undertaking self-renewal, proliferation and differentiation to ACE1 [9,10],
VIS exemplifies an acutely accelerated form of alveolar senescence in the wake of the cell
cycle arrest [3]. However, the mechanism of the accelerated cellular replicative senescence
remains to be elucidated in association with widespread alveolar epithelial interstitial dam-
ages, epithelial cell repair failure, myofibroblast fibrogenic proliferation and extracellular
matrix deposition [3–5].

Differing from such pulmonary stem cells at the distal end of the bronchus as the
clublike stem cells [11], distal airway stem cells (DASC) [11,12] and bronchioalveolar stem
cells (BASC) [13], AEC2 stem cells reside within the alveolar epithelium with a significant
heterogeneity with variable levels of the marker CD44, telomerase activity, and proliferative
and differentiation potentials in response to a variety of cellular signalling in ageing [14,15].
Whereas chemically defined EGF/NOGGIN medium supports the basal proliferation of
clonal AEC2 cells in the organoids [16], potentially through a constitutive activity of the sin-
gle Wnt5a-signalling stromal fibroblast niche, an injury-associated activation of AEC2 stem
cell expansion involves autocrine Wnt signalling associated with a potential checkpoint
regulation in lieu of the niche juxtacrine Wnt signalling [17]. Responding to a transient inter-
stitial macrophage-derived IL-1beta, the AEC2 stem cell population undergoes a reshuffle
of a distinct subpopulation (damage-associated transient progenitors, DATPs) expressing
Il1r1 for alveolar regeneration via a HIF1alpha-mediated glycolysis pathway [18]. However,
in contrast to a full differentiation to AEC1 cells [16,18,19], AEC2 cell differentiation to
AEC1 cells is hampered at an intermediate, partially differentiated status of AEC2 stem
cells (called pre-alveolar type-1 transitional cell state, PATS or alveolar differentiation inter-
mediate, ADI) under persistent inflammatory stress conditions, showing cellular replicative
senescence in pulmonary fibrosis of both animal models and patients [4,18–23]. These
findings of AEC2 stem cell senescence-associated differentiation disorder (SADD) may
have significant implications in not only the impaired AEC1 cell replenishment during
alveolar epithelial repair, but also aberrant trans-differentiation during the pathogenic
development of pulmonary fibrosis (Figure 1).

Cellular replicative senescence occurs in various forms depending on the mechanisms
leading to replicative senescence. Such forms have been described as stress-induced pre-
mature senescence (SIPS), oncogene-induced replicative senescence (OIS), developmental
programmed senescence (DPS) and therapy-induced senescence (TIS), which display a gen-
eral underlying mechanism of the permanent cell cycle arrest in cellular mitotic divisions.
Initially referred to as the irreversible cell proliferation ability after a limited number of
continuous population doublings for human diploid fibroblasts (HDFs), cell senescence oc-
curs as a general feature of the different types of cell replicative senescence to the resistance
to both cell proliferation and cell death signalling, e.g., without responding of mitosis to
growth factor induction [24,25]. Thus, the primary cellular mechanism of cell replicative
senescence converges on the cell cycle permanent arrest provoked by significant stress
insults along with sustained DNA damage in response to a variety of physical, chemical
and biological stimuli (Figure 1). Although a variety of diverse stressors accelerate pre-
mature terminations of the cell cycle, including chemical toxins, antibiotics and oxidative
stress in the airways [24,26–29], cell replicative senescence appears irreversible as demon-
strated in SIPS and OIS [30]. With the enhanced mitogenic signalling such as activation
of the Ras/MAPK pathway, and the epigenetic modifications such as histone-3 lysine-9
trimethylation (H3K9Me3) in the senescence-associated heterochromatin foci [30,31], OIS
occurs to serve as an oncogenic checkpoint to prevent tumor cell clonal expansion and
micro-evolutionary transformation with increased oncogenic proteins (such as c-myc [32]
and mTOR [33]). In contrast to OIS, SIPS and VIS occur with excessive damages to serve as
a proliferative and differentiative checkpoint to prevent cellular damage from passing onto
daughter cells [3,34,35]. However, it remains unclear how the cell cycle arrest is specifically
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regulated in SIPS, OIS and VIS. Previous studies suggest that cellular replicative senescence
involves the activation of retinoblastoma protein (RB) signal transduction pathways of
tumor suppressor genes p53-p21CIP1/CDKN1A and p16INK4A/CDKN2A [3,36–38]. Addi-
tionally, DPS may occur via the transforming growth factor-β (TGF-β), PI3K and ERK1/2
pathways to regulate tissue remodelling [39]. Moreover, the ER unfolded protein response
(ERUPR) may participate in TIS with increased ER associated degradation (ERAD), resulting
in ER-related senescence-associated apoptosis in a caspase-12 and caspase-3 dependent
manner [40]. While it remains unclear if ER-mediated TIS entails DNA damage response
(DDR), recent studies show that TIS reprograms cancerous cells to acquire the cellular
phenotypic features of cellular stemness [41].
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Figure 1. Alveolar monolayer squamous epithelial type 2 (AEC2) stem cell differentiation arrest
and transdifferentiation disorder in pulmonary fibrosis. During pulmonary fibrogenesis, AEC2
stem cells are susceptible to stress assaults triggering telomeric DNA damage response (DDR) and
replicative senescence and senescence-associated cease of the directional differentiation to alveolar
monolayer squamous epithelial type 1 (AEC1) cells. Chronic stress induces senescent AEC2 stem
cells to undergo transdifferentiation. The senescence-associated differentiation disorders (SADDs)
contribute to myofibroblast proliferation under the condition of senescence-associated low grade
inflammation (SALI).

Intriguingly, the intrinsic reprograming mechanism of a potential cell transition from
ceasing replication to entering senescence may involve the transcriptional repression of
the telomerase reverse transcriptase (TERT) gene expression, conferring cell replicative senes-
cence on oncogene-stimulated cell division [42]. Additionally, TP53 phosphorylation at
S15 residue [38] and TP53 fluctuation in oscillatory dynamics [43] may also be involved
in the pathway switching from cell replicative senescence to a cell proliferative state. Fur-
thermore, DNA methylation of the Oct4A enhancers may regulate the TP53-dependent TIS
through tuning alternative splicing [44]. With an instrumental non-cell-autonomous role of
SASP [41,45,46], cell replicative senescence plasticity represents a hotspot of further inves-
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tigation in terms of autocrine/juxtacrine/paracrine actions of growth factors, proteases,
cytokines, chemokines and extracellular matrix (ECM) components [47–51]. In this regard,
studies showed that the extracellular vesicles (EVs)—exosomes, ectosomes, microvessels
and microparticles—are increased in cell replicative senescence responding to ionizing radi-
ation, chemical reagents or overexpression of oncogenes in a number of cell types including
epithelial cells [52,53], and that TP53 activation increases EV release and mediates prostate
cancer cell senescence induced by telomere shortening or radiation [53], suggesting that ex-
tracellular vesicular signalling represents a potential mechanism shaping cellular responses
to and from replicative senescence. In the following sections, we focus on the phenotypic
characteristics of SADD in the development of pathological fibrogenic remodelling and
explore the molecular mechanisms mediating telomere maintenance, homeostatic disrup-
tion and prophylactic/therapeutic interventions as well in stress-induced cell replicative
senescence and pulmonary fibrosis.

2. Senescence-Associated Differentiation Disorder (SADD)

As the lung peripheral tissue stem cells that are essentially required for alveolar ep-
ithelial damage repair and regeneration [10–13], AEC2 stem cells are compromised in
replenishing AEC1 cells in pulmonary fibrosis [23,54,55]. In a long-term process of AEC2
cell self-renewal and directional differentiation to form AEC1 cells by pedigree tracing [10],
AEC2 cells respond to chronic stress with the phenotypes of permanent termination of the
cell cycle and differentiation to AEC1 [9,18,19,22] by an unclear molecular mechanism [18–23].
In the case of diffuse alveolar damage, in addition to discontinued differentiation to AEC1
cells, AEC2 stem cells arrested at G2/M of the cell cycle can express a high level of KRT8,
and exhibit the cubic and partial spreading morphologies [18–21,23,56,57]. Moreover, the
AEC2 senescent cells appeared to be undergoing a program of transdifferentiation to a mes-
enchymal state in association with increased levels ofα-SMA and collagen [35,58–63]. Collectively,
these studies implicate AEC2 senescent stem cells as behaving with a SADD characteristic
of the loss of differentiation to AEC1 cells and the gain of aberrant transdifferentiation
during pulmonary pathogenic fibrogenesis. The features of stress-induced AEC2 stem
cell replicative senescence and SADD in mice are consistent with recent clinical findings
that AEC2 stem cells express increased senescence markers, including p16INK4A/CDKN2A,
p14INK4B/CDKN2B, TP53 and p21CIP1/CDKN1A [3,4,7], and that AEC2 stem cell SADD
existed throughout the course studied in the pneumonia-induced acute respiratory distress
syndrome and pulmonary fibrogenesis [4,64,65]. Importantly, AEC2 stem cell SADD man-
ifested in association with pulmonary interstitial deposition in both COVID-19 [64] and
IPF [66]. It is thereby probable that AEC2 stem cell replicative senescence mediates the dif-
ferentiation failure of AEC2 stem cell replenishing damaged AEC1 cells by a mechanism at
least involving the compromised proliferative potential [3]. Inducing AEC2 stem cell senes-
cence or otherwise depletion demonstrated that AEC2 senescence, rather than AEC2 cell
loss, promotes progressive fibrosis [38], consistent with a gain of malfunction of senescent
AEC2 cells as a mechanism in causing pathogenic fibrogenesis. Moreover, preventing AEC2
stem cells from entering replicative senescence [35], or eliminating replicative senescence
cells in COVID-19 [3], rescues pulmonary fibrosis in the animal models, underscoring that
AEC2 stem cell replicative senescence is a prerequisite driver of pulmonary fibrosis [38].The
mechanism of AEC2 stem cell SADD remains to be investigated extensively, although
dysregulation of several intracellular signalling pathways (including the TGF-β family)
participates in the deregulation of AEC2 differentiation [19,67]. Notably, serving as a regu-
latory switch, BMP4 was reported to inhibit AEC2 stem cell proliferation while stimulating
AEC2 stem cell differentiation to AEC1 cells [67]. Conversely, the antagonists, follistatin
and noggin, promote AEC2 stem cell self-renewal and inhibit AEC2 stem cell differentiation
to AEC1 cells [67]. Moreover, a number of other extracellular factors including TGF-β,
TGF-α, IL-13, TNF-α, IL-1β, IL-1R1, retinoic acid and platelet-derived growth factor are
likewise implicated in shutting down AEC2-to-AEC1 cell differentiation in the milieu of
the alveolar interstitium [18,68,69]. It is suggested that TGF-β and follistatin-like 1 form
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a positive feedback loop in accelerating the pathogenic differentiation of fibrogenesis in
IPF [70]. While the downstream effectors of TGF-β may engage in regulating the telom-
erase TERT gene and telomere maintenance negatively, it has been shown recently that
protecting telomeres from dysfunction eliminates stress-induced AEC2 stem cell senescence
and subsequent pulmonary fibrosis (see below for details).

In addition to the discontinued AEC2-to-AEC1 cell differentiation in SADD of IPF,
AEC2 cell transdifferentiation in the pathological fibrogenic condition [35,58–63] may
involve epithelial-mesenchymal transition (EMT) [62,63,71–76]. Evidence of AEC2 cell con-
tributing to fibrogenesis via transdifferentiation includes co-localization of SPC with α-SMA,
Col1α1 and hydroxyproline in the mouse models of pulmonary fibrosis [35,61–63]. In addi-
tion, recent single-cell RNA sequencing studies revealed that a cell population of replicative
senescence is associated with transdifferentiation in the profiles of KRT5−/KRT17+ marks
and increased gene expressions of a subset of mesenchymal genes such as Col1α1 in the
fibrotic lung of patients [56,57]. Lineage-tracing studies in mice show that AEC2 stem
cells undergo aberrant cellular remodeling with stretching morphological alterations in
association with replicative senescence characteristic of SADD, by a mechanism involving
increased TGF-β and TP53 signaling [19,38,77]. Thus, it is conceivable that SADD under-
lies the discontinuation of AEC2 stem cell differentiation to AEC1 cells and initiations of
myofibroblast activation and matrix deposition under the conditions of alveolar senescence-
associated low-grade inflammation (SALI) [78–81] with inflammatory cell and cytokine
signaling [19,62,63,71–76,82,83]. Further studies are required to investigate if cell replicative
senescence may dictate SADD through intracellular mechanisms prior to SALI (Figure 2),
so inhibiting cell replicative senescence may impede SADD as to prevent fibrogenesis in
the animal models of telomere dysfunction-induced pulmonary fibrosis [35].
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Figure 2. Mechanisms of AEC2 stem cell senescence and SADD. Cellular stress signalling triggers GSK3β-
targeting of telomere shelterin complex, inducing the telomerase recruitment protein TPP1 phosphorylation,
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subjecting phosphorylated TPP1 multisite polyubiquitination and degradation, resulting in telomere
uncapping. The telomere uncapping triggers telomeric DDR, resulting in activation of the cyclin-
dependent protein kinase inhibitors and cell cycle deregulation through telomere position effect (TPE)
and altered constitutive and facultative heterochromatins (cHC and fHC). Unresolved telomeric
DNA repair and cell cycle arrest result in stem cell senescence and subsequent SADD including
differentiation arrest and trans-differentiation underlying pulmonary fibrosis.

3. Telomere Dysfunction Mediates Pulmonary Senescence and Fibrosis

AEC2 stem cell replicative senescence has been shown to involve DDR in SADD
and IPF [35,84–87] under SALI, which is subserved by senescence-associated secretory
phenotype (SASP) and infiltrations of inflammatory and immune cells [78–81] (Figures 1 and 2).
Genetically, loss of function mutations of the genes encoding TERT, telomerase RNA compo-
nent (TERC), poly-(A)-specific ribonuclease (PARN) and regulator of telomere length 1 (RTEL1)
underpins patient familial recessive hereditary IPF [2,18,88–93]. Notably, over a third of
IPF cases with hereditary susceptibility of autosomal recessive gene damages could be
related to telomere-related gene mutations including telomerase catalytic subunit TERT
and RNA subunit TERC genes [6,35,93–97], and some could be related to mutations of
the genes coding SPC or SPA of alveolar stem cells [98–100]. With the hypothesis that
genetic susceptibility involves vulnerable genetic elements such as telomeres predisposing
increased pulmonary sensitivity to environmental hazard-accelerated damages [35], it has
been shown that stress-induced DDR occurs rapidly to telomeres, in a more abundant
scale in telomeres as compared with non-telomeric regions in the genome [35,101,102]. The
telomeric DDR takes place irrespective of telomerase activity, resistant to DNA repair, ren-
dering irreparable DDR to be persistent in causing cellular replicative senescence [103–106].
Thus, preventing stress-induced telomere damages may protect the cells from entering
replicative senescence and fibrogenesis.

Environmental factors triggering pulmonary senescence and fibrotic disease onset
have been a hot topic in aiming to prevent the incurable disease IPF without yet effective
therapy [91,96]. Since the 1980s, environmental stress factors that drive pulmonary fibrotic
onset include smoking, bacterial toxin bleomycin [107,108], ionizing radiation (IR) [109–111],
and oxidative metabolite reactive oxygen species [84,112–115]. Such environmental stress
cues as bleomycin [58,116,117], IR [105,118,119] or H2O2 [102,120–122] have been shown to
induce telomere DNA damage, resulting in telomere shortening. Consistent with cigarette
smoking as causing pulmonary lesions by a mechanism of telomeric DDR [123–125], a
significant number of smokers with IPF and chronic obstructive pulmonary disease (COPD)
demonstrated acceleratory shortening of telomeres [47,123,126]. We demonstrated that
radiation exposure, oxidative stress (such as H2O2) or bacterial product bleomycin each
trigger telomere shelterin protein TPP1 degradation in AEC2 stem cells, provoking telom-
ere uncapping, DDR, stem cell exhaustion, fibrogenic gene expressions, and pulmonary
fibrosis [35]. These findings indicate a primary mechanism through which environmental
stress induces AEC1 cell damage and coerces AEC2 stem cells to succumb to replicative
senescence and SADD in pulmonary fibrosis.

In the telomere syndrome traits, IPF appeared more common than bone marrow dis-
eases [58,95,127] (such as aplastic anemia [128] or dyskeratosis congenita (DC) [129–132]).
The incidence of IPF is related to the aggravation of lung epithelial injuries, alveolar stem
cell replicative senescence and SADD induced by environmental stress factors such as
smoking, infection, radiation injury, oxidative stress [16,35,93,117]. It is thought that once
in replicative senescence, AEC2 stem cells are entangled in the milieu of SALI in relaying
bidirectional signal transductions via a variety of inflammatory factors to and from senes-
cent cells, thereby driving the development of fibrogenesis [78,133–135]. Animal studies
have demonstrated that environmental stresses, such as viral infection, induce extensive
inflammatory responses, interstitial hyperplasia and edema of the lung tissue, resulting in
fibrosis and dyspnea [35,136,137], characteristic of chronic pulmonary epithelial reduction,
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diffuse alveolitis and interstitial myofibroblast proliferation [78,138]. Investigation of the
key molecular mechanisms mediating stress-induced pulmonary cellular senescence may
unveil molecular targets pivotal for intervention in pulmonary fibrosis as in IPF. What
remains unclear for decades includes how telomere shortening or replicative senescence is
triggered and accelerated to provoke IPF by various environmental stressors. Telomeres are
composed of the DNA repeats, (TTAGGG)n, and their binding protein complex shelterin
at chromosome ends, underpinning chromosome integrity and stability in the regulation
of genome homeostasis in cell development, proliferation and differentiation [139–142].
Shelterin contains six proteins, telomere repeat binding factor 1 (TRF1), TRF2, RAP1,
TIN2, POT1 and TPP1, and covers both double-stranded and single-stranded telomeric
DNA, preventing telomeres from inadvertently activating DDR and replicative senescence
in stress responses [143,144]. Under physiological conditions, telomere maintenance, or
shortening as it occurs with cell replication, is regulated by the levels of shelterin and
operates as the mitotic clock that results in their exit from the cell cycle in replicative
senescence [145,146]. However, telomere dysfunction occurs as a function of sustained
abundance of environmental stress stimulations, preceding non-telomeric DNA damages
which ensue to telomere dysfunction [35]. Critical stress pressures [6,35,119,147,148], and
chronic insufficiency of telomeric DNA repair, such as repressions of telomerase genes,
repressions [35,78,149,150], together result in telomere shortening, ultimately premature
senescence, and ageing-related diseases. Telomere dysfunction as a potential cause of
ageing-related diseases [127,151,152] results from mutations of telomere related genes,
including those encoding shelterin proteins [143], and telomerase [78,153].

Shelterin and telomerase function to protect telomeres by preventing cells from telom-
ere DDR [29,154–157] and entering senescence [27,28,78,152,153]. Genetic mutagenesis
of TRF2 or telomerase genes induces pulmonary fibrosis [58,78], whereas transgenically
expressing TERT holds a therapeutic potential in alleviating pulmonary fibrosis [158]. In
addition, the ACD gene coding for TPP1, which caps the telomere ends and recruits telom-
erase [159–165], was associated with such stem cell diseases as aplastic anemia with bone
marrow failure [166] and Hoyeraal–Hreidarsson syndrome [167], and the expression levels
of TPP1 were significantly reduced in the lung tissue of patients with chronic obstructive
pulmonary disease (COPD) [168]. These studies suggest that qualitative and quantitative
alterations in telomere shelterin and telomerase components accelerate telomere shortening,
stem cell replicative senescence and related disorders.

3.1. Telomerase Gene Deficiency in Ageing-Related Disorders

Telomerase replenishes telomeres to counteract shortening by TERC template reverse
transcription [169,170]. Telomerase catalytic subunit TERT determines telomerase activity
in lengthening telomeres, conferring the ability of continuous proliferation and survival on
stem cells and tissue precursor cells [171–176]. In addition to elongating telomeres, TERT
is involved in maintaining telomere heterochromatin and synthesizing double-stranded
RNA through RNA-dependent RNA polymerase activity (RdRP) [177–179]. Telomerase
deficiency due to TERT mutations results in stem cell replicative senescence and exhaustion,
tissue fibrosis, aplastic anemia, and skin diseases of premature ageing [35,78,132,180,181].
While TERT gene expressions are fundamental to telomerase activity and stem cell renewal,
tissue regeneration, the molecular mechanisms underlying TERT gene expression remain
largely elusive [182]. Multiple lines of evidence indicate that several transcription factors
play fundamental roles in regulating TERT transcription [183] (Figures 3 and 4). Our
laboratory established for the first time that downstream MAP kinase signalling [184],
ETS transcription factors bind to the TERT gene promoter ETS binding motif (CCTT) di-
rectly, functioning as an essentially key transcription factor for TERT gene expression in
cancer [184,185]. Moreover, ETS activates TERT transcription not only directly by binding
to the CCTT element and in cooperation with the proto-oncogene c-myc that binds to the
E-box (CACGTG) at the TERT promoter in the regulation of telomerase activity and cell
proliferation [185–188] (Figures 3 and 4). The role of ETS in TERT gene expression has been
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confirmed independently in cancer patients with C→T nucleotide mutations creating addi-
tional ETS binding sites [189,190] and mechanistically [191]. Furthermore, Wu et al. showed
first that c-myc activates TERT by binding to the E-box at the TERT gene promoter [192].
However, the action of c-myc at the E-box of TERT promoter is regulated negatively by
Max/Mad1 interaction [193] and by TGF-β signalling via Smad3 interactions with c-myc
and the TERT gene promoter [186,188] (Figures 3 and 4). Our laboratory demonstrated that
estrogen upregulates TERT gene expression and telomerase activity in the endocrine organs
of ovary and adrenal gland for tissue homeostasis [149,150,194,195]. Deficiency of estrogen
in mice by targeted disruption of the aromatase gene responsible for estrogen synthesis
results in compromised cell proliferation and stem cell exhaustion [149,150]. Interestingly,
hormone replacement therapy increases the activities of telomerase and stem cell renewal
positive for Ki67 staining and the stem cell markers stem-cell antigen-1 (Sca-1) and c-kit
expression, attenuating premature ageing and tissue atrophy at both adrenal and ovarian
glands [149,150]. These studies are consistent with the current notion that telomerase TERT
is required for the maintenance of telomeres and stem cell functionalities in the endocrine,
epithelial and endothelial tissues against tissue degenerative changes and proliferative
disorders [196–198].
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Figure 3. Intracellular signalling pathways of growth factors to the transcription factors and re-
pressors in the regulation of telomerase reverse transcriptase (TERT) gene transcription. The TERT
gene promoter assumes both active and repressive conformations under the molecular regulation
of the MAP kinase and TGF-β signalling pathways, respectively. Epithelial growth factor (EGF)
stimulated mitogenic signalling induces MAP kinase-mediated Ets2 transcription factor phospho-
rylation, nuclear retentions and dimerisation (1–2). Ets2 binds the CCTT element in the TERT and
c-myc gene promoters, driving c-myc (3) and TERT (4) transcriptions in the upregulation of cell
proliferative immortality. On the other hand, TGF-β activates TGF-β RII receptors by auto- and
trans-phosphorylation, resulting in Smad3 phosphorylation and mobilization (5), which is regulated
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natively by Smad7 (6) and positively by Smad4 (7) in the Smad3 nuclear localization and action.
Smad3 binds to the CAGA element in the TERT promoter to repress TERT gene transcription in
pathological fibrogenesis such as pulmonary fibrosis (8).
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3.2. TGF-β Signaling to Telomerase TERT Gene Repression 
TGF-β signaling is closely involved in pulmonary fibrosis [19,20,22,23,56,57,82,199–

201]. The mechanisms of how TGF-β family cytokines regulate the intracellular events 
mediating pulmonary fibrogenesis remain unclear [202]. Studies indicate that mediating 
the interactions between AEC2 stem cells and fibroblasts, TGF-β released from cells [203] 
induces Sonic Hedgehog (SHH) pathway in alveolar epithelial cells by autocrine mecha-
nisms, whereas SHH induces TGF-β in lung fibroblasts stimulating myofibrosis by para-
crine mechanisms, suggesting that re-emergence of SHH in epithelial cells mediates TGF-
β signaling and induces myofibroblast differentiation in a Smoothened receptor-depend-
ent manner with subsequent transcription factor Gli1 activation of the α-SMA promoter 
[204]. In addition, elevated extracellular mechanical tension between myoblasts and AEC2 
stem cells activates TGF-β RII receptor signaling in AEC2 stem cells, resulting in AEC2 
stem cells with increased TGF-β1 and becoming gradually unable to differentiate to AEC1 
cells [23]. Deletion of the TGF-β RII receptor specifically in lung epithelium protects mice 
from bleomycin-induced pulmonary fibrosis, further supporting a central role TGF-β sig-
naling of alveolar epithelium in fibrogenesis [82,205]. Reflecting SADD, moreover, recent 
studies show that in radiation-induced pulmonary fibrosis, both TGF-β and GSK3β are 
increased in AEC2 cells undergoing transdifferentiation with increased AEC1 cells and 

Figure 4. The regulatory network of TERT gene transcription. Top panel: Epigenetic regulatory
organization of the TERT gene promoter repression involves trimethylation of the various lysine
residues (K) on the nucleosome histone tails, methylation of C5 cytosine of CpG dinucleotides by
DNA methyltransferase 3 alpha and beta (DNMT3A and 3B), and G-quadruplex. Bottom panel:
TERT promoter DNA regulatory elements (italic), and engaged transcription factors and repressors
(non-italic) in the positive (red) and negative (blue) regulations of TERT gene transcription. The
scale labelled is for relative positions of promoter upstream regulatory DNA elements, but not
in proportion.

3.2. TGF-β Signaling to Telomerase TERT Gene Repression

TGF-β signaling is closely involved in pulmonary fibrosis [19,20,22,23,56,57,82,199–201].
The mechanisms of how TGF-β family cytokines regulate the intracellular events mediating
pulmonary fibrogenesis remain unclear [202]. Studies indicate that mediating the interac-
tions between AEC2 stem cells and fibroblasts, TGF-β released from cells [203] induces
Sonic Hedgehog (SHH) pathway in alveolar epithelial cells by autocrine mechanisms,
whereas SHH induces TGF-β in lung fibroblasts stimulating myofibrosis by paracrine
mechanisms, suggesting that re-emergence of SHH in epithelial cells mediates TGF-β
signaling and induces myofibroblast differentiation in a Smoothened receptor-dependent
manner with subsequent transcription factor Gli1 activation of the α-SMA promoter [204].
In addition, elevated extracellular mechanical tension between myoblasts and AEC2 stem
cells activates TGF-β RII receptor signaling in AEC2 stem cells, resulting in AEC2 stem cells
with increased TGF-β1 and becoming gradually unable to differentiate to AEC1 cells [23].
Deletion of the TGF-β RII receptor specifically in lung epithelium protects mice from
bleomycin-induced pulmonary fibrosis, further supporting a central role TGF-β signaling
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of alveolar epithelium in fibrogenesis [82,205]. Reflecting SADD, moreover, recent studies
show that in radiation-induced pulmonary fibrosis, both TGF-β and GSK3β are increased
in AEC2 cells undergoing transdifferentiation with increased AEC1 cells and mesenchymal
markers such as α-SMA [206]. These studies suggest that TGF-β in the intercellular milieu
stimulates AEC2 cell transdifferentiation by mechanisms involving GSK3β in association
with SHH cellular signaling.

The mechanism of intracellular transduction initiated by TGF-β in the induction of
pulmonary fibrosis entails receptor-mediated Smad3 signaling. Firstly, epithelium-specific
disruption of TGF-β RII receptor increases Smad2 phosphorylation and decreases Smad3
phosphorylation, and protects mice from bleomycin-induced pulmonary fibrosis with
increased survival [82] (Figure 3). In addition, knockout of Smad3 [207], or inhibition of
phosphorylated Smad3 into the nucleus by polypeptide [208], inhibits TGF-β1-induced
pulmonary fibrosis in mice. Moreover, in an attempt to determine the downstream mecha-
nisms of TGF-β activation of Smad3 co-transcription factor, our laboratory demonstrated
that by acting on different specific RII receptors, TGF-β1 induces Smad3 translocation from
the cytoplasm to the nucleus where Smad3 binds the CAGA box in the TERT gene promoter
interfering c-myc binding and repressing TERT transcription [188,209–211] (Figures 3 and 4).
Furthermore, the TGF-β family member BMP7 induces the TERT gene repression in a BMP
RII receptor- and Smad3-dependent manner [211,212]. Chronic exposure to BMP7 results in
telomere shortening, cell replicative senescence and apoptosis, but mutation of the BMP RII
receptor (but not TGFbRII, ACTRIIA or ACTRIIB receptors) inhibits BMP7-induced TERT
repression, leading to increased telomerase activity, lengthened telomeres and continued
cell proliferation [211]. The effect of BMP7-induced cell replicative senescence and apopto-
sis is TERT repression-dependent as overexpression of TERT reverses BMP7-induced cell
replicative senescence [211]. These data together suggest that Smad3-mediated repression
of the TERT gene and shortening of telomeres are critical to TGF-β induced pulmonary
senescence, SADD, and pathological fibrogenesis.

3.3. Stress-Induced TPP1 Degradation and Telomere Uncapping

In the regulation of telomerase lengthening of telomeres, recruiting telomerase to
telomeres represents a most effective step in telomere maintenance. Our recent studies
show an intertwined relationship of TPP1 capping of telomeres, recruitment of telomerase,
deficiency-induced telomere uncapping, pulmonary senescence, and fibrosis [35,213]. By
targeted protection of telomere uncapping, we demonstrate that pulmonary senescence and
fibrosis with dyspnea are altogether prevented in mice under persistent fibrogenic stresses
including whole body ionizing radiation or pulmonary bacterial toxin bleomycin [35]. The
stress-induced pulmonary senescence and fibrotic onset are targetable through animal
inhalation of either recombinant cDNA coding for the telomere protein TPP1 or a small 8-
mer peptide (telomere dysfunction inhibitor or TELODIN) to prevent telomere uncapping,
indicating an early effective intervention strategy on the mechanisms of telomere dysfunc-
tion and subsequent cellular senescence prior to differentiation disorder of pulmonary
fibrosis [35,213]. These findings dovetail with a large body of literature indicating that
telomere DDR underpins IPF [35,58,93,95,103–106,214], providing an important strategy
for intervention of cell replicative senescence-associated diseases.

TPP1 is a subunit of shelterin that is a multi-subunit protein complex capping telom-
eric DNA [143,144]. We showed that pulmonary fibrosis initiated by chronic stress in
mouse models is mediated by the tumor suppressor protein FBW7-mediated degradation
of TPP1 [35]. FBW7 E3 ubiquitin ligase binds TPP1 and mediates stress-stimulated TPP1
multisite polyubiquitination at K299, K453 and K459, causing TPP1 degradation in pro-
teasomes and telomere uncapping [35]. The multisite polyubiquitination of TPP1 requires
FBW7 interaction with a Cdc4 phosphodegron (CPD) site [215,216] in the serine/threonine
(S/T) region (aa 341–482) of TPP1, with the CPD being phosphorylated by GSK3β at the
S354 and S358 residues [35]. We showed that the binding to the phosphorylated CPD
of TPP1 by FBW7 is mediated by the seventh β-strand blade containing the 689R residue
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frequently mutated in cancers at the WD40 propeller domain of the C-terminal region of
FBW7 [35]. Consistent with stress-mediated TPP1 degradation, thereby telomere short-
ening and pulmonary fibrosis, we found that under-expression of TPP1 is sufficient to
induce pulmonary senescence and fibrosis, indicating that TPP1 polyubiquitination at mul-
tiple sites triggered by stress incurs telomere uncapping, DDR and shortening, resulting
in pulmonary senescence and fibrosis [35]. Moreover, overexpression of TPP1 enhances
respiratory physiological function with increased AEC2 stem cell population with length-
ened telomeres, and confers pulmonary resistance to stress-induced onset of pulmonary
fibrosis [35].

4. Targeted Intervention of Cellular Senescence and Tissue Fibrosis

Since cellular replicative senescence plays a causal role in tissue remodelling, it appears
particularly appealing to determine if elimination or prevention of cellular replicative
senescence may provide beneficial outcomes to mitigate pathogenic tissue remodelling
and ageing-related disorders under various disease conditions. Considerable evidence
suggests that targeted removal or prevention of cell replicative senescence alleviates SADD
in fibrosis, including VIS or stress-induced fibrosis [3,35].

4.1. Targeting Anti-Apoptotic Gene Bcl-2 to Clear Senescent Cells

Since replicative senescence cells have upregulated anti-apoptotic proteins Bcl-w
and Bcl XL which underpin senescent cells’ antiapoptotic ability with long-term survival,
drugs that inhibit Bcl survival proteins have been studied and named as senolytics for
removing replicative senescence cells [217,218] (Table 1). Although the U.S. Food and Drug
Administration (FDA) approved the selective Bcl-2 inhibitor venetoclax (abt-199) used
in leukemia, it has not had a significant effect on anti-ageing tests in vitro. Compound
screening-identified that its homologue navitoclax (abt-263) effectively inhibits the effects of
Bcl-2, Bcl XL and Bcl-w, and induces apoptosis and thus clearance of replicative senescence
cells [217]. In addition to abt-263, siRNAs and chemical inhibitor abt-737 simultaneously
inhibit Bcl-w and Bcl XL, induce replicative senescence cell specific apoptosis, reduce RC
in the populations of hematopoietic stem cells, muscle stem cells, and pulmonary and
epidermal tissues of mice, with cleared replicative senescence cells harboring DNA damage
and p14ARF-activated TP53 [218]. Moreover, a combination of dasatinib and quercetin (D + Q)
reduces senescent cells, improving mouse idiopathic pulmonary fibrosis [219], and nerve
regeneration and obesity-related anxiety behavior [220].

Recently, the use of navitoclax and D+Q selectively eliminated VIS cells and mitigated
COVID-19-reminiscent lung disease with reduced inflammation in SARS-CoV-2-driven
hamster and mouse models [3]. Treatment with navitoclax for less than a week to the
SARS-CoV-2 infected Syrian golden hamster model with increased p16INK4A led to a
profound decrease in senescent cells and SALI [3]. On another hamster model of the
Roborovski dwarf animals, the navitoclax or D + Q regimen led to a substantial reduction
of the cell senescence markers H3K9me3 and p16INK4A in the respiratory epithelium and
increased lifespan [3]. Furthermore, in two randomized clinical trials (NCT04578158
and NCT04861298), quercetin showed significant effects of symptom improvements with
significant risk reductions regarding the needs of hospitalization and oxygen therapy in
a total of 194 COVID-19 patients [3]. The senolytic targeting of VIS as a novel regimen
option against COVID-19 indicates that cellular replicative senescence is causative to severe
stress-induced acute SADD, tissue fibrogenic remodelling, and phenotypic onset, and that
eliminating cellular replicative senescence is beneficial in managing pulmonary fibrosis.

4.2. Targeting TP53 and p16INK4A Tumor Suppressor Genes to Clear Senescent Cells

Recent studies have consistently shown that senescent cells can be eliminated by
targeting the cells with high levels of p16INK4A and TP53 tumor suppressor gene expres-
sions. Because p16INK4a is significantly increased in senescent cells, AP20187 that targets
FK506 using a minimal p16INK4a promoter element triggers a dimer formation of FK506
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binding protein and caspase-8 to effectively induce senescent cell apoptosis, resulting in
a significant reduction of the incidence and mortality of cardiovascular diseases in aged
mice [221]. This regimen of p16INK4a sensitive caspase-8-mediated apoptosis also delays
osteoporosis and persistent intervertebral disc proteoglycans [217], restores nerve regen-
eration in obese induced by high-fat feeding or leptin receptor deficiency, and reduces
anxiety-related behaviors in mice [220]. In another model of p16INK4A-3MR transgenic
mice, the expression of a reporter protein (3MR) under the control of p16INK4A to selectively
remove senescent cells through using the small molecule compound UBX0101 reduced
post-traumatic osteoarthritis and extended lifespan [222]. Furthermore, studies show that
TP53 is crucial in AEC2 stem cell senescence preceding pulmonary fibrosis, especially with
potential accumulation of phosphorylated TP53 at the S15 residue [38,77,223]. Therefore,
the use of a FOXO4 polypeptide—harboring 60 amino acids to interfere with the interaction
between FOXO4 and TP53—may be fundamental in triggering TP53-dependent apoptosis
of senescent cells, delaying fibrogenesis and accelerating the rehabilitation of pulmonary
ageing [223].

Table 1. Senescence-Targeting Senolytics and Other Compounds.

Class Senolytic Agent Mechanism of Action Reference

BCL-2 Family
Inhibitors

Dasatinib + Quercetin
ABT-737
ABT-263

A-1331852
A-1155463

PI3K/Akt inhibition/DNA intercalation
Inhibiting BCL-2, BCL-XL, BCL-W
Inhibiting BCL-2, BCL-XL, BCL-W

Inhibiting BCL-XL
Inhibiting BCL-XL

[3,217,218,220,224]

Targeting p53

FOXO4-DRI
UBX0101

RG7112 (RO5045337)
P5091

P22077
NOX1 and NOX2 dual inhibitor

PAI-1 inhibitor (TM5275)

Disrupting FOXO4-p53 interaction
Disrupting MDM2-p53 interaction
Disrupting MDM2-p53 interaction

USP7 inhibitor
USP7 inhibitor

Activating p53 and apoptosis
Activating p53 and apoptosis

[222,223,225,226]

HSP90 Inhibitors

17-DMAG (alvespimycin)
Geldanamycin

17-AAG (tanespimycin)
Ganetespib

Disrupting HSP90-AKT interaction
Attenuating HSP90
Attenuating HSP90
Attenuating HSP90

[227,228]

Natural Products and
their Analogues

Fisetin
Curcumin

O-Vanillin (curcumin metabolite)
EF-24 (curcumin analogue)

Piperlongumine and its analogues
(compounds 47–49)

GL-V9

BCL-2, PI3K/AKT, p53, NF-κB and more
Down-regulating Nrf2 and NF-κB pathways
Down-regulating Nrf2 and NF-κB pathways

Attenuating the BCL-2 family
Unclear, OXR1, NF-κB

-
Unclear, increasing ROS, alkalizing

lysosome

[224,229–232]

Cardiac Glycosides

Proscillaridin A
Ouabain

Ouabagenin
Digoxin
Bufalin

K-Stropanthin
Strophanthidin

Inhibiting Na+/K+-ATPase
Inhibiting Na+/K+-ATPase, increasing

BCL2-Family protein NOXA
Inhibiting Na+/K+-ATPase

Inhibiting Na+/K+-ATPase, increasing
BCL2-Family protein NOXA
Inhibiting Na+/K+-ATPase
Inhibiting Na+/K+-ATPase
Inhibiting Na+/K+-ATPase

[233,234]

Galactose Modified
Prodrugs

SSK1
Pro-drug A (JHB75B)

Nav-Gal
5FURGa

Targeting SA-β-galactosidase
Targeting SA-β-galactosidase
Targeting SA-β-galactosidase
Targeting SA-β-galactosidase

[235–237]
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Table 1. Cont.

Class Senolytic Agent Mechanism of Action Reference

PROTACs PZ15227
ARV825

Degrading BCL-XL
Degrading BRD4 [238,239]

Miscellaneous

Fenofibrate
Azithromycin
Roxithromycin

Tamatinib (R406)
MitoTam

Panobinostat
AT-406

Rapamycin
Metformin

PPARα agonist
Inducing autophagy and glycolysis

NOX4
Syk inhibitor, FAK and p38MAPK

Reducing mitochondrial membrane
potential, Inhibiting OXPHOS
Histone deacetylase inhibitor

Inhibitor of c-IAP1, c-IAP2 and XIAP
Inhibiting mTOR, p16 and p21

Inhibiting NF-κB pathways/AKT

[240–247]

4.3. Preventing Telomere Dysfunction and Pulmonary Fibrosis by TELODIN

By screening a peptide library, we discovered an 8-mer peptide (TELODIN) that sig-
nificantly inhibited telomere dysfunction [213]. Corresponding to the β-turn hairpin-like
blade 7 of FBW7 E3 ubiquitin ligase WD40 domain, as synthesized in a native or retro-
inverso (reversed, inversed in dextral amino acids) configuration, TELODIN competitively
inhibited stress-induced TPP1 accelerated turnover, telomere shortening and pulmonary fi-
brosis once applied through intratracheal instillation in mice [35,213]. TELODIN inhalation
through the respiratory airway promoted alveolar stem cell proliferation and enhanced
pulmonary resistance to stress-induced pulmonary fibrogenic onset induced by different
chronic stresses including ionizing radiation, or by overexpression of FBW7 in causing
TPP1 deficiency, telomere uncapping and DDR [35]. The effect of TELODIN on alveolar
stem cell proliferation is due to increased TPP1 and subsequently protection of telomeres
against GSK3β-primed FBW7-mediated TPP1 degradation [35,213]. Thus, to the emerged
molecular target of TPP1 accelerated turnover, TELODIN prevents chronic stress induced
premature pulmonary ageing and fibrosis, highlighting an effective protection of TPP1 and
thus telomere dysfunction as a novel approach for intervention into pulmonary fibrosis.

5. Conclusions and Perspectives

Pulmonary ageing and fibrosis occur in association with AEC2 stem cell senescence
and SADD. AEC2 stem cell failure of differentiation to AEC1 cells in epithelial damage
repair, and trans-differentiation to mesenchymal fibrogenic remodeling, are the two critical
cellular processes mediated by telomere dysfunction. Downstream of stress-induced un-
capping of telomeres or TGF-β-signaling repression of the telomerase TERT gene, AEC2
stem cell senescence drives alveolar epithelial fibrogenesis, representing a key molecular
target for intervention. Preventing AEC2 stem cell senescence by promoting telomere
capping integrity using TELODIN, or removing senescent cells by promoting apoptosis
using senolytics, is emerging as a promising strategy in the studies of pulmonary fibro-
sis intervention.

More investigations are underway to detect and intervene in stress-induced prema-
ture pulmonary senescence and the early stage of fibrosis, informing molecular targeting
strategies of prophylactic and therapeutic intervention. The contemporary strategies and
technologies—such as sequencing single cell populations to differentiate gene profiling
of cell senescence and differentiation statues, deciphering structural modifications post
gene transcription, defining disordered molecular networks, and decoding denatured
macromolecules and compromised protective complexes—will lead to more studies of
interventions of alveolar stem cell senescence and SADD in pulmonary fibrogenesis. Dis-
secting cellular and molecular interplays will likely produce further insights into the
development of premature cellular senescence and fibrosis for some prophylactic and
therapeutic outcomes.

179



Cells 2022, 11, 877

Author Contributions: X.H. conceived and wrote the manuscript. L.W., K.Z. and J.L. participated
in writing. J.-P.L. conceived, supervised and wrote the manuscript. All authors contributed to
the discussions and presentations. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Key Research and Development Program of China
(2018YFC2000100, and 2021ZD0202402), the National Natural Science Foundation of China (91949207,
82130044, 92149302, 91849124, and 81871112), and the Victorian Government’s Operational Infrastruc-
ture Support Program of Australia.

Acknowledgments: This work was supported by grants from the National Key Research and De-
velopment Program of China (2018YFC2000100, and 2021ZD0202402), the National Natural Science
Foundation of China (91949207, 82130044, 92149302, 91849124, and 81871112), and the Victorian
Government’s Operational Infrastructure Support Program of Australia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cookson, W.O.; Moffatt, M.F. Bedside to gene and back in idiopathic pulmonary fibrosis. N. Engl. J. Med. 2013, 368, 2228–2230.

[CrossRef] [PubMed]
2. Armanios, M.Y. Telomerase mutations in families with idiopathic pulmonary fibrosis. N. Engl. J. Med. 2007, 356, 1370–1372.

[CrossRef] [PubMed]
3. Lee, S.; Yu, Y.; Trimpert, J.; Benthani, F.; Mairhofer, M.; Richter-Pechanska, P.; Wyler, E.; Belenki, D.; Kaltenbrunner, S.; Pammer,

M.; et al. Virus-induced senescence is driver and therapeutic target in COVID-19. Nature 2021, 599, 283–289. [CrossRef] [PubMed]
4. Wang, S.; Yao, X.; Ma, S.; Ping, Y.; Fan, Y.; Sun, S.; He, Z.; Shi, Y.; Sun, L.; Xiao, S.; et al. A single-cell transcriptomic landscape of

the lungs of patients with COVID-19. Nat. Cell Biol. 2021, 23, 1314–1328. [CrossRef]
5. Nie, X.; Qian, L.; Sun, R.; Huang, B.; Dong, X.; Xiao, Q.; Zhang, Q.; Lu, T.; Yue, L.; Chen, S.; et al. Multi-organ proteomic landscape

of COVID-19 autopsies. Cell 2021, 184, 775–791.e14. [CrossRef]
6. Armanios, M.Y.; Chen, J.J.; Cogan, J.D.; Alder, J.K.; Ingersoll, R.G.; Markin, C.; Lawson, W.E.; Xie, M.; Vulto, I.; Phillips, J.A.,

3rd; et al. Telomerase mutations in families with idiopathic pulmonary fibrosis. N. Engl. J. Med. 2007, 356, 1317–1326. [CrossRef]
7. Ting, C.; Aspal, M.; Vaishampayan, N.; Huang, S.K.; Wang, F.; Farver, C.; Zemans, R.L. Ineffectual AEC1 differentiation from

KRT8 (hi) transitional state without fibrosis is associated with fatal COVID-19 ARDS. bioRxiv 2021. [CrossRef]
8. Drake, T.M.; Docherty, A.B.; Harrison, E.M.; Quint, J.K.; Adamali, H.; Agnew, S.; Babu, S.; Barber, C.M.; Barratt, S.; Bendstrup, E.;

et al. Outcome of Hospitalization for COVID-19 in Patients with Interstitial Lung Disease. An International Multicenter Study.
Am. J. Respir. Crit. Care Med. 2020, 202, 1656–1665. [CrossRef]

9. Jansing, N.L.; McClendon, J.; Henson, P.M.; Tuder, R.M.; Hyde, D.M.; Zemans, R.L. Unbiased Quantitation of Alveolar Type II to
Alveolar Type I Cell Transdifferentiation during Repair after Lung Injury in Mice. Am. J. Respir. Cell Mol. Biol. 2017, 57, 519–526.
[CrossRef]

10. Barkauskas, C.E.; Cronce, M.J.; Rackley, C.R.; Bowie, E.J.; Keene, D.R.; Stripp, B.R.; Randell, S.H.; Noble, P.W.; Hogan, B.L. Type 2
alveolar cells are stem cells in adult lung. J. Clin. Investig. 2013, 123, 3025–3036. [CrossRef]

11. Kathiriya, J.J.; Brumwell, A.N.; Jackson, J.R.; Tang, X.; Chapman, H.A. Distinct Airway Epithelial Stem Cells Hide among Club
Cells but Mobilize to Promote Alveolar Regeneration. Cell Stem Cell 2020, 26, 346–358.e4. [CrossRef] [PubMed]

12. Rao, W.; Wang, S.; Duleba, M.; Niroula, S.; Goller, K.; Xie, J.; Mahalingam, R.; Neupane, R.; Liew, A.A.; Vincent, M.; et al.
Regenerative Metaplastic Clones in COPD Lung Drive Inflammation and Fibrosis. Cell 2020, 181, 848–864.e18. [CrossRef]

13. Lee, J.H.; Bhang, D.H.; Beede, A.; Huang, T.L.; Stripp, B.R.; Bloch, K.D.; Wagers, A.J.; Tseng, Y.H.; Ryeom, S.; Kim, C.F. Lung
stem cell differentiation in mice directed by endothelial cells via a BMP4-NFATc1-thrombospondin-1 axis. Cell 2014, 156, 440–455.
[CrossRef]

14. Chen, Q.; Suresh Kumar, V.; Finn, J.; Jiang, D.; Liang, J.; Zhao, Y.Y.; Liu, Y. CD44(high) alveolar type II cells show stem cell
properties during steady-state alveolar homeostasis. Am. J. Physiol. Lung Cell. Mol. Physiol. 2017, 313, L41–L51. [CrossRef]
[PubMed]

15. Reddy, R.; Buckley, S.; Doerken, M.; Barsky, L.; Weinberg, K.; Anderson, K.D.; Warburton, D.; Driscoll, B. Isolation of a putative
progenitor subpopulation of alveolar epithelial type 2 cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2004, 286, 658–667. [CrossRef]
[PubMed]

16. Salahudeen, A.A.; Choi, S.S.; Rustagi, A.; Zhu, J.; van Unen, V.; de la O, S.M.; Flynn, R.A.; Margalef-Catala, M.; Santos, A.J.M.; Ju,
J.; et al. Progenitor identification and SARS-CoV-2 infection in human distal lung organoids. Nature 2020, 588, 670–675. [CrossRef]
[PubMed]

17. Nabhan, A.N.; Brownfield, D.G.; Harbury, P.B.; Krasnow, M.A.; Desai, T.J. Single-cell Wnt signaling niches maintain stemness of
alveolar type 2 cells. Science 2018, 359, 1118–1123. [CrossRef]

18. Choi, J.; Park, J.E.; Tsagkogeorga, G.; Yanagita, M.; Koo, B.K.; Han, N.; Lee, J.H. Inflammatory Signals Induce AT2 Cell-Derived
Damage-Associated Transient Progenitors that Mediate Alveolar Regeneration. Cell Stem Cell 2020, 27, 366–382.e7. [CrossRef]

180



Cells 2022, 11, 877

19. Kobayashi, Y.; Tata, A.; Konkimalla, A.; Katsura, H.; Lee, R.F.; Ou, J.; Banovich, N.E.; Kropski, J.A.; Tata, P.R. Persistence of
a regeneration-associated, transitional alveolar epithelial cell state in pulmonary fibrosis. Nat. Cell Biol. 2020, 22, 934–946.
[CrossRef]

20. Strunz, M.; Simon, L.M.; Ansari, M.; Kathiriya, J.J.; Angelidis, I.; Mayr, C.H.; Tsidiridis, G.; Lange, M.; Mattner, L.F.; Yee, M.; et al.
Alveolar regeneration through a Krt8+ transitional stem cell state that persists in human lung fibrosis. Nat. Commun. 2020,
11, 3559. [CrossRef]

21. Jiang, P.; Gil de Rubio, R.; Hrycaj, S.M.; Gurczynski, S.J.; Riemondy, K.A.; Moore, B.B.; Omary, M.B.; Ridge, K.M.; Zemans, R.L.
Ineffectual Type 2-to-Type 1 Alveolar Epithelial Cell Differentiation in Idiopathic Pulmonary Fibrosis: Persistence of the KRT8(hi)
Transitional State. Am. J. Respir. Crit. Care Med. 2020, 201, 1443–1447. [CrossRef] [PubMed]

22. Riemondy, K.A.; Jansing, N.L.; Jiang, P.; Redente, E.F.; Gillen, A.E.; Fu, R.; Miller, A.J.; Spence, J.R.; Gerber, A.N.; Hesselberth, J.R.;
et al. Single cell RNA sequencing identifies TGFbeta as a key regenerative cue following LPS-induced lung injury. JCI Insight
2019, 4, e123637. [CrossRef] [PubMed]

23. Wu, H.; Yu, Y.; Huang, H.; Hu, Y.; Fu, S.; Wang, Z.; Shi, M.; Zhao, X.; Yuan, J.; Li, J.; et al. Progressive Pulmonary Fibrosis Is
Caused by Elevated Mechanical Tension on Alveolar Stem Cells. Cell 2020, 180, 107–121.e4. [CrossRef] [PubMed]

24. Salama, R.; Sadaie, M.; Hoare, M.; Narita, M. Cellular senescence and its effector programs. Genes Dev. 2014, 28, 99–114. [CrossRef]
25. Hayflick, L.; Moorhead, P.S. The serial cultivation of human diploid cell strains. Exp. Cell Res. 1961, 25, 585–621. [CrossRef]
26. Munoz-Espin, D.; Serrano, M. Cellular senescence: From physiology to pathology. Nat. Rev. Mol. Cell Biol 2014, 15, 482–496.

[CrossRef]
27. Maciel-Baron, L.A.; Morales-Rosales, S.L.; Aquino-Cruz, A.A.; Triana-Martinez, F.; Galvan-Arzate, S.; Luna-Lopez, A.; Gonzalez-

Puertos, V.Y.; Lopez-Diazguerrero, N.E.; Torres, C.; Konigsberg, M. Senescence associated secretory phenotype profile from
primary lung mice fibroblasts depends on the senescence induction stimuli. Age 2016, 38, 26. [CrossRef]

28. Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483–495. [CrossRef]
29. Rivera, T.; Haggblom, C.; Cosconati, S.; Karlseder, J. A balance between elongation and trimming regulates telomere stability in

stem cells. Nat. Struct. Mol. Biol. 2017, 24, 30–39. [CrossRef]
30. Paluvai, H.; Di Giorgio, E.; Brancolini, C. The Histone Code of Senescence. Cells 2020, 9, 466. [CrossRef]
31. Sati, S.; Bonev, B.; Szabo, Q.; Jost, D.; Bensadoun, P.; Serra, F.; Loubiere, V.; Papadopoulos, G.L.; Rivera-Mulia, J.C.; Fritsch, L.; et al.

4D Genome Rewiring during Oncogene-Induced and Replicative Senescence. Mol. Cell 2020, 78, 522–538.e9. [CrossRef] [PubMed]
32. Campaner, S.; Doni, M.; Hydbring, P.; Verrecchia, A.; Bianchi, L.; Sardella, D.; Schleker, T.; Perna, D.; Tronnersjo, S.; Murga, M.;

et al. Cdk2 suppresses cellular senescence induced by the c-myc oncogene. Nat. Cell Biol. 2010, 12, 54–59. [CrossRef] [PubMed]
33. Laberge, R.M.; Sun, Y.; Orjalo, A.V.; Patil, C.K.; Freund, A.; Zhou, L.; Curran, S.C.; Davalos, A.R.; Wilson-Edell, K.A.; Liu, S.; et al.

MTOR regulates the pro-tumorigenic senescence-associated secretory phenotype by promoting IL1A translation. Nat. Cell Biol.
2015, 17, 1049–1061. [CrossRef]

34. Sieben, C.J.; Sturmlechner, I.; van de Sluis, B.; van Deursen, J.M. Two-Step Senescence-Focused Cancer Therapies. Trends Cell Biol.
2018, 28, 723–737. [CrossRef]

35. Wang, L.; Chen, R.; Li, G.; Wang, Z.; Liu, J.; Liang, Y.; Liu, J.P. FBW7 Mediates Senescence and Pulmonary Fibrosis through
Telomere Uncapping. Cell Metab. 2020, 32, 860–877.e9. [CrossRef] [PubMed]

36. Sharpless, N.E.; Sherr, C.J. Forging a signature of In Vivo senescence. Nat. Rev. Cancer 2015, 15, 397–408. [CrossRef] [PubMed]
37. Ito, Y.; Hoare, M.; Narita, M. Spatial and Temporal Control of Senescence. Trends Cell Biol. 2017, 27, 820–832. [CrossRef] [PubMed]
38. Yao, C.; Guan, X.; Carraro, G.; Parimon, T.; Liu, X.; Huang, G.; Mulay, A.; Soukiasian, H.J.; David, G.; Weigt, S.S.; et al. Senescence

of Alveolar Type 2 Cells Drives Progressive Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2021, 203, 707–717. [CrossRef]
39. Zhang, K.; Chen, C.; Liu, Y.; Chen, H.; Liu, J.P. Cellular senescence occurred widespread to multiple selective sites in the fetal

tissues and organs of mice. Clin. Exp. Pharmacol. Physiol. 2014, 41, 965–975. [CrossRef]
40. Dorr, J.R.; Yu, Y.; Milanovic, M.; Beuster, G.; Zasada, C.; Dabritz, J.H.; Lisec, J.; Lenze, D.; Gerhardt, A.; Schleicher, K.; et al.

Synthetic lethal metabolic targeting of cellular senescence in cancer therapy. Nature 2013, 501, 421–425. [CrossRef]
41. Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Däbritz, J.H.M.; Zhao, Z.; Yu, Y.; Dörr, J.R.; Dimitrova, L.; Lenze, D.; Monteiro Barbosa,

I.A.; et al. Senescence-associated reprogramming promotes cancer stemness. Nature 2018, 553, 96–100. [CrossRef] [PubMed]
42. Patel, P.L.; Suram, A.; Mirani, N.; Bischof, O.; Herbig, U. Derepression of hTERT gene expression promotes escape from

oncogene-induced cellular senescence. Proc. Natl. Acad. Sci. USA 2016, 113, 5024–5033. [CrossRef] [PubMed]
43. Reyes, J.; Chen, J.Y.; Stewart-Ornstein, J.; Karhohs, K.W.; Mock, C.S.; Lahav, G. Fluctuations in p53 Signaling Allow Escape from

Cell-Cycle Arrest. Mol. Cell 2018, 71, 581–591.e5. [CrossRef] [PubMed]
44. Baryshev, M.; Inashkina, I.; Salmina, K.; Huna, A.; Jackson, T.R.; Erenpreisa, J. DNA methylation of the Oct4A enhancers in

embryonal carcinoma cells after etoposide treatment is associated with alternative splicing and altered pluripotency in reversibly
senescent cells. Cell Cycle 2018, 17, 362–366. [CrossRef]

45. Mosteiro, L.; Pantoja, C.; Alcazar, N.; Marión, R.M.; Chondronasiou, D.; Rovira, M.; Fernandez-Marcos, P.J.; Muñoz-Martin, M.;
Blanco-Aparicio, C.; Pastor, J.; et al. Tissue damage and senescence provide critical signals for cellular reprogramming In Vivo.
Science 2016, 354, aaf4445. [CrossRef]

46. Ritschka, B.; Storer, M.; Mas, A.; Heinzmann, F.; Ortells, M.C.; Morton, J.P.; Sansom, O.J.; Zender, L.; Keyes, W.M. The senescence-
associated secretory phenotype induces cellular plasticity and tissue regeneration. Genes Dev. 2017, 31, 172–183. [CrossRef]

181



Cells 2022, 11, 877

47. Demaria, M.; O’Leary, M.N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, N.; Deal, A.M.; et al. Cellular
Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov. 2017, 7, 165–176. [CrossRef]

48. Campisi, J. Senescent cells, tumor suppression, and organismal aging: Good citizens, bad neighbors. Cell 2005, 120, 513–522.
[CrossRef]

49. Coppe, J.P.; Desprez, P.Y.; Krtolica, A.; Campisi, J. The senescence-associated secretory phenotype: The dark side of tumor
suppression. Annu. Rev. Pathol. 2010, 5, 99–118. [CrossRef]

50. Hernandez-Segura, A.; de Jong, T.V.; Melov, S.; Guryev, V.; Campisi, J.; Demaria, M. Unmasking Transcriptional Heterogeneity in
Senescent Cells. Curr. Biol. CB 2017, 27, 2652–2660.e4. [CrossRef]

51. Takasugi, M.; Okada, R.; Takahashi, A.; Virya Chen, D.; Watanabe, S.; Hara, E. Small extracellular vesicles secreted from senescent
cells promote cancer cell proliferation through EphA2. Nat. Commun. 2017, 8, 15729. [CrossRef] [PubMed]

52. Takahashi, A.; Okada, R.; Nagao, K.; Kawamata, Y.; Hanyu, A.; Yoshimoto, S.; Takasugi, M.; Watanabe, S.; Kanemaki, M.T.; Obuse,
C.; et al. Exosomes maintain cellular homeostasis by excreting harmful DNA from cells. Nat. Commun. 2017, 8, 15287. [CrossRef]
[PubMed]

53. Lehmann, B.D.; Paine, M.S.; Brooks, A.M.; McCubrey, J.A.; Renegar, R.H.; Wang, R.; Terrian, D.M. Senescence-associated exosome
release from human prostate cancer cells. Cancer Res. 2008, 68, 7864–7871. [CrossRef] [PubMed]

54. Konopka, K.E.; Nguyen, T.; Jentzen, J.M.; Rayes, O.; Schmidt, C.J.; Wilson, A.M.; Farver, C.F.; Myers, J.L. Diffuse alveolar damage
(DAD) resulting from coronavirus disease 2019 Infection is Morphologically Indistinguishable from Other Causes of DAD.
Histopathology 2020, 77, 570–578. [CrossRef]

55. Carsana, L.; Sonzogni, A.; Nasr, A.; Rossi, R.S.; Pellegrinelli, A.; Zerbi, P.; Rech, R.; Colombo, R.; Antinori, S.; Corbellino, M.; et al.
Pulmonary post-mortem findings in a series of COVID-19 cases from northern Italy: A two-centre descriptive study. Lancet Infect.
Dis. 2020, 20, 1135–1140. [CrossRef]

56. Adams, T.S.; Schupp, J.C.; Poli, S.; Ayaub, E.A.; Neumark, N.; Ahangari, F.; Chu, S.G.; Raby, B.A.; DeIuliis, G.; Januszyk, M.; et al.
Single-cell RNA-seq reveals ectopic and aberrant lung-resident cell populations in idiopathic pulmonary fibrosis. Sci. Adv. 2020,
6, eaba1983. [CrossRef] [PubMed]

57. Habermann, A.C.; Gutierrez, A.J.; Bui, L.T.; Yahn, S.L.; Winters, N.I.; Calvi, C.L.; Peter, L.; Chung, M.I.; Taylor, C.J.; Jetter, C.; et al.
Single-cell RNA sequencing reveals profibrotic roles of distinct epithelial and mesenchymal lineages in pulmonary fibrosis. Sci.
Adv. 2020, 6, eaba1972. [CrossRef]

58. Alder, J.K.; Barkauskas, C.E.; Limjunyawong, N.; Stanley, S.E.; Kembou, F.; Tuder, R.M.; Hogan, B.L.; Mitzner, W.; Armanios, M.
Telomere dysfunction causes alveolar stem cell failure. Proc. Natl. Acad. Sci. USA 2015, 112, 5099–5104. [CrossRef]

59. Razdan, N.; Vasilopoulos, T.; Herbig, U. Telomere dysfunction promotes transdifferentiation of human fibroblasts into myofibrob-
lasts. Aging Cell 2018, 17, e12838. [CrossRef]

60. Lee, J.; Reddy, R.; Barsky, L.; Scholes, J.; Chen, H.; Shi, W.; Driscoll, B. Lung alveolar integrity is compromised by telomere
shortening in telomerase-null mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 2009, 296, 57–70. [CrossRef]

61. Willis, B.C.; Liebler, J.M.; Luby-Phelps, K.; Nicholson, A.G.; Crandall, E.D.; du Bois, R.M.; Borok, Z. Induction of epithelial-
mesenchymal transition in alveolar epithelial cells by transforming growth factor-beta1: Potential role in idiopathic pulmonary
fibrosis. Am. J. Pathol. 2005, 166, 1321–1332. [CrossRef]

62. Marmai, C.; Sutherland, R.E.; Kim, K.K.; Dolganov, G.M.; Fang, X.; Kim, S.S.; Jiang, S.; Golden, J.A.; Hoopes, C.W.; Matthay,
M.A.; et al. Alveolar epithelial cells express mesenchymal proteins in patients with idiopathic pulmonary fibrosis. Am. J. Physiol.
Lung Cell. Mol. Physiol. 2011, 301, 71–78. [CrossRef] [PubMed]

63. Kim, K.K.; Kugler, M.C.; Wolters, P.J.; Robillard, L.; Galvez, M.G.; Brumwell, A.N.; Sheppard, D.; Chapman, H.A. Alveolar
epithelial cell mesenchymal transition develops In Vivo during pulmonary fibrosis and is regulated by the extracellular matrix.
Proc. Natl. Acad. Sci. USA 2006, 103, 13180–13185. [CrossRef] [PubMed]

64. Bharat, A.; Querrey, M.; Markov, N.S.; Kim, S.; Kurihara, C.; Garza-Castillon, R.; Manerikar, A.; Shilatifard, A.; Tomic, R.;
Politanska, Y.; et al. Lung transplantation for patients with severe COVID-19. Sci. Transl. Med. 2020, 12, eabe4282. [CrossRef]

65. Chen, J.; Wu, H.; Yu, Y.; Tang, N. Pulmonary alveolar regeneration in adult COVID-19 patients. Cell Res. 2020, 30, 708–710.
[CrossRef]

66. Kulkarni, T.; de Andrade, J.; Zhou, Y.; Luckhardt, T.; Thannickal, V.J. Alveolar epithelial disintegrity in pulmonary fibrosis. Am. J.
Physiol. Lung Cell. Mol. Physiol. 2016, 311, 185–191. [CrossRef]

67. Chung, M.I.; Bujnis, M.; Barkauskas, C.E.; Kobayashi, Y.; Hogan, B.L.M. Niche-mediated BMP/SMAD signaling regulates lung
alveolar stem cell proliferation and differentiation. Development 2018, 145, dev163014. [CrossRef]

68. Schruf, E.; Schroeder, V.; Le, H.Q.; Schonberger, T.; Raedel, D.; Stewart, E.L.; Fundel-Clemens, K.; Bluhmki, T.; Weigle, S.; Schuler,
M.; et al. Recapitulating idiopathic pulmonary fibrosis related alveolar epithelial dysfunction in a human iPSC-derived air-liquid
interface model. FASEB J. 2020, 34, 7825–7846. [CrossRef]

69. Gokey, J.J.; Snowball, J.; Green, J.; Waltamath, M.; Spinney, J.J.; Black, K.E.; Hariri, L.P.; Xu, Y.; Perl, A.K. Pretreatment of aged
mice with retinoic acid supports alveolar regeneration via upregulation of reciprocal PDGFA signalling. Thorax 2021, 76, 456–467.
[CrossRef]

70. Zheng, X.; Qi, C.; Zhang, S.; Fang, Y.; Ning, W. TGF-beta1 induces Fstl1 via the Smad3-c-Jun pathway in lung fibroblasts. Am. J.
Physiol. Lung Cell. Mol. Physiol. 2017, 313, 240–251. [CrossRef]

182



Cells 2022, 11, 877

71. Kim, K.K.; Wei, Y.; Szekeres, C.; Kugler, M.C.; Wolters, P.J.; Hill, M.L.; Frank, J.A.; Brumwell, A.N.; Wheeler, S.E.; Kreidberg,
J.A.; et al. Epithelial cell alpha3beta1 integrin links beta-catenin and Smad signaling to promote myofibroblast formation and
pulmonary fibrosis. J. Clin. Investig. 2009, 119, 213–224. [CrossRef] [PubMed]

72. Namba, T.; Tanaka, K.I.; Ito, Y.; Hoshino, T.; Matoyama, M.; Yamakawa, N.; Isohama, Y.; Azuma, A.; Mizushima, T. Induction of
EMT-like phenotypes by an active metabolite of leflunomide and its contribution to pulmonary fibrosis. Cell Death Differ. 2010, 17,
1882–1895. [CrossRef] [PubMed]

73. Schneider, D.J.; Wu, M.; Le, T.T.; Cho, S.H.; Brenner, M.B.; Blackburn, M.R.; Agarwal, S.K. Cadherin-11 contributes to pulmonary
fibrosis: Potential role in TGF-beta production and epithelial to mesenchymal transition. FASEB J. 2012, 26, 503–512. [CrossRef]
[PubMed]

74. Tanjore, H.; Cheng, D.S.; Degryse, A.L.; Zoz, D.F.; Abdolrasulnia, R.; Lawson, W.E.; Blackwell, T.S. Alveolar epithelial cells
undergo epithelial-to-mesenchymal transition in response to endoplasmic reticulum stress. J. Biol. Chem. 2011, 286, 30972–30980.
[CrossRef]

75. Tanjore, H.; Xu, X.C.; Polosukhin, V.V.; Degryse, A.L.; Li, B.; Han, W.; Sherrill, T.P.; Plieth, D.; Neilson, E.G.; Blackwell, T.S.; et al.
Contribution of epithelial-derived fibroblasts to bleomycin-induced lung fibrosis. Am. J. Respir. Crit. Care Med. 2009, 180, 657–665.
[CrossRef]

76. Zhou, B.; Liu, Y.; Kahn, M.; Ann, D.K.; Han, A.; Wang, H.; Nguyen, C.; Flodby, P.; Zhong, Q.; Krishnaveni, M.S.; et al. Interactions
between β-catenin and transforming growth factor-β signaling pathways mediate epithelial-mesenchymal transition and are
dependent on the transcriptional co-activator cAMP-response element-binding protein (CREB)-binding protein (CBP). J. Biol.
Chem. 2012, 287, 7026–7038. [CrossRef]

77. Zhang, K.; Wang, L.; Hong, X.; Chen, H.; Shi, Y.; Liu, Y.; Liu, J.; Liu, J.P. Pulmonary Alveolar Stem Cell Senescence, Apoptosis, and
Differentiation by p53-Dependent and -Independent Mechanisms in Telomerase-Deficient Mice. Cells 2021, 10, 2892. [CrossRef]

78. Chen, R.; Zhang, K.; Chen, H.; Zhao, X.; Wang, J.; Li, L.; Cong, Y.; Ju, Z.; Xu, D.; Williams, B.R.; et al. Telomerase deficiency causes
alveolar stem cell senescence-associated low-grade inflammation in lungs. J. Biol. Chem. 2015, 290, 30813–30829. [CrossRef]

79. Wang, L.; Yu, X.; Liu, J.P. Telomere Damage Response and Low-Grade Inflammation. Adv. Exp. Med. Biol 2017, 1024, 213–224.
[CrossRef]

80. Birnhuber, A.; Egemnazarov, B.; Biasin, V.; Bonyadi Rad, E.; Wygrecka, M.; Olschewski, H.; Kwapiszewska, G.; Marsh, L.M.
CDK4/6 inhibition enhances pulmonary inflammatory infiltration in bleomycin-induced lung fibrosis. Respir. Res. 2020, 21, 167.
[CrossRef]

81. Sala, M.A.; Balderas-Martinez, Y.I.; Buendia-Roldan, I.; Abdala-Valencia, H.; Nam, K.; Jain, M.; Bhorade, S.; Bharat, A.; Reyfman,
P.A.; Ridge, K.M.; et al. Inflammatory pathways are upregulated in the nasal epithelium in patients with idiopathic pulmonary
fibrosis. Respir. Res. 2018, 19, 233. [CrossRef] [PubMed]

82. Li, M.; Krishnaveni, M.S.; Li, C.; Zhou, B.; Xing, Y.; Banfalvi, A.; Li, A.; Lombardi, V.; Akbari, O.; Borok, Z.; et al. Epithelium-
specific deletion of TGF-beta receptor type II protects mice from bleomycin-induced pulmonary fibrosis. J. Clin. Investig. 2011,
121, 277–287. [CrossRef] [PubMed]

83. Aumiller, V.; Balsara, N.; Wilhelm, J.; Gunther, A.; Konigshoff, M. WNT/beta-catenin signaling induces IL-1beta expression by
alveolar epithelial cells in pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2013, 49, 96–104. [CrossRef] [PubMed]

84. Yu, G.; Tzouvelekis, A.; Wang, R.; Herazo-Maya, J.D.; Ibarra, G.H.; Srivastava, A.; de Castro, J.P.W.; DeIuliis, G.; Ahangari, F.;
Woolard, T.; et al. Thyroid hormone inhibits lung fibrosis in mice by improving epithelial mitochondrial function. Nat. Med. 2018,
24, 39–49. [CrossRef]

85. Cheresh, P.; Kim, S.J.; Tulasiram, S.; Kamp, D.W. Oxidative stress and pulmonary fibrosis. Biochim. Biophys. Acta 2013, 1832,
1028–1040. [CrossRef] [PubMed]

86. Otoupalova, E.; Smith, S.; Cheng, G.; Thannickal, V.J. Oxidative Stress in Pulmonary Fibrosis. Compr. Physiol. 2020, 10, 509–547.
[CrossRef]

87. Korthagen, N.M.; van Moorsel, C.H.; Barlo, N.P.; Kazemier, K.M.; Ruven, H.J.; Grutters, J.C. Association between variations in
cell cycle genes and idiopathic pulmonary fibrosis. PLoS ONE 2012, 7, e30442. [CrossRef]

88. Dressen, A.; Abbas, A.R.; Cabanski, C.; Reeder, J.; Ramalingam, T.R.; Neighbors, M.; Bhangale, T.R.; Brauer, M.J.; Hunkapiller, J.;
Reeder, J.; et al. Analysis of protein-altering variants in telomerase genes and their association with MUC5B common variant
status in patients with idiopathic pulmonary fibrosis: A candidate gene sequencing study. Lancet Respir. Med. 2018, 6, 603–614.
[CrossRef]

89. King, T.E., Jr.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378, 1949–1961. [CrossRef]
90. Tsakiri, K.D.; Cronkhite, J.T.; Kuan, P.J.; Xing, C.; Raghu, G.; Weissler, J.C.; Rosenblatt, R.L.; Shay, J.W.; Garcia, C.K. Adult-onset

pulmonary fibrosis caused by mutations in telomerase. Proc. Natl. Acad. Sci. USA 2007, 104, 7552–7557. [CrossRef]
91. Stuart, B.D.; Choi, J.; Zaidi, S.; Xing, C.; Holohan, B.; Chen, R.; Choi, M.; Dharwadkar, P.; Torres, F.; Girod, C.E.; et al. Exome

sequencing links mutations in PARN and RTEL1 with familial pulmonary fibrosis and telomere shortening. Nat. Genet. 2015, 47,
512–517. [CrossRef] [PubMed]

92. Sousa, S.R.; Caetano Mota, P.; Melo, N.; Bastos, H.N.; Padrao, E.; Pereira, J.M.; Cunha, R.; Souto Moura, C.; Guimaraes, S.; Morais,
A. Heterozygous TERT gene mutation associated with familial idiopathic pulmonary fibrosis. Respir. Med. Case Rep. 2019, 26,
118–122. [CrossRef] [PubMed]

183



Cells 2022, 11, 877

93. Alder, J.K.; Chen, J.J.; Lancaster, L.; Danoff, S.; Su, S.C.; Cogan, J.D.; Vulto, I.; Xie, M.; Qi, X.; Tuder, R.M.; et al. Short telomeres are
a risk factor for idiopathic pulmonary fibrosis. Proc. Natl. Acad. Sci. USA 2008, 105, 13051–13056. [CrossRef] [PubMed]

94. Alder, J.K.; Cogan, J.D.; Brown, A.F.; Anderson, C.J.; Lawson, W.E.; Lansdorp, P.M.; Phillips, J.A., 3rd; Loyd, J.E.; Chen, J.J.;
Armanios, M. Ancestral mutation in telomerase causes defects in repeat addition processivity and manifests as familial pulmonary
fibrosis. PLoS Genet. 2011, 7, e1001352. [CrossRef]

95. Armanios, M. Syndromes of Telomere Shortening. Annu Rev. Genom. Hum. Genet. 2009, 62, 6405–6409. [CrossRef]
96. Petrovski, S.; Todd, J.L.; Durheim, M.T.; Wang, Q.; Chien, J.W.; Kelly, F.L.; Frankel, C.; Mebane, C.M.; Ren, Z.; Bridgers, J.; et al.

An Exome Sequencing Study to Assess the Role of Rare Genetic Variation in Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med.
2017, 196, 82–93. [CrossRef]

97. Chilosi, M.; Poletti, V.; Rossi, A. The pathogenesis of COPD and IPF: Distinct horns of the same devil? Respir. Res. 2012, 13, 3.
[CrossRef]

98. Nogee, L.M.; Dunbar, A.E., 3rd; Wert, S.E.; Askin, F.; Hamvas, A.; Whitsett, J.A. A mutation in the surfactant protein C gene
associated with familial interstitial lung disease. N. Engl. J. Med. 2001, 344, 573–579. [CrossRef]

99. Cottin, V.; Reix, P.; Khouatra, C.; Thivolet-Bejui, F.; Feldmann, D.; Cordier, J.F. Combined pulmonary fibrosis and emphysema
syndrome associated with familial SFTPC mutation. Thorax 2011, 66, 918–919. [CrossRef]

100. Nathan, N.; Giraud, V.; Picard, C.; Nunes, H.; Dastot-Le Moal, F.; Copin, B.; Galeron, L.; De Ligniville, A.; Kuziner, N.; Reynaud-
Gaubert, M.; et al. Germline SFTPA1 mutation in familial idiopathic interstitial pneumonia and lung cancer. Hum. Mol. Genet.
2016, 25, 1457–1467. [CrossRef]

101. Wu, J.; McKeague, M.; Sturla, S.J. Nucleotide-Resolution Genome-Wide Mapping of Oxidative DNA Damage by Click-Code-Seq.
J. Am. Chem Soc. 2018, 140, 9783–9787. [CrossRef] [PubMed]

102. Qian, W.; Kumar, N.; Roginskaya, V.; Fouquerel, E.; Opresko, P.L.; Shiva, S.; Watkins, S.C.; Kolodieznyi, D.; Bruchez, M.P.; Van
Houten, B. Chemoptogenetic damage to mitochondria causes rapid telomere dysfunction. Proc. Natl. Acad. Sci. USA 2019, 116,
18435–18444. [CrossRef] [PubMed]

103. Hewitt, G.; Jurk, D.; Marques, F.D.; Correia-Melo, C.; Hardy, T.; Gackowska, A.; Anderson, R.; Taschuk, M.; Mann, J.; Passos, J.F.
Telomeres are favoured targets of a persistent DNA damage response in ageing and stress-induced senescence. Nat. Commun.
2012, 3, 708. [CrossRef] [PubMed]

104. Degryse, A.L.; Xu, X.C.; Newman, J.L.; Mitchell, D.B.; Tanjore, H.; Polosukhin, V.V.; Jones, B.R.; McMahon, F.B.; Gleaves, L.A.;
Phillips, J.A., 3rd; et al. Telomerase deficiency does not alter bleomycin-induced fibrosis in mice. Exp. Lung Res. 2012, 38, 124–134.
[CrossRef] [PubMed]

105. Fumagalli, M.; Rossiello, F.; Clerici, M.; Barozzi, S.; Cittaro, D.; Kaplunov, J.M.; Bucci, G.; Dobreva, M.; Matti, V.; Beausejour, C.M.;
et al. Telomeric DNA damage is irreparable and causes persistent DNA-damage-response activation. Nat. Cell Biol. 2012, 14,
355–365. [CrossRef]

106. Coluzzi, E.; Colamartino, M.; Cozzi, R.; Leone, S.; Meneghini, C.; O’Callaghan, N.; Sgura, A. Oxidative stress induces persistent
telomeric DNA damage responsible for nuclear morphology change in mammalian cells. PLoS ONE 2014, 9, e110963. [CrossRef]

107. Aitken, M.L.; Dugowson, C.; Schmidt, R.A.; Fer, M. Bleomycin-induced pulmonary fibrosis in a patient with rheumatoid arthritis.
A possible synergistic effect? West. J. Med. 1989, 150, 344–346.

108. Santrach, P.J.; Askin, F.B.; Wells, R.J.; Azizkhan, R.G.; Merten, D.F. Nodular form of bleomycin-related pulmonary injury in
patients with osteogenic sarcoma. Cancer 1989, 64, 806–811. [CrossRef]

109. Parfrey, H.; Babar, J.; Fiddler, C.A.; Chilvers, E.R. Idiopathic pulmonary fibrosis in a Christmas Island nuclear test veteran. BMJ
Case Rep. 2010, 2010, bcr0620103102. [CrossRef]

110. Desai, M.Y.; Karunakaravel, K.; Wu, W.; Agarwal, S.; Smedira, N.G.; Lytle, B.W.; Griffin, B.P. Pulmonary fibrosis on multidetector
computed tomography and mortality in patients with radiation-associated cardiac disease undergoing cardiac surgery. J. Thorac.
Cardiovasc. Surg. 2014, 148, 475–481.e3. [CrossRef]

111. Gross, N.J. Pulmonary effects of radiation therapy. Ann. Intern. Med. 1977, 86, 81–92. [CrossRef] [PubMed]
112. Chung, K.P.; Hsu, C.L.; Fan, L.C.; Huang, Z.; Bhatia, D.; Chen, Y.J.; Hisata, S.; Cho, S.J.; Nakahira, K.; Imamura, M.; et al.

Mitofusins regulate lipid metabolism to mediate the development of lung fibrosis. Nat. Commun. 2019, 10, 3390. [CrossRef]
113. Anathy, V.; Lahue, K.G.; Chapman, D.G.; Chia, S.B.; Casey, D.T.; Aboushousha, R.; van der Velden, J.L.J.; Elko, E.; Hoffman, S.M.;

McMillan, D.H.; et al. Reducing protein oxidation reverses lung fibrosis. Nat. Med. 2018, 24, 1128–1135. [CrossRef] [PubMed]
114. Demedts, M.; Behr, J.; Buhl, R.; Costabel, U.; Dekhuijzen, R.; Jansen, H.M.; MacNee, W.; Thomeer, M.; Wallaert, B.; Laurent,

F.; et al. High-dose acetylcysteine in idiopathic pulmonary fibrosis. N. Engl. J. Med. 2005, 353, 2229–2242. [CrossRef] [PubMed]
115. Borok, Z.; Buhl, R.; Grimes, G.J.; Bokser, A.D.; Hubbard, R.C.; Holroyd, K.J.; Roum, J.H.; Czerski, D.B.; Cantin, A.M.; Crystal,

R.G. Effect of glutathione aerosol on oxidant-antioxidant imbalance in idiopathic pulmonary fibrosis. Lancet 1991, 338, 215–216.
[CrossRef]

116. Guan, L.L.; Kuwahara, J.; Sugiura, Y. Guanine-specific binding by bleomycin-nickel(III) complex and its reactivity for guanine-
quartet telomeric DNA. Biochemistry 1993, 32, 6141–6145. [CrossRef] [PubMed]

117. Povedano, J.M.; Martinez, P.; Flores, J.M.; Mulero, F.; Blasco, M.A. Mice with Pulmonary Fibrosis Driven by Telomere Dysfunction.
Cell Rep. 2015, 12, 286–299. [CrossRef]

118. Cornforth, M.N.; Meyne, J.; Littlefield, L.G.; Bailey, S.M.; Moyzis, R.K. Telomere staining of human chromosomes and the
mechanism of radiation-induced dicentric formation. Radiat. Res. 1989, 120, 205–212. [CrossRef]

184



Cells 2022, 11, 877

119. Metcalfe, J.A.; Parkhill, J.; Campbell, L.; Stacey, M.; Biggs, P.; Byrd, P.J.; Taylor, A.M. Accelerated telomere shortening in ataxia
telangiectasia. Nat. Genet. 1996, 13, 350–353. [CrossRef]

120. Gorbunova, V.; Seluanov, A.; Pereira-Smith, O.M. Expression of hTERT does not prevent stress-induced senescence in normal
human fibroblasts, but protects the cells from stress-induced apoptosis and necrosis. J. Biol. Chem. 2002, 24, 24. [CrossRef]

121. Petersen, S.; Saretzki, G.; von Zglinicki, T. Preferential accumulation of single-stranded regions in telomeres of human fibroblasts.
Exp. Cell Res. 1998, 239, 152–160. [CrossRef] [PubMed]

122. von Zglinicki, T. Oxidative stress shortens telomeres. Trends Biochem. Sci. 2002, 27, 339–344. [CrossRef]
123. Halu, A.; Liu, S.; Baek, S.H.; Hobbs, B.D.; Hunninghake, G.M.; Cho, M.H.; Silverman, E.K.; Sharma, A. Exploring the cross-

phenotype network region of disease modules reveals concordant and discordant pathways between chronic obstructive
pulmonary disease and idiopathic pulmonary fibrosis. Hum. Mol. Genet. 2019, 28, 2352–2364. [CrossRef]

124. Kumar, M.; Seeger, W.; Voswinckel, R. Senescence-associated secretory phenotype and its possible role in chronic obstructive
pulmonary disease. Am. J. Respir. Cell Mol. Biol. 2014, 51, 323–333. [CrossRef] [PubMed]

125. Mirabello, L.; Huang, W.Y.; Wong, J.Y.; Chatterjee, N.; Reding, D.; Crawford, E.D.; De Vivo, I.; Hayes, R.B.; Savage, S.A. The
association between leukocyte telomere length and cigarette smoking, dietary and physical variables, and risk of prostate cancer.
Aging Cell 2009, 8, 405–413. [CrossRef]

126. Stanley, S.E.; Chen, J.J.; Podlevsky, J.D.; Alder, J.K.; Hansel, N.N.; Mathias, R.A.; Qi, X.; Rafaels, N.M.; Wise, R.A.; Silverman, E.K.;
et al. Telomerase mutations in smokers with severe emphysema. J. Clin. Investig. 2015, 125, 563–570. [CrossRef]

127. Blackburn, E.H.; Epel, E.S.; Lin, J. Human telomere biology: A contributory and interactive factor in aging, disease risks, and
protection. Science 2015, 350, 1193–1198. [CrossRef]

128. Aalbers, A.M.; Kajigaya, S.; van den Heuvel-Eibrink, M.M.; van der Velden, V.H.; Calado, R.T.; Young, N.S. Human telomere
disease due to disruption of the CCAAT box of the TERC promoter. Blood 2012, 119, 3060–3063. [CrossRef]

129. Hao, L.Y.; Armanios, M.; Strong, M.A.; Karim, B.; Feldser, D.M.; Huso, D.; Greider, C.W. Short telomeres, even in the presence of
telomerase, limit tissue renewal capacity. Cell 2005, 123, 1121–1131. [CrossRef]

130. Fogarty, P.F.; Yamaguchi, H.; Wiestner, A.; Baerlocher, G.M.; Sloand, E.; Zeng, W.S.; Read, E.J.; Lansdorp, P.M.; Young, N.S. Late
presentation of dyskeratosis congenita as apparently acquired aplastic anaemia due to mutations in telomerase RNA. Lancet 2003,
362, 1628–1630. [CrossRef]

131. Cawthon, R.M.; Smith, K.R.; O’Brien, E.; Sivatchenko, A.; Kerber, R.A. Association between telomere length in blood and mortality
in people aged 60 years or older. Lancet 2003, 361, 393–395. [CrossRef]

132. Mitchell, J.R.; Wood, E.; Collins, K. A telomerase component is defective in the human disease dyskeratosis congenita. Nature
1999, 402, 551–555. [CrossRef] [PubMed]

133. Kadota, T.; Yoshioka, Y.; Fujita, Y.; Araya, J.; Minagawa, S.; Hara, H.; Miyamoto, A.; Suzuki, S.; Fujimori, S.; Kohno, T.; et al.
Extracellular Vesicles from Fibroblasts Induce Epithelial-Cell Senescence in Pulmonary Fibrosis. Am. J. Respir. Cell Mol. Biol. 2020,
63, 623–636. [CrossRef] [PubMed]

134. Khayrullin, A.; Krishnan, P.; Martinez-Nater, L.; Mendhe, B.; Fulzele, S.; Liu, Y.; Mattison, J.A.; Hamrick, M.W. Very Long-
Chain C24:1 Ceramide Is Increased in Serum Extracellular Vesicles with Aging and Can Induce Senescence in Bone-Derived
Mesenchymal Stem Cells. Cells 2019, 8, 37. [CrossRef] [PubMed]

135. Misawa, T.; Tanaka, Y.; Okada, R.; Takahashi, A. Biology of extracellular vesicles secreted from senescent cells as senescence-
associated secretory phenotype factors. Geriatr. Gerontol. Int. 2020, 20, 539–546. [CrossRef]

136. Pardo, A.; Selman, M. Lung Fibroblasts, Aging, and Idiopathic Pulmonary Fibrosis. Ann. Am. Thorac Soc. 2016, 13 (Suppl. 5),
S417–S421. [CrossRef]

137. Kelley, W.J.; Zemans, R.L.; Goldstein, D.R. Cellular senescence: Friend or foe to respiratory viral infections? Eur. Respir. J. 2020,
56, 2002708. [CrossRef]

138. Ley, B.; Newton, C.A.; Arnould, I.; Elicker, B.M.; Henry, T.S.; Vittinghoff, E.; Golden, J.A.; Jones, K.D.; Batra, K.; Torrealba, J.;
et al. The MUC5B promoter polymorphism and telomere length in patients with chronic hypersensitivity pneumonitis: An
observational cohort-control study. Lancet Respir. Med. 2017, 5, 639–647. [CrossRef]

139. Blackburn, E.H.; Gall, J.G. A tandemly repeated sequence at the termini of the extrachromosomal ribosomal RNA genes in
Tetrahymena. J. Mol. Biol. 1978, 120, 33–53. [CrossRef]

140. Shampay, J.; Szostak, J.W.; Blackburn, E.H. DNA sequences of telomeres maintained in yeast. Nature 1984, 310, 154–157. [CrossRef]
141. Greider, C.W.; Blackburn, E.H. Identification of a specific telomere terminal transferase enzyme with two kinds of primer

specificity. Cell 1985, 51, 405–413. [CrossRef]
142. de Lange, T.; Shiue, L.; Myers, R.M.; Cox, D.R.; Naylor, S.L.; Killery, A.M.; Varmus, H.E. Structure and variability of human

chromosome ends. Mol. Cell. Biol. 1990, 10, 518–527. [PubMed]
143. de Lange, T. Shelterin: The protein complex that shapes and safeguards human telomeres. Genes Dev. 2005, 19, 2100–2110.

[CrossRef] [PubMed]
144. de Lange, T. Shelterin-Mediated Telomere Protection. Annu. Rev. Genet. 2018, 52, 223–247. [CrossRef] [PubMed]
145. Harley, C.B.; Futcher, A.B.; Greider, C.W. Telomeres shorten during ageing of human fibroblasts. Nature 1990, 345, 458–460.

[CrossRef] [PubMed]
146. Hastie, N.D.; Dempster, M.; Dunlop, M.G.; Thompson, A.M.; Green, D.K.; Allshire, R.C. Telomere reduction in human colorectal

carcinoma and with ageing. Nature 1990, 346, 866–868. [CrossRef]

185



Cells 2022, 11, 877

147. Oexle, K.; Zwirner, A. Advanced telomere shortening in respiratory chain disorders. Hum. Mol. Genet. 1997, 6, 905–908. [CrossRef]
148. Vaziri, H.; West, M.D.; Allsopp, R.C.; Davison, T.S.; Wu, Y.S.; Arrowsmith, C.H.; Poirier, G.G.; Benchimol, S. ATM-dependent

telomere loss in aging human diploid fibroblasts and DNA damage lead to the post-translational activation of p53 protein
involving poly(ADP-ribose) polymerase. EMBO J. 1997, 16, 6018–6033. [CrossRef]

149. Bayne, S.; Li, H.; Jones, M.E.; Pinto, A.R.; van Sinderen, M.; Drummond, A.; Simpson, E.R.; Liu, J.P. Estrogen deficiency reversibly
induces telomere shortening in mouse granulosa cells and ovarian aging In Vivo. Protein Cell 2011, 2, 333–346. [CrossRef]

150. Bayne, S.; Jones, M.E.; Li, H.; Pinto, A.R.; Simpson, E.R.; Liu, J.P. Estrogen deficiency leads to telomerase inhibition, telomere
shortening and reduced cell proliferation in the adrenal gland of mice. Cell Res. 2008, 18, 1141–1150. [CrossRef]

151. Greider, C.W. Telomeres, telomerase and senescence. BioEssays News Rev. Mol. Cell. Dev. Biol. 1990, 12, 363–368. [CrossRef]
[PubMed]

152. Greider, C.W. Telomeres and senescence: The history, the experiment, the future. Curr. Biol. CB 1998, 8, 178–181. [CrossRef]
153. Xie, Z.; Jay, K.A.; Smith, D.L.; Zhang, Y.; Liu, Z.; Zheng, J.; Tian, R.; Li, H.; Blackburn, E.H. Early telomerase inactivation

accelerates aging independently of telomere length. Cell 2015, 160, 928–939. [CrossRef] [PubMed]
154. Karlseder, J.; Smogorzewska, A.; de Lange, T. Senescence induced by altered telomere state, not telomere loss. Science 2002, 295,

2446–2449. [CrossRef]
155. Denchi, E.L.; de Lange, T. Protection of telomeres through independent control of ATM and ATR by TRF2 and POT1. Nature 2007,

448, 1068–1071. [CrossRef]
156. 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] [PubMed]
157. Deng, Y.; Guo, X.; Ferguson, D.O.; Chang, S. Multiple roles for MRE11 at uncapped telomeres. Nature 2009, 460, 914–918.

[CrossRef]
158. Povedano, J.M.; Martinez, P.; Serrano, R.; Tejera, A.; Gomez-Lopez, G.; Bobadilla, M.; Flores, J.M.; Bosch, F.; Blasco, M.A.

Therapeutic effects of telomerase in mice with pulmonary fibrosis induced by damage to the lungs and short telomeres. eLife
2018, 7, e31299. [CrossRef]

159. Xin, H.; Liu, D.; Wan, M.; Safari, A.; Kim, H.; Sun, W.; O’Connor, M.S.; Songyang, Z. TPP1 is a homologue of ciliate TEBP-beta
and interacts with POT1 to recruit telomerase. Nature 2007, 445, 559–562. [CrossRef]

160. Wang, F.; Podell, E.R.; Zaug, A.J.; Yang, Y.; Baciu, P.; Cech, T.R.; Lei, M. The POT1-TPP1 telomere complex is a telomerase
processivity factor. Nature 2007, 445, 506–510. [CrossRef]

161. Miyoshi, T.; Kanoh, J.; Saito, M.; Ishikawa, F. Fission yeast Pot1-Tpp1 protects telomeres and regulates telomere length. Science
2008, 320, 1341–1344. [CrossRef] [PubMed]

162. Zhong, F.L.; Batista, L.F.; Freund, A.; Pech, M.F.; Venteicher, A.S.; Artandi, S.E. TPP1 OB-fold domain controls telomere
maintenance by recruiting telomerase to chromosome ends. Cell 2012, 150, 481–494. [CrossRef] [PubMed]

163. Nandakumar, J.; Bell, C.F.; Weidenfeld, I.; Zaug, A.J.; Leinwand, L.A.; Cech, T.R. The TEL patch of telomere protein TPP1 mediates
telomerase recruitment and processivity. Nature 2012, 492, 285–289. [CrossRef] [PubMed]

164. Schmidt, J.C.; Zaug, A.J.; Cech, T.R. Live Cell Imaging Reveals the Dynamics of Telomerase Recruitment to Telomeres. Cell 2016,
166, 1188–1197.e9. [CrossRef]

165. Palm, W.; de Lange, T. How shelterin protects mammalian telomeres. Annu. Rev. Genet. 2008, 42, 301–334. [CrossRef]
166. Guo, Y.; Kartawinata, M.; Li, J.; Pickett, H.A.; Teo, J.; Kilo, T.; Barbaro, P.M.; Keating, B.; Chen, Y.; Tian, L.; et al. Inherited bone

marrow failure associated with germline mutation of ACD, the gene encoding telomere protein TPP1. Blood 2014, 124, 2767–2774.
[CrossRef]

167. Kocak, H.; Ballew, B.J.; Bisht, K.; Eggebeen, R.; Hicks, B.D.; Suman, S.; O’Neil, A.; Giri, N.; Laboratory, N.D.C.G.R.; Group,
N.D.C.S.W.; et al. Hoyeraal-Hreidarsson syndrome caused by a germline mutation in the TEL patch of the telomere protein TPP1.
Genes Dev. 2014, 28, 2090–2102. [CrossRef]

168. Ahmad, T.; Sundar, I.K.; Tormos, A.M.; Lerner, C.A.; Gerloff, J.; Yao, H.; Rahman, I. Shelterin Telomere Protection Protein 1
Reduction Causes Telomere Attrition and Cellular Senescence via Sirtuin 1 Deacetylase in Chronic Obstructive Pulmonary
Disease. Am. J. Respir. Cell Mol. Biol. 2017, 56, 38–49. [CrossRef]

169. Greider, C.W.; Blackburn, E.H. A telomeric sequence in the RNA of Tetrahymena telomerase required for telomere repeat
synthesis. Nature 1989, 337, 331–337. [CrossRef]

170. Blackburn, E.H.; Greider, C.W.; Henderson, E.; Lee, M.S.; Shampay, J.; Shippen-Lentz, D. Recognition and elongation of telomeres
by telomerase. Genome 1989, 31, 553–560. [CrossRef]

171. Bodnar, A.G.; Ouellette, M.; Frolkis, M.; Holt, S.E.; Chiu, C.P.; Morin, G.B.; Harley, C.B.; Shay, J.W.; Lichtsteiner, S.; Wright, W.E.
Extension of life-span by introduction of telomerase into normal human cells. Science 1998, 279, 349–352. [CrossRef]

172. Harle-Bachor, C.; Boukamp, P. Telomerase activity in the regenerative basal layer of the epidermis inhuman skin and in immortal
and carcinoma-derived skin keratinocytes. Proc. Natl. Acad. Sci. USA 1996, 93, 6476–6481. [CrossRef]

173. Counter, C.M.; Hahn, W.C.; Wei, W.; Caddle, S.D.; Beijersbergen, R.L.; Lansdorp, P.M.; Sedivy, J.M.; Weinberg, R.A. Dissociation
among In Vitro telomerase activity, telomere maintenance, and cellular immortalization. Proc. Natl. Acad. Sci. USA 1998, 95,
14723–14728. [CrossRef] [PubMed]

174. Lee, H.W.; Blasco, M.A.; Gottlieb, G.J.; Horner, J.W., 2nd; Greider, C.W.; DePinho, R.A. Essential role of mouse telomerase in
highly proliferative organs. Nature 1998, 392, 569–574. [CrossRef] [PubMed]

186



Cells 2022, 11, 877

175. Collins, K. Mammalian telomeres and telomerase. Curr. Opin. Cell Biol. 2000, 12, 378–383. [CrossRef]
176. Mitchell, J.R.; Collins, K. Human telomerase activation requires two independent interactions between telomerase RNA and

telomerase reverse transcriptase. Mol. Cell 2000, 6, 361–371. [CrossRef]
177. Maida, Y.; Yasukawa, M.; Furuuchi, M.; Lassmann, T.; Possemato, R.; Okamoto, N.; Kasim, V.; Hayashizaki, Y.; Hahn, W.C.;

Masutomi, K. An RNA-dependent RNA polymerase formed by TERT and the RMRP RNA. Nature 2009, 461, 230–235. [CrossRef]
178. Maida, Y.; Yasukawa, M.; Masutomi, K. De Novo RNA Synthesis by RNA-Dependent RNA Polymerase Activity of Telomerase

Reverse Transcriptase. Mol. Cell. Biol. 2016, 36, 1248–1259. [CrossRef]
179. Yasukawa, M.; Ando, Y.; Yamashita, T.; Matsuda, Y.; Shoji, S.; Morioka, M.S.; Kawaji, H.; Shiozawa, K.; Machitani, M.; Abe, T.;

et al. CDK1 dependent phosphorylation of hTERT contributes to cancer progression. Nat. Commun. 2020, 11, 1557. [CrossRef]
180. Rudolph, K.L.; Chang, S.; Millard, M.; Schreiber-Agus, N.; DePinho, R.A. Inhibition of experimental liver cirrhosis in mice by

telomerase gene delivery. Science 2000, 287, 1253–1258. [CrossRef]
181. Lin, S.; Nascimento, E.M.; Gajera, C.R.; Chen, L.; Neuhofer, P.; Garbuzov, A.; Wang, S.; Artandi, S.E. Distributed hepatocytes

expressing telomerase repopulate the liver in homeostasis and injury. Nature 2018, 556, 244–248. [CrossRef] [PubMed]
182. Nicholls, C.; Li, H.; Wang, J.Q.; Liu, J.P. Molecular regulation of telomerase activity in aging. Protein Cell 2012, 2, 726–738.

[CrossRef] [PubMed]
183. Yuan, X.; Larsson, C.; Xu, D. Mechanisms underlying the activation of TERT transcription and telomerase activity in human

cancer: Old actors and new players. Oncogene 2019, 38, 6172–6183. [CrossRef]
184. Xu, D.; Li, H.; Liu, J.P. Inhibition of telomerase by targeting MAP kinase signaling. Methods Mol. Biol. 2007, 405, 147–165.

[CrossRef]
185. Xu, D.; Dwyer, J.; Li, H.; Duan, W.; Liu, J.P. Ets2 maintains hTERT gene expression and breast cancer cell proliferation by

interacting with c-Myc. J. Biol. Chem. 2008, 283, 23567–23580. [CrossRef] [PubMed]
186. Dwyer, J.; Li, H.; Xu, D.; Liu, J.P. Transcriptional regulation of telomerase activity: Roles of the the ets transcription factor family.

Ann. N. Y. Acad. Sci. 2007, 1114, 36–47. [CrossRef]
187. Dwyer, J.M.; Liu, J.P. Ets2 Transcription Factor, Telomerase Activity and Breast Cancer. Clin. Exp. Pharmacol. Physiol. 2009, 37,

83–87. [CrossRef] [PubMed]
188. Li, H.; Xu, D.; Li, J.; Berndt, M.C.; Liu, J.P. Transforming growth factor beta suppresses human telomerase reverse transcriptase

(hTERT) by Smad3 interactions with c-Myc and the hTERT gene. J. Biol. Chem. 2006, 281, 25588–25600. [CrossRef]
189. Horn, S.; Figl, A.; Rachakonda, P.S.; Fischer, C.; Sucker, A.; Gast, A.; Kadel, S.; Moll, I.; Nagore, E.; Hemminki, K.; et al. TERT

promoter mutations in familial and sporadic melanoma. Science 2013, 339, 959–961. [CrossRef]
190. Huang, F.W.; Hodis, E.; Xu, M.J.; Kryukov, G.V.; Chin, L.; Garraway, L.A. Highly recurrent TERT promoter mutations in human

melanoma. Science 2013, 339, 957–959. [CrossRef]
191. Zhang, F.; Wang, S.; Zhu, J. ETS variant transcription factor 5 and c-Myc cooperate in derepressing the human telomerase gene

promoter via composite ETS/E-box motifs. J. Biol. Chem. 2020, 295, 10062–10075. [CrossRef]
192. Wu, K.J.; Grandori, C.; Amacker, M.; Simon-Vermot, N.; Polack, A.; Lingner, J.; Dalla-Favera, R. Direct activation of TERT

transcription by c-MYC. Nat. Genet. 1999, 21, 220–224. [CrossRef] [PubMed]
193. Xu, D.; Popov, N.; Hou, M.; Wang, Q.; Bjorkholm, M.; Gruber, A.; Menkel, A.R.; Henriksson, M. Switch from Myc/Max to

Mad1/Max binding and decrease in histone acetylation at the telomerase reverse transcriptase promoter during differentiation of
HL60 cells. Proc. Natl. Acad. Sci. USA 2001, 98, 3826–3831. [CrossRef] [PubMed]

194. Bayne, S.; Jones, M.E.; Li, H.; Liu, J.P. Potential roles for estrogen regulation of telomerase activity in aging. Ann. N. Y. Acad. Sci.
2007, 1114, 48–55. [CrossRef] [PubMed]

195. Bayne, S.; Liu, J.P. Hormones and growth factors regulate telomerase activity in ageing and cancer. Mol. Cell. Endocrinol. 2005,
240, 11–22. [CrossRef] [PubMed]

196. Liu, J.; Wang, L.; Wang, Z.; Liu, J.P. Roles of Telomere Biology in Cell Senescence, Replicative and Chronological Ageing. Cells
2019, 8, 54. [CrossRef] [PubMed]

197. Liu, N.; Ding, D.; Hao, W.; Yang, F.; Wu, X.; Wang, M.; Xu, X.; Ju, Z.; Liu, J.P.; Song, Z.; et al. hTERT promotes tumor angiogenesis
by activating VEGF via interactions with the Sp1 transcription factor. Nucleic Acids Res. 2016, 44, 8693–8703. [CrossRef]

198. Liu, N.; Guo, X.H.; Liu, J.P.; Cong, Y.S. Role of telomerase in the tumour microenvironment. Clin. Exp. Pharmacol. Physiol. 2020,
47, 357–364. [CrossRef]

199. Xu, J.; Xu, X.; Jiang, L.; Dua, K.; Hansbro, P.M.; Liu, G. SARS-CoV-2 induces transcriptional signatures in human lung epithelial
cells that promote lung fibrosis. Respir. Res. 2020, 21, 182. [CrossRef]

200. Wicik, Z.; Eyileten, C.; Jakubik, D.; Simoes, S.N.; Martins, D.C., Jr.; Pavao, R.; Siller-Matula, J.M.; Postula, M. ACE2 Interaction
Networks in COVID-19: A Physiological Framework for Prediction of Outcome in Patients with Cardiovascular Risk Factors. J.
Clin. Med. 2020, 9, 3743. [CrossRef]

201. Acosta, J.C.; Banito, A.; Wuestefeld, T.; Georgilis, A.; Janich, P.; Morton, J.P.; Athineos, D.; Kang, T.W.; Lasitschka, F.; Andrulis,
M.; et al. A complex secretory program orchestrated by the inflammasome controls paracrine senescence. Nat. Cell Biol. 2013, 15,
978–990. [CrossRef] [PubMed]

202. Nieto, M.A.; Huang, R.Y.; Jackson, R.A.; Thiery, J.P. EMT: 2016. Cell 2016, 166, 21–45. [CrossRef] [PubMed]
203. Xu, Y.D.; Hua, J.; Mui, A.; O’Connor, R.; Grotendorst, G.; Khalil, N. Release of biologically active TGF-beta1 by alveolar epithelial

cells results in pulmonary fibrosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 2003, 285, 527–539. [CrossRef] [PubMed]

187



Cells 2022, 11, 877

204. Hu, B.; Liu, J.; Wu, Z.; Liu, T.; Ullenbruch, M.R.; Ding, L.; Henke, C.A.; Bitterman, P.B.; Phan, S.H. Reemergence of hedgehog
mediates epithelial-mesenchymal crosstalk in pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2015, 52, 418–428. [CrossRef]
[PubMed]

205. Degryse, A.L.; Tanjore, H.; Xu, X.C.; Polosukhin, V.V.; Jones, B.R.; Boomershine, C.S.; Ortiz, C.; Sherrill, T.P.; McMahon, F.B.;
Gleaves, L.A.; et al. TGFbeta signaling in lung epithelium regulates bleomycin-induced alveolar injury and fibroblast recruitment.
Am. J. Physiol. Lung Cell. Mol. Physiol. 2011, 300, 887–897. [CrossRef]

206. Zhang, T.; Zhou, J.; Yue, H.; Du, C.; Xiao, Z.; Zhao, W.; Li, N.; Wang, X.; Liu, X.; Li, Y.; et al. Glycogen synthase kinase-3beta
promotes radiation-induced lung fibrosis by regulating beta-catenin/lin28 signaling network to determine type II alveolar stem
cell transdifferentiation state. FASEB J. 2020, 34, 12466–12480. [CrossRef]

207. Bonniaud, P.; Kolb, M.; Galt, T.; Robertson, J.; Robbins, C.; Stampfli, M.; Lavery, C.; Margetts, P.J.; Roberts, A.B.; Gauldie, J.
Smad3 null mice develop airspace enlargement and are resistant to TGF-beta-mediated pulmonary fibrosis. J. Immunol. 2004, 173,
2099–2108. [CrossRef]

208. Kang, J.H.; Jung, M.Y.; Yin, X.; Andrianifahanana, M.; Hernandez, D.M.; Leof, E.B. Cell-penetrating peptides selectively targeting
SMAD3 inhibit profibrotic TGF-beta signaling. J. Clin. Investig. 2017, 127, 2541–2554. [CrossRef]

209. Cassar, L.; Li, H.; Pinto, A.R.; Nicholls, C.; Bayne, S.; Liu, J.P. Bone morphogenetic protein-7 inhibits telomerase activity, telomere
maintenance, and cervical tumor growth. Cancer Res. 2008, 68, 9157–9166. [CrossRef]

210. Cassar, L.; Li, H.; Jiang, F.X.; Liu, J.P. TGF-beta induces telomerase-dependent pancreatic tumor cell cycle arrest. Mol. Cell.
Endocrinol. 2010, 320, 97–105. [CrossRef]

211. Cassar, L.; Nicholls, C.; Pinto, A.R.; Chen, R.; Wang, L.; Li, H.; Liu, J.P. TGF-beta receptor mediated telomerase inhibition, telomere
shortening and breast cancer cell senescence. Protein Cell 2017, 8, 39–54. [CrossRef] [PubMed]

212. Cassar, L.; Nicholls, C.; Pinto, A.R.; Li, H.; Liu, J.P. Bone morphogenetic protein-7 induces telomerase inhibition, telomere
shortening, breast cancer cell senescence, and death via Smad3. FASEB J. 2009, 23, 1880–1892. [CrossRef] [PubMed]

213. Wang, L.; Wang, Z.; Liu, J.P. Identification of peptidomimetic telomere dysfunction inhibitor (TELODIN) through telomere
dysfunction-induced foci (TIF) assay. STAR Protoc. 2021, 2, 100620. [CrossRef]

214. Prowse, K.R.; Greider, C.W. Developmental and tissue-specific regulation of mouse telomerase and telomere length. Proc. Natl.
Acad. Sci. USA 1995, 92, 4818–4822. [CrossRef]

215. Davis, R.J.; Welcker, M.; Clurman, B.E. Tumor suppression by the Fbw7 ubiquitin ligase: Mechanisms and opportunities. Cancer
Cell 2014, 26, 455–464. [CrossRef] [PubMed]

216. Gallo, L.H.; Ko, J.; Donoghue, D.J. The importance of regulatory ubiquitination in cancer and metastasis. Cell Cycle 2017, 16,
634–648. [CrossRef] [PubMed]

217. Chang, J.; Wang, Y.; Shao, L.; Laberge, R.M.; Demaria, M.; Campisi, J.; Janakiraman, K.; Sharpless, N.E.; Ding, S.; Feng, W.; et al.
Clearance of senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice. Nat. Med. 2016, 22, 78–83. [CrossRef]

218. Yosef, R.; Pilpel, N.; Tokarsky-Amiel, R.; Biran, A.; Ovadya, Y.; Cohen, S.; Vadai, E.; Dassa, L.; Shahar, E.; Condiotti, R.; et al.
Directed elimination of senescent cells by inhibition of BCL-W and BCL-XL. Nat. Commun 2016, 7, 11190. [CrossRef]

219. Schafer, M.J.; White, T.A.; Iijima, K.; Haak, A.J.; Ligresti, G.; Atkinson, E.J.; Oberg, A.L.; Birch, J.; Salmonowicz, H.; Zhu, Y.; et al.
Cellular senescence mediates fibrotic pulmonary disease. Nat. Commun. 2017, 8, 14532. [CrossRef]

220. Ogrodnik, M.; Zhu, Y.; Langhi, L.G.P.; Tchkonia, T.; Kruger, P.; Fielder, E.; Victorelli, S.; Ruswhandi, R.A.; Giorgadze, N.;
Pirtskhalava, T.; et al. Obesity-Induced Cellular Senescence Drives Anxiety and Impairs Neurogenesis. Cell Metab. 2019, 29,
1061–1077.e8. [CrossRef]

221. Baker, D.J.; Childs, B.G.; Durik, M.; Wijers, M.E.; Sieben, C.J.; Zhong, J.; Saltness, R.A.; Jeganathan, K.B.; Verzosa, G.C.; Pezeshki,
A.; et al. Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan. Nature 2016, 530, 184–189. [CrossRef] [PubMed]

222. Jeon, O.H.; Kim, C.; Laberge, R.M.; Demaria, M.; Rathod, S.; Vasserot, A.P.; Chung, J.W.; Kim, D.H.; Poon, Y.; David, N.; et al.
Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a pro-regenerative
environment. Nat. Med. 2017, 23, 775–781. [CrossRef] [PubMed]

223. Baar, M.P.; Brandt, R.M.C.; Putavet, D.A.; Klein, J.D.D.; Derks, K.W.J.; Bourgeois, B.R.M.; Stryeck, S.; Rijksen, Y.; van Willigenburg,
H.; Feijtel, D.A.; et al. Targeted Apoptosis of Senescent Cells Restores Tissue Homeostasis in Response to Chemotoxicity and
Aging. Cell 2017, 169, 132–147.e16. [CrossRef] [PubMed]

224. Zhu, Y.; Doornebal, E.J.; Pirtskhalava, T.; Giorgadze, N.; Wentworth, M.; Fuhrmann-Stroissnigg, H.; Niedernhofer, L.J.; Robbins,
P.D.; Tchkonia, T.; Kirkland, J.L. New agents that target senescent cells: The flavone, fisetin, and the BCL-XL inhibitors, A1331852
and A1155463. Aging 2017, 9, 955–963. [CrossRef]

225. He, Y.; Li, W.; Lv, D.; Zhang, X.; Zhang, X.; Ortiz, Y.T.; Budamagunta, V.; Campisi, J.; Zheng, G.; Zhou, D. Inhibition of USP7
activity selectively eliminates senescent cells in part via restoration of p53 activity. Aging Cell 2020, 19, e13117. [CrossRef]

226. Weber, L. Patented inhibitors of p53-Mdm2 interaction (2006–2008). Expert Opin. Ther. Pat. 2010, 20, 179–191. [CrossRef]
227. Fuhrmann-Stroissnigg, H.; Ling, Y.Y.; Zhao, J.; McGowan, S.J.; Zhu, Y.; Brooks, R.W.; Grassi, D.; Gregg, S.Q.; Stripay, J.L.;

Dorronsoro, A.; et al. Identification of HSP90 inhibitors as a novel class of senolytics. Nat. Commun. 2017, 8, 422. [CrossRef]
228. Miyata, Y. Hsp90 inhibitor geldanamycin and its derivatives as novel cancer chemotherapeutic agents. Curr. Pharm. Des. 2005, 11,

1131–1138. [CrossRef]
229. Cherif, H.; Bisson, D.G.; Jarzem, P.; Weber, M.; Ouellet, J.A.; Haglund, L. Curcumin and o-Vanillin Exhibit Evidence of Senolytic

Activity in Human IVD Cells In Vitro. J. Clin. Med. 2019, 8, 433. [CrossRef]

188



Cells 2022, 11, 877

230. Li, W.; He, Y.; Zhang, R.; Zheng, G.; Zhou, D. The curcumin analog EF24 is a novel senolytic agent. Aging 2019, 11, 771–782.
[CrossRef]

231. Wang, Y.; Chang, J.; Liu, X.; Zhang, X.; Zhang, S.; Zhang, X.; Zhou, D.; Zheng, G. Discovery of piperlongumine as a potential
novel lead for the development of senolytic agents. Aging 2016, 8, 2915–2926. [CrossRef]

232. Yang, D.; Tian, X.; Ye, Y.; Liang, Y.; Zhao, J.; Wu, T.; Lu, N. Identification of GL-V9 as a novel senolytic agent against senescent
breast cancer cells. Life Sci. 2021, 272, 119196. [CrossRef] [PubMed]

233. Guerrero, A.; Herranz, N.; Sun, B.; Wagner, V.; Gallage, S.; Guiho, R.; Wolter, K.; Pombo, J.; Irvine, E.E.; Innes, A.J.; et al. Cardiac
glycosides are broad-spectrum senolytics. Nat. Metab 2019, 1, 1074–1088. [CrossRef]

234. Triana-Martinez, F.; Picallos-Rabina, P.; Da Silva-Alvarez, S.; Pietrocola, F.; Llanos, S.; Rodilla, V.; Soprano, E.; Pedrosa, P.; Ferreiros,
A.; Barradas, M.; et al. Identification and characterization of Cardiac Glycosides as senolytic compounds. Nat. Commun. 2019,
10, 4731. [CrossRef] [PubMed]

235. Gonzalez-Gualda, E.; Paez-Ribes, M.; Lozano-Torres, B.; Macias, D.; Wilson, J.R., 3rd; Gonzalez-Lopez, C.; Ou, H.L.; Miron-
Barroso, S.; Zhang, Z.; Lerida-Viso, A.; et al. Galacto-conjugation of Navitoclax as an efficient strategy to increase senolytic
specificity and reduce platelet toxicity. Aging Cell 2020, 19, e13142. [CrossRef]

236. Cai, Y.; Zhou, H.; Zhu, Y.; Sun, Q.; Ji, Y.; Xue, A.; Wang, Y.; Chen, W.; Yu, X.; Wang, L.; et al. Elimination of senescent cells by
beta-galactosidase-targeted prodrug attenuates inflammation and restores physical function in aged mice. Cell Res. 2020, 30,
574–589. [CrossRef] [PubMed]

237. Guerrero, A.; Guiho, R.; Herranz, N.; Uren, A.; Withers, D.J.; Martinez-Barbera, J.P.; Tietze, L.F.; Gil, J. Galactose-modified
duocarmycin prodrugs as senolytics. Aging Cell 2020, 19, e13133. [CrossRef] [PubMed]

238. He, Y.; Zhang, X.; Chang, J.; Kim, H.N.; Zhang, P.; Wang, Y.; Khan, S.; Liu, X.; Zhang, X.; Lv, D.; et al. Using proteolysis-targeting
chimera technology to reduce navitoclax platelet toxicity and improve its senolytic activity. Nat. Commun. 2020, 11, 1996.
[CrossRef]

239. Wakita, M.; Takahashi, A.; Sano, O.; Loo, T.M.; Imai, Y.; Narukawa, M.; Iwata, H.; Matsudaira, T.; Kawamoto, S.; Ohtani, N.; et al.
A BET family protein degrader provokes senolysis by targeting NHEJ and autophagy in senescent cells. Nat. Commun. 2020,
11, 1935. [CrossRef] [PubMed]

240. Nogueira-Recalde, U.; Lorenzo-Gomez, I.; Blanco, F.J.; Loza, M.I.; Grassi, D.; Shirinsky, V.; Shirinsky, I.; Lotz, M.; Robbins, P.D.;
Dominguez, E.; et al. Fibrates as drugs with senolytic and autophagic activity for osteoarthritis therapy. EBioMedicine 2019, 45,
588–605. [CrossRef]

241. Ozsvari, B.; Nuttall, J.R.; Sotgia, F.; Lisanti, M.P. Azithromycin and Roxithromycin define a new family of “senolytic” drugs that
target senescent human fibroblasts. Aging 2018, 10, 3294–3307. [CrossRef] [PubMed]

242. Cho, H.J.; Yang, E.J.; Park, J.T.; Kim, J.R.; Kim, E.C.; Jung, K.J.; Park, S.C.; Lee, Y.S. Identification of SYK inhibitor, R406 as a novel
senolytic agent. Aging 2020, 12, 8221–8240. [CrossRef] [PubMed]

243. Demidenko, Z.N.; Zubova, S.G.; Bukreeva, E.I.; Pospelov, V.A.; Pospelova, T.V.; Blagosklonny, M.V. Rapamycin decelerates
cellular senescence. Cell Cycle 2009, 8, 1888–1895. [CrossRef] [PubMed]

244. Hubackova, S.; Davidova, E.; Rohlenova, K.; Stursa, J.; Werner, L.; Andera, L.; Dong, L.; Terp, M.G.; Hodny, Z.; Ditzel, H.J.; et al.
Selective elimination of senescent cells by mitochondrial targeting is regulated by ANT2. Cell Death Differ. 2019, 26, 276–290.
[CrossRef]

245. Moiseeva, O.; Deschenes-Simard, X.; St-Germain, E.; Igelmann, S.; Huot, G.; Cadar, A.E.; Bourdeau, V.; Pollak, M.N.; Ferbeyre, G.
Metformin inhibits the senescence-associated secretory phenotype by interfering with IKK/NF-kappaB activation. Aging Cell
2013, 12, 489–498. [CrossRef]

246. Peilin, W.; Songsong, T.; Chengyu, Z.; Zhi, C.; Chunhui, M.; Yinxian, Y.; Lei, Z.; Min, M.; Zongyi, W.; Mengkai, Y.; et al. Directed
elimination of senescent cells attenuates development of osteoarthritis by inhibition of c-IAP and XIAP. Biochim. Biophys. Acta
Mol. Basis Dis. 2019, 1865, 2618–2632. [CrossRef]

247. Samaraweera, L.; Adomako, A.; Rodriguez-Gabin, A.; McDaid, H.M. A Novel Indication for Panobinostat as a Senolytic Drug in
NSCLC and HNSCC. Sci. Rep. 2017, 7, 1900. [CrossRef]

189





Citation: Aghali, A.; Koloko Ngassie,

M.L.; Pabelick, C.M.; Prakash, Y.S.

Cellular Senescence in Aging Lungs

and Diseases. Cells 2022, 11, 1781.

https://doi.org/10.3390/

cells11111781

Academic Editor: Karima Djabali

Received: 24 April 2022

Accepted: 26 May 2022

Published: 29 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Review

Cellular Senescence in Aging Lungs and Diseases
Arbi Aghali 1 , Maunick Lefin Koloko Ngassie 2,3, Christina M. Pabelick 1,4 and Y. S. Prakash 1,4,*

1 Department of Physiology and Biomedical Engineering, Mayo Clinic, Rochester, MN 55905, USA;
aghali.arbi@mayo.edu (A.A.); pabelick.christina@mayo.edu (C.M.P.)

2 Department of Pathology and Medical Biology, University Medical Center Groningen,
University of Groningen, 9713 GZ Groningen, The Netherlands; kolokongassie.maunicklefin@mayo.edu

3 Groningen Research Institute for Asthma and COPD, University Medical Center Groningen,
University of Groningen, 9700 RB Groningen, The Netherlands

4 Department of Anesthesiology and Perioperative Medicine, Mayo Clinic, Rochester, MN 55905, USA
* Correspondence: prakash.ys@mayo.edu

Abstract: Cellular senescence represents a state of irreversible cell cycle arrest occurring naturally
or in response to exogenous stressors. Following the initial arrest, progressive phenotypic changes
define conditions of cellular senescence. Understanding molecular mechanisms that drive senescence
can help to recognize the importance of such pathways in lung health and disease. There is increasing
interest in the role of cellular senescence in conditions such as chronic obstructive pulmonary disease
(COPD) and idiopathic pulmonary fibrosis (IPF) in the context of understanding pathophysiology and
identification of novel therapies. Herein, we discuss the current knowledge of molecular mechanisms
and mitochondrial dysfunction regulating different aspects of cellular senescence-related to chronic
lung diseases to develop rational strategies for modulating the senescent cell phenotype in the lung
for therapeutic benefit.

Keywords: aging; senescence; lung diseases; asthma; COPD; pulmonary fibrosis; remodeling;
mitochondrial dysfunction

1. Introduction

Cellular senescence is characterized by a permanent cell-cycle arrest triggered by vari-
ous stimuli, including DNA damage to telomere shortening, genomic instability, epigenetic
alterations, loss of proteostasis, and mitochondrial dysfunction (Figure 1) [1]. Despite
being in cell-cycle arrest, senescent cells are resistant to apoptosis due to activation of anti-
apoptotic signaling. Senescent cells remain metabolically active, secreting inflammatory
cytokines, growth factors, chemokines (CXCs), and extracellular matrix (ECM) proteins,
collectively known as senescence-associated secretory phenotype (SASP) [2,3].

Senescent cells are thought to have beneficial effects on repairing injured tissue and
maintaining organismal integrity. The role of senescent cells in tumor suppression is
also recognized. Under normal conditions, senescent cell burden is limited by removing
excessive senescent cells via the immune system. However, with aging, impairment of
the immune response results in accumulation of senescent cells that can exacerbate their
effects leading to detrimental consequences, i.e., diseases of aging. Furthermore, there is
now increasing evidence for different senescent cell phenotypes such that a shift towards
detrimental, pro-inflammatory, pro-fibrotic senescent cells and SASP can occur with aging,
contributing to disease.

Compared to other organ systems where senescence, SASP and contributions to
aging and diseases of aging have been substantially explored, there is relatively less data
on the aging lung, and senescent cells in aging-associated lung diseases such as COPD,
pulmonary fibrosis, and even asthma. Senescent cells do accumulate in aging lungs and can
exacerbate lung diseases [4–6] (Figure 1). However, the mechanisms by which senescent
cells, via their SASP, can induce paracrine signaling to activate neighboring naïve cells to
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induce remodeling (altered ECM deposition and/or cell proliferation) or modulate cell–cell
interactions to promote disease are still under investigation.
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Figure 1. Left schematic figure shows a normal lung of young age with a low number of senescent
cells rapidly cleared by immune cells, normal cells maintain a baseline of telomere length and
mitochondrial homeostasis. Right schematic figure shows aged and diseased lung associated with
increased fibrosis, higher numbers of senescent cells, and slow response of immune cells to clear
senescent cells. Senescent cells are characterized by telomere shortening, secreting high rates of SASP,
mitochondrial dysfunction, and an imbalance in mitochondrial fission and fusion. Figure 1 was
created with BioRender.com accessed on 24 April 2022.

One factor relevant to cellular senescence and aging that may be of importance to the
lung is cellular stress, which promotes mitochondrial dysfunction, including mitochondrial
oxidative stress, mitochondrial DNA (mtDNA) mutation, imbalance in mitochondrial fis-
sion and fusion, and alterations in mitochondrial respiration [7]. Mitochondrial oxidative
stress has been thought to be involved in accelerating aging effects. Separately, mitochon-
drial oxidative stress has been associated with lung diseases such as COPD and IPF and
could thus play a role in stimulating as well as maintaining cellular senescence towards
impaired lung function [8–10].

In this review, we discuss mechanisms of cellular senescence relevant to different
aspects of the structure and function of aging lungs and to lung diseases, focusing on
COPD and IPF. We review the influence of mitochondrial dysfunction in the context of
cellular senescence and lung diseases. Finally, we summarize promising methods currently
used to target senescent cells as a potential therapy to improve healthspan in the context of
normal aging lung, and counteract lung diseases associated with aging. We appreciate that
cellular senescence and SASP signaling is complex, and likely cell- and context-dependent.
Accordingly, a review of these topics is necessarily brief and perhaps simple, but is relevant
to the specific topic of aging lung and associated diseases.
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2. Overview of Cellular Senescence

Cellular senescence was originally described by Hayflick and Moorhead [11], where
they demonstrated that human fetal fibroblasts lose their ability to divide after a certain
number of subcultures (i.e., replicative senescence), associated with changes in cellular
morphology such as flattening and increased cell size. Several studies have since de-
scribed a similar phenomenon of replicative senescence in other cell types from different
organs [12,13]. It is also now clear that other factors can accelerate cells towards losing their
ability to proliferate in vitro, including the age and donor health condition [14], as well as
environmental and genotoxic stresses. Examples include telomere shortening, inflamma-
tory signaling, mitochondrial dysfunction and oxidative stress, oncogene-induced senes-
cence (OIS), cell differentiation [15,16], chemotherapeutic drugs such as etoposide [17,18],
exposure to UV radiation, and DNA damage stress.

Among cellular stressors, telomere shortening is now recognized as a hallmark of
aging and senescence. Telomeres contain a repetitive nucleotide sequence of complemen-
tary double-strand DNA (5′-AGGGT-3′ and 3′-TCCCA-5) and wind up with a tail of a
single-stranded DNA (5′-TTAGGG-3′) [19–21]. Telomeres protect chromosomal ends from
recombination and fusion, and maintain DNA stability. Without telomeres, the DNA
damage response is initiated [21]. In replicative senescence, the telomere shortens due to
the inability of DNA polymerase to complete DNA replication. When a short length of
telomeres is reached, a damage signal is initiated in the coiled DNA [22,23]. Therefore,
telomere shortening has been used as a hallmark of aged and senescent cells [23–25].

Senescent cells are thought to support physiological functions during embryonic and
postnatal development, tissue regeneration, and wound healing [26–29]. For instance, upon
wound closure, activated myofibroblasts limit excessive fibrosis at the injury site [26–29].
The effects of senescent cells are kept in check by immune monitoring and clearance
of senescent cells. Indeed, it is thought that during development, senescent cells avoid
elimination from their microenvironment by altering their SASP components to avoid the
immune system [26–29]. However, with aging, the efficiency of the immune system to
clear senescent cells is impaired [30]. Consequently, senescent cells accumulate, secreting
SASP factors that may become detrimental to naïve/neighboring cells by virtue of the
quantity of such factors or an altered phenotype involved in more inflammatory and fibrotic
elements [29–33].

3. Cellular Senescence Signaling Pathways

Cellular senescence is regulated by two signaling pathways that interact but are also
independent: p53-p21CIP1 and p16Ink4a-Rb [18]. Permanent arrest of cell cycle occurs at
the G1/S transitional phase distinguishing it from the quiescent phase, G0 [24,34–36]. The
DNA damage response (DDR) regulates tumor suppressor of transcriptional factor p53 and
downstream signaling p21CIP1, to result in permanent arrest in the cell cycle [18,24,34–36].

In the nuclei, DDR foci originate in response to DNA double-strand breaks (DSB).
A subnuclear focus and accumulation of DDR proteins such as p53-binding protein 1
(53BP1), histone variant H2AX phosphorylated at serine-139 residue (γ-H2AX), and Ataxia
Telangiectasia Mutated (ATM) in the vicinity of chromosomal DNA double-strand reflect
early molecular events of cellular responses to DSB [34,37,38]. DDR then initiates a series of
molecular events to repair DSB and to prevent potential DNA mutations. Phosphorylated
at serine-139 in H2AX is mediated by ATM and Ataxia Telangiectasia and Rad3 related
protein (ATR) kinases, which lead to visible DNA damage foci within the chromatin [18].
p53 binding protein is a key modulator rapidly localized to DNA damage foci after, for
instance, ionizing radiation that causes DSB [37–41]. Although the key functions of p53
have not been fully understood, accumulated evidence suggests that the roles of p53
binding protein are engaging DSB proteins, such as interferon regulatory factor 4 (also
known as MUM1) [35,38] and RAP1-interacting factor 1 (RIF1) [38,42], amplifying ATM
activity, and promoting checkpoint signaling in response to low levels of DNA damage
signals [38–40,43–45].
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ATM and ATR stabilize p53 by activating cyclin-dependent kinase inhibitor p21CIP1,
which in turn inhibits cyclin-dependent kinases-2 (CDK2) [33,39,40,43,46]. CDK2 triggers
family members of tumor suppressors, retinoblastoma proteins (Rb), stopping the cell cycle
in the S phase, and subsequently preventing DNA replication [29,31,43,47]. The signaling
pathway of ATM-p53-p21CIP1/Rb results in a permanent arrest in the cell cycle [29,31,35,43].

Another tumor suppressor that influences key roles during cessation of cell division
is the INK4a-ARF-INK4b locus [29,41,45,46,48,49]. The INK4a and INK4b locus encode for
two cyclin-dependent kinase inhibitors, p16ink4a and p15ink4b, while ARF is associated with
p14ARF in humans (p19ARF in mice) [32,45,46,48,49]. INK4/ARF activates cyclin-dependent
kinase inhibitor p16ink4a that selectively inhibits cyclin-dependent kinases-4 (CDK4) and
cyclin-dependent kinases-6 (CDK6) [29,31,32,43]. Upon activation, CDK4/6 phosphorylates
retinoblastoma protein (Rb). As a result, transcriptional factor E2F3 is upregulated and
leads to cell cycle arrest in the S phase [29,31,32,43,50,51]. Although upregulation of p16ink4a

is meditated by the downstream signaling of p53-p21CIP1 [29,31,32,43,52], it is believed that
the transcriptional factor p21CIP1 upregulates earlier than p16 ink4a [47], giving a chance
for cultured cells to go for another division cycle before making it to a complete cell
cycle arrest [29,31,32,43,51,53]. Thus, the expressions of p53-p21 and p16 ink4a appear to
demonstrate a non-linear functional relationship.

4. Biomarkers of Cellular Senescence

Accumulation of senescent cells can be recognized by utilizing various methods
in vitro and in vivo. For instance, upregulation of the transcriptional factors p53, p21,
and p16, and SASP elements such as IL-6 and IL-8, are well-validated markers [31–33,41].
Senescence-associated β-galactosidase (SA-βgal) is another technique that is widely used to
identify senescent cells in vitro and in vivo [28,50], where due to increased levels of lysoso-
mal enzyme, the enzymatic activity of SA-βgal results in blue color at a pH of 6.0 [50,52,54].
However, SA-βgal is not the most sensitive or specific marker of senescence. Fluorescence
in situ hybridization (FISH) of telomerase combined with immunofluorescence staining of
γ-H2AX results in localization of telomere-associated foci (TAF) and has more recently been
used to identify senescent cells [22,24,28,55]. SASP and SASP regulators are also used to
characterize senescent cells, including (1) proinflammatory factors such as IL-1α, and IL1ß,
IL-6 and IL-8; (2) signaling pathway such as Akt and MAPK; (3) NF-kB [51]; (4) growth fac-
tors such as TGF-β1 and matrix-degrading enzymes, metalloproteinases; (5) extracellular
matrix proteins such as fibronectin [47]. However, it should be noted that the SASP profile is
highly cell and context dependent, and it is not unusual for the profile to change with time,
making it difficult to identify a unique, stable, and broadly applicable set of senescence
markers. In this regard, while RNA sequencing and whole-genome analysis have been
widely utilized to identify senescence-associated genes [47,53,56–58], there is substantial
interest in the use of fluorescence-activated cell sorting (FACS) and particularly cytometry
by time of flight (CyTOF) using antibodies that recognize antigens selectively expressed in
senescent cells and can distinguish between detrimental and beneficial phenotypes based
on expression of p16 and p21 (generalized markers) and that of NF-kB (detrimental) [55,59].

5. Senescence Signaling in Lung Diseases

Given the clinical impact of aging per se, and that of aging-associated lung diseases, it
is important to identify biomarkers and signaling pathways in the context of senescence and
its contributions to COPD [24] and IPF [60,61], and even asthma [18,62]. The importance of
this area is reflected by the increasing number of research and review papers published on
samples from human COPD and IPF patients and in animal models (Figure 2).

Lung tissues from patients with COPD and IPF show hallmarks of senescent cells
[24,35,63,64]. Key biomarkers of senescence in aging adults are upregulation of p53, p21CIP1,
p16ink4a, a robust release of SASP, positive staining for SA-βgal, TAF, and upregulation of
anti-apoptotic signaling networks [24,25,35,63,65–69]. Increased expression of proinflam-
matory cytokines such as MCP-1, KC, MIP-1α, IL-12p40, and G-CSF have been observed in
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a mouse model of COPD [64,70]. In ROS-induced human senescent fibroblasts, IL-6 and
IL-8 are increased following 14 and 25 days in culture [24,26].
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Figure 2. An increased number of articles related to Cellular Senescence and COPD or IPF have
been published in PubMed-indexed journals during the past 10 years. Keywords used in PubMed
search engines are “Cellular Senescence Chronic Obstructive Pulmonary Disease” or “Cellular
Senescence Idiopathic Pulmonary Fibrosis”. Figure 2 was created from National Library of Medicine
(https://pubmed.ncbi.nlm.nih.gov accessed on 24 April 2022).

6. Cellular Senescence in COPD

COPD is a major healthcare issue with a high morbidity and mortality rate [71]. COPD
is characterized by obstruction in small airways (bronchiolitis), alveolar emphysema, and
airway remodeling. Although tobacco smoke is the leading cause of COPD [63,72], air
pollution, genetic disorders (alpha-1 deficiency), and respiratory infections are also risks
for COPD. While there is no known cure, COPD is managed via lifestyle changes and med-
ications, but these therapies have limitations, necessitating exploration of novel therapies.

Studies have shown that endothelial colony-forming cells (ECFC) derived from COPD
patients have increased expression of SA-βgal, p16, p21, and γ-H2AX compared to ECFC
isolated from control group patients [73]. In addition, lung fibroblasts derived from
COPD patients show greater release of IL-6 and IL-8 and a higher percentage of SA-βGal
staining [74]. Increased p21 and p16-positive epithelial cells have also been reported in
COPD lung tissues compared to control groups [75]. More recently, COPD lung fibroblasts
have been found to show senescence and 42 SASP secretome elements, which are implicated
in chronic inflammation of COPD [76].

Tobacco smoke can trigger cellular senescence via oxidative stress-mediated DNA
damage. Conversely, targeting p16-positive cells can inhibit tobacco smoke-induced em-
physema in mouse models [63]. Furthermore, tobacco smoke accelerates telomere erosion
and causes oxidative damage in cells [77]. Increased production of ROS associated with
oxidative stress and changes in mitochondrial complex II, III, and V expression enhance
cellular senescence [20]. Increased senescence in airway epithelial cells of severe COPD
patients along with increased SASP has also been observed [3,78,79], and is relevant given
the role of inflammation in COPD.

Multiple senescence signaling pathways may be involved in COPD, and activated in
patients with a history of tobacco smoking and/or E-cigarette vaping [9,24,63,80,81]. For
example, in older COPD patients, phosphoinositide-3-kinase (PI3K)-Akt and p38 MAPK
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cascades are activated [82,83]. Oxidative stress in COPD inhibits PTEN phosphatase activity,
which in turn activates downstream signaling of PI3K-Akt and of mammalian target
rapamycin complex 1 (mTORC1) protein kinase, which is a key player in cellular senescence.
mTORC1 can also be activated by AMP-activated protein kinase (AMPK), an energy sensor
that responds to an imbalance between AMP:ATP and ADP:ATP ratios [84–88]. Although
AMPK is best known for its roles in cellular metabolism [78], its signaling is also important
in the regulation of mitochondrial biogenesis and mitophagy [79,85–88]. Sirtuins, proteins
involved in metabolic activity, have been implicated in aging and COPD lungs [80]. For
instance, activation of mTOR upregulates microRNA-34a (miR-34a), and in return inhibits
sirtuin-1 (SIRT1) and sirtuin-6 (SIRT6) activities [81,89,90]. Inhibition of SIRT1 dysregulates
oxidative energy metabolism and influences NF-kB activity [91]. Activation of NF-kB
stimulates SASP expressions found in many age-related diseases.

Another signaling pathway that plays a role in cellular senescence and COPD is p38
MAPK [92,93]. Increased p38 MAPK phosphorylation has been found in bronchial epithelial
cells of COPD and asthmatic patients [92–95]. p38 MAPK signaling is known to enhance
senescence burden in the lung [82,93]. SASP secretomes and oxidative stress stimuli such
as tobacco smoke as well as respiratory pathogens can drive p38 MAPK phosphorylation
in COPD lungs [90,93]. Increased p38 MAPK upregulates c-Jun proteins and activator
protein-1 (AP-1), resulting in upregulation of microRNA-570 (miR-570), which inhibits
SIRT1 and enhances NF-kB activity, leading to downstream activation of p53 and enhanced
SASP expression [20,84].

Overall, these data provide evidence of senescence in COPD, and the potential involve-
ment of multiple signaling pathways that could contribute to at least the inflammatory
aspects of this disease. Of note, these signaling pathways are also well known to contribute
to cell proliferation and remodeling and may thus be relevant to these aspects of COPD
as well.

7. Cellular Senescence in IPF

IPF is a life-threatening chronic lung disease with poor prognosis and survival. IPF is
characterized by scarred lungs associated with hyperproduction of ECM proteins [96,97].
In the past decade, there has been increasing interest in understanding the contributions of
senescence to IPF (Figure 2). Several studies have shown that higher senescence markers
are detected in IPF-derived cells and IPF tissues harvested from humans or in animal
models. For example, upregulation of senescence-related pathways in alveolar type 2 (AT2)
cells has been noted in a mouse model of IPF where AT2 Sin3a has been knocked out to
induce senescence [61]. Conversely, targeting p53 signaling in alveoli reduces fibrosis [61].
p21 and p16-positive cells have also been shown to accumulate in IPF lung tissues [61,75].
Furthermore, SASP, such as matrix metalloproteinases MMP2 and MMP9 and collagen
type I alpha 1 (COL1A1), show higher expression in IPF lungs [60]. Increased expression
of p16 along with increased pro-fibrotic SASP has been reported in bleomycin-induced
pulmonary fibrosis mouse models [60]. Sirtuins also play an important role during IPF
as shown in fibroblast–myofibroblast differentiation (FMD), a process often triggered by
TGF-β1. Reduced expression of SIRT-3 has been observed in IPF lung tissue, and inhibiting
SIRT-3 has been associated with increased FMD in a murine IPF model after exposure to
TGF-β1 [98]. Overexpression of SIRT-3 prevents TGF-β1-mediated FMD [98]. Thus, these
limited data highlight the importance of senescence and associated signaling pathways
in IPF.

8. Mitochondria in Senescence and Aging

Mitochondria are essential in eukaryotic cells for maintaining cellular homeostasis
and function. Mitochondria regulate numerous cellular activities such as metabolism,
replication, differentiation, senescence, and apoptosis [99]. Mitochondria produce energy
for cells to perform essential functions by metabolized sources of macromolecules, such
as glucose, amino acids, monosaccharides, and monoacylglycerols [99]. Several enzymes
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participate in the mitochondrial respiratory chain, a multistep process required to convert
macronutrients into high-level energy. Mitochondrial respiration of glycolysis and the
electron transport chain has been discussed in the literature extensively [100,101]. Herein,
we will discuss mitochondrial roles in the context of senescence, aging lungs, and lung-
related diseases.

Mitochondrial dysfunction can contribute to cellular senescence. For instance, gradual
alterations of mitochondrial DNA (mtDNA mutations), variations in mitochondrial fission
and fusion, elevated mitochondrial ROS production, and changes related to mitochondrial
morphology (increased mitochondrial mass and elongation) can all play a role [35,102–104].
Senescent fibroblasts (replicative senescence) show dynamic changes in mitochondrial
mass [26,28], while other studies show a dynamic feedback loop between damaged DNA
and mitochondria [26,28,105,106].

Induction of senescence via disruption of mitochondrial function results in a dis-
tinctive SASP portfolio compared to senescence induced by genotoxic stress [107]. This
mitochondrial dysfunction-associated senescence has been termed MiDAS and has been
further shown to be a low NAD+/NADH ratio that drives it through AMPK-mediated
p53 activation. Specifically, MiDAS secretomes are distinguished by higher levels of IL-10,
CCL27, and TNF-α than core components of SASP such as IL-6 and IL-8 [107].

Overproduction of mitochondrial ROS is also an important player that causes DNA
damage and results in DDR. The circle of ROS-DNA damage involves phosphorylation
of DDR kinase ATM and Akt [108]. ATM activation initiates a series of phosphorylation
events through ATM, NEMO, and IKK, ultimately activating nuclear transcription factor
NF-kB, which enhances inflammation [108,109]. However, it is important to note that NF-kB
activity is also affected by several factors, including metabolic activity and ROS production.
For instance, reduced NAD+ and an alteration in AMP:ATP and ADP:ATP ratios affect
SASP through NF-kB regulation [108]. Furthermore, activation of sirtuins such as SIRT1 and
SIRT6 has been shown to inhibit NF-kB activity, affecting multiple SASP genes [100,110,111].
Activation of inhibitor sirtuins requires cofactor NAD+ [107,112]. Therefore, a reduction in
the sirtuin cofactor NAD+ can increase NF-kB activity, and ultimately SASP responses.

Patients with COPD show changes in proteins that influence oxidative stress. PTEN-
induced protein kinase-1 (PINK1), a mitochondrial stress protein marker that accumulates
on the outer membrane of damaged mitochondria, is found to be elevated in COPD [72,113].
On the other hand, excessive production of mitochondrial catalase, an enzyme that protects
cells from oxidative damage catalyzing hydrogen peroxide to oxygen and water, extends
lifespan in the mouse [114]. Conversely, a reduction in prohibitin genes, such as PHB1 in the
inner mitochondrial membrane that maintain mitochondrial function, has been observed
in COPD and in smokers with no history of COPD [115,116]. Hydrogen peroxide can
promote mitochondrial dysfunction in airway smooth muscle (ASM) cells [117–120]. ASM
cells from patients with COPD show higher ROS associated with (1) increased IL-8 release,
(2) decreased mitochondrial complex enzyme expression, and (3) reduced mitochondrial
membrane potential [18,119].

9. Mitochondrial DNA Mutation in Aging Lungs and Diseases

Unlike the nuclear genome, the mitochondrial genome is a ~16.6 kb circular DNA
molecule encoding subunits of polypeptides [99,105,106,121]. Diseases associated with mi-
tochondria are driven by a variety of genetic mutations encoded by either the mitochondrial
genome or nuclear genome [110,122,123]. Mammalian cells have multiple mitochondria,
each having ~10 copies of DNA [106,121]. Mutation in mtDNA can be heteroplasmic
or homoplasmic [106,121]. mtDNA is maternally inherited during embryonic develop-
ment [111,124,125]. However, mtDNA mutations often occur during aging [82,126,127],
where mutation rates are much higher in mtDNA than in nuclear DNA (nDNA) [111,128].

Emerging evidence illustrates that alterations of mtDNA are associated with electron
transport efficiency. These changes are due to mutations in encoded subunits of polypep-
tides making up mitochondrial respiratory complexes that serve as primary sources of ROS.
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Depletion of mtDNA has been associated with premature aging and multiple chronic dis-
eases [129]. Using a murine model, inducing mutation in mtDNA (by depletion) diminishes
mitochondrial respiratory complexes I, III, and IV and ATP synthase [129]. These changes
are associated with accelerated aging, skin hair loss, and increased inflammation [129].
Furthermore, introducing a deficiency in proofreading of mitochondrial DNA polymerase
(POLG) (involved in mtDNA replication) results in premature aging in mice [71,130]. Stud-
ies show that introducing an error-prone version of mtDNA polymerase causes increased
mtDNA mutation load [131] and a deficiency in mitochondrial respiratory complexes [131],
and accelerates a premature aging phenotype in different mouse organs [71,131]. Other
studies have reported that mutations in mtDNA are associated with aging and several
chronic diseases [132–135]. For instance, much higher mtDNA mutation rates have been
shown in Parkinson’s, Alzheimer’s, and cardiovascular diseases [128,136–138]. Further-
more, alteration in mtDNA reduces resistance to oxidative stress and increases risk of
COPD, asthma, and other lung diseases [104,139,140]. More homoplasmic variants that
lead to constant changes in electronic transport chain proteins have been observed in
asthmatic patients [106]. Additionally, other studies have shown an imbalance between
mtDNA and nDNA in asthma, COPD, and asthma–COPD overlap [141,142].

10. Cellular Senescence as a Therapeutic Target

Demonstrating that suppressing the accumulation of p16Ink4a positive cells extends
lifespan by decreasing growth hormone signals has helped to excite the field regarding the
therapeutic potential of targeting senescent cells [126]. Subsequently, efforts to develop
drugs that eliminate senescent cells (senolytics) without affecting normal cells have become
a major focus in the field [68]. The idea is that senescent cells depend on their anti-apoptotic
pathways to survive [68,132]. Senolytic cocktails of small molecules target the anti-apoptotic
network [31,68,132]. Much work has focused on the use of dasatinib (D; a tyrosine kinase
inhibitor) and quercetin (Q; a plant based flavonoid) [68,132]. D + Q were initially shown
to effectively induce apoptosis in senescent cells of primary adipocyte progenitor cells and
human umbilical vein endothelial cells but not in quiescent, proliferating, or differentiated
cells [68,132]. In a mouse model, D + Q promotes physical function and reduces mortality
in aged mice [143]. Human trials for D + Q in IPF suggest improvement in respiratory and
physical function [62]. Recently, mice infected with SARS-CoV-2-related virus and treated
with a senolytic showed reduced senescent cell burden and mortality while increasing
antiviral antibodies [144].

Another approach to eliminating senescent cells is targeting the higher mitochondrial
potential in senescent cells [145]. Mitochondria-targeted tamoxifen (MitoTam) is an anti-
cancer agent that has been proven to inhibit oxidative phosphorylation and induce cell
death in senescent cells [145]. MitoTam can selectively eliminate senescent cells in aging
adults and premature or acute senescent cells at young ages [145].

Besides senolytics, strategies to develop drugs that target signaling pathways crit-
ical to senescent cells have investigated using senostatic (senomorphic) drugs [69,127].
Unlike senolytics, senostatics (senomorphics) can block paracrine signaling that activates
nearby naïve cells (Figure 3) [69,127]. While senolytics induce apoptosis and eliminate
senescent cells, senostatics (senomorphics) are geared towards inhibiting SASP release and
signaling and/or cell-specific SASP factor expression (Figure 3). Studies show polyphenols,
flavonoids, and phytochemicals are effective senostatic drugs inhibiting signals and sup-
pressing SASP factors [69,127]. Diminishing PI3K-Akt signaling via a prodrug pan-PI3K
inhibitor CL27c in aging lungs decreases inflammation and improves life expectancy in
murine animal models of acute or glucocorticoid-resistant neutrophilic asthma [133,146].
Additionally, activation of AMPK by reducing cellular metabolic activity and increasing
ATP synthesis blocks mTOR activation. Consequently, the signaling cascade that enhances
proinflammatory cytokine secretions and p53 activation is terminated. NF-kB antioxi-
dants and inhibitors are effective senostatics, suppressing SASP factors [134,147]. Using
rapamycin or torin to inhibit the mTORC1 signaling pathway has been shown to rescue
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mitochondrial dysfunction [135,148]. Similarly, the antioxidant drug MitoQ is effective at
targeting TNF-α-induced CXCL8 [72,119].
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Figure 3. Shows different mechanisms between senolytic and senostatic agents targeting senescent
cells. Left schematic figure shows normal cells exposed to DNA damaging agents resulting in
upregulations of senescence signaling pathways. Top schematic figure shows senolytic agents
selectively kill senescent cells in a living organism, inhibiting paracrine signaling with normal cell
proliferation. Bottom schematic figure shows senostatic agents inhibit senescent cells releasing SASP,
reducing paracrine signaling with normal cell proliferation. Figure 3 was created with BioRender.com
accessed on 24 April 2022.

Furthermore, the widely prescribed and FDA-approved anti-diabetic drug metformin
shows promise in the context of senescence [149–152]. Metformin can activate AMPK by
blocking complex I, which drives ATP synthesis in the mitochondrial respiratory chain,
and thus improving the AMP: ATP balance [78]. These emerging data provide substan-
tial promise to the idea of modulating senescent cell burden and/or SASP portfolios or
downstream signaling towards alleviating lung diseases associated with aging.

11. Conclusions and Future Insights

Cellular senescence is a hallmark of aging lungs and aging-associated lung diseases.
While senescent cells have beneficial roles, with aging, an enhanced senescent cell bur-
den and a pro-inflammatory and pro-fibrotic SASP can contribute to pathophysiology of
diseases such as COPD, IPF, and even asthma. Senescence can be activated by multiple
upstream mechanisms, and conversely can involve multiple, interactive downstream path-
ways. SASP effects on naïve cells can be cell and context dependent with multiple effects on
remodeling relevant to lung disease. Thus, there is substantial enthusiasm in exploring the
use of senolytics and senostatics in eliminating senescent cells or modulating SASP effects
towards therapy for lung diseases. Here, what remains to be understood is the differences
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in senescent cell and SASP phenotypes in different diseases, further complicated by likely
cell-type differences in senescence in the lung. Appreciating that aging may differentially
influence different cell types in the lung, the contribution of senescence remains to be
understood in a cell-specific fashion. Thus, understanding the relative roles of resident cells
such as bronchial and alveolar epithelium, smooth muscle and fibroblasts in senescence and
its downstream impact is critical. In this regard, the relative roles of different senescence
pathways may also show cell dependent variability that remains to be understood. Thus,
modulation of senescence as therapy may be a reality for multiple aging-associated lung
diseases; the potential for future research is high.
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Abstract: The human skin is exposed daily to different environmental factors such as air pollutants
and ultraviolet (UV) light. Air pollution is considered a harmful environmental risk to human skin
and is known to promote aging and inflammation of this tissue, leading to the onset of skin disorders
and to the appearance of wrinkles and pigmentation issues. Besides this, components of air pollution
can interact synergistically with ultraviolet light and increase the impact of damage to the skin.
However, little is known about the modulation of air pollution on cellular senescence in skin cells
and how this can contribute to skin aging. In this review, we are summarizing the current state of
knowledge about air pollution components, their involvement in the processes of cellular senescence
and skin aging, as well as the current therapeutic and cosmetic interventions proposed to prevent or
mitigate the effects of air pollution in the skin.

Keywords: senescence; air pollution; skin aging; cosmetics

1. Introduction

The skin is the largest and outermost organ of the human body. As such, the skin
represents the major protective barrier between the internal and external environment and
protects the body from environmental damages. Additionally, the skin is important for
the regulation of body temperature and water loss and participates in certain immune
responses [1].

Skin aging is a result of two cumulative and overlaying mechanisms denominated
as intrinsic and extrinsic aging. The process of intrinsic or chronological aging affects all
tissues and organs of the body, is due to the passage of time, and is influenced by genetic
background. The main signs of intrinsic aging in the skin are relatively mild, including the
accumulation of fine wrinkles with moderate changes in skin pigmentation [1]. In addition,
the skin is continuously exposed to environmental and lifestyle factors such as sunlight,
pollution, cigarette smoke, and dietary habits. These factors, collectively denominated
the skin exposome, are the major causes of the process of extrinsic skin aging. Major
characteristics of extrinsic skin aging are coarse wrinkles, solar elastosis, and pigmentation
irregularities [1,2]. Quality of life as well as emotional well-being are influenced by changes
in the skin appearance [1,3].

From all factors of the exposome, sunlight is known to be the most harmful and for this
purpose extrinsic skin aging is also referred as photoaging. Arguably, chronic exposition
of the skin to sunlight leads to skin aging, which is characterized by increased oxidative
stress, apoptosis, stimulation of melanogenesis and direct damage to DNA, membranes,
and proteins [1,3,4].

A potentially serious, yet less recognized environmental factor is ambient (outdoor)
air pollution. As a result of rapid industrialization and urbanization, environmental
pollution is becoming a severe public health issue worldwide [5]. In 2019 the World
Health Organization (WHO) determined that 99% of the world’s population lives in places
where air pollution levels exceed WHO limits and thus air pollution was designated as the
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world’s largest single environmental health risk to humans [6]. Pollution has been strongly
correlated to the degenerative processes of skin aging, particularly pigmentation issues, as
well as to the onset of skin disorders [7,8].

Different compounds can be categorized as air pollutants, and as such each contribute
differently to the impairment of the skin [9]. These compounds differ in chemical composi-
tion, reaction properties, ability to diffuse, and time of disintegration [10]. Given that the
interest in the effects caused by exposure to air pollution has risen in the last few years, the
number of publications about this topic is constantly increasing. Recent studies show that
air pollutants such as particulate matter (PM) can cause skin tanning, skin aging [11,12],
and inflammatory skin diseases such as atopic dermatitis (AD), acne, and allergic reac-
tions [13]. Further investigations are needed to fully understand how skin is affected by
the exposure to environmental stressors. Given that the skin is not exposed to one single
source of environmental impact, it is especially important to examine how combined effects
(e.g., UV light, air pollution, cigarette smoke) of different stressors damage the skin and
contribute to aging of this tissue.

In this review we summarize the different components of air pollution and how
they contribute to skin aging and cellular senescence. Furthermore, we will demonstrate
how accumulation and persistence of senescent cells impact the process of skin aging.
Additionally, we outline current interventions and cosmetic compounds used to prevent
and mitigate effects of air pollution in the skin (Figure 1).
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Figure 1. The interplay between air pollution, cellular senescence, and skin aging. The review focuses
on the topics inflammation, protein quality control, mitochondrial dysfunction, reactive oxygen
species (ROS), and senescence-associated secretory phenotype (SASP) in cutaneous skin cells during
senescence induced by air pollution. Additionally, we discuss how air pollution components such as
particulate matter (PM), ozone, heavy metals, and cigarette smoke impact skin aging. Finally, we
summarize the latest information about interventions and cosmetics which were shown to prevent
the impact of air pollution in the processes of cellular senescence and skin aging.

208



Cells 2022, 11, 2220

2. Cellular Senescence

Cellular senescence, which is considered one hallmark of aging, is defined by a state
of proliferative arrest and is known to be involved in tumor suppression and progression,
tissue remodeling, and embryonic development [14]. The accumulation and persistence of
senescent cells is an important characteristic of aging of some tissues, including the skin [15].
Senescent cells contribute to the decline of tissue function and lead to age-related changes
and pathologies [16]. This well-known interconnection between cellular senescence, skin
aging, and skin diseases is often related to molecular processes such as inflammation
(Figure 1).

Senescent cells are characterized by several characteristics such as a distinct morphol-
ogy [17], DNA damage [18], cell cycle arrest [19], mitochondrial dysfunction [20], protein
quality impairment [21], inflammation [22], and reactive oxygen species (ROS) genera-
tion [23]. Additionally, senescent cells are not able to proliferate as they reside in a cell cycle
arrest, which is mostly caused by an accumulation of DNA damage [24,25]. If unrepaired,
these damages lead to detrimental effects such as cellular dysfunction and cancer. Other
features of senescent cells are the appearance of senescence-associated heterochromatin
foci (SAHF) and decreased Lamin B1 expression [14].

Importantly, some types of senescent cells can also be recognized by other charac-
teristics, such as increased senescence-associated β-galactosidase (SA-β-Gal) activity and
the secretion of a set of pro-inflammatory factors, the so-called senescence-associated se-
cretory phenotype (SASP) [26]. In general, SASP components can have beneficial effects
such as recruitment of immune cells, promotion of anti-tumor response, and improved
wound healing [26]. On the other hand, SASP components can contribute to the functional
disruption of tissue structure in an autocrine and paracrine manner leading to the senes-
cence of the neighboring cells via paracrine communication, immunosuppression, and
inflammation [26,27]. The composition of the SASP is determined by the type of senescence
and cell type but the most common cytokines upregulated in cutaneous skin cells during
aging are interleukin (IL)-1 and IL-6, as well as the matrix metalloproteases (MMP)-1 and
MMP-3 [26,28].

Another hallmark of senescent cells is the imbalance between their production of
ROS and their ability to detoxify the reactive intermediates [29,30]. Elevated ROS levels
cause damage to cellular molecules such as proteins, lipids, and nucleic acids as well as
to organelles such as mitochondria and proteasomes [31]. Antioxidant enzymes such as
glutathione and superoxide dismutase are able to stabilize or deactivate free radicals before
they attack cellular components, avoiding the so-called oxidative stress. During senescence
these defense mechanisms are decreased whereas the ROS is continuously produced and
the cells become more prone to oxidative damage [32]. ROS can induce the mitogen-
activated protein kinase (MAPK)-p38 pathway which leads to further activation of p53-p21
and cell cycle arrest and thus initiating or accelerating the senescence process [14]. Besides
this, excessive ROS induce inflammation-related pathways such as the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, which regulates different
intracellular responses such as apoptosis, cell proliferation, angiogenesis, metastasis, and
tumor promotion [7].

Mitochondrial damage, another feature of senescent cells, results from accumulation
of mitochondrial DNA mutations, dysfunction and structural alterations of important
mitochondrial proteins and membranes, imbalance of fission and fusion, and impaired
mitophagy which, in turn, results in increased ROS production and decreased energy
generation by oxidative phosphorylation [20,33]. Mitochondria are the main intracellular
sources of ROS and excessive ROS production can lead to fragmentation of mitochondria by
modulation of mitochondrial fission and fusion proteins [34] and impairment of mitostasis
is considered to be one of the causes of cellular senescence [20].
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During senescence, the intracellular mechanisms of protein quality control, autophagy
and the proteasome, are impaired. Autophagy is responsible for the elimination of dam-
aged or excessive proteins and organelles via the lysosomes, whereas the proteasome
especially degrades oxidized proteins [35]. Generally, the activity and function of both
mechanisms are reduced with age and senescence [21,24]. For instance, decreased ex-
pression of genes that transcribe proteasome subunits as well as modifications of these
subunits are considered as major drivers of the age-related impairment of proteasome
activity [36]. Proteasome activity has been reported to be decreased in photoaging models
of keratinocytes [37], melanocytes [17], and fibroblasts [31]. Furthermore, in senescent
melanocytes and fibroblasts the impairment of the proteasome was compensated by an
increase of autophagy as an alternative mechanism of protein quality control [17,31]. Im-
paired autophagy has been related to reduction in lysosomal proteolytic function, decreased
rates of autophagolysosomal fusion, and impaired delivery of autophagy substrates to lyso-
somes, which leads to the intracellular accumulation of undigested material, exacerbates
cellular impairment, and contributes to the development of senescence and in tissue to
age-related diseases [21,38,39].

3. Cellular Senescence and Skin Aging
3.1. Main Characteristics of Skin Aging

The skin is constituted of many different cell types, including, among others, fibrob-
lasts, keratinocytes, and melanocytes. Skin aging is a multifactorial process and most if not
all skin cell types, when functionally impaired, can potentially contribute to the deterio-
ration of the tissue [15]. Additionally, the skin is a useful system for the investigation of
aging since this tissue undergoes morphological, biochemical, and functional modifications
during the process of aging.

Skin aging is characterized by different features, one of which is the accumulation of
damaged and dysfunctional macromolecules in the skin cells due to decreased function
of autophagy and proteasome activity. Autophagy plays a role in extrinsic and intrinsic
skin aging and regulates pigmentation, homeostasis, and the functions of fibroblasts, ker-
atinocytes, and melanocytes [21,39]. In fibroblasts, it was shown that impaired autophagic
flux induced by inhibition of lysosomal proteases lead to the decreased expression of
hyaluron, elastin, and type 1 procollagen, and to the increased breakdown of collagen fibers
which result in the impairment of dermal integrity and increased skin fragility [40]. In
melanocytes, several groups showed that modulation of autophagy can induce cellular
senescence and impairment of antioxidant defense mechanisms leading to changes in skin
pigmentation [41,42]. Additionally, autophagy and oxidative stress are determinant factors
in the fate of keratinocytes and control their progression to senescence, programmed cell
death, or tumor formation [21,39].

During aging, skin cells also accumulate damaged mitochondria and mitochondrial
DNA deletions leading to structural and functional alterations in the extracellular matrix
(ECM) and the induction of inflammation which, in turn, accelerate the formation of skin
wrinkles [18].

3.2. Inflammation and Skin Aging

Inflammation is one of the main pathways involved in the process of skin aging.
Furthermore, chronic inflammation can lead to skin disorders such as AD and psoriasis [43].
AD is a skin inflammatory disease with symptoms such as pruritus, itching, pain, and
sleep disturbance [44,45]. Several different pathways are involved in the activation of
inflammation. Here, we will focus on three main activators of inflammation recognized to
be involved in skin aging.
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The first pathway involves the aryl hydrocarbon receptor (AhR), a transcription
factor highly expressed in all cutaneous cell types which has been reported to play a
key role in the maintenance of skin barrier, regulation of skin pigmentation, and skin
immunity. In humans, the highly conserved AhR has a complex role. Different ligands
such as polyaromatic hydrocarbons (PAH) can bind and activate AhR. This leads to AhR
translocation to the nucleus where it regulates the expression of genes such as cytochrome
P450 1A (CYP1A) which can, in turn, further induce oxidative damage by generating
ROS [46]. Alterations in AhR signaling lead to dysregulated skin barrier function and can
generate symptoms such as dryness, itchiness, and flakiness which are similar symptoms
to AD [46–48]. In mice, depletion of AhR leads to transepidermal water loss, decreased
expression of important barrier function proteins such as filaggrin and involucrin, and
changes of the skin microbiome [49]. In chronic skin inflammation diseases such as psoriasis,
activation of AhR can determine the severity of the symptoms [50]. In addition, the
activation of AhR is crucial for melanocyte survival and melanogenesis which are events
that can be linked to the appearance of senile lentigines [51].

The second important inflammatory pathway participating in skin aging is controlled
by NF-κB, a transcription factor which resides in the cytoplasm and, if activated, translo-
cates to the nucleus. Activation of the NF-κB signaling pathway is driven by the response
to diverse stimuli, including ligands of various cytokine receptors, pattern-recognition
receptors (PRRs), T-cell receptor (TCR) and B-cell receptors, as well as to a subset of TNF
receptor (TNFR) superfamily members such as LTβR, BAFFR, CD40, and RANK [52]. Once
translocated to the nucleus, NF-κB promotes the production and release of tumor necrosis
factor-α (TNF-α), MMPs, and other SASP components such as IL-1α, and cyclooxygenases
(COX)-1 and -2. These factors can reinforce the inflammation process and accelerate the
skin aging process [53,54]. Importantly, the dysregulation of NF-κB plays an important
role in the pathogenesis of chronic inflammatory diseases of the skin as well as in wound
healing [55].

The third important inflammatory signaling pathway involved in skin aging is coordi-
nated by nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element
(ARE). Nrf2 is an important transcription factor in the inflammation signaling cascade as
well as in oxidative stress responses and is responsible for the expression of ARE genes
such as heme oxygenase-1. Nrf2 can also negatively regulate NF-κB activation either by
directly decreasing intracellular ROS levels or by inhibiting the translocation of NF-κB to
the nucleus [56,57]. Recently, it was demonstrated that senescent melanocytes increased
the expression of Nrf2 which was accompanied by decreased melanogenesis [58]. Nrf2
depletion in skin cells leads to the reduction of cell survival as well as induction of oxidative
stress while mutations in the Nrf2 gene, in turn, lead to the development of squamous cell
carcinoma suggesting that pathways activated by Nrf2 are important for the maintenance
of skin homeostasis [59].

3.3. Senescence of Skin Cells and Skin Aging

The accumulation of senescent cells in the epidermis and dermis is considered as a
hallmark of aging. The occurrence of senescent cells can be accelerated by exposition of the
skin to different sources of environmental and lifestyle factors [15,60]. Senescent fibroblasts
display different senescence associated characteristics such as cell cycle arrest, decreased
autophagy activity, increased SA-β-Gal activity, mitochondrial dysfunction, DNA damage,
increased ROS generation, and increased expression of SASP factors [31,61]. The appear-
ance and persistence of senescent fibroblasts in the dermis leads to the accumulation of
elastotic material, which results from the incomplete degradation of elastic fibers, as well
as to the decreased expression of extracellular matrix components simultaneously to the in-
creased degradation of ECM. These events are manifested in dullness and reduced elasticity
of the skin [1,62]. Keratinocytes are constantly renewed and more prone to apoptosis than
senescence when confronted by stressors. Nevertheless, keratinocytes contribute greatly
to the aging process by losing the ability to terminally differentiate or proliferate and re-
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sponding differently to external stimuli [15]. Senescent keratinocytes express increased p15,
IL-1α, and high mobility group A2 [27]. Other hallmarks of senescence such as SA-β-Gal,
expression of p21, p53, and p16 are displayed in keratinocytes upon UVB exposure [16].
Senescence of melanocytes has been insufficiently explored but a recent study has reported
that senescent melanocytes accumulate in human skin where they contribute to aging of
this tissue by impairing proliferation of the neighboring keratinocytes [63]. Melanocytes’
senescence can occur either by exhaustion of their replicative capacity, in a process called
replicative senescence, or by stress-induced premature senescence in which senescence is
triggered by chronic exposition of these cells to sublethal doses of a stressor agent such as
UV or ROS-inducing agents [17,25]. Accumulated senescent melanocytes in skin is correlat-
ing with visible signs of skin aging such as facial wrinkling and deposition of elastin in the
dermis [60]. Although melanocytes become age-dependently less active, darker pigmented
spots, also described as age spots, solar lentigines, or lentigo senilis, are a common charac-
teristic of aged skin, presumably occurring due to irregularities in melanocyte distribution,
enhanced melanogenic signaling and decreased melanosome removal [15,64]. Besides the
impairment of melanocytes, the dysregulated secretion of molecules produced by aged
keratinocytes and fibroblasts cause the occurrence of senile lentigines [15,51]. For example,
UV-induced senescent fibroblasts contribute to the formation of age spots by decreasing the
expression and secretion of stromal cell-derived factor 1 [65], emphasizing the complexity
of underlying factors driving skin aging and the development of senile lentigines.

3.4. Microbioma and Skin Aging

Another important but as yet less investigated change that occurs in the skin during
aging is the alteration of the skin microbiome. The human skin microbiome consists of
bacteria, fungi, viruses, archaea, and other microorganisms which are essential for body
homeostasis and when dysregulated can contribute to diseases [45,66]. The skin of young
individuals is rich in bacteria of the Firmicutes phylum but with age, these are replaced
by Bacteroides and Proteobacteria. This imbalance of commensal skin microbes which
produce immune factors affects the skin’s immune system, explaining the increased risk of
pathogenic invasions and age-related skin disorders [22,67].

3.5. Skin Aging in Different Ethnicities and Phototypes

In humans, melanin determines skin and hair color and is responsible for photoprotec-
tion against UV radiation. Melanin molecules surround the nuclei of the keratinocytes and
melanocytes to protect their genetic material, by absorbing sunlight through the polymeric
melanin molecule [68,69]. The differences in skin color are mainly determined by the
type and amount of melanin produced by melanocytes which is a major factor of skin
aging. Melanocytes can produce two different types of melanin. Eumelanin, a brown-black
pigment, and pheomelanin, a yellow-red pigment [70]. Melanocytes transfer melanin to the
neighboring keratinocytes, and melanin is degraded during keratinocytes differentiation.
The ratio of melanin degradation determines the skin pigmentation and, consequently, the
skin phototypes. For instance, in fair skin phototypes melanosomes are almost completely
degraded, whereas in dark skins they barely undergo degradation and accumulate in the
upper layers of the epidermis [1]. During the process of skin aging, the density and activity
of melanocytes is continuously decreased, while the percentage of cells with impaired
melanin synthesis is increased [15], leading to the appearance of skin pigmentation issues.

Given the differences in skin pigmentation and degradation of melanin, skin aging
manifests differently among different skin phototypes and ethnicities. For instance in
Asians and African Americans pigmentation changes are considered early manifestations
of skin aging, whereas aging of Caucasian skin is characterized in its early stages by the
appearance of wrinkles [71–73].
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In general, highly pigmented skin structurally consists of a thicker dermis and stratum
corneum which contribute to increased resistance and elasticity in comparison to light
pigmented skin [71,74]. Recent studies demonstrated that highly pigmented skin exposed
to UV displays a deposition of collagen and elastic network, a decrease in epidermal
thickness [75], lightening of skin [76], as well as production of MMPs [77]. Upon skin aging,
light pigmented skin exhibits thinner and less compact stratum corneum, deposition of
elastic fibers, impairment of barrier function, reduction of sebum, production of MMPs,
and loss of collagen [71,74]. These findings indicate that skin aging mechanisms seem to be
similar between ethnicities. However, further investigations are necessary to understand
the underlying molecular processes of different ethnic skin types.

4. Major Components of Air Pollution Affecting Skin Appearance

Pollution is defined as an environmental contamination by chemical, biological, or
physical substances which can affect human health and ecosystems. Air pollutants are
composed of organic and inorganic substances which are introduced into the atmosphere
by residential wood heating, tobacco smoking, transportation, and industry, among other
sources [78]. The composition of atmospheric pollution can also vary depending on the
time of day, seasons, human activity, and geographic location [8,9]. Several reports suggest
that air pollutant components are direct contributors to the process of aging [5,11,79–82].
Human exposition to air pollution contributes to increased mortality and hospital stays.
The effects of air pollution can range from nausea, difficulty in breathing, skin irritation,
birth defects, and reduced activity of immune system, to cancer. Results obtained from
research with animal models and epidemiological studies suggest that the cardiovascular
and respiratory system are the main affected systems by air pollution [10]. In the lungs,
infiltration of air pollutant components, especially small particles which can reach bronchial
tubes and deep lung, can induce a systemic immune response due to increased expression
of IL-1, IL-6, IL-8, and monocyte chemoattractant protein-1 in macrophages and lung
epithelial cells, leading to the development of respiratory diseases [5].

The skin can be affected by air pollution in two ways. Either directly, through the
uptake of the air pollutants by the skin, especially by intrusions formed by hair follicles in
the stratum corneum [5], or indirectly by the uptake of particles by the lungs which are
further transported by the blood to the skin [9].

Exposure of the skin to urban air pollution activates mechanisms of cell detoxification,
which, if active over a longer period of time, can lead to DNA and protein damage, elevated
ROS levels and lipid peroxidation, resulting in skin alterations, such as impaired barrier
function, pigment spots, wrinkles, and decreased skin hydration [83,84]. Additionally, air
pollution induces inflammation, activates the AhR pathway, and leads to alterations of the
skin microbiome [85,86]. Given the strong link between low-grade systemic inflammation
and biological aging, it is possible that exposition of the skin to air pollution leads to
premature cellular senescence and, consequently, to skin aging [85]. The literature regarding
the effects of air pollution on different ethnic skin types is still elusive. The few broad
ethnic studies show that exposition of the skin to air pollution mainly induces increased
oxidative stress leading to skin pigmentation disorders and wrinkle formation [2,11,72].
The majority of the publications are exclusively related to Asian skin [87] and therefore very
biased. Information on the effects of air pollution on different skin types is still lacking and
therefore the awareness of different ethnicities in this field of research needs more attention.

In this review we will focus on the most investigated and relevant air pollutants for
the process of skin aging: ozone, heavy metals, cigarette smoke, and PM.

4.1. Particulate Matter

Particulate matter (PM) is one of the main components of air pollution and is de-
fined as a mixture of gas containing liquid and/or solid droplets varying in size and
composition [86,88]. Particles contained in PM include substances such as metals, miner-
als, organic toxins, tobacco smoke, pollen, allergens, and smog [89]. These particles are
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classified according to their aerodynamic diameter (Dp) in three categories: particles with
Dp bellow 10 µm are named “coarse particles” or PM 10 and include components of dust,
soil, and dusty emission from industries; particles with Dp between 0.1 and 2.5 µm are
called “particle matter” or PM 2.5 and are mainly derived from open fires, automobile
exhausts, and power plants [90]; and particles with Dp bellow 0.1 µm are called “ultrafine
particles” or PM 0.1 and mainly consist of emissions of diesel-powered engines [86]. The
aerodynamic diameter of the particles is an important determinator of their ability to enter
the body by alveolar–capillary barrier and travel across the blood [91]. The particle matter
and ultrafine particles can penetrate the body either by systemic distribution through the
blood circulation after entering the lungs’ alveoli or by infiltrating the skin through hair
follicles [92]. Recently, in contrast with what was believed before, it was demonstrated that
coarse particles can also penetrate the stratum corneum or the respiratory system [53,93].

Exposure to particulate matter can cause cardiovascular and respiratory diseases,
allergies, and cancer through different mechanism [83,94]. For instance, PM 2.5 exposure
induces endoplasmatic reticulum stress response and apoptosis in the lung and liver of
mice and this mechanism is believed to be one possible explanation for the development
of metabolic, respiratory, and cardiovascular diseases in humans exposed to air pollu-
tion [95]. A study in mice showed that PM inhalation activates the TNF-α driven systemic
inflammation and results in an impaired cardiac function which to a certain extent was
prevented by a TNF-α inhibitor called inflimiximab [96]. In skin diseases such as psoriasis,
the blockage of TNF-α leads to detrimental side-effects such as increased risk of infections
and malignancies as well as to the formation of new and more psoriatic skin lesions [97].

A cross-sectional study which investigated the correlation of particulate matter ex-
posure and aging demonstrated that leukocytes of peripheral blood from elderly humans
exposed to daily high concentrations of PM 2.5 presented decreased telomere length, lower
mitochondrial DNA content, and reduced sirtuin-1 expression [98]. In another study it was
shown that exposure of human nasal epithelial cells to PM 2.5 leads to ROS production,
degradation of tight junction proteins such as occludin, claudin-1, and E-cadherin, leading
to sinonasal diseases through disrupted tissue integrity and permeability [45,99]. Similar
downregulation of tight junctions as well as keratins and filaggrin were observed in pork
skin in response to PM 2.5 exposure, leading to increased skin permeability [100,101].
Altogether, these studies demonstrate that short- and long-term exposure to PM can induce
features of premature aging.

Particularly in the skin, PM 2.5 induces different detrimental processes such as DNA
damage and lipid peroxidation. Exposure of the skin to PM results in the formation of senile
lentigines, increased formation of ROS, and promotes the release of pro- inflammatory
cytokines which all lead to accelerated skin aging and increased susceptibility to pathogen
invasion [5]. ROS generation, induced by exposure of the skin to air pollution, can induce
MMPs expression and increase their activity, especially MMP-1 and MMP-3 which are
known to accelerate the skin aging process by degrading collagen and elastin. Additionally,
the decreased expression of transforming growth factor (TGF) β, and reduced synthesis of
collagen type 1 α chain (COL1A1, COL1A2) and elastin by fibroblasts are other contributors
to the formation of wrinkles and skin aging induced by PM [80,82,102].

In human keratinocytes and mouse skin tissue, PM induced the expression of demethy-
lases such as DNA demethylase 1 (TET1) and decreased the expression of DNA methylation-
related proteins such as (DNMT)-1 and -3. These changes in the methylation pattern of
DNA induced “skin senescence phenomenon” are characterized by features such as hyper-
keratotic epidermis accompanied by the increased expression of keratin-10, an epidermal
differentiation marker, and proliferating cell nuclear antigen, a proliferation marker [79].
These results demonstrate that PM-induced skin aging can be triggered by epigenetic
modifications which could give rise to new strategies for therapeutics against skin aging.
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Skin cells exposed to diesel particulate extract (DPE), which mainly contains PM and
PAH [103], displayed dysregulation of proteins and lipids important for the maintenance
of skin integrity, for the regulation of skin hydration and oxidative stress, such as NADPH
oxidase (NOX), ceramide, plakins, transglutaminases, cystatins, and filaggrin [57,80]. Fur-
thermore, DPE impaired mitochondrial oxidative phosphorylation and cell migration in
these cells. These effects could be partially avoided or restored by the treatment of the cells
with the antioxidant vitamin E [57].

PM causes inflammation in the skin through increased IL-8, MMP-1, ROS production,
and neutrophil infiltration in the deep dermis [104]. Fibroblasts cultivated with conditioned
medium obtained from immortalized human keratinocytes (HaCaT) treated with PM dis-
played increased nuclear translocation of p65 and p50 as well as increased ROS production,
morphological changes, and secretion of SASP components including prostaglandin E2,
COX-2, TNF-α, IL-1β, and IL-6 [93]. It is well established that the expression and release
of TNF-α is increased upon UV exposure [105] as well in some skin diseases such as
vitiligo [106].

Other studies have shown that the exposition of HaCaT cells or reconstructed human
epidermis to PM induced upregulation of NF-κB, COX-1 as well as IL-1α leading to skin
barrier dysfunction [81]. In addition, an increased autophagic activity shown by the
turnover of the light chain 3 I (LC3) to LC3 II, expression of p62, and PM internalization
in the autolysosomes was observed after exposure of fibroblasts to air pollutants such as
PM [107,108].

The PM particles can transport organic chemicals and metals into cells which when
localizing in the mitochondria can directly generate ROS [2]. Mostly, PM particles contain
PAH which can penetrate the skin. PAH is an activator of AhR in melanocytes and
keratinocytes and exposition of the skin to this chemical can influence epidermal turnover,
melanogenesis, and differentiation [9,86]. PAH have synergistic effect with UVA and both
contribute to skin carcinogenesis and to the appearance of skin pigmentation disorders
such as senile lentigines [5,53,70,92,109,110]. Interestingly, exposure of melanocytes to PM
induces apoptosis through cytochrome C release and activation of caspase-3 [111]. These
events are linked to the disappearance of melanocytes which is considered one of the main
pathogenic mechanisms of vitiligo.

The effects of PM 2.5 and 10 are linked to different skin diseases such as AD and
allergies [45,112]. Several studies have demonstrated that AD skin, as well as healthy skin
exposed to PM, display skin barrier disruption due to decreased expression of epidermal
structural proteins such as filaggrin, E-cadherin, and cytokeratins [43,44,113]. Additionally,
it is suggested that AD can be influenced by the exposure to air pollution resulting in
imbalance of immune cell response and IgE production, activation of AhR/NF-κB, and the
generation of ROS, and these effects can be prevented by improved air quality [5,44,85].

4.2. Cigarette Smoke

Cigarette smoke is composed of different chemical substances including reactive
oxygen species, carbon monoxide, and reactive nitrogen species. Smoking is associated
with lung cancer as well as with cutaneous squamous cell carcinoma. PAH, one important
component of cigarette smoke, is a major contributor to cancer. PAH induces AhR and
subsequently CYP1A1 which leads to the formation of DNA adducts and can result in
cancer development [114,115].

The effects of cigarette smoke are cumulative and associated with the appearance of
signs of premature aging, especially in the facial skin. Among them the most common
are deep wrinkles, dryness, leathery texture, sagging, premature graying, and orange to
purple discoloration of the skin [8,53,88]. Exposition of the skin to cigarette smoke induces
oxidative stress and the impairment of the antioxidant system. The consequences are
transepidermal water loss, lipid peroxidation, cell death, and degeneration of connective
tissue by MMP-1 and -3 [80,114,116]. In keratinocytes, cellular redox homeostasis and
colony-forming potential was affected in response to exposure to tobacco smoke compo-
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nents such as PAH and PM [92]. In humans, a study comparing smokers and nonsmokers
revealed the occurrence of shorter telomeres, a sign of cellular senescence, in peripheral
white blood cells of smokers [98]. Synergistic effects may occur upon the combined expo-
sure to UV and cigarette smoke leading to epidermal barrier disruption, increased erythema,
and decreased elasticity [8,53,88]. Furthermore, a three months’ whole body exposure of
mice to tobacco smoke caused premature aging evidenced by the loss of collagen as well as
hair loss and premature graying due to increased apoptosis and decreased melanogenesis,
respectively [117]. Additionally, the combined exposure of tobacco smoke with ultraviolet
light, exacerbated the effects of aging by the upregulation of p16 expression. These effects
could be prevented by N-acetylcysteine (NAC) suggesting that premature aging triggered
by cigarette smoke exposition is driven by ROS [5]. Other studies showed that exposure of
skin cells, ex vivo skin biopsies, or reconstructed skin to cigarette smoke leads to produc-
tion of pro-inflammatory cytokines and MMPs, lipid peroxidation, and downregulation
of differentiation proteins such as loricrin and this, in turn, resulting in the impairment of
skin barrier structure and function [114,115,118].

Besides the consequences of topical exposition of the skin to pollution, the inhalation of
pollution has systemically effects to the skin. In a recent in vivo study, it was demonstrated
that chronic inhalation of tobacco smoke leads to changes in the composition and deposition
of elastin and fibrillin-rich microfibrils in the dermis which is accompanied by a higher
stiffness of the skin [119].

In a study using a model of skin aging induced by tert-butyl hydroperoxide (tBHP),
Wedel and colleagues showed that skin exposed to this chemical displayed downregulation
of collagen synthesis and the increased secretion of MMPs. tBHP is categorized as an ox-
idative stress inducer which leads to the accumulation of intracellular ROS and deplete the
antioxidant mechanisms and can be used as a proxy to study mechanisms that recapitulate
the exposition of the skin to environmental stressors such as cigarette smoke [61].

4.3. Ozone

Stratospheric ozone has a protective role for earth-living organisms by filtering UV
radiation. Ozone (O3) in the troposphere reaches the skin surface and reacts with molecules
such as lipids and proteins in the stratum corneum [9,120]. In general, ozone causes ox-
idative stress, increased lipid peroxidation, AhR induction, and depletion of Vitamins
C and E in human skin [121,122]. A report has shown that in human keratinocytes, ex-
posure to ozone leads to lactate dehydrogenase release, reduced cell proliferation, lipid
peroxidation, and NF-κB activation and these effects can be prevented by pretreatment
with antioxidant mixtures [123]. Another study has shown that the combination of UVA
and ozone has a synergistic effect and causes increased oxidative stress of the skin and
Nrf2 expression in keratinocytes leading to skin inflammation, formation of wrinkles, and
pigment spots [8,9,104]. In human skin O3 leads to activation of NF-κB, MMP-9, COX-2,
and lipid peroxidation in the epidermis, whereas in the dermis expression of collagen-1
and -3 are downregulated. These consequences are accelerating the appearance of skin
aging signs including the formation of wrinkles and senile lentigines as well as affecting
wound healing [124,125].

4.4. Heavy Metals

The earth crest is formed by different components, among them heavy metals such as
chromium, lead, cadmium, silver, nickel, mercury, manganese, and vanadium [8]. These
metals can contaminate the water and food supply and cannot be degraded or destroyed.
These substances are important trace elements for the maintenance of metabolic reactions
but in higher concentrations they become toxic to the human body [10]. Heavy metals from
industrial fumes reach plants through acidic rain. For instance, tobacco leaves are rich in
cadmium which, when inhaled, cannot be excreted from the human body and leads to
long term effects and damage to the lungs, kidneys, and bones [78]. A study showed that
keratinocytes and skin explants exposed to dust particles containing heavy metals or heavy
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metals alone displayed increased expression of the pro-inflammatory cytokines IL-6, IL-8,
caspase-14, and granulocyte macrophage colony-stimulating factor which are known to
alter epidermal differentiation, ECM, apoptosis, DNA damage, lipid peroxidation, and skin
immunity resulting in cutaneous inflammation and inflammation skin disorders [86,126].

Figure 2 shows a graphic representation of the complexity of air pollution damages to
the skin and summarizes the most important signaling pathways regulated by different air
pollutants on a cellular and on tissue level (Figure 2).
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Figure 2. Schematic diagram showing the main signaling pathways involved in the process of cellular
senescence which are contributing to skin aging. Pollutants act over many signaling pathways that
control cell cycle progression and transcriptional regulation of genes involved in inflammation.
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5. Therapeutics and Cosmetics

In recent years, due to increased industrialization and use of transport, the effects
of air pollution on human health have increased logarithmically. As a consequence, a
trend of development and use of anti-pollutant cosmetics and therapeutics originated
in Asia, which is one of the most polluted places in the world. This trend spread to the
western world and the demand in cosmetics and the personal care industry rose worldwide
and led to increased research on the identification of new approaches and ingredients for
anti-pollution cosmetics [127] (Table 1).

Table 1. A summary of the current interventions, an example of active ingredients, and which
mechanisms are helping against air pollution-induced damage with corresponding references for
detailed information.

Intervention Active Ingredients Mechanism References

Sunscreen Oxybenzone
Zinc oxide

• Prevent synergistic effects of air
pollution and UV

[1]

Washing and air filters • Prevent deposition and penetration of
pollutants on skin

[8,85]

Dietary habits Phenolic compounds in plants • Reduce cellular oxidative stress [13]

Rinse-off, film-forming
cosmetics, and emollients

BDDI
Aleurites fordii oil copolymer

Kaolin

• Reduced transepidermal water loss
• Increased skin barrier function

[85]

Antioxidants
Vitamin C
Vitamin E

Ferulic acid

• Reduced ROS production and SASP
• Prevent collagen degradation and

hyperpigmentation
[1,85]

Botanicals Algae

• Antibacterial and anti-inflammatory
activity

• Skin whitening agent
• ROS scavenger

[127]

Several studies suggest different approaches to protect the skin from air pollution.
Firstly, and most important, avoid exposure to air pollutants. Additionally, as the skin is ex-
posed to air pollution and UV simultaneously, another measure to increase the protection of
the skin is to use sunscreen, decreasing the possibility of occurrence of photoreaction [9,51].
Overwashing the skin can be harmful and break the skin barrier and homeostasis of the
skin microbiome [9]. Indoor air ventilators or filters can also be helpful since they reduce
the pollutant load in the air and on the skin [8]. One additional approach to protect the
skin from external factors is the use of cosmetic preparations containing pro-, and pre-
biotics [128]. Components from our diet are also beneficial. UV-exposed skin revealed
changes in the elastic and collagen network of the dermis including the composition and
deposition of fibulin-5 which contributes to the structural formation of elastic fibers such as
elastin. Additionally, the study showed that oral supplementation with green tea catechins
in combination with vitamin C protected specifically fibulin-5 fibers against UV-induced
changes [129]. Recently, reports have suggested that components from plants and other
natural resources such as phenolic compounds, phytosterols, and saponins help against
induced cellular oxidative stress by PM [10,13,85].

Recommendation of the topical use of cosmetics that protect or improve the skin
barrier, enhance the antioxidant mechanism, and reduce inflammation can help avoid or
mitigate air pollution skin damages [86]. Additionally, to remove chemicals and decrease
the particle load deposited on the skin surface upon exposure to air pollution, the use of
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rinse-off products and emollients which reduce transepidermal water loss and increase
skin barrier function is recommended [9,51,127]. One group selected E/Z-2-benzylidene-
5,6-dimethoxy-3,3-dimethyl-indan-1-one (BDDI), an AhR antagonist, and could show that
this component can transiently inhibit AhR activation in human skin in response to air
pollution and prevent activation of genes which are relevant for wrinkle formation and
skin carcinogenesis such as CYP1, COX-2, and MMP-1 [9,130]. This molecule is also
hypothesized to be a promising ingredient to prevent senile lentigines formation since it
was demonstrated that it can decrease the production of SASP [51]. In general, the lack of
testing compounds in advanced models for skin color, photoprotection, and anti-pollution
properties is enormous [131]. Especially, the effects of anti-pollution cosmetics on different
ethnic skin regarding pigmentation is still missing.

The deposition of environmental stressors on the skin can be prevented by film-
forming cosmetics [127]. Lastly, protection against oxidative stress-inducing effects such as
ROS generation and downregulation of antioxidant defense mechanisms in the epidermis
can be reduced by the application of formulations with antioxidants. The well-known
antioxidant Vitamin E has beneficial effects on the skin including decreased expression
of Nrf2, restoration of mitochondrial complex I and complex IV, recovery of desmosomal
protein integrity, and promotion of cellular migration [57]. Another commonly used
antioxidant in cosmetics is L-ascorbic, acid also known as Vitamin C, which can neutralize
free radicals, and prevent collagen degradation and hyperpigmentation, which are all signs
of skin aging [85,102]. This antioxidant is mostly combined with other antioxidants such
as Vitamin E, ferulic acid, L-selenomethionine, and phlorectin and displayed in vivo and
in vitro anti-photoaging effects [53,102]. This combination of antioxidants decreases the
nuclear translocation of NF-κB and thus promotes the inhibition of inflammation and the
synthesis of pro-inflammatory cytokines, respectively [53].

The latest trend in the anti-pollution cosmetic field is the use of ingredients of natural
or botanical origin such as algae and green tea leaves. There are several advantages of using
naturally occurring ingredients which include increase of cosmetic efficiency and reduction
of the risk for allergies and irritation. Furthermore, society demands more ethical, natural,
and green formulations in cosmetic research [127]. In conclusion, different components and
applications are established which help the skin to prevent or mitigate damages through
environmental stress.

6. Conclusions

Research on the effects of air pollution on cellular senescence and skin aging has
become a popular topic. Therefore, the purpose of this review is to highlight the current
understanding of the connections between these topics, and to discuss recent research find-
ings, approaches, and cosmetical interventions used to prevent or mitigate skin damages
caused by exposure of the skin to air pollution. Our review demonstrates that cellular
senescence and skin aging are closely regulated and connected and that they can, in fact, be
induced by air pollution. For this reason, mechanisms of air pollution-induced skin aging
have been the focus of many recent publications.
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Abbreviations

AD atopic dermatitis
AhR aryl hydrocarbon receptor
ARE antioxidant response element
BAFFR B-cell activating factor receptor
BDDI E/Z-2-benzylidene-5,6-dimethoxy-3,3-dimethyl-indan-1-one
CD cluster of differentiation
COL1A1 collagen type 1 alpha chain
COX-1 and -2 cyclooxygenases-1 and −2
CYP1A cytochrome P450 1A
DNA deoxyribonucleic acid
DNMT DNA methyltransferase
Dp aerodynamic diameter
DPE diesel particulate extract
ECM extracellular matrix
EVs extracellular vesicles
HaCaT immortalized human keratinocytes
IL interleukin
LC3 light chain 3
LTβR lymphotoxin β receptor
MAPK mitogen-activated protein kinase
MMP matrix metalloproteases
NAC N-acetylcysteine
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NOX nicotinamide adenine dinucleotide phosphate oxidase
Nrf2 nuclear factor erythroid 2-related factor 2
O3 ozone
PAH polyaromatic hydrocarbons
PM particulate matter
pRB phosphorylated retinoblastoma protein
PRRs pattern-recognition receptors
RANK receptor activator of NF-κB
ROS reactive oxygen species
SAHF senescence-associated heterochromatin foci
SA-β-Gal senescence-associated β-Galactosidase
SASP senescence-associated secretory phenotype
tBHP tert-butyl hydroperoxide
TCR T-cell receptor
TET1 DNA demethylase 1
TGF transforming growth factor
TNF-α tumor necrosis factor alpha
TNFR tumor necrosis factor receptor
UV ultraviolet
WHO world health organization
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Abstract: Organismal aging is normally accompanied by an increase in the number of senescent cells,
growth-arrested metabolic active cells that affect normal tissue function. These cells present a series
of characteristics that have been studied over the last few decades. The damage in cellular organelles
disbalances the cellular homeostatic processes, altering the behavior of these cells. Lysosomal
dysfunction is emerging as an important factor that could regulate the production of inflammatory
molecules, metabolic cellular state, or mitochondrial function.

Keywords: lysosome; aging; senescence

1. Aging and Senescence

Aging is a process associated with the detriment of normal physiological functions,
which leads to the manifestation of diverse diseases such as cardiovascular and neurode-
generative diseases, joint degenerative diseases, and metabolic diseases such as diabetes,
among others [1].

The aging process has been associated in many tissues to an increase in the number of
senescent cells, which is considered as a hallmark of organismal aging. This rise in the ratio
of senescent cells contributes to the pathogenesis of age-related diseases [1].

Senescence is a physiological process involved in the suppression of tumors, which
also participates in the development of organisms and in wound healing, where these cells
transiently appear and are removed [2]. However, the permanence of these metabolic active
cells in aged tissues promotes the dysfunctional remodeling of the tissue and foments
inflammation, contributing to tissue decline [2].

Precisely, due to their active metabolism, senescent cells affect their environment
and neighboring cells, through the secretion of matrix metalloproteinases, growth factors,
chemokines, cytokines, and other immunomodulatory molecules. The composition of
this set of factors, commonly denominated as senescence-associated secretory phenotype
(SASP), changes depending on the type of cell and the senescence-inducing stimuli [3].

Cells can undergo senescence in response to various intrinsic and extrinsic stimuli,
giving rise to different subtypes of senescent cells. Replicative senescence occurs when
the intrinsic stimuli that induces senescence is telomere shortening. When senescence
is induced by an external harmful stimulus such as exposition to oxidant molecules or
ionizing irradiation, it is referred to as stress-induced premature senescence (SIPS) [4].
Oncogene induced senescence occurs when a prooncogenic mutation or a loss-of function
mutation in a tumor-suppressor gene induces a strong antiproliferative response. Recently,
other types of senescence have been identified, for example, mitochondrial dysfunction-
associated senescence (MiDAS), in which mitochondrial dysfunction induces a type of
senescence with a characteristic SASP that lacks the IL-1 inflammatory arm [5].

As evidenced, senescence is heterogeneous, and some markers present in senescent
cells also exist in other physiological conditions. For this reason, the identification of
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senescence requires the detection of several factors. These factors include SASP molecules,
cell cycle arrest markers, chromatin remodeling, and SA-β-gal activity, among others [3].

One of the main characteristics of senescent cells is their inability to proliferate since
their cell cycle can be arrested by several pathways. The principal pathways that are studied
in this context are p53/21 and pRb/p16. p53, considered the guardian of the genome, is
stabilized by post-translational modifications in response to cell damage, particularly
damage to the genome, favoring the expression of CDK inhibitors such as p21 and p16.
This leads to the dephosphorylation and consequent activation of pRb, which represses
the activity of the E2F transcription factor family, stopping the cell cycle progression.
The accumulation of p21, and particularly, of p16, are essential for the maintenance of
senescence [2,6].

Age-related dysregulations in the organization of chromatin occur in senescent cells,
with different structural changes occurring in different genes. Heterochromatin areas are
present in target regions of E2F, reinforcing the cell cycle arrest, while other parts of the
genome such as pericentromeric regions display a loss of heterochromatin, associated
with genome reorganization and aberrant transcription [3,7]. Additionally, an increase in
histone y-H2AX foci associated with unrepaired DNA double-strand damage is a common
characteristic of several types of senescent cells [2].

However, not only genomic damage has been reported as a feature of senescent cells.
For instance, the nuclear membrane of different strains of human and murine cells is also
impaired, with Laminb1 downregulation a common feature in senescent cells [8].

Additionally, senescent cells commonly present increased activity of the enzyme
senescence-associated β-galactosidase detected at a pH of 6.0 (SA-β-gal). In fact, SA-β-gal
is present in lysosomes, and in young cells, is detected at pH 4 and in senescent cells at a pH
of 6 [9]. The fact that this enzyme works at a higher pH in senescent cells has not aroused
much interest until recently, when damage to lysosomes associated with senescence and
alterations in lysosomal acidification were evidenced [10–12].

Senescence is usually accompanied by other characteristics that can be linked to lyso-
somal function such as the loss of proteostasis, deregulated nutrient-sensing, mitochondrial
dysfunction, and altered intercellular communication. Below, these hallmarks will be
explained in the context of lysosomal dysfunction during aging.

2. Lysosomes

Lysosomes are heterogeneous organelles enclosed by a lipid bilayer and filled with
hydrolytic enzymes. The lysosomes are traditionally described as the subcellular structures
where the degradation of other organelles and macromolecules takes place, a fundamental
process for maintaining cellular proteostasis [13].

There are several degradation processes in which the lysosomes are involved. If the
substrate reaching the lysosomes comes from the extracellular environment, the degrada-
tion process is called endocytosis. If the material to be digested comes from the cell itself,
the process is classified as autophagy. The lysosomes are also involved in plasma mem-
brane repair through a mechanism called lysosomal exocytosis. Furthermore, degradation
products from lysosomal catabolism can be sensed by metabolic complexes at the external
side of its membrane, serving as a scaffold for metabolic regulation [13].

2.1. Lysosomal Structure and Components

To understand the lysosomal participation in these processes, the composition and
structure of the organelle must be understood. The lysosome is delimited by a bilipidic
membrane that encloses an acid lumen, where the degradative reactions take place. This
lumen contains approximately 60 hydrolases that are active at acidic pH and participate
in multistep catabolic processes to orchestrate the degradation of organelles and macro-
molecules to monomers [13]. Lysosomes have a role in protein degradation, since they
contain proteases such as cathepsins. However, they are also involved in the degradation
of other macromolecules such as lipids, which are catabolized by lipases such as the lysoso-
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mal acid lipase LIPA [14]. Nucleases such as RNase T2 or DNase II participate in nucleic
acid degradation [15], and enzymes such as the acid alpha-glucosidase are important for
polysaccharide degradation [16]. Macromolecules catabolized into monomers inside the
lysosomes can be reused in anaplerotic reactions, connecting lysosomal function with
cellular metabolism.

The lysosomal membrane is covered in its internal part with a large glycocalyx, a thick
layer of polysaccharides that prevent lysosomal membrane self-digestion, avoiding acid
content leakage into the cytosol [13]. The lysosomal membrane contains key proteins for the
fusion of the lysosome with autophagosomes, endosomes, or with the plasma membrane as
well as pumps and channels that are fundamental for the transport of ions and molecules
and to maintain lysosomal acidification [17].

Lysosomal acidification is tightly controlled. These organelles are acidified mainly
by the action of the v-ATPase, which hydrolyses ATP to pump protons into the lysosomal
lumen. This process generates a transmembrane voltage that is dissipated by the action
of ion channels [17]. The correct functioning of these ion channels is important not just to
dissipate the electrogenic gradient, but also for v-ATPase to continue introducing protons
against the gradient. Indeed, an increase in lysosomal pH can have detrimental conse-
quences on the digestion carried out by lysosomal hydrolases, since these enzymes are
active at low pH (pH 4–5).

The compensation of the electrogenic gradient is achieved either through the action of
a cation leaving the lysosome or by an anion entering the lysosome. In fact, the entry of
chlorine (Cl−) through channels such as the CLC-7 channel compensates for the entry of
H+ in the acidification process, while cation channels such as TPRMLs and TPCs facilitate
the efflux of K+, Na+, and Ca2+ [17].

Lysosomes are important calcium stores and the release of these ions is important to
regulate endosome–lysosome fusion, autophagy, or lysosomal biogenesis [18–20]. Typically,
lysosomal calcium efflux is regulated by Nicotinic acid adenine dinucleotide phosphate
(NAADP), and the local calcium content allows the amplification of the signal increasing
ER calcium release [21]. Moreover, contacts between the endolysosome and the ER have
been described, being relevant for endosome maturation [18,22].

2.2. Lysosomal Biogenetic Pathways and Metabolic Integration

Lysosomal biogenesis is important for lysosomal adaptation to different situations
and to replace disrupted or dysfunctional lysosomes. Similarly, under nutrient deprivation
conditions, when autophagy is induced, lysosomal biogenesis is activated since the number
of lysosomes must increase. Additionally, when a cell replicates, lysosomes have to be
produced to be dispersed between the daughter cells. Diverse mechanisms participating in
lysosome biogenesis have been described [23].

The mammalian target of rapamycin (mTORC) is a protein kinase involved in the
regulation of cell growth and metabolism. mTORC is the main component of mTORC1
and mTORC2, two protein complexes that are distinguished by their accessory proteins.
Aside from mTORC, mTORC1 contains the regulatory-associated protein of mTOR (RAP-
TOR), and mTORC2 is characterized by the presence of the rapamycin-insensitive subunit
companion of mTOR (RICTOR) [24].

One mechanism that regulates lysosomal biogenesis depends on mTORC1 (mam-
malian target of rapamycin complex 1) activity, which converges in the activation or
inhibition of TFEB (Figure 1). mTORC1 can sense the metabolic state of the cell. In nutrient-
rich conditions, active mTORC1 binds with TFEB, the master transcriptional factor in the
regulation of lysosome biogenesis and function, at the lysosomal surface [25]. mTORC1
phosphorylates TFEB, causing its binding, sequestration, and consequent inactivation by
the regulatory 14-3-3 proteins in the cytosol. When the cell requires nutrients, mTORC1 is
inactivated and TFEB translocates to the nucleus where it promotes the transcription of
its target genes, thus enhancing lysosome biogenesis and autophagy [13,23]. This set of
genes, involved in lysosome biogenesis, is known as the CLEAR (Coordinated Lysosomal
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Expression and Regulation) gene network. TFEB is the main regulator of this network,
but other transcription factors from the MiT/TFE family to which TFEB belongs such as
TFE3, MITF, and TFEC can also regulate the transcription of these genes [26]. TFEB also
regulates the expression of v-ATPase subunits, so mTORC1 indirectly regulates v-ATPase
activity and the acidification process [27]. The v-ATPase subunit association is also a tightly
regulated process. Although this mechanism has been better studied in yeast, it is known
that in mammals, the assembly of v-ATPase is promoted by amino acid starvation and by
glucose starvation [28]. Furthermore, TFEB enhances the expression of genes related to
lipid catabolism as a response to cell starvation [29]. TFEB also enhances the transcription
of PGC1-α, which is the master regulator of mitochondrial biogenesis and participates in
mitochondrial clearance [30].
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Figure 1. An overview of TFEB regulation through mTORC1 and calcineurin activity. Under nutrient
rich conditions, mTORC1 phosphorylates TFEB, which is sequestered in the cytosol by 14-3-3 proteins.
Under nutrient deficiency, mTORC1 is inactive, and calcineurin eliminates TFEB phosphates, allowing
nuclear translocation, where TFEB induces the expression of genes related to autophagy, endocytosis,
lysosome exocytosis, and lysosome biogenesis.

mTORC1 can regulate autophagy through TFEB activity, which induces the expression
of genes involved in autophagy. In contrast, when nutrients are available, active mTORC1
phosphorylates and inhibits the activity of the complex ULK-ATG13-EIP200, required for
autophagosome biogenesis, inhibiting autophagy [31].

Another described mechanism that regulates lysosomal biogenesis depends on protein
kinase C (PKC). Similar to what has been described for mTORC1, the activation of PKC leads
to phosphorylation and the consequent inactivation of the GSK3β kinase, which, in turn,
fails to phosphorylate TFEB [32]. Unphosphorylated active TFEB translocates to the nucleus,
where it performs its function. Additionally, the activation of PKC promotes lysosomal
biogenesis through a second mechanism, in which the activation of JNK2/p38 leads to the
phosphorylation of ZKSCAN3, a DNA-binding protein that upon phosphorylation leaves
the nucleus, where it was repressing the expression of lysosomal genes [32].

Precisely, PKC can be activated by mTORC2, which emphasizes the role of mTOR in
lysosomal biogenesis. Although mTORC1 function is better understood than the one of
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mTORC2, some mTORC2 effectors have been identified. Thus, mTORC2 can phosphory-
late AGC kinases [33] including protein kinase B (AKT) and PKC. mTORC2 responds to
growth factors, with the PI3K pathway important for mTORC2 activation [33], which can
phosphorylate PKC, influencing lysosomal biogenesis. More research is needed to elucidate
how mTORC2 regulates lysosomal biogenesis in response to growth factors, however, it
appears that lysosomal positioning regulates the activation of mTORC1 and mTORC2 [34].

Lysosomal biogenesis can also be actively repressed. MYC, a transcriptional factor
involved in cell proliferation, can, under certain conditions, occupy the promoter regions
recognized by TFEB, disturbing the transcription of lysosomal biogenesis-related genes.
Additionally, MYC interacts with histone deacetylases in these same promoter regions,
interfering with the epigenetic regulation of lysosomal biogenesis [23,35].

Lysosomal biogenesis, which depends on TFEB, is closely related to the regulation
of autophagy, and for this reason, to the physiological state of the lysosomes. Therefore,
dysregulation of lysosomal biogenesis influences the degradative mechanisms that occur
inside the lysosomes. The main publications that study the lysosomes in the context of
aging are focused on autophagy, since the lysosomal state is tightly interconnected with the
autophagic flux [36–38].

However, lysosomes also participate in the regulation of other molecular pathways,
themselves being a subject of study in pathophysiological conditions. For instance, incorrect
function of lysosomes can lead to metabolic alterations given that lysosomes act as a scaffold
for metabolic integration, especially affecting mTORC1 function, which, in addition to
autophagy, influences downstream processes such as translation, lipid synthesis, or energy
metabolism [24]. Similarly, lysosomal disruption has important consequences in other
processes with lysosomal participation such as endocytosis, mitophagy, or lysosomal
exocytosis [13].

3. Processes in which the Lysosome Participates
3.1. Endocytosis

Endocytosis is a cellular process in which cellular membrane engulfing allows for the
internalization of external material. There are several types of endocytosis: phagocytosis,
macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, and
clathrin-and caveolin-independent endocytosis [39]. In each type of endocytosis, different
membrane receptors participate in the engulfing process. After plasma membrane engulf-
ment, an endosome is formed. The newly formed endosome matures to an early endosome
that mediates receptor recycling to the membrane. The transition to late endosome is
coordinated by small GTPases following a maturation pathway. This maturation allows
for the progressive acidification of the endosome, which finally fuses with the lysosome,
where it reaches the most acidic pH [40].

A general downregulation of endocytosis during aging or senescence has been ob-
served, and some components important for endocytosis regulation such as βPIX or GIT
also seem to be downregulated in senescent cells. βPIX is a p21-activated kinase that
seems to control membrane ruffling. In fact, the knockdown of βPIX induces senescence
in human dermal fibroblasts. In this case, the senescence phenotype is accompanied by a
suppression of clathrin-mediated endocytosis, linked to the cleavage of amphiphysin 1,
an endocytic adaptor important for actin polymerization. This dysfunctional endocytosis
seems to be linked with persistent activated integrin signaling, which can be important
for the senescent phenotype, as integrin signaling inhibition prevents senescence [41].
There is no information on the lysosomal dysfunction repercussions in endocytosis during
senescence [42].

3.2. Autophagy

Autophagy is a cellular catabolic process that is lysosomal-dependent, in which the cell
degrades its own material. It can be classified into three types: microautophagy, chaperone-
mediated autophagy, and macroautophagy [43]. Macroautophagy is characterized by
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the formation of double-membrane vesicles, called autophagosomes, which sequester
the substrates to be degraded. It is the most studied process, and it is the only way of
eliminating whole organelles, so it is crucial for the removal of damaged organelles.

Macroautophagy requires the formation of a phagophore as a starting point, which
leads to autophagosome development. The phagophore does not form from the budding
of a pre-existing membrane, but the nucleation point starts at the cytosol and the ER
seems to participate in lipid donation, establishing a structure called omegasome [44].
Autophagosome biogenesis occurs in three steps: nucleation, expansion, and closure [43].
LC3 is a protein involved in substrate selection and its lipidation is an important process
during autophagy initiation. LC3 associates with the lipid phosphatidylethanol-amine (PE)
in the phagosome, where it is processed by Atg3 and Atg7. The phagophore, which is a
double membrane structure, is elongated in a process that involves these ATG proteins in a
procedure regulated by kinases such as ULK and PI3KC3-CI. Finally, the fusion with the
lysosome depends on RabGTPases and SNARE proteins [43,45,46].

Several studies have found that autophagy declines with aging in different organisms
such as Drosophila and mice [47,48]. Particularly in humans, the expression of several
autophagic proteins such as Atg5, Atg7, or BECN1 show a decline with aging [49]. In fact,
in many animal models, a premature aging phenotype is observed when the activity of
genes related to autophagy is silenced either by knockout or knockdown [50]. Additionally,
in mice, the knockout of some autophagy-related genes such as Atg5, Atg9, or Atg13 results
in a non-viable phenotype [51]. In contrast, the promotion or restoration of autophagy is
often accompanied with a lifespan extension [52]. In fact, defects in autophagy are related
to the development of age-related diseases such as atherosclerosis [53].

When it comes to cellular senescence, the role of autophagy becomes controversial. Au-
tophagy can modulate the homeostasis of pro- and anti-senescence factors, either facilitating
or impeding the development of the senescent phenotype depending on the stimuli, its
duration, or the cell type [37]. In oncogene-induced senescence, for example, the inhibition
of autophagy seems to ameliorate senescence [54]. However, the inhibition of autophagy in
normal proliferating cells can facilitate the production of ROS promoting senescence. The
selective induction of autophagy and the elimination of GATA4, a transcription factor that
regulates senescence, may be beneficial for senescence reduction [37].

3.3. Mitophagy and Mitochondrial Dysfunction

Lysosomes and mitochondria are tightly interdependent [55]. Several mechanisms
have been proposed to explain how lysosomal function interferes with mitochondrial
function during aging. Mitophagy has emerged as the main link between these organelles.

Mitochondria are double-membrane-bound organelles that play a major role in cellular
metabolism since aerobic respiration takes place in these organelles. The TCA cycle and
fatty acid oxidation generate reducing agents that donate electrons to the mitochondrial
electron transport chain for ATP production. Aside from their function in bioenergetics,
mitochondria are organelles that influence cell fate since many enzymes that regulate apop-
tosis such as BCL-2 proteins or cytochrome c are found in these cellular compartments [56].

When the mitochondria are damaged and the mitochondrial membrane potential
decreases, the respiratory chain does not work efficiently and ROS are produced. ROS
generate oxidized proteins and lipids that further exacerbate mitochondrial dysfunction.
These impaired mitochondria have to be removed, and the main mechanism to eliminate
whole organelles is macroautophagy. The selective degradation of deficient mitochondria
through macroautophagy is called mitophagy [56]. Thus, lysosomes are directly involved
in the maintenance of mechanisms of mitochondria quality control.

Many authors have studied the effects of mitochondrial impairment on the lyso-
somes [57–59]. In T cells, the impairment of mitochondrial respiration enhances lysosomal
biogenesis through TFEB. However, these lysosomes seem disrupted, as evidenced by
lysosomal alkalinization, cathepsin B activity reduction, and lysosomal sphingolipid ac-
cumulation. Moreover, this same study demonstrated that mitochondrial impairment is
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linked with pro-inflammatory phenotypes [57]. This shows the important role played by
lysosomal function in the induction of SASP on senescent cells, which are known for their
partially dysfunctional mitochondria.

Moreover, the deletion of mitochondrial proteins such as AIF, OPA1, or PINK1, or
the chemical inhibition of the electron transport chain result in lysosomal impairment.
Antioxidant treatment can partially rescue the impaired lysosomes, suggesting that mito-
chondrial defects that favor ROS production lead to lysosomal defects [58]. Other authors
suggest that, depending on the mitochondrial damage duration, lysosome biogenesis can
be enhanced or downregulated. In particular, mitochondrial respiration dysfunctions
lead to lysosomal biogenesis induction in short-term ETC inhibition. However, long-term
respiration inhibition by rotenone, a complex I inhibitor, results in lysosomal biogenesis
repression [59].

Similarly, in yeast, it has been found that lysosome-like vacuoles increase their pH
during replicative aging, and this change affects normal mitochondrial function. A screen-
ing of relevant differentially expressed genes during this aging process identified VMA1 (a
v-ATPase subunit) and VPH2 (an enzyme that participates in the v-ATPase assembly) as
genes whose overexpression delayed mitochondrial impairment during aging. The overex-
pression of these genes has a pro-longevity effect, which is surprisingly not related to an
enhanced autophagic flux but to the storage of neutral amino acids in the vacuole [60]. This
shows the role of v-ATPase in the correct acidification and repercussion in the lysosomal
function, which at the same time can resonate in the mitochondrial function.

Other authors have explored the repercussion of lysosomal inactivation on the mi-
tochondria. Pyruvate seems to protect cells against senescence, as was already shown
in the MiDAS [5]. However, in this study, the authors did not address how pyruvate
could affect lysosomal function. Pyruvate deprivation promotes senescence and seems to
enhance lysosomal inactivation through the acetylation of the v-ATPase, which leads to an
accumulation of abnormal mitochondria. In this case, mitochondrial impairment is linked
to mitophagy defects [61].

In yeast, it has been observed that the kinase Sch9 controls vacuolar v-ATPase. The
lack of Sch9 is correlated with a more acidic cytosolic pH, which seems to be dependent on
target of rapamycin 1 (TORC1), the mTORC1 homologue in yeast [62]. Genetic disruption of
vma, a v-ATPase subunit, leads to mitochondrial impairment accompanied by iron–sulfur
cluster deficiency. Increased iron uptake suppresses the mitochondrial dysfunction [56].
Iron is essential for mitochondrial function as it is used for the synthesis of cofactors that
participate in oxidation–reduction reactions [63]. Thus, lysosomal function seems to be
important for iron homeostasis.

Moreover, some lysosomal storage diseases that are the products of mutations in genes
that code for specific lysosomal proteins are characterized by mitochondrial dysfunction
phenotypes. For example, cells with mutations in lysosomal enzymes such as NPC1
display aberrant mitochondrial lipid content that influences metabolic processes such as
glycolysis [64]. This shows that the correct catabolism in the lysosomes affects the function
of other organelles such as the mitochondria, although these events do not always correlate
with mitophagy, but mitochondrial metabolism may be affected.

3.4. Lysosomal Exocytosis

Lysosomes can fuse with the plasma membrane and secrete lysosomal content through
exocytosis. This process was first believed to be reserved for specialized cells such as
macrophages or melanocytes [65,66], but it has been observed that it occurs in all cells as a
repair mechanism of the plasma membrane [67].

Most lysosomes are localized in the perinuclear area, but when the plasma membrane
is damaged, lysosomes migrate to the cell periphery to fuse with the plasma membrane
promoting the recovery of the membrane. The lysosomal fusion with the membrane is
regulated by lysosomal calcium efflux through TRPML1. Precisely, lysosomal exocytosis is
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frequently studied by the presence of lysosomal proteins such as LAMP1 or TRPML1 in
the plasma membrane [68].

Lysosomal exocytosis is a process that also allows to get rid of unprocessed materials
and it has been described in the case of lysosomal enzymes. Cathepsin D has been found in
extracellular media upon lysosomal alkalinization [69]. Other groups have reported that
lysosomes that fuse with the plasma membrane can get rid of autophagosomes [70]. LC3
lipidation is important for lysosomal exocytosis, so its regulation must be closely linked to
autophagy [70].

4. Lysosomal Age-Related Dysfunctions

As evidenced, lysosomal function is very important for cellular homeostasis, not
only because of the recycling functions it exerts on damaged molecules and dysfunctional
organelles, but also because of the impact it has on metabolic pathways or on organelles
such as the mitochondria. Most studies are not focused on lysosomal function, but instead
cover fields in which the lysosome is involved such as autophagy or mTORC1 status.
However, some studies have reported dysfunctions associated with the lysosome in the
context of aging (Figure 2).
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Figure 2. An overview of the lysosomal dysfunctions associated with aging or senescence. v-ATPase
dysfunctions and membrane disruption impair the lysosomal acidification process, which shows
increased alkalinization. Protons escaping the lysosome provoke cytosolic acidification, which alters
cellular metabolism, and the presence of cathepsin B has been linked to NLRP3 inflammasome
activation. Impaired hydrolysis inside the lysosome results in protein aggregation and lipofuscin
storage. Incorrect amino acid storage is linked to mitochondrial dysfunction, and mTORC1 activation
in the lysosome surface correlates with the synthesis of SASP molecules and geroconversion.

Precisely, mutations in enzymes related to lysosomal function such as in hydrolases
or in lysosome membrane channels lead to lysosomal storage diseases, which are usually
characterized by the increased accumulation of protein aggregates, leading to symptoms
that resemble neurodegenerative diseases [71,72].

4.1. v-ATPAse Dysfunction and Lysosomal Alkalinization

Although some alterations have been described in luminal enzymes, the lysosomal
membrane also has its relevance when it comes to aging. The correct v-ATPase function
and lumen acidification has been correlated with delayed aging in yeast [60,62]. Many
mutations in the v-ATPase subunits have been associated with neurodegenerative disorders,
and animal models carrying mutations in v-ATPase subunits show lysosomal acidification

234



Cells 2022, 11, 1977

problems accompanied by accelerated aging [73]. Cells lacking v-ATPase subunits also
display mitochondrial dysfunctions, highlighting the important relation between lysosomes
and mitochondria [74,75].

For instance, in C. elegans, it was recently demonstrated that several lysosomal genes
such as v-ATPase subunits or lysosomal hydrolases are downregulated during aging. More-
over, these genes were found to be upregulated in long-lived mutants [76]. Furthermore,
in C. elegans, the increase in lysosomal pH in older worms correlates with diminished
proteostasis and the ceasing of reproduction. DAF-16, a gene previously known to regulate
longevity, induces the expression of v-ATPase subunits and lysosomal acidification [77],
evidencing the importance of correct lysosomal acidification for the promotion of longevity.
Additionally, C. elegans lysosomes can release molecules that modulate longevity. In particu-
lar, the overexpression of the lysosomal acid lipase LIPA-4 promotes longevity, inducing the
nuclear translocation of the fatty acid binding protein LBP-8 [78], indicating that lysosomal
metabolism is crucial for lysosomes to act as signaling organelles, influencing the lifespan.

Precisely, the lysosomal state can modulate the metabolism, not only in C. elegans, but
also on human cells. Recently, it has been described that the disruption of the lysosomal
membrane during cellular senescence causes lysosomal alkalinization and, importantly,
cytosolic acidification, which ultimately modifies cellular metabolism to counteract this
acidification. In particular, acidic cytosolic pH is counteracted by increasing glutaminoly-
sis [79]. Thus, lysosomal alkalinization results in metabolic cell adaptation, which foments
the survival of senescent cells, denoting the important role lysosomes play in cellular
metabolism and cell fate.

In macrophages, lysosomal exocytosis, which is an important functional mechanism,
is propitiated by lysosomal alkalinization [68]. It would be interesting to know whether
lysosomal exocytosis is also affected when lysosomal disruption and alkalinization occurs
on senescent cells.

Importantly, the inhibition of lysosomal acidification by bafilomycin promotes iron
deficiency, which results in impaired mitochondrial function and increased inflammation,
linking correct lysosomal acidification to the functional mitochondrial state. Iron supple-
mentation rescues these effects in cultured neurons and in a mouse model of impaired
lysosomal acidification induced by the knockout of acid α-glucosidase, an essential enzyme
for glycogen catabolism [75]. This evidences that lysosomal dysfunction led to imbalances
in the compartmentalization of metabolites and ions, which have repercussions on other
cellular functions.

4.2. Lysosomal Amino Acid Storage and Ion Homeostasis

Lysosomal dysfunctions lead to the accumulation of metabolites, and lysosomal stor-
age diseases are an example of how the incorrect function of one lysosomal enzyme leads
to storage problems, which conclude in signs and symptoms at the systemic level [80].

In yeast, aging has been linked to the incorrect storage of neutral amino acids in the
vacuole [60]. Moreover, it has been proposed that the disruption of amino acid compart-
mentalization into the lysosome-like vacuole during yeast aging, especially impairment of
vacuolar cysteine storage, causes cysteine accumulation in the cytosol. Cytosolic cysteine
limits the iron bioavailability and leads to mitochondrial respiration impairment while
cysteine depletion restores mitochondrial function [81].

Lysosomes receive iron through the endocytic pathway. The lysosomal enzyme
STEAP3, whose activity depends on correct lysosomal acidification, is essential for iron
reduction into Fe2+, the form that is incorporated in iron-containing proteins. Moreover,
lysosomes participate in the turnover of ferritin, the protein that stores iron inside the
cell, and of mitochondria, organelles that contain great quantities of iron. Therefore, iron
homeostasis is tightly regulated by the lysosome, and iron disturbances promote the ac-
cumulation of ROS as Fe2+ can react with hydrogen peroxide, inducing the formation of
highly reactive species through the Fenton reaction [82]. Moreover, iron is indispensable
for processes such as oxygen transport or collagen biosynthesis, and it is part of many
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mitochondrial complexes, as iron–sulfur clusters are essential for oxidation–reduction
reactions [63,83]. For this reason, the dysregulation of iron homeostasis contributes to
cardiovascular [84] and neurodegenerative diseases [85–87], among others.

Since disturbances in iron homeostasis lead to ROS formation, it is not surprising that
iron imbalance contributes to the aging process. In fact, old people suffer from problems
of absorbing iron at the systemic level, while an increase in iron at the cellular level has
been observed in this same population. Indeed, senescent cells have a 10-fold increase in
iron compared to young cells [88]. This iron accumulation during senescence is associated
with impaired ferritin degradation in the lysosome and increased expression of cell cycle
inhibitors [89]. Furthermore, lysosome involvement in iron homeostasis is linked to a
type of cell death called ferroptosis. Ferroptosis, which has been linked to aging [90], is
promoted by ROS generation, associated with iron disturbances in the lysosome.

Other ions have been associated with lysosomal function during aging. For example,
decreased potassium levels in yeast are consistent with increased acidity in the vacuole
and lifespan extension [91]. Ion storage depends on the correct lysosomal function and
acidification, but further research is needed to elucidate how lysosomal storage affects the
aging process.

4.3. Lipofuscin

Lipofuscin, hydrophobic yellow-brown granules composed of oxidized lipids and
proteins that accumulate in the lysosomes, is a common feature of senescent cells [3]. ROS
generation has been linked to lipofuscin accumulation, as this granulated material tends
to incorporate metals such as iron, contributing to oxidative reactions [92]. ROS damages
proteins that are prone to unfold, leading to protein aggregation, thus contributing to the
generation of adducts of oxidized cellular molecules. The insolubilization and crosslinked
structure of lipofuscin impedes its correct degradation, and lipofuscin structures tend to
accumulate in lysosomes. However, upon the inhibition of macroautophagy, lipofuscin
also accumulates in the cytosol [93]. It has been proposed that lipofuscin remains attached
to the proteasome, which is unable to degrade these cross-linked aggregates [94].

During aging, autophagy and subsequent lysosomal degradation of lipofuscin is
impaired, which promotes further aggregation of these granules. Additionally, not only do
impaired lysosomes contribute to lipofuscin accumulation during senescence, but the lack
of cell division impedes the distribution of these aggregates between the daughter cells, as
would occur in proliferative cells. Moreover, the increase in ROS production and lipofuscin
accumulation promotes mitochondrial dysfunction, which further exacerbates lysosomal
impairment in a positive feedback mechanism [95]. Additionally, lipofuscin accumulation
enhances the activity of caspase-3 and promotes lysosomal membrane disruption, having
been linked to NLRP3 inflammasome activation and necroptosis induction [92,96].

4.4. Inflammation and Cell Death

Senescent cells show increased mitochondrial mass, and these mitochondria are of-
ten dysfunctional. Typically, the mitochondria of senescent cells display low membrane
potential, lower mitochondrial ATP production, and increased ROS production [56]. The
decreased levels of mitophagy observed in many senescent cells supports a possible mech-
anism that explains the increase in dysfunctional mitochondria. Lysosomal dysfunction
impedes the correct degradation of mitochondria, exacerbating mitochondrial ROS produc-
tion which, in turn, increases lysosomal damage in a feedback fashion. Both mitochondria
and lysosomes have been correlated to SASP production. In fact, mtDNA depletion seems
to induce MiDAS with a characteristic SASP pattern that lacks the IL-1 inflammatory
arm [5], while lysosomal disruption seems to induce IL-1 activation, enhancing NLRP3
inflammasome function [97].

NLRP3 is an important protein complex for the innate immune system. The two-signal
model is proposed to explain NLRP3 activation [98]. The first or priming signal normally
consists of PAMPs (pathogen-associated molecular patterns) or DAMPs (damage-associated
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molecular patterns), which lead to NF-κB pathway activation. The second or activating
signal can be supplied by diverse inputs such as extracellular ATP, changes in ionic flux,
mitochondrial dysfunction, or lysosomal disruption, among others [98].

Lysosomal disruption with Leu-Leu-Ome triggers NLRP3 activation [99] and it has
been hypothesized that the disruption of these organelles and the subsequent cathepsin B
release into the cytosol can activate NLRP3 inflammasome, and this process is important for
pro-IL-1β processing [97], linking the loss of lysosomal integrity to inflammation. Indeed,
some authors have shown that treating senescent cells with lysosomal function inhibitors
such as leupeptin induces inflammation [57].

Lysosomal membrane permeabilization is not only involved in the activation of pro-
inflammatory pathways, but it has been suggested to be involved in the mechanisms of
cell death, and recently, it has also been associated with pathophysiological conditions [12].
Indeed, some authors have proposed that lysosomal membrane permeabilization in associ-
ation with lysosomal quality control mechanisms can determine cell fate, since lysosomal
components that are released into the cytosol can trigger the activation of diverse cellular
pathways [100]. Several studies have suggested that lysosomal damage is related to apopto-
sis, necroptosis, and ferroptosis. Apoptosis, the main type of programmed cell death, which
is characterized by cytochrome c release from mitochondria, can be fostered by the release
of lysosomal cathepsins, which can degrade Bcl-2 [101,102], one of the proteins involved
in mitochondrial membrane stability during apoptosis. Similarly, cathepsin D release has
been associated to the activation of RIPK1 during necroptosis [103,104], a type of cell death
though to be non-programmed, but now known to be regulated by receptor-interacting
protein kinases (RIPK). Ferroptosis is a regulated cell death type in which intracellular
iron incites the formation of ROS. Lysosomes are closely related to ferroptosis, since these
organelles constitute one of the main iron storage places. Lysosomal membrane disruption
seems to foster the activation of this cell death pathway [105].

Lysosomal damage seems to be critical for the development of different cell death
pathways, and cell death is an important mechanism for the development and maintenance
of age-related diseases such as neurodegenerative or cardiovascular disorders [106,107],
making lysosomal damage an interesting field to research in this context.

5. mTORC and Senescence

mTORC1 seems to be activated during aging and in some senescent cells [108,109].
This activation is evidenced by the phosphorylation of mTORC1 downstream targets. It has
been reported that in replicative senescent fibroblasts, p70S6K undergoes phosphorylation
by the activity of mTORC1 [110]. Moreover, it has been found that constitutive mTORC1
activation induces premature senescence in fibroblasts carrying tuberous sclerosis complex
(TCS) mutations [111]. S6 kinases, phosphorylated and activated by mTORC1, are observed
in aged muscle [112] and in the brains of Alzheimer’s disease patients [113].

mTORC1 seems to be fundamental for the processing and activation of some SASP
factors such as IL-6, IL-8, or IL-1A, which are, in turn, fundamental players in the in-
flammation induction that accompanies aging (Figure 2). Rapamycin treatment, which
inhibits mTORC1, diminishes the pro-inflammatory phenotype of senescent cells through
a reduction in the IL-1A and IL-6 levels [114]. Senescence induction seems to increase
mTORC1 activity, which could be related to SASP induction through the TOR-Autophagy
Spatial Coupling Compartment (TASCC). It has been suggested that mTORC1 localizes
at this TASCC compartment in the Trans-Golgi and favors the synthesis of IL-6 and IL-8
cytokines [115]. Precisely, lysosomes originate from the Trans-Golgi network and mTORC1
activation occurs on the lysosomal membrane. Further studies are necessary to elucidate
the relevance of the role of the mTORC1-lysosome on inflammation induction, but several
authors have pointed out the role of lysosomes on inflammasome activation [80,96].

The mTOR pathway can positively or negatively regulate p53, being cell type and
stress dependent [116]. In fact, mTORC1 and mTORC2 were reported to participate in the
stabilization of cell cycle inhibitors (Figure 3). In MEFS, mTORC1 activation promotes the
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association of p53 mRNA with ribosomes, leading to p53 translation [117]. The overex-
pression of the microRNA miR-107 increases MTORC1 activity through PTEN inhibition,
resulting in the activation of p16 [118]. Precisely, the loss of PTEN enhances p53 transla-
tion, triggered by mTORC1 [119]. Moreover, it has been reported that in PTEN-depleted
cells, mTORC1 and mTORC2 bind and phosphorylate p53 at Ser15 [120]. This exhibits the
participation of mTORC1 in senescent state regulation.
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Figure 3. An overview of mTORC1 and mTORC2 on senescence control by the regulation of the
p53/p21 and p16/pRb pathways. p21 is stabilized through mTORC1 dependent 4EBP phosphoryla-
tion, and through mTORC1 via S6K1 dependent mTORC2 inhibition, which has repercussions on
p53 stabilization. p16 is activated downstream of mTORC1 by S6K1 phosphorylation, inhibiting the
CDK–Cyclin complexes and impeding pRb phosphorylation. This results in the sequestration of E2F
and the prevention of cell cycle progression, eventually leading to senescence.

Precisely, S6K1, an mTORC1 downstream effector, has been related to MDM2 in-
hibition, avoiding p53 degradation, and subsequently promoting p53 stabilization, an
important process for senescence induction [121]. S6K1 has also been reported to upregu-
late p16 [111] and to phosphorylate RICTOR, inhibiting mTORC2 and AKT [122]. Inhibited
AKT is unable to phosphorylate and activate MDM2, promoting p53 stabilization [123].

In some cancer cells, mTORC1 activation through 4E-BPI phosphorylation stabilizes
p21 [124]. In U2OS cells supplemented with branched-chain amino acids, p21 is also
increased via mTORC1 activation, promoting cellular senescence in the presence of DNA
damage-inducing compounds [125]. Similarly, it has also been shown that treatment with
the mTORC1 inhibitor rapamycin decreases p53 translation, downregulating p21 and
preventing AKT-induced senescence in human fibroblasts [126].

6. Lysosomal Opportunities for Intervention in Aging

Strategies that increase autophagic activity have been proposed as a mechanism to
eliminate senescent cells. In particular, the suppression of mTORC1 extends the lifespan
of many animal models, and inhibitors of this pathway such as rapamycin or torin1 have
been developed [127]. Other molecules such as metformin have been shown to increase
autophagy and ameliorate inflammation [128].
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It is suggested that the treatment of senescent cells with mTORC1 inhibitors ame-
liorates the senescence phenotype in many cases [129,130]. It has been pointed out that
although senescent cells undergo a permanent loss of proliferative potential because their
cell cycle is arrested, their cellular growth pathways remain active. For instance, among
the several pathways deregulated during senescence, the presence of ROS has been linked
to cell cycle block, along with an active mTORC1 [109]. Rapamycin, a mTORC1 inhibitor,
could prevent the permanent loss of proliferation when cells are arrested by p21 or p16
function. The proliferation of cells arrested by p21 or p16 upregulation in the presence of
rapamycin resumed the proliferation capacity once rapamycin was removed, suggesting
that mTORC1 activation is important for the achievement of senescence [129].

Importantly, mTORC1 inhibition prevents geroconversion, defined as the transition
from quiescence to senescence, supporting the importance of mTORC1 activity to achieve
senescence [130]. During cellular starvation, contact inhibition or hypoxia, cells do not
undergo senescence, and it is hypothesized that mTORC1 inhibition prevents the conver-
sion into a senescent state. Precisely, the stimulation of mTORC1 during contact inhibition
favors the geroconversion [130].

Therefore, mTORC1 has become one of the principal targets for the development of
senolytic compounds. Rapamycin blocks the activation of mTORC1, having been shown
not only to have effects on senescent cells, but also in several organisms, where it is
able to extend the lifespan. Mice fed with a diet containing rapamycin exhibits lifespan
extension [131]. Additionally, genetic interventions targeting TOR influence the animal
lifespan. For instance, in C. elegans, TOR RNAi silencing promotes a lifespan extension [132].
Similarly, p70S6K deletion in mice increases their lifespan [133].

Part of the beneficial effects of mTORC1 inhibition is thought to be due to an increase
in autophagic flux. However, although rapamycin can directly influence lysosomal status,
it has been reported that the lysosomal calcium channel MCOLN1 is also directly acti-
vated by rapamycin [134]. This channel is important for lysosomal biogenesis since Ca2+

efflux through this channel creates a Ca2+ microdomain, which activates the phosphatase
calcineurin, which, in turn, dephosphorylates TFEB and allows for its transport to the nu-
cleus [19]. MCOLN1 status during senescence is unknown, but loss-of-function mutations
of this gene lead to a lysosomal storage disease called Mucolipidosis IV [135]. Further
research is needed in the context of aging and senescence, but it seems that TFEB activation
ameliorates age-related diseases [136,137].

Since TFEB was reported as the master regulator of lysosome biogenesis, many efforts
have been made to identify activators that promote lysosomal function and autophagy,
since the correct function of lysosomes is the key to promoting longevity. Many compounds
able to activate and upregulate TFEB affect TFEB downstream of the inhibition of mTORC1,
but one compound called C1 has been identified as a direct activator of TFEB. Accordingly,
C1 binds TFEB and promotes its nuclear translocation [138].

In some neurodegenerative disease models, increased TFEB function through genetic
intervention induces the activation of autophagy and a re-establishment of proteostasis,
ameliorating the protein accumulation characteristic of these diseases. In Huntington’s
disease, studies with in vitro models have shown that TFEB activation reduces HTT pro-
tein aggregation and decreases disease-related symptoms in mice [136]. In Parkinson’s
disease, TFEB activation also ameliorates α-synuclein toxicity through the stimulation of
autophagy [137]. Alzheimer’s disease is also related to impairment of proteostasis, and an
accumulation of autophagosomes in the brains of Alzheimer’s patients has been observed.
TFEB activation could also have beneficial effects in this disease, since a reduction in tau
pathology and neurodegeneration in a mouse model has been observed upon increased
TFEB activity [11,139].

In contrast, TFEB overexpression seems to promote the development of some tu-
mors [140–142]. Considering this, it is possible that the therapeutic use of TFEB activation
may be limited by its oncogenic potential.
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Other strategies do not focus on remodeling senescent metabolism, but on killing
senescent cells. This is the case of senolytics, drugs that aspire to specifically remove
senescent cells by targeting a mechanism that is normally upregulated in a specific senescent
phenotype. However, as in the case of cancer treatments, it is difficult to address a treatment
to a specific type of cell and avoid off-target effects. In recent years, an elegant proposal
has been made, where the increased SA-β gal activity from the senescent lysosome was
used to activate a senolytic compound [143]. The senolytic prodrug enters the cell and
is sequestered in the lysosome, where SA-β gal can catalyze the cleavage of the prodrug,
therefore selectively eliminating senescent cells.

7. Conclusions

The correct degradation of macromolecules is important to integrate distinct metabolic
routes. The correct function of hydrolases is key to degrading polymeric macromolecules
(e.g., proteins) to their monomeric building blocks (e.g., amino acids), which can be sensed
by specialized proteins associated with mTORC1. In addition, these monomers act as
substrates for anabolism, and their compartmentalization is important to regulate cellular
metabolism, and thus, other cellular functions. Specific studies to investigate the role of
lysosomal disruption in intracellular storage problems are needed. In some senescence
models, lysosomal dysfunction and/or disruption has been reported, however, it is not
known to which extent this event directly affects the phenotype of these cells. Similarly,
lysosomal membrane disruption causes lysosome alkalinization and cytosolic acidification,
which could also alter normal cellular functions besides glutaminolysis.

The emerging function of these organelles on the metabolic regulation or molecule
storage must be studied in more depth, especially the relation between lysosomes and
mitochondria. As has been observed, mitochondrial dysfunction can lead to lysosomal
problems, and simultaneously, lysosomal dysfunction can disembogue in problems asso-
ciated with mitochondria. Because of this, the understanding of signaling mechanisms
existing between these organelles, especially the ones associated with monomer storage,
is of special interest, since it can be fundamental to understand how senescence develops.
However, future studies must discriminate between distinct mechanisms that take place
in the lysosome, and in this way, it will be determined whether the relationship between
lysosomes and mitochondria goes beyond mitophagy and can be associated with storage
changes, lysosomal permeability, or other mechanisms.
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Abstract: With global ageing, sarcopenia, as an age-related disease, has brought a heavy burden
to individuals and society. Increasing attention has been given to further exploring the morbidity
mechanism and intervention measures for sarcopenia. Pyroptosis, also known as cellular inflam-
matory necrosis, is a kind of regulated cell death that plays a role in the ageing progress at the
cellular level. It is closely related to age-related diseases such as cardiovascular diseases, Alzheimer’s
disease, osteoarthritis, and sarcopenia. In the process of ageing, aggravated oxidative stress and poor
skeletal muscle perfusion in ageing muscle tissues can activate the nod-like receptor (NLRP) family
to trigger pyroptosis. Chronic inflammation is a representative characteristic of ageing. The levels
of inflammatory factors such as TNF-α may activate the signaling pathways of pyroptosis by the
NF-κB-GSDMD axis, which remains to be further studied. Autophagy is a protective mechanism in
maintaining the integrity of intracellular organelles and the survival of cells in adverse conditions.
The autophagy of skeletal muscle cells can inhibit the activation of the pyroptosis pathway to some
extent. A profound understanding of the mechanism of pyroptosis in sarcopenia may help to identify
new therapeutic targets in the future. This review article focuses on the role of pyroptosis in the
development and progression of sarcopenia.

Keywords: sarcopenia; aging; NLRP; pyroptosis; gasdermin

1. Introduction

With the global proportion of elders over the age of 65 increasing, it is estimated that
this situation will worsen by 2050 with the proportion of elders exceeding 1.3 billion and
reaching up to 38% of the population [1]. The ageing population poses a huge challenge to
public health, placing a great burden on the country and society. Ageing is an important
factor leading to increased susceptibility to disease and disability [2]. The occurrence of
many diseases is related to ageing [3–5]. Studies have shown that 23% of the total burden
of global diseases can be attributed to diseases from elders over the age of 60. The main
factors of age-related disease burden are cardiovascular diseases (30.3%), malignant tumors
(15.1%), chronic respiratory disease (9.5%), musculoskeletal disease (7.5%), and others
(6.6%) [6]. Sarcopenia, an age-related disease, causes disability and declining quality of
life in the elderly. Among the quality-of-life assessment tools, such as the EuroQol-5D
instrument (EQ-5D) and Short-form General Health Survey (SF-36), the outcomes show that
a higher proportion of quality-of-life problems are reported by patients with sarcopenia [7].
In addition to being affected by age, sarcopenia is also affected by genetic and lifestyle
factors. Disease progression involves a decline in muscle mass and increased consequences,
such as falling, disability, weakness, and increased mortality [8]. At present, an increasing
number of researchers are focusing on the morbidity mechanism and intervention measures
to prevent and treat sarcopenia.
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In the process of aging, changes occur at the cellular level, such as autophagy, mito-
chondrial dysfunction, cell senescence, and DNA methylation [1–3]. All of these changes
can occur in various cell types, causing damage to cell structure and function [4]. Pyroptosis,
a new regulated cell death, was discovered recently, and is different from other cell death
such as apoptosis, necrosis, and others in morphological characteristics, occurrence, and
mechanism [5,6]. Pyroptosis mainly relies on inflammation to activate the inflammasome
of the caspase family, leading to the activation of gasdermin proteins, then the activated
gasdermin proteins transposition to the membrane, where the membrane is breached, caus-
ing cell swelling, cytoplasmic alterations, and ultimately leading to membrane rupture [7].
Studies have shown that pyroptosis is comprehensively involved in infectious diseases,
atherosclerotic diseases, and age-related diseases [8–10]. Its role in sarcopenia is attracting
more and more attention from researchers. Deeply understanding the role of pyroptosis in
the development and progression of sarcopenia is helpful in providing new ideas for its
clinical prevention and treatment. This review article focuses on the role of pyroptosis in
the disease mechanism of sarcopenia.

2. Sarcopenia

With the ageing of the human body, there is inevitably a gradual decline in muscle
mass, quality, and strength. Studies have shown that skeletal muscle mass and strength
from the age of 40 decreases linearly, and the loss of skeletal muscle mass in individuals who
are 80 years old can reach up to 50%, greatly impacting the elderly [11]. Since sarcopenia
was first defined by Rosenberg, it has been used to describe the age-related loss of skeletal
muscle mass and strength [12]. Research on sarcopenia continues to be a major focal point of
research worldwide. However, there is a lack of a single diagnostic criterion for sarcopenia.
The diagnosis of sarcopenia consists of the following three key characteristics: (a) muscle
strength, (b) muscle quantity or mass, and (c) physical performance. Musculoskeletal
degeneration not only impacts the daily mobility of patients but also leads to an increase in
the incidence of complications, mortality, and morbidity in major surgical procedures [13].

The aetiology of sarcopenia is multifactorial, and both environmental factors and
internal factors play a role in the onset of sarcopenia [14]. Decline in the activity of the
elderly is one of the important reasons for sarcopenia. Studies have shown that exercise
(especially resistance training) is the most promising method for increasing muscle mass
and strength in elderly individuals [15]. Elderly individuals are often at risk of malnutrition,
and protein-energy malnutrition, in particular, is often observed. Nutritional interventions
may prevent and reverse the progression of sarcopenia [16]. The increased burden of
chronic diseases in the elderly, such as chronic kidney disease and cirrhosis, leads to pain
and disability, which causes sarcopenia known as secondary sarcopenia [16,17]. Abnormal
muscle development and low birth weight are also implicated in the decline of muscle mass
and strength in adulthood [18]. In vivo, inflammatory pathway activation, mitochondrial
dysfunction, denervation, satellite cell reduction, and endocrine disorders are considered
to be internal factors that cause sarcopenia [14]. Inflammatory cytokines have been shown
to promote the loss of muscle mass by stimulating protein metabolism and inhibiting
muscle anabolism. The results of a meta-analysis and systematic review showed that
serum IL-6 and TNF-α levels in patients with sarcopenia were not significantly different
from those in the control group, while the level of C-reactive protein (CRP) in serum
increased [19]. Mitochondrial population changes and dysfunction are considered to be the
key contributors to sarcopenia, leading to the production of reactive oxygen species (ROS)
and promoting inflammation [20]. Age-related degeneration of neuromuscular junctions is
associated with loss of skeletal muscle mass, which is a prominent aspect of sarcopenia.
Endocrine disorders, such as low levels of 2,5-(OH) vitamin D and decreased levels of
growth hormone (GH) and insulin-like growth factor-1 (IGF-1), have been observed in
patients with sarcopenia. Studies have shown that testosterone can improve muscle mass,
strength, and function, offering new ideas to develop possible interventions for sarcopenia.
Satellite cells, also called muscle stem cells, are crucial for the muscle regeneration process.
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Satellite cells are reduced in the muscle tissues of patients with sarcopenia, suggesting that
loss of satellite cells may be one of the pathogenic mechanisms of sarcopenia.

There is a link between apoptosis and sarcopenia. It is necessary to further clarify the
apoptosis pathway related to sarcopenia. The increase in muscle protein decomposition
is considered to be the result of the common effects of inflammation and sarcopenia [21].
A long-term low-grade inflammatory state is a significant feature of the ageing process,
and involves concomitant chronic degenerative diseases, including sarcopenia. Several
cytokines have been observed at high circulating levels, such as interleukin-6 (IL-6), C-
reactive protein (CRP), and TNF-α [22]. TNF-α can induce apoptosis through a death
receptor-mediated signaling pathway. Caspase-8 initiates caspase-mediated downstream
cascade reactions, mediating crosstalk between the extrinsic and intrinsic apoptosis path-
ways [23]. The integrity of mitochondrial structure and function plays an important role
in the clearance of mitochondrial oxidants, energy supply, protein repair, and degrada-
tion [23]. One possible consequence of mitochondrial dysfunction is the activation of
apoptosis. Evidence has shown that mitochondrial-mediated apoptosis may be involved
in the ageing process of skeletal muscle [24]. As a special form of apoptosis, pyroptosis
occurs in aseptic inflammation, such as diabetes, atherosclerosis, acute liver injury, benign
prostatic hyperplasia, Alzheimer’s disease and other diseases [25–28]. This review article
focuses on the role of pyroptosis in sarcopenia.

3. Pyroptosis
3.1. Characteristics of Pyroptosis

Pyroptosis, a newly regulated form of cell death, was discovered and has been con-
firmed in recent years, and it is characterized by the release of a large amount of proin-
flammatory cytokines [29]. It is different from other kinds of cell death. Pyroptosis and
necroptosis are both inflammatory death pathways that allow the release of immunogenic
cellular contents, which may act as activators of pattern-recognition receptors (PRRs).
However, they differ in morphological characteristics, occurrence, and regulatory mech-
anisms [30]. Necroptosis occurs when there are obstacles in normal apoptotic pathways.
Pyroptosis always occurs after sensing potential destructive injury [7]. For example, the
inflammasome involved in the pyroptosis pathway can be activated in injured tissue,
metabolic macrophages, monocytes, and so on [31]. Pyroptosis can be induced by gasder-
min, but necroptosis is induced by membrane-associated mixed lineage kinase domain-like
(MLKL), resulting in distinct cell morphologies. Pyroptosis is also distinct from apoptosis,
although they have similar characteristics in some ways. As an inflammatory mode of
regulated cell death, pyroptosis has unique characteristics differing from apoptosis, such
as intact nuclei, DNA laddering, pore formation, cell swelling, and osmotic lysis. There
are also differences in the activation of the caspase enzyme; apoptosis mainly activates
caspase-2, 6, 7, and 8, whereas pyroptosis mainly activates caspase-1, 4, 5, and 11. Poly
(ADP-ribose) polymerase (PARP) cleavage and caspase-activated DNase inhibitor (ICAD)
cleavage both exist in apoptotic cells; however, pyroptosis is unique [5].

3.2. The Canonical Inflammasome Pathway of Pyroptosis

Many extracellular stimuli (such as bacteria, viruses, toxins, among others) can induce
pyroptosis [32,33]. In the canonical inflammasome pathway of pyroptosis, the inflamma-
some sensing protein nod-like receptor (NLRP), which has an N-terminal caspase recruit-
ment domain (CARD)/pyrin domain (PYD), can be stimulated by foreign substances [34].
Members of the NLRP family consist of nod-like receptor 1 (NLRP1), nod-like receptor 2
(NLRP2), nod-like receptor 3 (NLRP3), and nod-like receptor C4 (NLRC4) [7]. NLRP3 can
identify most extrinsic stimulations. When NLRP3 is stimulated, it is indirectly activated
through K+ flow. Activated NLRP3 recruits an apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC) adaptor, further forming an ASC focus by
connecting CARD/PYD with ASC. Then, the ASC focus recruits pro-caspase-1, leading to
the activation of caspase-1 [32]. Activated caspase-1 promotes the formation and activation
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of IL-18 and IL-1β [35]. Gasdermin D (GSDMD) plays an important role in the downstream
signaling pathways in pyroptosis, and can form pores in the plasma membrane [36]. The
destruction of the plasma membrane leads to the release of cytosolic proteins, causing
cell swelling and cytolysis [37]. Caspase-1 can cleave GSDMD to release the membrane
pore-forming GSDMD-N domain, promoting not only the release of proinflammatory
cytokines, such as IL-18 and IL-1β, leading to inflammatory reactions, but also the process
of pyroptosis [38]. NLRP1, unlike NLRP3, can only identify microbial muramyl dipeptide
(MDP) [39,40]. Evidence has shown that NLRP2 is related to pro-caspase-1, which is in-
volved in the production of IL-1β [41]. NLRC4 can mediate the activation of caspase-1 and
pyroptosis events caused by Gram-negative bacteria, and its functions can be seen as a
host defense strategy against pathogens. The activation of caspase-1 and pyroptosis events
mediated by NLRC4 can promote the fusion of pathogen-containing phagosomes and lyso-
somes, leading to bacterial degradation [42]. Absent in melanoma (AIM)-like receptors can
activate caspase-1 to induce pyroptosis in the same way as NLRP. For example, AIM2 can
be activated, especially by double-stranded DNA (dsDNA), triggering pyroptosis signaling
pathways [43].

3.3. Non-Canonical Inflammasome Pathway of Pyroptosis

The noncanonical inflammasome pathway is mediated by caspase-4/5/11. All of these
proteins can cleave GSDMD, leading to the activation of pyroptosis signaling pathways [44].
First, caspase-4/5/11 can directly recognize cytosolic lipopolysaccharide (LPS) [45]. Then,
the combination of caspase-4/5/11 and cytosolic LPS results in GSDMD cleavage, causing
K+ efflux, which is sufficient to induce the formation of NLRP3 and activate the canonical
pathway of pyroptosis [46]. Caspase-4/5/11-induced GSDMD pore formation can cause
the release of proinflammatory cytokines and the occurrence of pyroptosis.

4. Pyroptosis and Sarcopenia
4.1. Activation of NLRP Family Triggers Pyroptosis

Local changes in muscle cell bioenergetics, mitochondrial metabolism, and oxidative
damage play a role in the aggravation of sarcopenia [47]. Oxidative damage occurring in
aged myofibers can trigger metabolic dysfunction, which may limit substrate availability for
contractile performance [48,49]. The age-related loss of motor unit innervation can promote
mitochondrial dysfunction, which is a vital cause of increased oxidative metabolism in
muscle. Mitochondrial dysfunction is considered to be a major marker of the ageing
process [50]. An efficient skeletal muscle energy supplement is derived from mitochondria.
A large number of studies have shown that mitochondrial dysfunction and population
changes play a role in the reduction of muscle mass [51]. Age-dependent decline in
skeletal muscle mass is associated with muscle tissue metabolism [52]. Mitochondrial
function is primarily involved in the production of ATP through oxidative phosphorylation
(OXPHOS) but is also involved in apoptosis, calcium homeostasis, and the production of
reactive oxygen species (ROS), reactive nitrogen species (RNS), and so on [51]. Moreover,
oxygen radicals, such as ROS, can activate the NLRP family [53], which can propagate
cellular metabolic dysfunction into immune responses. NLRP3-mediated processing of
caspase-1 can cleave and activate IL-1β and IL-18, leading to activation of the canonical
pathway of pyroptosis [36]. NLRP3-dependent caspase-1 activity increases with ageing,
as has been found in mouse skeletal muscle. NLRP3 is also required for proteolysis and
inactivation of reduced glyceraldehyde-phosphate dehydrogenase (GAPDH) and decreased
glycolytic myofiber size during ageing in skeletal muscle. Animal studies showed that
NLRP3 was a contributor to the age-related decline in myofiber size. However, there
was no evidence that systemic inflammation was associated with the NLRP3-dependent
decrease in glycolytic potential and myofiber size during ageing [54]. IL-1β is an important
inflammatory factor that is positively correlated with age [55]. Studies have shown that
age-related decline in muscle strength in the general population is closely related to the
existence and duration of inflammatory conditions [56]. The ageing process of muscle is
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accompanied by chronic, low-grade inflammation, which has been found in skeletal muscle
cells [57]. Released IL-1β has a strong proinflammatory effect, which further leads to the
production of inflammatory molecules, such as IL-6, IL-8, and TNF-α [58]. These cytokines
have been found at high levels in the blood serum of patients with sarcopenia, which may
be related to the occurrence of sarcopenia [59]. TNF-α can promote protein degradation,
reduce protein synthesis, and inhibit muscle regeneration by preventing proliferation and
differentiation of satellite cells [60]. Studies on samples of skeletal muscle collected from
cattle showed that the priming and activation of the NLRP3 inflammasome during ageing
may trigger and sustain a proinflammatory environment leading to sarcopenia [61].

4.2. Lysosome-Induced Autophagy and Pyroptosis

Lysosomes, important organelles in skeletal muscle cells, are essential for cell home-
ostasis, and are the command and control center of cell signaling, metabolism, and other
processes [62]. It is generally recognized that lysosomes play a key role in regulating cell
death under both physiological and pathological conditions [63]. Mitochondria-derived
products, such as ROS and NOS, can cause lipid peroxidation (LPO) in the lysosomal
membrane, which can promote lysosomal membrane permeabilization (LMP) [64]. LMP
is a key step in regulated cell death [65]. Lysosomes participate in regulated cell death in
different ways, such as necroptosis, ferroptosis, and pyroptosis [66]. Under the triggering
of various inducers, lysosomes become unstable and release their contents. Cathepsin B
released by lysosomes is a central modulator of inflammasome-dependent pyroptosis [67].
Cathepsin B can not only bind to NLRP3 directly but also activate NLRP3 through mitogen-
activated protein kinase (MAPK) and the transforming growth factor β-activated kinase
1 (TAK1)/c-Jun N-terminal kinase (JNK) pathway [68]. In addition to the release of the
cathepsin family, lysosomal LMP results in ROS production and K+ efflux, leading to the
activation of inflammasomes [69]. Therefore, rupture of the lysosomal membrane can be
considered the upstream activator of NLRP, which can activate caspase-1 to trigger the
canonical pathway of pyroptosis. LPS escapes the degradation of lysosomes, which allows
LPS to activate the noncanonical pathway of pyroptosis.

As an important organelle, the lysosome also participates in autophagy, which is
a protective mechanism in maintaining the integrity of intracellular organelles and the
survival of cells in adverse conditions [70]. Studies have shown that autophagy can
maintain muscle mass and enhance muscle strength to a certain extent [71]. Satellite cells,
located between the basal lamina and the myofibrillar membrane, can regenerate and
differentiate. Autophagy can activate satellite cells in response to muscle injury, leading to
early compensatory regeneration of atrophic muscle [72]. When satellite cells are stimulated,
they change from a resting state to an activated state with the ability to proliferate and
differentiate [73]. With the ageing of skeletal muscles, stress from the imbalance of protein
metabolism, increased oxidative stress and mitochondrial damage can lead to dysfunction
of autophagy [74]. Autophagy can inhibit the activation of the NLRP3 inflammasome by
removing damaged mitochondria to inhibit the production of oxidizing agents. Autophagy
can also promote the degradation of inflammatory components, such as pro-IL-1β, NLRP3,
caspase-1, and ASC [75] (Figure 1). All of these findings suggest that the autophagy of
muscle cells can inhibit the activation of the pyrogenic pathway to some extent. Recently,
studies have found that autophagy can also enhance the NLRP3 inflammasome, which in
turn may cause pyroptosis [76]. Excessive activation of autophagy accelerates the decline
in skeletal muscle mass [77].
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Figure 1. The autophagy of skeletal muscle cells in normal conditions can inhibit the activation of the
pyroptosis to some extent. Autophagy can inhibit the activation of the nod-like receptor 3 (NLRP3)
inflammasome by removing the damaged mitochondria, inhibiting the production of oxidizing
agents, and promoting the degradation of inflammation components, such as pro-Interleukin-1β
(pro-IL-1β), NLRP3, caspase-1, and apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC).

4.3. Poor Skeletal Muscle Perfusion and Pyroptosis

Vascular dysfunction may become aggravated with increased age, and affects skeletal
muscle perfusion, nutrient, and oxygen delivery to skeletal muscle, ultimately accelerating
muscle mass loss and disability [78]. A positive correlation between the volume density of
mitochondria and the number of capillaries supplying muscle fibers has been reported [79].
The number of capillaries supplying muscle fibers was also positively correlated with
the size of muscle fibers [80]. The age-related decreases in fiber size are associated with
capillary sparsity and oxygen-carrying capacity [81]. The heterogeneity of capillary spacing
increases with age, and this seems to be related to the increased heterogeneity of muscle
fiber size [82]. The distance between satellite cells and capillaries associated with type II
fibers is longer in older people than in younger people, leading to the dysregulation of satel-
lite cells and ultimately impairing muscle remodeling and regeneration [83]. Age-related
biological processes such as oxidative stress, inflammation, and hormonal dysregulation
can activate the NF-κB signaling pathway, increase P53/P21/P16 transcription, and inhibit
autophagy. All of these factors may lead to dysfunction of vascular endothelial cells and
vascular calcification. Vascular dysfunction may play a role in the development of sar-
copenia [78]. ROS are mainly derived from endoplasmic reticulum (ER) stress, damaged
mitochondria, and NADPH oxidase, and can trigger the activation of the NLRP3 inflam-
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masome in endothelial cells, bridging the interaction between the NLRP3 inflammasome
and endothelial dysfunction [84]. When the NLRP3 inflammasome is activated, it can
further trigger endothelial cell pyroptosis, causing cell membrane rupture, cellular lysis,
and the release of proinflammatory contents, including IL-1β, IL-18, and high-mobility
group box 1 (HMGB1) [85]. IL-1β and IL-18, as the products of the NLRP3 inflamma-
some, can enhance the expression of inflammation-related genes of endothelial cells, such
as adhesion molecules and chemokines, by activating the NF-κB pathway [86,87]. The
inflammation-related pathological changes in the vascular endothelium may be involved
in the early causative mechanisms in physical frailty and sarcopenia [88]. NLRP3 and ASC
are phagocytosed by macrophages, leading to amplification of inflammation, suggesting
that pyroptosis also plays a key role in transmitting inflammatory signals and amplifying
the inflammatory reaction [89]. The loss of proper endothelial function may cause muscle
tissue swelling, chronic inflammation, and the formation of thrombi [84]. Studies have
shown that the dysfunction of vascular endothelial cells precedes a decline in muscle
mass [90]. Vascular dysfunction can restrict blood flow and perfusion of skeletal muscle,
blocking substrate transport to skeletal muscle and causing atrophy and dysfunction of
skeletal muscle.

4.4. The NF-κB-GSDMD Axis Can Trigger Pyroptosis

The development and maintenance of skeletal muscles require a variety of signaling
pathways. In the relevant signaling pathways, nuclear factor kappa B (NF-κB) is a key factor
in the maintenance of skeletal muscle homeostasis [91]. NF-κB exists in the form of a dimer
and is involved in the occurrence and progression of various diseases related to inflamma-
tion, apoptosis, and proliferation [91]. In an unstimulated state, the nuclear localization
sequence of NF-κB is bound to inhibitory IκB proteins. IκB kinase (IKK) can be stimulated
by various stimuli, resulting in the phosphorylation of IκB and causing the degeneration of
IκB. Then, the NF-κB complexes liberated from IκB can translocate into the nucleus to exert
their actions [92]. Increased NF-κB signaling has been observed during ageing, and the
concentration of NF-κB protein in the muscles of elderly people was found to be four times
that of young people [93]. NF-κB is a key molecular switch in the cellular response to oxida-
tive stress that can enhance the expression of the NLRP3 inflammasome and cytokines [94].
The levels of inflammatory factors in the blood circulation of elderly individuals are higher
than those in young individuals [95]. As a key inflammatory cytokine produced by various
cells, such as macrophages, lymphocytes, and fibroblasts, TNF-α acts as a central regula-
tor to promote the expression of other inflammatory cytokines, which can significantly
reduce the expression levels of myosin heavy chain (MHC) and the surface area of myotube
cells and activate creatine kinase (CK), greatly impairing skeletal muscle function [96,97].
When TNF-α binds to TNF receptors R1/R2, NF-κB, signaling can be activated through the
RIP1/TRAF2/IKK and TRAF2/NIK pathways [98,99]. Studies have shown that triptolide
can prevent LPS-induced inflammation and skeletal muscle atrophy in mice by inhibiting
NF-κB/TNF-α and regulating the protein synthesis/degradation pathway [100]. NF-κB is
an important transcription factor of GSDMD. When extracellular pyroptosis-related signals
activate NLRP3 inflammasomes, GSDMD is subsequently cleaved, causing the release of
the N-terminus of GSDMD, which forms nanoscale pores in the cell membrane, leading to
the release of proinflammatory substances and cell swelling [101]. Studies have shown that
NLRP3 activation is associated with several age-related diseases [102,103]. Oxidative stress
triggers the NF-κB-GSDMD signaling axis, which is the key pathway that regulates pyrop-
tosis in inflammatory diseases and endothelial dysfunction [91]. The exact mechanism of
the NF-κB-GSDMD axis in sarcopenia remains to be further studied (Figure 2).
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Figure 2. An increase in the level of oxidative stress caused by aging may trigger pyroptosis in
skeletal muscle cells by the nuclear factor—kappaB (NF-κB)—gasdermin D (GSDMD) Axis. NF-κB is
a transcription factor of GSDMD. When NLRP3 inflammasomes are activated by multiple activation
mechanisms, the GSDMD will be subsequently cleaved, causing the release of the N-terminus of the
GSDMD, which can form nanoscale pores in the cell membrane leading to the pyroptosis of skeletal
muscle cells.

5. Perspectives in Pyroptosis and Sarcopenia

Sarcopenia, a form of age-related disease, causes a gradual inability to maintain skele-
tal muscle function and quality [93]. With the gradual increase in the incidence of sarcopenia
in the elderly population and health care expenditures, sarcopenia has now become the
focus of research and public policy. Although the importance of sarcopenia is concerning,
sarcopenia remains to be further understood. Pyroptosis, a special type of cell death, is
mediated by activation of inflammasome sensors, including the NLR family, the DNA
receptor absent in melanoma 2 (AIM2), and the pyrin receptor. Under normal conditions,
inflammasome sensors detect a variety of pathogen-associated molecular patterns (PAMPs)
and danger-associated molecular patterns (DAMPs) and respond to intracellular and extra-
cellular danger signals. However, the unbalanced activation of this essential physiological
sentinel function leads to aggravated pathological inflammation. The NLRP3 inflamma-
some is the inflammasome most closely related to uncontrolled inflammation [104]. The
potential role of pyroptosis in skeletal muscle pathology has received special attention
in recent years given that serious pathological changes in skeletal muscles can lead to
weakness and disability. The NLRP family may be normally expressed in skeletal muscle,
but its activation in the ageing process may help to enhance the adverse environment,
changing muscle synthesis metabolism. Age-related increases in cytokines, such as IL-1β
and IL-18, have shown activation of the NLRP family [61]. At present, the treatment of
sarcopenia is mainly concentrated on physiotherapy, such as muscle strengthening and gait
training and nutritional intervention [105]. No pharmacological intervention for sarcopenia
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currently exists [18]. The study of the pathogenesis mechanism of sarcopenia will help to
identify new therapeutic targets in the future.

New interventions may focus on interfering with the signaling pathway of pyroptosis
(Figure 3). Melatonin has significant anti-inflammatory characteristics, and an increasing
number of people have begun to focus on the role of melatonin in sarcopenia [106]. Studies
have found that melatonin also reduces the expression of pyroptosis-related genes, includ-
ing NLRP3, ASC, lysed Caspase1, NF-κB/GSDMD, GSDMD N-terminal, IL-1β and IL-18,
in endothelial cells. The potential therapeutic effects of melatonin need to be further veri-
fied [103]. Bone morphogenetic protein 7 (BMP-7), a drug commonly used to treat patients
with osteoporosis, was recently found to alleviate diabetes-induced inflammation-mediated
pyroptosis, sarcopenia, and adverse muscle remodeling. Treatment with BMP-7 reduces
caspase-1, IL-1β, and IL-18, markers of the pyroptosis cascade [107]. Carbenoxolone (CBX)
attenuates intracellular lipid accumulation and aggravation of inflammation in the liver and
skeletal muscle in obese mice induced by a high-fat diet by regulating the IκB-α/NF-κB
pathway and NLRP3 inflammasome, which can significantly reduce the expression of
p-IκB-α, p-NF-κB, p-IRS-1, NLRP3, and inflammatory factors and increase the expression of
p-PI3K and p-AKT [108]. Trimetazidine has been used as an anti-anginal agent for decades;
however, recent evidence suggests that trimetazidine may also improve skeletal muscle
performance in humans and mice [109,110]. Trimetazidine can protect skeletal muscle cells
from starvation or inflammation-induced loss of mass by inhibiting protein degradation
and inducing autophagy [111]. Studies have shown that treatment with trimetazidine can
reverse the pyroptosis of muscle in C2C12 mice induced by dexamethasone, showing a
protective role in skeletal muscle. Therefore, trimetazidine may be a potential therapeutic
agent for the treatment of glucocorticoid-induced skeletal muscle disability. However, there
is no evidence for its treatment of primary sarcopenia [112].
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Figure 3. Possible interventions may focus on interfering with the signaling pathway of pyroptosis.
a. Melatonin can reduce the expression of pyroptosis-related genes in the influence of endothelial
cells. b. Treatment with bone morphogenetic protein 7 (BMP-7) reduces caspase-1, Interleukin-1β
(IL-1β), and Interleukin-18 (IL-18), markers of pyroptosis cascade. c. Carbenoxolone can attenuate
intracellular lipid accumulation and inflammation aggravation in the liver and skeletal muscle in
obese mice induced by the high-fat diet by regulating the IkappaB-alpha (IκB-α)/ nuclear factor—
kappaB (NF-κB) pathway and the nod-like receptor 3 (NLRP3) inflammasome. d. Treatment of
trimetazidine can reverse the pyroptosis of muscle in C2C12 mouses induced by dexamethasone.
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6. Conclusions

Sarcopenia, an age-related disease, can lead to a decline in skeletal muscle mass cause
disability. With the gradual increase in the incidence of sarcopenia in the elderly population
and health care expenditures, an increasing number of researchers are focusing on mor-
bidity mechanisms and intervention measures to prevent and treat sarcopenia. Pyroptosis,
also called inflammatory necrosis, may play a role in the mechanism of sarcopenia. In the
process of ageing, aggravated oxidative stress and poor skeletal muscle perfusion in ageing
muscle tissues can activate the NLRP family to trigger pyroptosis. Chronic, low-grade
inflammation is a representative characteristic of the ageing process. The levels of inflam-
matory factors such as TNF-α may activate the signaling pathways of pyroptosis by the
NF-κB-GSDMD axis, and this remains to be further studied. Autophagy is a protective
mechanism in maintaining the integrity of intracellular organelles and the survival of cells
in adverse conditions. The autophagy of skeletal muscle cells can inhibit the activation of
the pyroptosis pathway to some extent. Study of the mechanism of pyroptosis in sarcopenia
may be helpful for finding new therapeutic targets in the future.
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Abstract: Aging is the greatest risk factor for nearly all major chronic diseases, including cardio-
vascular diseases, cancer, Alzheimer’s and other neurodegenerative diseases of aging. Age-related
impairment of immune function (immunosenescence) is one important cause of age-related morbidity
and mortality, which may extend beyond its role in infectious disease. One aspect of immunosenes-
cence that has received less attention is age-related natural killer (NK) cell dysfunction, characterized
by reduced cytokine secretion and decreased target cell cytotoxicity, accompanied by and despite
an increase in NK cell numbers with age. Moreover, recent studies have revealed that NK cells are
the central actors in the immunosurveillance of senescent cells, whose age-related accumulation is
itself a probable contributor to the chronic sterile low-grade inflammation developed with aging
(“inflammaging”). NK cell dysfunction is therefore implicated in the increasing burden of infection,
malignancy, inflammatory disorders, and senescent cells with age. This review will focus on recent
advances and open questions in understanding the interplay between systemic inflammation, senes-
cence burden, and NK cell dysfunction in the context of aging. Understanding the factors driving
and enforcing NK cell aging may potentially lead to therapies countering age-related diseases and
underlying drivers of the biological aging process itself.

Keywords: natural killer cells (NK cells); aging; immunosenescence; senescence; elderly; frailty;
cytokines; inflammation; immune system

1. Introduction

Aging is the most significant cause of morbidity and mortality in the developed world,
and increasingly in developing countries as well [1,2]. While the decline in smoking preva-
lence and advancements in medical science have resulted in an increased lifespan, there
is an increasing population prevalence of the diseases and debilities of aging associated
with the not-as-rapid increase in health span [2,3]. Immunosenescence, the age-related
decline in immune function, is a critical cause of age-related ill-health, driving dramatic
increases in vulnerability to infectious disease with age (including the dramatic age-related
rise in morbidity and mortality from COVID-19) [4,5]. In addition to immunosenescence,
chronic sterile low-grade inflammation associated with aging (“inflammaging”) is likely
contributing to the pathogenesis of multiple chronic diseases of aging [6,7].

NK cells are large granular innate immune cells that belong to the family of group 1
innate lymphocytes (ILC1) [8]. They play a vital role as immunological first responders,
rapidly eliminating cells infected with viruses or other intracellular pathogens as well as
pre-malignant cells [9], and have recently been identified as the principal actors in immune
surveillance of senescent cells [10–12], which accumulate with age and are implicated in
inflammaging, several age-related diseases of aging, and the underlying biological aging
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process itself [13,14]. Yet, comparatively little is known about the effects of aging on NK
cells as compared to the cells in the adaptive immune system [15]. In this review, we
discuss what is known about the phenotype and drivers of age-related NK cell dysfunction,
areas of uncertainty, potential sources of new insight, and approaches to NK cell immune
rejuvenation and fortification. Understanding and remediating the age-related decline in
NK cell function could be an important means of ameliorating critical proximate causes of
age-related ill-health and death and opposing one of the underlying drivers of aging.

2. NK Cells in Immunity: An Overview

NK cells eliminate target cells through direct cell-to-cell contact-based NK cell cyto-
toxicity (NKCC) and by secreting cytokines, such as interferon gamma (INF-γ) or tumor
necrosis factor alpha (TNF-α) [16,17], which recruit additional immune cells to the site
of infection or inflammation. NK cells represent ≈5–10% of peripheral blood lympho-
cytes (PBMC), with approximately 2 billion NK cells circulating in adult humans [18].
NK cells reside in different tissues, including bone marrow, lymph nodes, liver, skin,
lung, and, to a lesser extent, secondary lymphoid organs [19]; however, this has not been
extensively studied.

The human NK cell population can be subdivided based on the expression of the
surface markers CD56 and CD16, with CD56dim NK cells being largely cytotoxic and
CD56bright NK cells primarily responsible for the secretion of cytokines, such as IFN-γ and
TNF-α [20,21]. However, in absolute numbers, CD56bright NK cells, located predominantly
in peripheral and lymphoid tissues [22,23], outnumber CD56dim NK cells. The CD56dim

NK cell subpopulation represent at least 90% of peripheral blood NK cells, whereas the
CD56bright NK cells constitute the remaining [24]. NK cell phenotypes and their changes
with age are described in greater depth in the subsequent sections.

The process of NK cell differentiation and maturation has been extensively reviewed
elsewhere and is beyond the scope of this review [25]. In a brief summary, human NK cells
develop from common lymphoid progenitor (CLP) cells derived from CD34+ hematopoietic
stem cells (HSCs), the common precursors of NK, T, B, and other lymphoid cells [26,27].
CLP cells express different markers, including CD38, CD7, CD10, CD127, and CD122.
The expression of CD122 (IL-2Rβ/IL-15R) marks the irreversible fate of CLPs starting to
differentiate into NK lineage [28–30]. NK cells can act as a bridge between innate and
adaptive immunity, as they can interact with T and B cells via their costimulatory ligands,
such as CD40L and OX40L, which further promote NK cell differentiation [31,32].

NK cells interact with target cells via activating and inhibitory receptors, which bind
to the corresponding ligands on the target cell’s surface. Depending on the balance of
these ligand–receptor interactions, the NK cell determines whether or not to eliminate
the target cell [33]. This review focuses on the alteration of the function of human NK
cells with age; the NK cell receptors in humans and rodents have been extensively re-
viewed elsewhere [9,34]; we will therefore only provide a brief summary of this topic, as a
background for what follows.

NKG2D, Ly49, and natural cytotoxicity receptors (NCRs), such as NKp46, are some
of the main activating receptors for NK cells [16,35]. When the NKG2D or Ly49 interact
with target cell ligands, such as MICA/MICB or ULBPs [36], their signal is mediated
intracellularly through the YINM and immunoreceptor tyrosine-based activation motif
(ITAM), respectively [36–38]. The phosphorylation of YINM or ITAM by tyrosine kinases
leads to a cascade that results in the release of perforins and granzymes from NK cells
to induce apoptosis in target cells [37,38]. In addition, NK cells also secrete cytokines
and chemokines, which mediate their effector function directly on the target cells (cyto-
toxic signal) or through the recruitment of other immune cells, such as macrophages and
neutrophils, to the site of inflammation [39,40].

The killer cell immunoglobulin-like receptors (KIR) and NKG2A are the major families
of inhibitory receptors expressed on NK cells [41]. KIR bind to the HLA-A/B/C ligand,
whereas NKG2A recognizes the inhibitory HLA-E [42,43]. These ligands bind to their
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respective receptors via immunoreceptor tyrosine-based inhibitory motifs (ITIM), leading to
the inactivation of NK cells [44]. In addition, KIR and NK2GA are also known to coordinate
NK cell tolerance [45]. Major histocompatibility complex class I (MHC-I) present non-self
antigens for target engagement by CD8+ T-cells, but, conversely, are essential ligands for
inhibitory receptors on NK cells for both mice and humans [46]. NK cells can recognize
MHC- I directly (class Ia) or indirectly (class Ib). Reduced expression of MHC-I in cancer
cells or cells infected with certain viruses lowers the inhibitory bar for attack by NK cells,
enabling these cells’ elimination [47].

Mice and humans differ in the mechanism by which MHC class Ia is recognized:
human NK cells use KIR to recognize MHC Ia, while mice use lectin-like receptors of the
Ly49 family [48–50]. However, mice and humans have similar mechanisms for recognizing
MHC class Ib, which involve NKG2D in both species [48–50]. Despite the differences in the
ligand recognition mechanisms, the intracellular signaling mechanism involved in NK cell
activation is conserved in these two species [48].

3. Changes in NK Cell Numbers and Subpopulations with Age

Several studies have characterized changes in the absolute number of circulating NK
cells as well as the distribution of NK cell subsets with increasing age. Age does not appear
to influence NK progenitor numbers in the peripheral blood or in the bone marrow [51].
Nonetheless, although there is some disagreement in the field, most studies report an
increase in NK cell number with age (11 of 13 reported studies) (Table 1).

Table 1. Changes in natural killer cell phenotype, subset, and cytotoxicity throughout the aging
process. Summary of age-related changes in natural killer cell phenotype, subset distribution, and
cytotoxicity. Age-related changes in natural killer cell phenotype, subset distribution, and cytotoxicity
against cancer cell lines.

Young
Donor Age

Range
Old Donor
Age Range

NK Cell
Definition

NK
Numbers

Aged
Phenotype Target Cell Cytotoxic

Potential Assay IL-2
Activation Ref

25–34 75–84 *CD16+/Leu7± Increased
with age

CD16+ and
Leu7+

increased
- - - - [52]

21–38 71–97 *Leu7+/Leu11a± Increased
with age - K562

Decreased
cytotoxic
potential

with age in
both subsets
of NK cells

Cr Release
Assay - [53]

20–60 80+ CD16+ CD56+

CD5± -

CD16+

CD57+

increased;
CD56+/CD57−
decreased

K562

Increase in
cytotoxic
potential
with age

Cr Release
Assay - [54]

27 ± 6 81 ± 7 CD16+ Increased
with age - K562

Similar
binding
capacity,

Decreased
cytotoxicity

with age

Flow
Cytometry - [55]

19–36;
50–68 100–106 CD16+ CD57± Increased

with age

CD16+

CD57−
increased;
no change
in CD16+

CD57+

K562

No
significant
difference

between age
groups

Cr Release
Assay - [56]

25–35 75–94
CD16+ CD56+

KIRDL+ or
CD16+ CD56+

KIR2DL3−

Increased
with age

CD16+,
CD56+ and

GL138+

increased
K562

Decrease in
lytic activity

of CD16+

cells

Cr Release
Assay Yes [57]
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Table 1. Cont.

Young
Donor Age

Range
Old Donor
Age Range

NK Cell
Definition

NK
Numbers

Aged
Phenotype Target Cell Cytotoxic

Potential Assay IL-2
Activation Ref

23–35 65–100 CD3− CD56+ No change - K562

No
significant
difference

between age
groups

Cr Release
Assay Yes [58]

23–35 67–95 CD3− CD56+ No change - K562
Decrease in

cytotoxic
with age

Cr Release
Assay Yes [59]

30 ± 2 85 ± 2 CD16+ Increased
with age - K562

Decrease in
cytotoxic
potential
with age

Cr Release
Assay - [60]

30 ± 2 85 ± 2 CD3− CD16+

CD56+
Increased
with age - K562

Decrease in
cytotoxic
potential
with age

Cr Release
Assay - [61]

19–39 77–89
CD3− CD56dim

or CD3−
CD56bright

Increased
with age

CD56dim

Increased;
CD56bright

decreased

- - - - [62]

21–30 65+ CD3− CD56+ -

CD94 and
NKG2A

decreased;
KIR

increased

P815

CD16
mediated

cytotoxicity
did not vary

with age

Cr Release
Assay Yes [63]

Cord blood;
Young <60

60–75;
75–80

CD3− CD56dim

or CD3−
CD56bright

Increased
in very old

CD56bright

decreased;
NKp30

decreased;
NKp46

decreased;
KIRs

increased

K562

No
significant
difference

between age
groups

Cr Release
Assay Yes [64]

<60 60+
CD3− CD56dim

or CD3−
CD56bright

-

CD56dim

increased;
CD56bright

decreased;
NKG2A

decreased;
KLRG1

increased

- - - - [65]

Children
<18;

adults
19–59

60+
CD3− CD56dim

or CD3−
CD56bright

Increased
in elderly,

no
difference
between
children

and adults

CD56dim

increased,
CD56bright

decreased,
NKp30 and

NKp46
decreased
with age

K562

No
significant
difference

between age
groups

Flow
Cytometry Yes [66]

20–34 70–86
CD16+

CD56dim or
CD16+

CD56bright

-

CD56dim

increased,
CD56bright

decreased,
KLRG1

increased
with age

MCF-10A - - Yes [67]

41–50,
51–60

61–70,
71–80

CD3− CD56dim

or CD3−
CD56bright

Increased
with age

CD56dim

increased,
CD56bright

decreased

- - - Yes [68]

* Leu7 = CD57 & Leu11a = CD16.

The markers used to label NK cells, or the gating strategy used to count them, may at
least partially explain the discrepancy in the studies. The earliest studies relied on CD16 to
distinguish NK cells from other lymphocytes, which may have resulted in an incomplete
picture of total NK cell number. For example, Zang et al. used CD3 and CD16 expression
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to distinguish NK cells and reported no differences in peripheral NK cell numbers with
age [69]. However, CD56 is now regarded as a more reliable and general marker of human
NK cells than CD16. While CD16 is often expressed on the more mature subset, CD56dim

NK chambers, the CD56bright NK cell subset sometimes lacks or expresses very low levels
of CD16. It is possible that these earlier studies reported changes in CD56dim NK cell popu-
lations. Later studies, which included CD56 to label NK cells, reported that absolute cell
numbers increased with age (Table 1). With regards to changes in NK cell subpopulations,
the studies listed in Table 1 almost unanimously report that there is a significant decrease
in the percentage of CD56bright cells (Table 1: six of six studies) [62,64–68] and a significant
increase in CD56dim cells (five of five studies) [62,65–68].

Unbiased approaches, such as single-cell RNA expression analysis, offer a possible
approach to resolving some of the conflicting data on the effect of aging on NK cells.
Transcriptional clustering has revealed two distinct signatures of splenic NK cells, which
have a more active gene expression signature than NK cells present in the blood [70].
RNA-sequencing has confirmed the prevalence of several distinct subpopulations of NK
cells in the human bone marrow and blood based on the expression of several conserved
markers [71]. These findings expand upon the classical NK cell developmental model
(CD56bright → CD56dimCD57− → CD56dimCD57+) and identify two subpopulations in the
CD57+ population, distinguished by the expression of CX3CR1 and HAVCR2 to differentiate
the terminally differentiated NK cell population from the matured NK population [71].
In addition, single-cell RNA expression analysis of NK cells isolated from peripheral
blood from healthy subjects reveals even more heterogeneity among NK cells, with up
to ten subsets of NK cells identified by unsupervised clustering, with conserved makers
per cluster independent of individual variation or stimulation [72]. Further, Smith et al.
identified three novel NK cell populations; CD56neg type I interferon-responding NK
cells have increased granzyme B mRNA in response to IL2 and a small population with
low ribosomal expression [72]. Similar methods were employed to analyze specific gene
expression variances of NK cells in the context of aging, which demonstrated an increase
in expanded late low-cytotoxic subsets with enriched apoptotic signaling pathways and
decreased virus defense responses, as compared to the younger group [73].

An important limitation to our insight into the effect of aging on NK cell phenotype is
that the great majority of studies, especially in humans, have only investigated age-related
changes in circulating NK. Dogra et al. have substantially advanced our understanding
by examining NK cells from multiple anatomic sites and compartments of 60 autopsies of
subjects across a wide range of ages (5–92 years) and ethnic backgrounds [74]. Notably,
across donors, the dominance of CD56brightCD16− vs. CD56dimCD16+ was tissue-specific,
whether pooled or at the individual donor level. CD56dimCD16+ NK cells dominated in
blood and in tissues rich in it, such as the bone marrow, spleen, and lungs. Moreover,
CD56dimCD16+ NK cells were substantially more likely to express CD57 (indicative of
terminal differentiation) in tissues where this subset is dominant [74]

In contrast with previous reports (Table 1: [62,65–68]), Dogra et al. found no relation-
ship between the ratio between CD56brightCD16− and CD56dimCD16+ NK cell subsets and
age in blood or any other tissue. It will be important to understand why this one impressive
study came to such a different result on this front.

The frequency of terminally differentiated CD56dimCD16+CD57+ NK cells nominally
rose with age in blood, bone marrow, spleen, and lung, but the trend was only statistically
significant in the bone marrow [74]. The lack of a clear age-related change in this subset
in blood is broadly consistent with limited and inconsistent prior reports [64,66]. Age
was also unrelated to the level of granzyme B expression by CD56dimCD16+ cells, nor
the tissue-specific NK cell expression of the signaling adaptor FcεRIγ, an indicator of
antibody-dependent cellular cytotoxicity (ADCC) potential [74]. Unlike its effects on T-cell
differentiation and polyclonality (which clearly interfaces with aging, despite its uncertain
effects on functional immune senescence [15]), cytomegalovirus serostatus did not impact
NK cell frequency or tissue distribution [74].
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Further investigation of age-related changes in the heterogeneity amongst NK cell
populations may be vital in understanding the mechanism behind the loss of their functions
with age.

4. Effect of Age on NK Cell Cytokine Production and Secretion

Decreased NK cell cytotoxic subtypes and function are associated with an increased
risk of viral infections and cancers [75–77]. Dysfunctional NK cells are typically identified
by decreased NK effector functions, such as impaired NKCC, as well as reduced IFN-γ
secretion and expression of perforin and granzyme [78]. Release of cytokines, such as
IFN-γ and TNF-α, activated the NK cells help coordinate a broader immune response,
including the recruitment of macrophages [79] and neutrophils [80] at the site of cancer [81],
infection [82], or senescent cells [83].

One potential cause of NK cell dysfunction with age may be changes in the systemic
milieu [84,85]. Particularly notable is the well-established age-related decline in interleukin-
2 (IL-2) production in humans [86]; IL-2 is a potent enhancer of both NKCC and NK cytokine
secretion, such as TNF-α [87]. One study reported that TNF-α secretion is sustained in
IL-2-stimulated NK cells from otherwise-healthy aging donors, despite their reduced IL-
2 production [62]. Other studies have found that NK cells from older donors increase
production of IFN-γ and/or TNF-α following IL-2 treatment [64,88], but to a lesser degree
than that which occurs with younger donors [59,89]. Similar to IL-2, interleukin-12 (IL-12)
enhances the cytotoxicity of NK cells and promotes IFN-γ secretion by NK cells [90,91].
Studies have reported a reduction in cytokines released by NK cells from older donors,
despite activation with IL-2 [92–94], and chemokine production in older subjects, despite
stimulation with IL-2 or IL-12 [95,96]. One caveat to these findings is that a reduction in
cytokine or chemokine production per cell with age may possibly be attributable to the
age-related shift from CD56bright to CD56dim NK cells, as the former are responsible for
producing these mediators. Further investigation of age-related changes in the cytokine
and chemokine production and secretion amongst NK cell populations may be vital in
understanding the mechanism behind the decrease in NK cell activation and recruitment.

5. Changes in NK Cell Cytotoxic Activity with Age

A decline in NKCC with age has been well documented and has been linked to in-
creased incidence of infectious diseases [73,97,98]. Age-related NKCC impairment has
also been implicated in enabling the emergence of multiple noncommunicable diseases of
aging [99]. For example, adult cancer incidence and mortality for all-site invasive cancers
and for many individual cancer types rise progressively with age [100,101] and the decline
in NK cell function with age is implicated in this increased risk [102]. NK cell surveillance
provides a critical early defense against precancerous and cancerous cells [103,104]. De-
pressed NK cell activity in animals results in elevated tumor incidence [105] or increased
metastasis [106,107]. Relatives of patients with familial melanoma [108] and individuals
with a high family incidence of cancer [109] exhibit low NK cell activity compared to
healthy controls; similarly, liver cirrhosis patients with reduced NKCC are prospectively at
an elevated risk of progressing to liver cancer [110], and one study reported low NKCC
to be longitudinally associated with a risk of cancer at all sites in the general Japanese
population aged 40 and over [111]. A longitudinal study demonstrated a declining efficacy
of NK cell cytotoxicity, coinciding with elevated risk of cancer in both males and females
with age [84].

These epidemiological findings are supported by laboratory data. More than half of
the studies (6 of 11 studies—Table 1) report a decrease with age in NK cell cytotoxicity
against K562 cancer cells. The non-unanimous findings can be attributed to the lack in
consistent NK cell markers, leading to potential contamination; in addition, some of the
reports used IL-2, which augments the innate NKCC ability. One study [67] reported an
age-related rise in expression of the inhibitory receptor KLRG1, particularly in CD56dim

NK cells; CD56dim NK cells expressing high levels of KLRG1 had impaired cytotoxicity
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against the MCF-10A cancer line, which expresses high levels of KLRG1’s ligand E-cadherin,
and silencing RNA against KLRG1 enhanced these cells’ NKCC against this target cell
type. Notably, however, one study reported an increase in cytotoxic activity with age,
associated with a shift from the CD56+57− to the CD56+57+ phenotype [54]. The impact of
aging on NK cell toxicity against senescent cells remains to be investigated. Identifying
the cause(s) for the age-related decline in NKCC is a necessary step toward identifying
interventions to retard or reverse this decline, and thus potentially mitigate its contribution
to age-related diseases.

NK cell killing of target cells is dependent on the NK cell receptors necessary for target
cell recognition. Age-related declines in the percentage of NK cells expressing the activating
receptors, NKp30 or NKp46 [66,112,113], have been reported. One study reported an age-
related increase in NK cells expressing the inhibitory receptor KLRG1, particularly but
not only in the CD56dim subset [67]; contrarily, another group reported a decline in both
NKG2A and KLRG1 [64]. The percentage of NK cells expressing inhibitory KIRs has been
reported to increase with age [54]. Taken together, these results point towards an alteration
in the ability to receive pro-activation signaling from the target cells, possibly indicating an
overall shift towards a more inhibitory phenotype.

As a possible indication of the functional significance of such changes, researchers
have investigated diversity and frequency of KIR genotypes in otherwise-healthy aging
persons [114] and centenarians [115] as compared to younger controls. The first study
did not reveal a clear enrichment of either KIR diversity or particular KIR genes in older
compared to younger Irish subjects, suggesting that neither confers a late-life survivorship
advantage [114]. The analysis of the HLA-DRB1 and KIR receptors/HLA ligand frequencies
in centenarians and controls from Sicily also demonstrated no significant difference in KIR
receptors [115].

A reduction in NK cell perforin expression has been reported to be the mechanism
behind age-dependent decline in NK cell cytotoxic function [116]. However, one study
found no significant differences in the perforin content, distribution, and utilization in
the lytic assays in NK cells from young (≤35-year-old) and old (≥61-year-old) groups,
but evidence of impaired perforin release through degranulation upon coculture with
target cells [113]. Certain compounds, such as ionomycin and phorbol myristate acetate
(PMA), are used in vitro to activate NK cells, bypassing the need for target cell surface
receptors to induce NK cell degranulation [99]. NK cells from older donors maintain their
sensitivity to this assay, suggesting that the age-related decline in NKCC may be due to
loss of these discussed receptors and/or to cell signaling, and not the ability to produce
cytotoxic granules when activated [88,89,99].

These results collectively indicate that NK cells from older subjects have undergone
biological changes, which impact their ability to interact with other immune cells and their
target cells. One hypothesis to explain the increase in the numbers of cytotoxic NK cells
with age may be that it is an attempt to compensate for the age-related loss in effector
function at the individual NK cell level.

6. Effect of Age on NK Cell Signal Transduction

While it has become clear that NK cell function declines with age, few studies provide
clues about the underlying causes. The process of NK cell cytotoxicity is a complex
and tightly coordinated series of events, which ultimately result in the release of lytic
granules into the immunological synapse (IS) between the NK cell and a bound target
cell (Figure 1) [117]. Several key checkpoints in this pathway involve the turnover of
phosphoinositide molecules by phospholipase C (PLC), calcium mobilization and influx,
polarization of secretory lysosomes to the IS, and fusion of these vesicles with the NK cell
membrane [117–120]. Ca2+ release is also required for critical degranulation checkpoints,
such as migration of the mitochondria to the IS (which controls subsequent Ca2+ influx)
and fusion of secretory lysosomes with the NK cell membrane [121,122].
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Figure 1. Scheme of NK cell signaling after formation of immunological synapse (IS). Interaction of 
activating receptor with cognate ligand leads to phosphorylation of cytoplasmic tail and recruitment 
of PI3K [61,120]. Pathway (A) activation of PI3K and PLC lead to downstream signaling via MAPK 
and NFκB pathways, respectively, thus facilitating the production and secretion of cytokines, such 
as IFN-γ. Activation of MAPK signaling also contributes to MTOC migration and the polarization 
of lytic granules. Pathway (B). Conversion of phosphatidylinositol-4, 5-bisphosphate (PIP2) to phos-
phatidylinositol-3, 4, 5-triphosphate (PIP3) allows for subsequent generation of the secondary mes-
senger inositol trisphosphate (IP3) via phospholipase C (PLC) [117]. IP3 contributes to the release 
of internal calcium stores from the smooth endoplasmic reticulum [123], which in turn facilitates 
mitochondrial migration to IS and influx of extracellular calcium via the ORAI1 transporter 
[118,119]. Additionally, the microtubule organization center (MTOC) migrates towards the IS and 
allows for efficient transport of lytic granules (secretory lysosomes) to travel to the IS [124,125]. 
Lastly, lytic granules fuse with the NK cell membrane in a calcium-dependent manner and release 
perforin and granzymes into the IS [126]. These proteins form holes in the target cell membrane 
and induce apoptosis. 

The second messenger, phosphoinositol phosphate 3 (IP3), is critical to this process, 
as it stimulates the release of internal Ca2+ stores, which leads to downstream activation 
events. The IP3 production, following exposure to K562 cancer cells, was significantly re-
duced in NK cells from older subjects [61]. As noted previously, one study reported that 
the Ca2+ mobilization in NK cells from older donors is reduced, relative to the level ob-
served in NK cells from younger donors in response to IL-2 [62].The decline in the mobi-
lization of Ca2+ resulting from the impaired production of IP3 might therefore contribute 
to the impaired cytotoxicity of the NK observed in older subjects [118]. 

In addition to the decreased Ca2+ mobilization, NK cells from older individuals ex-
hibit diminished perforin expression and release, which likely contributes to the age-de-
pendent decline in NK cell toxicity [113,116]. One study measured the abundance of in-
tracellular perforin in unstimulated CD56+CD16+ NK cells from various age groups and 
demonstrated an age-dependent decline in the percentage of perforin-positive NK cells in 
individuals that are 70 years and older, which was only partially remedied by treatment 
with IL-2 [116]. In another study with a much larger sample size, no decline in the expres-
sion of perforin with age was observed nor were changes in the fusion of secretory lyso-
somes with the NK cell membrane [113]. However, NK cells from older donors in this 

Figure 1. Scheme of NK cell signaling after formation of immunological synapse (IS). Interaction
of activating receptor with cognate ligand leads to phosphorylation of cytoplasmic tail and recruit-
ment of PI3K [61,120]. Pathway (A) activation of PI3K and PLC lead to downstream signaling via
MAPK and NFκB pathways, respectively, thus facilitating the production and secretion of cytokines,
such as IFN-γ. Activation of MAPK signaling also contributes to MTOC migration and the po-
larization of lytic granules. Pathway (B). Conversion of phosphatidylinositol-4, 5-bisphosphate
(PIP2) to phosphatidylinositol-3, 4, 5-triphosphate (PIP3) allows for subsequent generation of the
secondary messenger inositol trisphosphate (IP3) via phospholipase C (PLC) [117]. IP3 contributes to
the release of internal calcium stores from the smooth endoplasmic reticulum [123], which in turn
facilitates mitochondrial migration to IS and influx of extracellular calcium via the ORAI1 trans-
porter [118,119]. Additionally, the microtubule organization center (MTOC) migrates towards the IS
and allows for efficient transport of lytic granules (secretory lysosomes) to travel to the IS [124,125].
Lastly, lytic granules fuse with the NK cell membrane in a calcium-dependent manner and release
perforin and granzymes into the IS [126]. These proteins form holes in the target cell membrane and
induce apoptosis.

The second messenger, phosphoinositol phosphate 3 (IP3), is critical to this process, as
it stimulates the release of internal Ca2+ stores, which leads to downstream activation events.
The IP3 production, following exposure to K562 cancer cells, was significantly reduced in
NK cells from older subjects [61]. As noted previously, one study reported that the Ca2+

mobilization in NK cells from older donors is reduced, relative to the level observed in NK
cells from younger donors in response to IL-2 [62].The decline in the mobilization of Ca2+

resulting from the impaired production of IP3 might therefore contribute to the impaired
cytotoxicity of the NK observed in older subjects [118].

In addition to the decreased Ca2+ mobilization, NK cells from older individuals exhibit
diminished perforin expression and release, which likely contributes to the age-dependent
decline in NK cell toxicity [113,116]. One study measured the abundance of intracellular
perforin in unstimulated CD56+CD16+ NK cells from various age groups and demonstrated
an age-dependent decline in the percentage of perforin-positive NK cells in individuals
that are 70 years and older, which was only partially remedied by treatment with IL-2 [116].
In another study with a much larger sample size, no decline in the expression of perforin
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with age was observed nor were changes in the fusion of secretory lysosomes with the
NK cell membrane [113]. However, NK cells from older donors in this study did exhibit
diminished perforin binding to the surface of K562 cancer cells [113]. As noted previously,
the decline in IL-2 production with aging is well-known in humans [86]; thus, it is possible
that in vitro experiments using activated NK cells could hide any difference in resting
perforin expression between young and old NK cells [127].

7. NK Cell Exhaustion

The phenomenon of cell exhaustion is well known and characterized in T cells; how-
ever, it is not known whether NK cells undergo a similar state of exhaustion [128,129].
The impairment of the cytotoxic activity of NK cells in cancer patients is well known. For
instance, a significant reduction in the numbers of NK cells expressing NKG2D, NKp30,
NKp46, and perforin was observed in patients suffering from pancreatic, gastric, and
colorectal cancers [130]. A similar loss in cytolytic function of NK cells is also observed
in patients suffering from chronic viral infection [131]. An investigation of the molecular
signaling in these NK cells may shed new light on any potential exhaustion phenotype in
NK cells and help to distinguish them from senescent NK cells.

While NK cells themselves are short lived (around two weeks), human NK cells ex-
hibit telomere shortening and a decrease in telomerase activity with age [132,133]. Cellular
differentiation has a role in telomere shortening, leading to the more mature CD56bright NK
cells having shorter relative telomere length than the immature CD56dim subset [132,134],
but all subsets of NK cells have decreased telomere length with age, with CD56bright cells
demonstrating the greatest decrease [132]. Interestingly, NK cells expressing the activation
markers, NKG2D and LFA-1, have shorter telomeres as compared to those without, while
those expressing inhibitory markers, such as KIR or NKG2A, had an extremely heteroge-
nous telomere length with no real pattern [134]. Taken together, these studies point to
telomere attrition as a potential factor for diminished NK cell function with age, but more
research would need to be conducted in order to determine any actual functional effects
on cytotoxicity.

8. Impact of the Aging Systemic Milieu on NK Cells

To this point we have largely focused on predominantly cell-autonomous changes in
NK cells with age, but changes in the local microenvironment during NK cell maturation
or locally at the site of abnormal cells during aging may also skew NK cell behavior. Pro-
inflammatory and anti-inflammatory cytokines work together to mediate proper immune
responses and are vital to the healthy aging of an individual [135]. Chronic sterile systemic
inflammation is often considered emblematic of dysfunction associated with aging, and
is a powerful risk factor for morbidity and mortality in age-related diseases, such as
sarcopenia [136], obesity [137], and Alzheimer’s [138]. Following transplantation into old
mice, NK cells isolated from young mice exhibit significant impairment in NK cell function
in ex vivo assays, whereas the transfer of NK cells from old mice to young mice seems to
fully restore their cytotoxic potential [139]. These findings suggest a strong influence of
host tissue microenvironment on NK cell function in aging and are consistent with in vitro
stimulation experiments of human NK cells [64,88]. However, the interpretation of studies
in aging mice must be taken with caution, as mouse NK cells are functionally quite different
from those of humans at the protein level (mouse have much lower perforin and granzyme
levels) and in terms of localization patterns [140].

The aged environment might lack the stimulating factors necessary to achieve maxi-
mal NK function. With age, the levels of IL-2 [86] and IL-15 [141], vital cytokines for NK
cell development and survival, decline, which may contribute to the decline in NK cell
surveillance with age. In parallel, the levels of inflammatory cytokines, such as IL-6 [142]
and GDF15 [143,144], increase with age, contributing to the aged inflammatory microen-
vironment. Treatment of NK cells in culture with interleukins 2, 12, or 15 (IL-2, IL-12,
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IL-15) and interferon-α (IFN-α) can increase their cytotoxicity towards cancer cells and
even toward cancer lines that are generally resistant to NK cell killing [145,146].

Studies are mixed on whether stimulation of aged NK cells with IL-2 ex vivo is
sufficient to restore NKCC and related activities. One study reported full recovery of
NKCC following IL-2 stimulation of in NK cells from old (60–80 years old) and even very
old (80–100) vs. middle-aged (18–60) subjects [89]. However, others report that although
NK cell activation by cytokine treatment does improve cytotoxicity in old-derived NK cells,
it never reaches the level observed in NK cells derived from young donors, indicating a
disruption in cell-level activation signaling with age [64,147]. One study demonstrated a
decreased sensitivity of NK cells to IL-2 when derived from older donors [62], which may at
least in part be explained by the use of the SENIEUR patient selection criteria in this study,
which attempted to avoid confounding factors that elicit strong immunological responses,
such as current infection, cancer, recent myocardial infarction or stroke, lymphoproliferative
disorders, or laboratory findings outside the reference values for the subjects’ age [148].

The evidence is similarly mixed on whether IL-2 stimulation of aged NK cells is
sufficient to normalize production and secretion of NKCC effectors. One study reported
an age-dependent decline in the percentage of perforin-positive NK cells derived from
individuals that are 70 years and older, which was only partially remedied by treatment
with IL-2 [116]. However, in another study with a much larger sample size, no decline in the
expression of perforin with age was observed, nor were changes in the fusion of secretory
lysosomes with the NK cell membrane; however, they did demonstrate diminished perforin
binding to the surface of K562 cancer cells [113]. As the decline in IL-2 production with
aging is well known in humans [86], it is possible that in vitro experiments using activated
NK cells could hide any difference in resting perforin expression between young and old
NK cells [127].

Epigenetics makers are known to be heavily influenced as organisms age. While
there not many studies on the role of epigenetic modifications on the differentiation and
function of NK cells, especially not in relation to age, it is very clear that the activation
state of NK cells is epigenetically regulated [149]. NK cell activity is modulated by the
complex interaction of activating and inhibiting receptors, and how much they can be
activated seem to be modulated by epigenetics [150]. The exposure to cytokines, such
as IL-6 or INF-γ, can influence NK cell activation; however, the strength of the response
is modified by prior exposure to other stimuli, which alter the epigenetic state of the
promotor for their receptors [151]. Exposure to factors that are known to influence systemic
aging—such as CMV infection [152], exercise [153], and emotional stress [154], have also
been demonstrated to change the epigenetic status of NK cells. More broadly speaking,
long-term exposures to a variety of stresses lead to epigenetic modifications [149,152]

Interestingly, it seems that the differentiation of CD56dim NK cells affects epigenetic
clocks, which use the level and pattern of DNA methylation in cells either in blood or
other tissues to predict biological age and mortality [155]. Further, Jonkman et al. reported
that cytotoxic NK cells as well as T-cells seem to be the important drivers of these clocks,
and that blood CD56dim and CD57bright NK cells from the same donor are assessed by
several such clocks to be biologically much older than CD56bright cells [155]. Certainly, our
understanding of the role of the interaction of aged NK cells with the systemic milieu is
incomplete, suggesting that additional cell-autonomous or microenvironmental factors
remain to be identified.

9. Neuroendocrine Signaling and NK Cell Aging

Neuroendocrine factors affect NK cells, and many studies have demonstrated the
influence of stress [156] and the nervous system on NK cell activity [157–159]. Some of
these factors are known to change with age: for instance, glucocorticoid (GC) levels increase
with age in human serum [160], even in relatively healthy aging people, as assessed by the
SENIEUR criteria [161], and GCs were demonstrated to have an inhibitory effect on NK
cell functions [162]. This effect is due to decreased gene expression for essential genes, such
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as perforin and granzyme B, leading to an overall reduction in cytotoxicity [116] and IFN-γ
production [163].

The serotonin receptor agonist, quipazine, enhanced NK cell function, whereas various
dopamine/serotonin antagonists inhibited CD16-mediated NK cell function [112]. In
addition, NK cells express very high levels of dopamine receptors, and their activation
seems to have an inhibitory function on human NK cells [164]. Similarly, epinephrine and
norepinephrine seem to primarily inhibit NK cell cytotoxicity and cytokine production [165,166].

Neuropeptides present in the peripheral blood bind to and can modulate NK cell
activity [167]. Galanin modulates IFN-γ secretion and sensitizes NK cells towards specific
cytokines [168], while neuropeptide substance P increases the cytotoxicity of NK cells
and helps with NK cell migration [168,169]. Both galanin and neuropeptide substance P
decrease expression with age [170,171], suggesting that the observed decline with age may
contribute to the age-related impairment in NK function.

Insulin-like growth factor 1 (IGF-1) is an important growth factor that promotes NK
cell development from CD34+ cells and increases NK cell cytotoxicity [172]. IGF-1 levels
decline with age [173,174]. Additionally, the secretome of senescent cells contains several
pro-inflammatory factors, including TNF-α [175], which has been demonstrated to induce
a state of IGF resistance [176]. Combined, the reduction in circulating IGF-1 and tissue
resistance to IGF-1 signaling may contribute to the age-related changes to NK cells and the
ensuing decrease in senescent cell clearing.

Other growth factors, such as platelet-derived growth factors D and DD (PDGF-D and
PDGF-DD), are able to interact with the surface of NK cells to induce NK cell survival [177]
and cytokine secretion [178]. There are conflicting results on the age-induced changes
to levels of PDGF, with reports of decreased [179], unchanged [180], and increased [181]
PDGF levels with age. These studies focus on PDGF in general rather than the PDGF-D
and PDGF-DD specifically, and thus these levels would need to be examined in the context
of age to further understand their role in NK cell aging.

In contrast to IGF-1 and PDGF, transforming growth factor beta (TGF-β) has been
demonstrated to inhibit NK cell development and function [182,183]. TGF-β has been
demonstrated to block IL-15-induced metabolic activity and proliferation of NK cells by
inhibiting the mechanistic target of rapamycin (mTOR) activity [184] and the expression of
NKp30 [185] and NKG2D receptors [186]. Senescent fibroblasts secrete TGF- β [187], and
plasma TGF- β levels have been demonstrated to increase with age [188].

10. Reducing the Impacts of Secondary Aging on NK Cell Function

Ewald W. Busse is credited with introducing the conceptual distinction between pri-
mary aging, denoting age changes driven by intrinsic metabolic processes, and secondary
aging, driven by supernumerary cellular and molecular damage inflicted through lifestyle
and environmental exposures [189,190]. Recent years have observed rapid advances in the
biology of aging, leading to the discovery, development, and translation from animal mod-
els of candidate interventions targeting primary aging processes, but drivers of secondary
aging are already amenable to intervention today [191,192].

10.1. Micronutrient Deficiency

One recognized source of secondary aging in older persons is micronutrient defi-
ciencies, resulting from some combination of malabsorption, low intake, and an increase
in the aging body’s requirements [193–197]. A dysregulation of essential nutrients, such
as vitamin B6, vitamin B12, folic acid, and zinc, which are essential for cell-mediated im-
munity [198–200], are linked to various age-related pathologies and diseases, including
inflammation [201,202], bone aging [203] and osteoporosis [204], and Alzheimer’s dis-
ease [205,206], in addition to a decrease in NK cell count and/or cytotoxicity [197,207–209].

Nutrient supplementation studies demonstrate significant promise in mitigating these
secondary aging effects. Studies have demonstrated that the age-related decrease in zinc
levels correlate with a reduction in NK cell cytotoxicity [210]. Zinc supplementation in
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NK cell cultures improves the age-related decline in proliferation/differentiation of CD34+

cells, in part by restoring the transcription factor Gata-3 [51]. NK cell cytotoxicity in
healthy elderly subjects is reported to be partially restored through supplementation with
zinc [210,211].

Similarly, vitamin B12 and folate (vitamin B9) dysregulation have been correlated with
lower NK cell counts and activity, and can be improved through supplementation, which
increases NK cell counts and activity in aging rats [200,209]. Again, a nutritional formula
containing 120 IU vitamin E, 3.8 µg vitamin B12, 400 µg folic acid, and other nutrients
increased the NK activity relative to the placebo in healthy subjects aged 70 years and
older [212].

To our knowledge, the effect of vitamin D supplementation on NK cell function has
not yet been tested in studies in aging humans, but the mechanisms of action of vitamin D
in immunity are thought to principally involve the innate immune system [213]. A meta-
analysis of individual participant data (IPD) from randomized controlled trials of vitamin
D supplementation in subjects from birth up to 95 years of age reported a reduced risk of
acute respiratory tract infections, particularly in trials involving daily or weekly vitamin
D and in subjects with baseline deficient 25-hydroxyvitamin D levels [213]. Inconclusive
data suggest that vitamin D deficiency may increase risk of infection with SARS-CoV-2
and/or adverse outcomes in COVID-19 [214], and evidence supports a potential role
for vitamin D repletion in the prevention and amelioration of acute respiratory distress
syndrome [215,216]. NK cell numbers and/or cytolytic activity were positively associated
with serum vitamin D levels in a cross-sectional study in otherwise-healthy nonagenarians
and centenarians [217].

In addition, the effect of supplementation with other nutrients whose deficiency is
implicated in age-related immune dysfunction, such as vitamin E [218,219] on NK cell
activity in aging subjects, remains to be investigated.

10.2. Stress Reduction

As noted above, GC levels rise with age [160] and are further elevated in association
with elevated psychological stress [161] and impaired NK cell functions [162]. Consistent
with this, extensive evidence has demonstrated that subjective stress levels and stressful
life events predict impaired immunity [220], including increased susceptibility to induced
rhinovirus infection [221] and less durable antibody titers after vaccination [222]. The
increase in influenza-specific IFN-γ production following influenza vaccination and fol-
lowing four weeks of aerobic exercise appeared to be partially mediated by psychosocial
factors [223]. Again, we are unaware of human challenge studies testing the effects of
induced or self-reported stress on NK activity, but a study in mice subjected to selective
REM sleep deprivation found that the ensuing impairment in NK cell numbers and activity
was mediated by an upregulation in NK cell β–adrenergic receptors, possibly caused by an
increase in GC levels, which was itself caused by the sleep restriction protocol [224].

A potential approach to reducing secondary aging of the immune system (including
possibly NK function) in aging is therefore intervention against subjective stress and the
associated elevation in GC levels. Modest evidence suggests that such modalities, as
cognitive, psychological, or exercise interventions to lower chronic stress, may improve
immune function [225]. Magnesium supplementation in older subjects has also been
reported to lower nighttime GC levels [226,227].

10.3. Sleep Health and Circadian Alignment

The quality and quantity of sleep and the amplitude of circadian rhythms decline
with age [228], and low objectively measured sleep quantity and/or quality are linked
to neurodegenerative [229] and other diseases of aging [230,231], as well as total morta-
lity [232–234]. Insufficient or circadian-misaligned sleep are known to cause impaired
immune function [235,236]. A single night of imposed total [237] or even partial [238,239]
sleep restriction, or nights of shorter vs. longer self-reported sleep [240,241] are followed by
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lower NK cell number and/or functions in humans the following day. Conversely, a night
of recovery sleep allows NK activity to normalize [238,239], although IL-2 levels remained
suppressed [238].

Consistent with this, animal studies demonstrate that chronic partial sleep restriction
accelerates the growth and metastasis of experimental cancer associated with a decrease
in tumor dendritic, NK, and T-cells [242,243], while better sleep is associated with longer
survival in human cancer patients [244,245].

Therefore, the means to improve sleep quality or quantity, or to entrain circadian
rhythms, may be a potential means to ameliorate secondary immunological aging and age
impairments in NK function. In addition to cognitive-behavioral therapy and therapeutic
sleep restriction for insomnia and sleep hygiene for more general poor sleep [246], some
specific interventions demonstrated to improve sleep in older persons include magnesium
supplementation [226,227] and creating a peripheral temperature gradient via wearing
socks in bed [247,248] or through pre-bed hot baths [249].

Tobacco smoking and obesity also suppress NK cell activity, which reverses upon
smoking cessation or weight loss, respectively, and should be pursued if the patient can be
engaged [250].

11. Harnessing NK Cells as Immunosenolytics

Senescent cells are cells that have undergone an irreversible cell-cycle arrest in response
to a range of stressors or as part of physiological processes, and they are known to secrete a
pleiotropy of inflammatory, growth, and matrix-degrading factors, collectively termed the
senescence-associated phenotype (SASP) [13,251]. By restricting tissue renewal with age
and through promotion of inflammation, senescent cells have been implicated as drivers of
the degenerative aging processes and contribute to specific diseases of aging [14].

Senolytics (drugs that selectively remove senescent cells from the body) have been
demonstrated to increase the health span in aging laboratory animals and are advancing
into clinical trials for human translation [10,252]. However, they bear a significant potential
limitation. Such drugs rely on the differential activity of essential cell metabolic pathways,
including anti-apoptotic, pro-survival, mitochondrial metabolic, kinase [83,253], and glu-
taminolytic pathways [254]. Such mechanisms of action necessarily perturb the healthy
function of non-senescent cells, raising the specter of important side-effects, despite the
overall positive effects on the health span and lifespan observed in animal models of aging
and its diseases. A more physiological strategy that exploits the intrinsic immunosurveil-
lance of senescent cells might offer greater potential to favorably impact aging and diseases
of aging.

Recently, the discovery of NK cell-mediated immune surveillance of senescent cells
has led to an interest in harnessing this effector function as an approach to combating aging
and age-related diseases [10–12]. As noted previously, NK cells are the chief lymphocytes
responsible for the clearance of senescent cells during wound resolution, development, and
other physiological processes, and also from aging or diseased tissues. Thus, understanding
the causes of the NK cell functional decline with age may allow us to develop therapeutic
strategies to rejuvenate or fortify NK-mediated immunosurveillance of senescent cells.

One potential approach would be to reverse age-related deficits in the intrinsic capaci-
ties of this process. As we have discussed, NK function declines with age, and although
the impact of aging on NK cell toxicity against senescent cells has not yet been elucidated,
the known mechanisms driving and enforcing the decline in other NK cell functions may
present targets for restoring the immunosurveillance of cancerous, virally infected, and
senescent cells.

A second potential immunosurveillance-enhancing approach would be to target mech-
anisms whereby senescent cells evade immunological clearance. Such mechanisms include
the shedding of NK binding ligands from the senescent cell surface [255] by matrix metallo-
proteinases (which are part of the SASP) [256] and upregulation of the inhibitory receptor
HLA-E [257]. Although chronic inhibition of these mechanisms may be expected to lead
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to excessive or off-target removal of senescent or other cells, a more transient approach,
similar to that which has been employed in most preclinical studies of senolytic drugs, may
open a favorable therapeutic window.

A third approach would be to fortify the endogenous armamentarium of the immune
system via transfer therapy of expanded and potentially engineered NK cells. Due to their
significant involvement in the immune surveillance of cancer cells, NK cells have recently
become a promising tool in cancer immunotherapy [258]. Several advancements have
been made to enhance the efficacy of NK cells in response to the tumor microenvironment
inhibition of NK cell activity [259], including the chimeric antigen receptor (CAR)-NK cell
production and ex vivo activation of NK cells by cytokines [259,260].

CAR-T cells targeting a candidate senescent cell surface marker were reported to
extend survival in a murine model of post-chemotherapy senescent cell accumulation, and
to partially normalize liver fibrosis resulting from either treatment with CCl4 or from diet-
induced nonalcoholic steatohepatitis (NASH) [261]. Similar strategies could be exploited to
engineer NK cells to target senescent cells for elimination from tissues. NK cells, rather than
T-cells, are the principal actors in the immune surveillance of senescent cells specifically,
but even in the cancer context, CAR-NK cells offer a number of potential advantages over
CAR-T therapy [262,263]. First, the profile of cytokines released by NK cells is thought to
be substantially less likely to lead to a systemic inflammatory response; such a “cytokine
release syndrome” is a critical side-effect of CAR-T therapy. The risk is further reduced
by less expansion of CAR-NK cells after the infusion into patients. Additionally, CAR-NK
cells do not persist as long in the body as CAR-T cells after mounting an attack on tumor
cells in vivo, which lowers the risk of graft vs. host disease and malignant transformation.
While CAR-T cells lose their cytotoxic capacity if expression of the CAR system is lost or its
target antigen is not present on subpopulations of target cells, CAR-NK, regardless, would
retain their native receptors as a backup system for targeting aberrant cells.

12. Perspective and Conclusions

NK cells play critical roles in combating cancer, disease, senescence, and infection,
yet their function appears to decline with age. As part of immunosenescence, decline in
NK cell cytotoxicity is likely a major cause of the increased susceptibility to viral infection,
increased overall disease burden, and accumulation of senescent and cancer cells observed
in the elderly [264]. Considering this, a growing number of studies have sought to probe
specific changes that occur in NK cell biology and functionality with aging. Uncovering
changes with age in gene expression, marker expression/distribution, degranulation, and
internal or systemic signaling can lead to a better understanding of how NK cells age and
the impact of their local environment. These insights can aid in the development of tailored
rejuvenation and intervention strategies, which may restore the functionality of native NK
cells or enable the augmentation of their forces with allogenic or autologus cells.

A recent study using mass cytometry (also known as or cytometry by time-of-flight,
or CyTOF) has uncovered between 6000 and 30,000 distinct NK cell phenotypes within
a given individual based on unique combinations of 35 cell surface antigens, whose ex-
pression is determined by both by genetics and the environment [265]. A further charac-
terization of surface antigens and phenotypic expression changes with age will be impor-
tant to developing better therapeutic interventions for improving NK cell functions for
age-related diseases.

The transplantation of allogenic NK cells has demonstrated great promise in cancer
treatment and as such, demonstrate promise for the transplantation of young allogenic
or cord-blood-derived NK cells for treatment of various age-related diseases and aging
in general [266,267]. Furthermore, CAR-T cells have proven to be powerful tools for im-
munotherapy for the treatment of cancer [268,269] and, recently, CAR-NK cell have emerged
as an attractive alternative [263,268]. In recent clinical trials, CAR-NK cell immunotherapy
has not only been found to be effective, it has also significantly improved affordability (by
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using off-the-shelf NK cells), reduced sensitivity to immune checkpoints, and lowered the
probability of nonspecific neurotoxicity, as compared to CAR-T therapy [270,271].

In sum, much is known about the changes with age in NK cell function, but much
less about the factors driving it. New tools and technologies will increasingly enable
the understanding and therapeutic intervention of NK cell aging, allowing people of
increasingly advanced ages to live lives more free of infection, cancer, senescence, and
ultimately advance the widely emerging revolution in longevity therapeutics.
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Abstract: With the global increase of the elderly population, the improvement of the treatment for
various aging-related diseases and the extension of a healthy lifespan have become some of the most
important current medical issues. In order to understand the developmental mechanisms of aging
and aging-related disorders, animal models are essential to conduct relevant studies. Among them,
mice have become one of the most prevalently used model animals for aging-related studies due to
their high similarity to humans in terms of genetic background and physiological structure, as well
as their short lifespan and ease of reproduction. This review will discuss some of the common and
emerging mouse models of accelerated aging and related chronic diseases in recent years, with the
aim of serving as a reference for future application in fundamental and translational research.

Keywords: aging; aging-related disease; mouse model

1. Introduction

The world’s population continues to grow, with those over 65 being the fastest growing
age group. In 2019, one out of every eleven people in the worldwide population was over
the age of 65. By 2050, this proportion will increase to one in every six people over the age
of 65. In some regions, such as in Europe and North America, one in four people will be
over 65 years old. Aging is a key risk factor for multiple disorders. More than 75% of the
elderly suffer from at least one chronic disease, and the problem of “unhealthy longevity”
for the elderly is prominent [1,2].

As countries face the challenges of aging populations, there is a need to promote
healthy aging and provide adequate social protection. To promote a healthy aging process
and prevent aging-related health problems, correctly understanding aging mechanisms
and developing effective and affordable intervention strategies for anti-aging have great
social significance and huge economic benefits. During this process, an animal model of
aging is a powerful tool for us to study the mechanism of aging.

Generally, aging models are divided into two categories: natural aging models and
accelerated aging models. In the process of aging, naturally aging mice develop many
phenotypes similar to normal human aging like cataracts [3] and muscle weakness [4]. For
example, the most well-known strain of mice, C57BL/6, have a lifespan of two to three
years, while naked mole-rats can live up to 30 years. One longevity mechanism of naked
mole-rats is their effective DNA damage repair system. However, research on natural aging
model is time-consuming, labor-intensive, and expensive, with large individual variations
compared to the accelerated aging models [5,6]. As such, the induced accelerated aging
model is favored by researchers because of its convenient source, short modeling time, and
relatively controllable aging effect. For aging and aging-related chronic disorders, mice
have become one of the most important animal models for studying various aging-related
human diseases due to their similarities to humans in terms of genetic background and
the structure and function of various organs or systems, as well as the advantages of short
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lifespan and ease of reproduction [6,7]. With the help of mouse models, researchers have
revealed the mechanisms of aging as well as the pathogenesis of various chronic diseases,
and many therapeutic approaches for such chronic diseases have been validated in mouse
models preclinically.

In this review, we discuss some common and emerging mouse models of accelerated
aging and its related chronic diseases in recent years, with the aim of serving as a reference
for future applications.

2. Systemic-Induced Accelerated Aging Mouse Model

In this section, we will review some commonly used mouse models of accelerated
systemic aging including drug treatment, genetic engineered models, irradiation induction,
etc. They are characterized by an aging phenotype in multiple tissues or organs, reflecting
systemic aging. The systemic-induced accelerated aging mouse models are summarized in
Table 1.

Table 1. Summary of systemic-induced accelerated aging mouse models.

Type Subdivision Phenotypes

D-galactose-induced senescence
model

Brain

Cognitive impairment
Mitochondrial dysfunction

Neuronal degeneration
Apoptosis

Depressive and anxious

Heart
Cardiac fibrosis

Collagen accumulation
Fibroblasts disordered arrangement

Kidney
Kidney index ↓

Uric acid & Cys-C ↑
Glomerular and tubular damage ↑

Liver
Liver fibrosis

Glycogen levels ↓
Lipid deposition ↑

Reproductive
system

Estrogen and progesterone ↓
Ovarian follicle regression

Uterine wall endometrial gland atrophy
Disrupt estrous cycles

Intestinal flora Disturbance

Lung
Oxidative stress ↑

Fibrotic status
Chronic inflammation

SAMP mice

SAMP 1

Aging amyloidosis
Immune dysfunction

Renal atrophy
Hearing loss

Senile pulmonary hyperinflation

SAMP 6 Senile osteoporosis
Myeloid progenitor cell senescence

SAMP 8

Astrogliosis
Microgliosis

Neurodegeneration
Amyloid accumulation

MAPT hyperphosphorylation

SAMP 10 Learning and memory impairment
Cerebral cortex and limbic system atrophy
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Table 1. Cont.

Rps9 D95N mouse

Altered fur
Cataracts

Hunched posture
Body composition function & body weight ↓

Fat mass & muscle strength ↓
Shortened lifespan

Mouse urinary syndrome
Extramedullary hematopoiesis

Lama−/−
Short lifespan

Growth retardation
Muscular dystrophy

Altered lipid metabolism

Wrn∆hel/∆hel

Short lifespan
Abnormal hyaluronic acid excretion

Metabolic abnormalities
Increased genomic instability and cancer incidence

Csa−/−, Csb−/−
Short lifespan

Reduced fat mass
Photoreceptor cell loss

Neural pathology

Progeria syndrome mouse

XpdTTD/TTD Short lifespan
Trichothiodystrophy

Bub1bH/H, Xpg−/−
Brain atrophy
Neuronal loss

Neurofibrillary deposition of Aβ or senile plaques

Bub1bH/H, Bub1b+/GTTA

Mean muscle fiber diameter ↓
Muscle fiber size variation ↑

Intermuscular fibrosis
Regenerative capacity of skeletal muscles ↓

Mitochondrial DNA polymerase
mutant mouse

Lifespan ↓
Weight loss

Subcutaneous fat ↓
Hair loss
Kyphosis

Osteoporosis
Anemia

Fertility ↓
Spermatogonia depletion

Heart enlargement

Total body irradiation (TBI) model

Progressive premature frailty
Cognitive decline

Whole blood antioxidant capacity ↓
RBC glutathione ↓
Thymic involution

Articular cartilage and bone degeneration
Ovarian environment damage

Ozone-induced senescence model

Cognitive decline
Memory impairment

AD symptoms
Lung tumor growth ↑

Chronic jet-lag mouse

Accelerated initial tumor growth
Shortened mouse survival

Induce spontaneous hepatocellular carcinoma
Obesity

Depression
Addiction

Abnormal cardiac structure
Impaired cardiac function

2.1. The D-Galactose-Induced Senescence Model

D-galactose is a common aldohexose that exists naturally in the body and in daily
foods [8]. After ingestion, a healthy adult can metabolize and eliminate a maximum daily
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dose of 50 g of galactose from the body within about eight hours [9]. However, when
galactose accumulates to high levels, reactive oxygen species (ROS) are generated by mi-
tochondrial respiratory chain enzymes, xanthine oxidase, lipoxygenase, cyclooxygenase,
nitric oxide synthase, and peroxidase. Increased ROS can subsequently lead to elevated
oxidative stress and inflammation, inducing mitochondrial dysfunction and apoptosis [10].
Meanwhile, the elevated mitochondrial ROS level can lead to the activation of many bio-
chemical pathways, such as the polyol pathway, the formation of advanced glycation end
products (AGEs), the activation of protein kinase C, and the hexosamine pathway [11,12].
Overall, D-galactose-induced methods can increase aging markers such as AGEs, receptors
for advanced glycation end products (RAGEs), aldose reductase (AR), sorbitol dehydroge-
nase (SDH), decreased telomerase activity, shortened telomere, β-site amyloid precursor
protein cleaving enzyme 1 (BACE-1), amyloid β (Aβ), aging-related pathways (p16, p21,
p53, etc.), and positive senescence-associated β-galactosidase (SA-β-gal) staining [13].
Multiple tissues and organs, including the brain, heart, lung, liver, kidney, reproductive
system, gastrointestinal system, and so on, manifest aging phenotypes after D-galactose
treatment [14].

Previous works have shown that D-galactose induces brain aging by increasing mi-
tochondrial dysfunction, oxidative stress, inflammation, apoptosis, and decreasing the
expression of brain-derived neurotrophic factor. D-galactose injections may induce brain
aging similar to human brain aging in many ways, including mitochondrial dysfunction, in-
creased oxidative stress, decreased ATP production, neuronal degeneration and apoptosis,
and cognitive deficits [13,15–17]. D-galactose increases the neuro-inflammation markers
via activating NF-κB, leading to memory impairment [18,19]. Besides learning and memory
inhibition, D-galactose-treated mice also exhibit depressive and anxious behaviors [20].

The leading cause of death in elderly people worldwide is cardiovascular disease [21].
D-galactose treatment increases the risk of cardiovascular disease, which is associated with
excess ROS and oxidative stress. Persistent oxidative stress has been revealed to be related
to decreased ferric reducing antioxidant power and lower activity of Cu-Zn superoxide
dismutase, leading to myocardial damage [22]. Studies have shown that galactose reduces
endogenous hydrogen sulphide producing enzyme cystathionine γ-lyase (CSE) [23] and
antioxidant enzymes such as catalase (CAT), haem oxygenase-1 (HO-1), superoxide dismu-
tase (SOD), glutathione peroxidase (GSH-Px), and nitric oxide synthase (NOS), leading to
decreased total antioxidant capacity and inducing lipid peroxidation markers including
malondialdehyde (MDA), lipid hydroperoxides (L-OOH), and conjugated dienes (CD) in
cardiac tissue [24,25]. D-galactose increases whole heart weight and left ventricle weight,
which is associated with hypertension and aging. At the same time, the heart tissue
showed enlarged myocardial fibers, blurred structure, shortened distortion, widening of
the interval, and obvious capillaries of myocardial interstitial congestion [26]. D-galactose
treatment resulted in cardiac fibrosis, significant accumulated collagen, and disordered
arrangement of fibroblasts compared with the control. D-galactose also increased cardiac
apoptosis markers [27]. Excessive D-galactose can be transformed to advanced AGEs via
the Maillard reaction [28]. AGEs bind to the receptors, RAGE, increasing ROS production
via NADPH oxidase. NADPH oxidase further activates p38 MAP kinases, causing tran-
scription factor NF-κB translocating into the nucleus, where transcription of inflammatory
cascades like tumor necrosis factor alpha (TNF-α) are enhanced [29]. D-galactose treatment
can also increase fibrotic markers such as connective tissue growth factor (CTGF), trans-
forming growth factor β1 (TGF-β1), phosphorylated mitogen-activated protein kinase 1/2
(p-MEK1/2), phosphorylated extracellular signal-regulated kinase 1/2 (p-ERK1/2), matrix
metalloproteinase (MMP), and pathological specific protein 1 (SP1) [30].

D-galactose treatment also increases oxidative markers (e.g., MDA) and decreases an-
tioxidant enzymes (e.g., SOD, GSH-Px and NOS) in lung, liver, and renal tissues [26,31–35].
D-galactose treatment can affect lung elastic constitution. The primary effects of treatment
on the lungs are increased alveolar size and reduced elastic recoil, which may facilitate
airway closure [36]. D-galactose treatment is considered to successfully mimic the natural
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aging process by increasing oxidative stress, fibrotic status, and chronic inflammation in
the lungs.

The liver is the main site where D-galactose is metabolized, thus excess D-galactose
in the body may significantly affect the liver. As previously mentioned, high levels of
D-galactose can react with free amines in the amino acids to form AGEs, which is found to
be involved in the progression of various liver diseases [12]. High levels of D-galactose lead
to the accumulation of its final metabolite, galactitol, which will eventually lead to ROS
accumulation through the p38 MAPK/NRF2/HO-1 signaling pathway and cause cellular
osmotic stress in the liver [37]. D-galactose treatment significantly increased apoptotic
proteins including Bax, procaspase-3, and caspase-3, and raised the ratio of Bax/Bcl-2 in
the liver tissue [34,38,39]. Various changes similar to natural aging were also observed in
the D-galactose-treated livers. Compared with controls, the livers of D-galactose-treated
animals had lower levels of glycogen and more lipid deposition. Masson’s trichrome
staining showed obvious collagen fibers around blood vessels and in the interphase of
liver tissue, and irregular pseudo-lobules around liver tissue, indicating a state of liver
fibrosis [40,41].

D-galactose treatment significantly reduced the renal index of animals, and markers
of acute kidney injury such as uric acid and cystatin C (Cys-C) were also increased [42]. In
the kidney, D-galactose administration resulted in an increase in the TUNEL-positive cells
and DNA fragmentation. In addition, p21 expression and the staining intensity of SA-β-gal
were also increased in kidney cells [43]. Extensive glomerular and tubular damages were
detected in D-galactose-treated animals, as the number of tubules with cellular necrosis
from the renal cortices and outer medulla were significantly increased [43,44].

In the male reproductive system, D-galactose induced oxidative stress, marked by an
increase in MDA levels in the prostate, testis, epididymis, and decrease in SOD activity
in the testis. Peroxidation in the testicular and epididymal mitochondrial fractions was
also significantly increased after D-galactose treatment [45]. Female reproductive aging is
characterized by decreased levels of estrogen, progesterone, inhibin B, anti-Müllerian hor-
mone, and androgens, which include free testosterone, dehydroepiandrosterone (DHEAS),
and androstenedione [46]. Compared to the control groups, D-galactose administration
produced aging-associated changes like reduced estrogen and progesterone levels and
increased FSH and luteinizing hormone (LH) levels. Ovarian follicle regression and atro-
phy on the uterine wall and endometrial gland were observed after D-galactose treatment,
which indicates disrupted estrous cycles and damaged uterine and ovarian tissues [47].

D-galactose injection can lead to changes in the level of oxidative stress that affect the
microbial environment in the intestine and lead to intestinal flora disorder [48]. The ecology
of intestinal flora is closely related to aging, and intestinal ecological disturbance can lead
to accelerated aging and a shortened lifespan [49]. Transferring gut microbiota from aged to
young germ-free mice triggered innate immune and inflammatory responses. Effects of ag-
ing include increased differentiation of CD4+ T cells in the spleen, upregulation of intestinal
inflammatory cytokine such as TNF-α, and increased cycling of bacterial-derived inflam-
matory cytokines [50,51]. In addition, D-galactose administration significantly decreased
the small intestine propulsion rates and prolonged gastrointestinal transit time [49]. The
aging gut triggers chronic inflammation, leading to gut dysplasia and intestinal dysplasia
in turn leads to defective epithelial function, predisposing the host to infection, neoplasia,
and increased mortality [52].

2.2. Senescence-Accelerated Mouse/Prone

Researchers from Kyoto University found an aging phenotype from a subset of pups
while maintaining an inbred line of AKR/J mice. Characteristics of these mice include
hair loss, reduced activity, and a shortened lifespan. These aging traits are thought to
develop as a result of elevated oxidative stress and are inherited by their offspring. Further,
the accelerated aging mice were grouped into several distinct subtypes according to their
phenotypes [53].
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Senescence-accelerated mouse/prone (SAMP) is a group of inbred mouse strains that
typically exhibit accelerated aging [54]. Meanwhile, since it shows various aging-related dis-
eases similar to humans, such as aging amyloidosis, senile osteoporosis, learning/memory
impairment, etc., in specific lines, it is widely used for aging research. Cellular senescence in
various cell types, including astrocytes, endothelial cells, progenitor cells, retinal epithelial
cells, and fibroblasts, was found in the aging SAMP mice [55–57]. SAMP mice exhibit an
increase in ROS generated by mitochondria or other cellular sites, which not only causes
damage to mitochondria, but also triggers degradation that leads to the aging outcome [58].

SAMP1 mice are characterized by aging amyloidosis, immune dysfunction, renal
atrophy, hearing loss, and senile pulmonary hyperinflation [59,60]. The lifespan of the
SAMP1 mice is about 40% shorter than senescence-accelerated resistant mice (SAMR1), and
various signs of aging appear early in appearance.

The SAMP6 mice model is a senile osteoporosis model animal that tends to develop
osteoporosis at an early stage with aging due to its low bone density in instar [61]. Bone
marrow transplantation experiments have revealed that the cause of SAMP6 osteoporosis
is abnormalities in bone marrow stem cells [62]. The incidence of spontaneous leg frac-
tures due to osteoporosis is high in adult SAMP6 mice. Cellular senescence in myeloid
progenitors disrupts their differentiation in favor of adipogenesis over osteogenesis. This
mechanism is thought to contribute to low osteoblast activity and osteoporosis in SAMP6
mice and the elderly [61,63,64].

The SAMP8 mice develop age-associated deficits in learning and memory and also
exhibit various age-related neuropathological changes similar to aging humans [65,66].
Neuropathological changes including astrogliosis, microgliosis, and neurodegeneration
occur as early as five months of age [67]. SAMP8 mice also showed accumulated amyloid
and age-related microtubule-associated protein tau (MAPT) hyperphosphorylation, as
well as increased nitric oxide synthase activity, further demonstrating their feasibility as
a brain aging model [68,69]. In addition, decreased activities in SOD, CAT, glutathione
reductase, and GSH-Px, and increased activity in acyl-CoA oxidase were detected in SAMP8
mice at 1–12 months of age [70]. SAMP6 and SAMP8 mice also develop many other age-
related diseases, including retinal degeneration, testosterone deficiency [71], myocardial
fibrosis [72], and hepatic lipid deposition [73].

The SAMP10 mice exhibit learning and memory impairment with aging, and atrophy
is observed in the cerebral cortex and limbic system, so it is considered to be a spontaneous
model animal for aging and brain degeneration. The atrophy of the frontal cerebral cortex
and olfactory bulb is marked in SAMP10 mice [74,75].

So far, more than ten strains of SAMP mice have been identified and widely used
in aging studies, each of which can develop various age-related diseases such as renal
fibrosis (shrinking of the kidneys), immune dysfunction, and degenerative joint disease
like osteoarthritis (OA), etc.

2.3. Rps9 D95N Mouse

Rps9 D95N is a ribosome ambiguity mutation that causes error-prone protein synthesis
in mammalian ribosomes, resulting in increased error-prone translation. Rps9 D95N mutant
mice exhibit features of accelerated aging, including morphological (altered fur, cataracts,
and hunched posture), physiological (body composition and function, body weight, fat
mass, and muscle strength), and pathological (shortened lifespan, mouse urinary syndrome
and extramedullary hematopoiesis), which also complements and explains the link between
accumulation of erroneous proteins resulting from protein mistranslation and individual
aging [76].

2.4. Progeria Syndrome Mouse

Mouse models of progeria syndrome have emerged as an attractive tool for evaluating
intervention strategies for unhealthy aging due to their short lifespan, relatively simple
strategies by single gene deletion or mutation, and their strong phenotypic similarities to
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normal aging [7]. To understand important mechanisms of the aging process, progeria mice
(Lmna−/−, Wrn∆hel/∆hel, Csa−/− or Csb−/−) from common progeria types such as Hutchinson-
Gilford Progeria, Werner Syndrome, and Cockayne Syndrome are being widely used.

The most common phenotypes in mouse models of progeria can be observed in bones,
joints, skin, nervous system, adipose tissue, skeletal muscle, cardiovascular system, liver,
kidney, and the hematopoietic system. Less common lesions occur in the gonads, eyes, and
occasionally in the gastrointestinal tract [77].

Some human progeria syndromes like Werner Syndrome exhibit osteoporosis. Current
data from a mouse model of progeria indicate that senile osteoporosis is the result of
reduced bone turnover and loss of bone mass due to defects in osteoblast progenitor cells,
osteoblast differentiation, or osteoblast function [77]. Degenerative joint disease is another
major symptom that affects the elderly. Mutation in the Xpd gene of nucleotide excision
repair (NER) leads to a short lifespan, causing trichothiodystrophy (TTD) in humans. As
expected, XpdTTD/TTD mice exhibited a significant decrease in subchondral bone plate
thickness compared to that observed in wild-type mice. Surprisingly, female XpdTTD/TTD

mice exhibited less cartilage damage and fewer lost articular cartilage, compared to WT
females [78].

During the aging process, skeletal muscle was inevitably accompanied with a reduc-
tion in muscle mass, known as sarcopenia or age-related muscle atrophy, and macroscopic
examination of sarcopenic mice will show weight loss and marked reduction in muscle
mass. Sarcopenia is characterized by the loss of muscle fibers and smaller fiber cross-
sectional area that is defined as fiber atrophy [79]. The progeria mouse model Bub1bH/H and
Bub1b+/GTTA mice showed decreased mean muscle fiber diameter, increased myofiber size
variation, increased intermuscular fibrosis, and impaired regenerative capacity in skeletal
muscles [80].

Common brain aging diseases include Alzheimer’s disease (AD) and cognitive dys-
function syndrome. Brain atrophy, neuronal loss, neurofibrillary deposition of Aβ or senile
plaques, intraneuronal tauopathies (neurofibrillary tangles, NFTs), cerebrovascular amyloid
angiopathy, neuronal lipofuscinosis, vascular and meningeal calcification, decreased white
matter integrity, and astrogliosis are common age-related neurological pathologies [81]. The
brains of several mouse models of progeria show neurodegenerative changes at an early
stage. Similar to age-related gliosis, Bub1bH/H mice have increased numbers of astrocytes
and microglia at one and five months of age, respectively. Additionally, Xpg−/− mice
developed more astrocytes and increased activation of microglia in the brain and spinal
cord [82].

2.5. Mitochondrial DNA Polymerase Mutant Mouse

PolgA is the catalytic subunit of mtDNA polymerase encoded in the nucleus. Mice
that were knocked-in proofreading-deficient PolgA developed a mutator phenotype with
an over threefold increase in the mtDNA levels with point mutations and deletions. The
mtDNA polymerase mutant mouse manifest reduced lifespan and premature phenotypes
including weight loss, hair loss, reduced subcutaneous fat, kyphosis, osteoporosis, anemia,
infertility, depletion of spermatogonia, heart hypertrophy, etc.

Besides, the mtDNA polymerase deficient mouse showed age-related loss of skeletal
muscle likely contributing to sarcopenia, and age-related loss of spiral ganglion neurons,
which is recognized as a feature of presbycusis.

Mutations in mtDNA may contribute to premature aging of the organism through
apoptotic loss of critical, irreplaceable cells and thus induce tissue dysfunction. The PolgA
mutation mice showed increased TUNEL-positive cells in intestinal epithelial, thymic, and
testicular tissues. Compared to wild type mice, cleaved caspase-3 levels were significantly
higher in the cytoplasmic fractions of viscera from PolgA mutation mice. Thus, mtDNA
mutation-induced senescence was associated with the activation of apoptotic pathways in
these tissues [83,84].
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2.6. Total Body Irradiation (TBI) Model

Radiotherapy and chemotherapy are commonly used in anti-tumor therapy. However,
they result in long-term damage to a variety of organ systems, including the cardiovascular
system, gastrointestinal tract, lung, liver, musculoskeletal system, and neurological network.
These treatments cause tissue phenotypes resembling accelerated aging [85,86]. Studies
showed that sub-lethal total body irradiation (TBI) in mice induces progressive premature
frailty and damage various tissues and organs. Radiation-induced frailty can be used to
predict increased mortality and is associated with cognitive decline. Compared to control,
TBI mice gradually developed frailty at a time approximately two times earlier and the
frailty phenotype of irradiated mice was similar to those without irradiation at a higher
age [87].

TBI may induce cellular and tissue damage by direct ionization effects and indirect
free radicals generated during water radiolysis [88]. After TBI, changes of whole blood
antioxidant capacity and red blood cell (RBC) glutathione (GSH) levels happened within
two months in mice. The GSH levels and GSH/oxidized glutathione (GSSG) ratio in
RBC decreased chronically after TBI ≥ 1 Gy [89]. Following a single and relatively low
dose of TBI, the number and ability of hematopoietic stem cells (HSCs) to generate T
cells is markedly and permanently impaired, thereby accelerating aging-related thymic
involution [90].

Acute stressors such as radiation can cause senescent cells to accumulate in the el-
derly and animals. These senescent cells continue to secrete proteins that induce chronic
inflammation, break tissue homeostasis, and disrupt organ function, a phenomenon called
senescence-associated secretory phenotype (SASP) [91]. Individuals that received acute
total body irradiation of approximately 1.5 Gy or more will suffer from bone marrow
dysfunction and pancytopenia, the magnitude of which increases gradually with increasing
intensity of irradiation [92].

After TBI of adult rats exposed prior to skeletal maturation, late degenerative joint
damages in articular cartilage and trabecular bone were detected with a non-invasive
imaging techniques [93]. In vitro, radiation exposure has been shown to cause acute
degenerative alterations in the cartilage matrix composition and metabolism via lower pro-
teoglycan (PG) content and compressive stiffness [94,95]. Radiation can also cause damage
to the ovarian environment as well [96]. In adult female mice, drastic primordial follicle
loss was observed in serial sections of ovaries even at the lowest dose of irradiation [97].

2.7. Ozone-Induced Senescence Model

The aging model produced by ozone damage can cause senescence in many tissues
such as the heart, kidney, lung, and skin. Recent findings suggest that the ozone may
drive neurological disorders such as cognitive decline, memory impairment, and AD
symptoms [98]. Acute ozone exposure has effects on the nervous system of mice, causing
reactive microgliosis and increased expression of Aβ in cortical and limbic regions of the
brain [99]. Ozone exposure stimulates lung tumor growth and exacerbates the production
of lung inflammation [100,101]. Lung epithelial injury caused by ozone exposure can
lead to inflammation response, which results in the generation of multiple cytokines and
chemokines and leads to neutrophil influx [102]. Studies indicate that TNF-α is required
for ozone-induced airway hyperresponsiveness and inflammation, and the requirement
appears to depend on the strength and duration of the ozone exposure [103]. Moreover,
the antioxidants metallothionein (MT) and HO-1 are strongly induced by acute ozone
exposure [104].

2.8. Chronic Jet-Lag Mouse

Jet-lag has repeatedly been shown to hasten death in animals [105].
When the core component of the circadian clock genes Bmal1 was knocked out,

Bmal1−/− mice had reduced lifespan and displayed a number of symptoms of prema-
ture aging including sarcopenia, cataracts, less subcutaneous fat, organ shrinkage, and
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others. The early aging phenotype is associated with observed high levels of reactive
oxygen species in certain tissues of the Bmal1−/− mice [106].

A variety of research studies used rodents treated with chronic jet-lag by alternating
the timing of light/dark cycles. The circadian rhythm regulates crucial cellular activities
including metabolism and hormone secretion through circadian clock genes, which can
modulate orchestrated physiological rhythms in tissues and the whole body [107]. Studies
showed that the jet-lag-related dysregulation of the innate immune system is associated
with altered or abolished rhythms in the expression of clock genes in the suprachiasmatic
nucleus (SCN), liver, thymus, and peritoneal macrophages in mice [108]. Body temperature
rhythm, corticosterone level in serum, and expression of mPER1 protein were significantly
altered in the SCN in jet-lag mice compared to controls.

Dysregulation of the central clock genes led to increased c-Myc expression and en-
hanced cell proliferation and metabolic dysfunction and promoted growth and progression
of tumors [109–112]. Chronic jet-lag increased the level of β-galactosidase staining in the
liver as well as induced spontaneous hepatocellular carcinoma (HCC) and early breast
cancer in mice [113–115]. Besides, chronic jet-lag during pregnancy can result in abnormal
cardiac structure and impaired cardiac function in offspring [116].

Jet-lag can augment the risk for metabolic syndromes like obesity [117]. Jet-lag treat-
ment induced more fat accumulation and significantly larger adipocytes, and also increased
body weight and altered the metabolic gene profile in the mouse liver [118]. Furthermore,
decreased microbial abundance, richness, and diversity in both feces and jejunal contents
were observed in mice subjected to chronic jet-lag [119].

Jet-lag treatment aggravated depression-like behaviors as well as corticosterone-
induced depression-like behavior. Jet-lag treatment decreased the mRNA expressions
of telomere repeat binding factor 2 (Trf2) and telomerase reverse transcriptase (Tert) in the
liver, hippocampus, spleen, and muscle. Moreover, jet-lag treatment significantly decreased
the number of mitochondria, the level of NAD+, and the mRNA expressions of COX1 and
ND1 [114]. Results from preclinical studies have suggested that the circadian system may
play a critical role in drug addiction [120]. Interestingly, the expression levels of the Cat,
Gpx1, and Sod1 genes decreased more in the livers of mice subjected to both D-galactose and
jet-lag, suggesting a synergistic effect of jet-lag and D-galactose on the aging process [121].

3. Tissue-, Organ-, or System-Specific Mouse Models of Aging-Related Diseases

Among the leading effects of ageing is the heightened incidence of various aging-
related diseases, and mouse models continue to serve an essential part in the study of the
pathogenesis and treatment of these illnesses. A variety of commonly used and emerging
mouse models have been developed for different aging-related diseases, with the aim of
reproducing as closely as possible the progression of the diseases in humans (Figure 1).
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Figure 1. Aging-related diseases include Alzheimer’s disease (AD), sarcopenia, heart failure with
preserved ejection fraction (HFpEF), non-alcoholic fatty liver disease (NAFLD), chronic kidney disease
(CKD), osteoarthritis, chronic obstructive pulmonary disease (COPD), and idiopathic pulmonary
fibrosis (IPF), which occur in different tissues or organs. With the help of mice as model organisms,
researchers have used different methods to establish disease models in different tissues or organs
of mice. In recent years, some common or emerging methods of modeling aging-related diseases
are shown above, and these methods are classified according to the organ to which the disease
mainly affects. Figure 1 was created with BioRender software (https://biorender.com/ (accessed on
20 April 2022)).

3.1. Model of Aging Brain or Nerve System

Although there are some genetic similarities between mice and humans, the two
still diverge in the expression levels of certain age-related genes, which leads to poten-
tially different aging process in the central nervous system of humans and mice [122].
Therefore, changing the expression levels of those specific genes that contribute to the
aging process of the brain is the main strategy for modeling the aging brain in mice. For
now, to ensure that experimental results can be extrapolated to humans, research on such
models has mainly concentrated on evolutionarily conserved mechanisms that modulate
aging. These conserved mechanisms include genomic instability, epigenetic changes, telom-
ere attrition, mitochondrial dysfunction, loss of proteostasis, and dysregulated nutrient
sensing [122,123].

For instance, as a neurodegenerative disease, AD represents one of the most common
neurological disorders. The number of people affected by the disease has been recorded
as over tens of millions worldwide, and the number will continue to rise. Also, it is the
most common cause of dementia [124]. Over the past decades of research, with the help of
animal models, substantial advances have been made, expanding our understanding of
this disease.

So far, the etiology of AD is not yet completely understood. It is thought that genetic
elements play key roles in the onset of such disease [125]. The typical histopathological
features of AD are Aβ deposits and NFTs in the brain. However, wild-type mice do
not spontaneously exhibit symptoms of AD [126]. Because AD-related proteins differ in
sequence, pathogenicity, and number of isoforms between rodents and humans [127], the
main strategy for modeling AD in mice is to construct transgenic mice that cause amyloid
deposition or NFTs in the brain.
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Common AD-associated mutant proteins in humans include Aβ, presenilin 1 (PS1),
apolipoprotein E (ApoE), and MAPT. In the 1990s, the first transgenic AD model mice
stably expressing the mutant human Aβ precursor protein (APP) were constructed [128].
After this, transgenic mice carrying multiple human AD-related mutant proteins emerged.
One of the most commonly used AD models today is hAPP/PS1 lines, which carry both
mutated human APP and PSEN1, including transgenic strains PSAPP, APPswe/PS1∆E9,
5XFAD, and 2xKI [129]. Compared to monogenic lines containing only mutated APP or
PS1, these transgenic mice exhibit earlier and faster onset of amyloid accumulation and
cognitive impairment [130]. However, such AD models do not exhibit signs of NFTs, which
can be imitated by mouse models that express human MAPT. Based on this, Oddo et al.
constructed a 3xTg model combining the human APP, PS1, and MAPT mutations [131].
Since this model can show both Aβ deposition and NFTs in the brain, it is considered
to be the well-established transgenic model of AD. Consistent with patients with AD,
some of these transgenic mouse models (e.g., PS19, APPswe/PS1∆E9) showed increased
levels of NF-κB pathway-related proteins (IKKβ, p65, and COX-2) in the brain, indicating
upregulation of brain inflammation in these mice. Therefore, the use of such mouse models
will also help us to further clarify the relationship between neuroinflammation and the
pathogenesis of AD [132,133].

3.2. Model of Aging Muscle

The aging of the body is accompanied by the aging of the skeletal muscles. Among
other things, sarcopenia, which is a widespread progressive skeletal muscle disorder,
is associated with an increased probability of adverse consequences like falls, fractures,
physical disability, and death, and its risk increases with age [134]. Modeling of sarcopenia
in mice is divided into two main categories: models of genetic engineering and chemical or
dietary-induced models.

For genetic engineering models, the majority of research has employed knockout
(KO) mice. For example, mitofusion2 (Mfn2) is one of the important protein components
mediating mitochondrial fusion, and Mfn2 KO mice exhibit mitochondrial dysfunction in
skeletal muscle cells and specific atrophy of type IIb glycolytic fibers [135]. Collagen VI,
an extracellular matrix (ECM) protein, has a critical role in skeletal muscle. Six-month-old
Col6α1−/− mice exhibit alterations of the diaphragm consistent with aged wild-type mice,
such as abnormal tricarboxylic acid (TCA) cycle and decreased autophagy in diaphragm
cells, indicating the Col6α1−/− mouse could be considered as a premature model of skeletal
muscle aging [136]. Additionally, interleukin 10 (IL-10) [137], SOD1 [138], and NOD-like
receptor protein 3 (NLRP3) [139] deficient mice have also been employed in studying the
pathogenesis of sarcopenia as well as the intervention of therapeutically targeting such
a disease. Overexpression of certain proteins can also lead to sarcopenia, such as TNF-α
transgenic mice that exhibit reduced muscle mass, muscle fiber diameter, and Pax7+ muscle
stem-cell content [140].

For chemical or diet-induced sarcopenia models, dexamethasone is a common inducer,
which is essentially a glucocorticoid that triggers muscle atrophy in mice. It is shown
that dexamethasone induces upregulation of ubiquitin ligases in muscle, including muscle
atrophy F-box (MAFbx) and muscle ring finger 1 (MuRF1), which may further mediate
the degradation of muscle atrophy-associated proteins [141,142]. In addition, diet-induced
sarcopenia mouse models allow us to investigate the co-occurrence of sarcopenia with other
disorders, e.g., sarcopenia can also develop from the reduction in muscle mass and strength
caused by certain chronic diseases. Fabián et al. [143] treated mice with hepatotoxin 5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC), thereby inducing sarcopenia secondary to
chronic liver disease (CLD), as evidenced by reduced muscle strength and motility, as well
as the reduction in muscle fiber size and its type of transformation in mice.
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3.3. Model of Aging Heart

Heart failure is a complex disease that can eventually result from almost all cardio-
vascular disorders, like myocardial infarction, atherosclerosis, and hypertension. Based
on the left ventricular ejection fraction, heart failure is clinically classified into two major
categories: heart failure with reduced ejection fraction or preserved ejection fraction (HF-
pEF) [144]. Among them, due to the increasing morbidity and mortality of HFpEF in recent
years and the lack of effective therapeutic options for this disease, research on HFpEF has
received increasing attention and as a result, some mouse models of HFpEF have been
developed.

Long-term infusion of angiotensin II (ANGII) into mice based on a mini-osmotic pump
is one of the most common methods of modeling HFpEF. Elevated levels of ANGII in the
mouse circulatory system can trigger vasoconstriction, hypertension, aldosterone secretion,
TGF-β-mediated inflammation, and fibrosis, and ultimately cardiac hypertrophy [144].
These symptoms closely resemble those exhibited by HFpEF in humans. Furthermore,
in addition to causing obesity, a high-fat diet (HFD) is also known to induce a host of
cardiac-related symptoms, including left ventricular hypertrophy, HFpEF, and diastolic
dysfunction [145–148]. In addition, Withaar et al. [149] constructed a model with HFD and
ANGII treatment, which exhibited higher levels of cardiac fibrosis as well as more severe
diastolic dysfunction and cardiac hypertrophy compared to the single-treatment group with
HFD or ANGII. Also, Schiattarella et al. [150] developed a model in which both HFD and
the constitutive NO synthase inhibitor Nω-nitro-L-arginine methyl ester (L-NAME) were
imposed. Although L-NAME caused an increase in diastolic and systolic blood pressure,
the HFD-L-NAME group exhibited more significant cardiomyocyte hypertrophy and a
reduction of myocardial capillary density.

3.4. Model of Aging Liver

The major liver disorders in relation to aging include alcoholic liver disease (ALD),
non-alcoholic fatty liver disease (NAFLD), and liver fibrosis, with NAFLD becoming one
of the most widespread CLDs and an indication of the need of a liver transplant in recent
years [151]. NAFLD is marked by excessive fatty deposits within the liver, and some
patients may develop non-alcoholic steatohepatitis (NASH), which is a more aggressive
form of the disease with histological manifestations including steatosis, hepatocellular
swelling, and lobular inflammation, eventually leading to liver fibrosis, cirrhosis, and even
liver cancer [152].

Studies have shown that a HFD represents a major contributor to the onset and
progression of obesity and its associated metabolic diseases [153]. Therefore, in addition to
being used for HFpEF modeling, HFD can also be used for the modeling of mouse models
of NAFLD. Mice fed with HFD for a prolonged period of time develop insulin resistance,
hepatic steatosis, inflammation, and liver fibrosis [154]. In addition to HFD, diet-induced
models of NAFLD include high fructose diet, high cholesterol and bile salt diet, methionine-
and choline-deficient diet, as well as a choline-deficient, L-amino acid-defined (CDAA)
diet [155–158]. Among them, Keisuke et al. [159] established a NASH model for the CDAA
diet combined with intraperitoneal injection of lipopolysaccharide (LPS) in C57BL/6J mice.
This model showed more severe NASH-associated pathologic phenotypes and significant
NF-κB activation compared to the mice fed with the CDAA diet only. In addition, certain
chemical drugs can be used to induce NAFLD in mouse models, including streptozotocin,
carbon tetrachloride (CCl4), and tetracycline. CCl4, for example, can accelerate the process
of steatosis and fibrosis by generating reactive oxygen radicals, resulting in the damage of
hepatocyte structure and function, while metabolites of CCl4 can facilitate the release of pro-
inflammatory cytokines, further aggravating liver injury [160]. However, the treatment of
chemical drugs is often combined with dietary induction, as Kubota et al. [161] administered
CCl4 subcutaneously eight times to C57BL/6N mice fed with HFD, and showed that mice
in the HFD-CCl4 group exhibited more significant steatohepatitis compared to mice fed
with only HFD. There are also genetic models of NAFLD, such as ob/ob (leptin deficient),
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db/db (leptin receptor deficient), and melanocortin receptor 4 knockout (Mc4r−/−) mice. As
with chemical induction, these genetically engineered mice usually require a combination of
dietary induction to better model NAFLD [154]. For example, Mc4r is a G protein-coupled
receptor expressed in the hypothalamic nucleus and is associated with modulation of food
intake and metabolism [162]. Mc4r−/− mice fed with HFD exhibit significant hepatic fibrosis
with histological features of NASH similar to humans, i.e., inflammatory cell infiltration
and hepatocyte ballooning [163].

3.5. Model of Chronic Kidney Disease

Chronic kidney disease (CKD) is clinically recognized as a premature aging disease
that causes progressive systemic inflammation, vascular disease, muscle atrophy, and
organismal weakness [164]. In recent years, the morbidity and mortality of CKD have been
increasing year by year. Research in human and various animal models have shown that
CKD exhibits features of cellular senescence, like significantly higher levels of p16 and p21
in CKD patients in comparison with age-matched healthy groups. Furthermore, high levels
of p21 predict a poor prognosis in patients with chronic renal failure [165]. This implies a
close relationship between CKD and cellular senescence.

Diabetic nephropathy (DN) serves as an important cause of CKD. Various mouse
models associated with diabetic nephropathy are available, yet so far none of them can
fully mimic human signs of the disease [166]. Many attempts have been made to better
reproduce the signs of human DN. For example, db/db DBA/2J was used to establish a
DN model, which exhibited glomerulosclerosis, loss of pedicles, and thickened glomeru-
lar basement membranes after growing to 12 weeks of age. Also, the db/db DBA/2J
mice showed markedly higher albumin and albumin-to-creatinine ratio (ACR) in urine
in comparison with db/db BLKS/J mice [167]. Focal segmental glomerulosclerosis (FSGS)
is a widespread primary glomerular disease marked by podocyte impairment and loss,
along with significant proteinuria [168]. Maimaitiyiming et al. [169] administered a sin-
gle high dose of adriamycin to C57BL6/J mice, which induced signs such as proteinuria,
glomerulosclerosis, and increased levels of inflammation. In addition, some data suggested
that acute kidney injury (AKI) can increase the risk of CKD in patients [170]. Therefore,
researchers have also developed mouse models for the transition from AKI to CKD to
investigate the underlying mechanisms. For example, 129S1/SVlmj mice were modeled
with AKI and CKD using a single low-dose injection of cisplatin (CP) in combination with
a hyperphosphate diet, resulting in the development of CKD signs such as low creatinine
clearance, kidney interstitial fibrosis, hyperphosphatemia, and vascular calcification [171].
In addition, Wei et al. [172] established a model of bilateral ischemia-reperfusion injury
to CKD using C57BL/6 mice that exhibited incomplete recovery from AKI followed by a
progressive decrease in glomerular filtration rate, elevated plasma creatinine, and CKD-
related histopathological changes, including bilateral interstitial fibrosis and worsening of
proteinuria.

3.6. Model of Osteoarthritis

Osteoarthritis (OA), the most prevalent type of arthritis, is a synovial joint disorder
characterized with cartilage degeneration and osteophytes [173]. Osteoarthritis can have
a variety of causes, including obesity, inflammation, trauma, or genetic factors, the most
important of which is aging [174]. Aging of the body induces senescence in a variety
of osteoarthritis-related cells, including osteoblasts, bone lining cells, cartilage cells, and
bone marrow cells, etc. The development of osteoarthritis can be further promoted by
various pro-inflammatory or pro-aging SASP factors secreted by certain senescent cells.
These studies imply an inextricable relationship between osteoarthritis and aging of the
body [175,176].

The spontaneous model is the simplest model for establishing OA in mice, i.e., no
treatment is applied to the mice and they are allowed to develop OA spontaneously
with age. The progression of OA in these mice is very similar to the progression of non-
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traumatic OA in humans, mimicking the natural wear and tear of the joint throughout
its life course [177]. However, not all wild-type mice develop OA, and even when they
do, they require a longer rearing period, so spontaneous OA models in mice are often
combined with transgenic means. For example, the STR/ort mouse is one of the commonly
used spontaneous OA models, which has a high incidence of OA because it often exhibits
bone dislocation, elevated levels of oxidative stress, and elevated expression of various
inflammatory factors including IL-1β, IL-12, and macrophage inflammatory protein-1β,
and can develop OA spontaneously early in life [178,179]. Surgical induction is another
commonly used method to induce OA in mice, which allows for the induction of OA at a
specific joint. The most common surgical approach is anterior cruciate ligament transection
(ACLT), which causes instability of the ACLT-treated joint and induces post-traumatic
osteoarthritis (PTOA), mimicking the progression and pathogenesis of PTOA in humans.
McCulloch et al. [180] used a combination of destabilized medial meniscotibial ligament
(DMM) and cartilage scratch to model PTOA in C57BL/6 mice, and showed that mice that
underwent both procedures exhibited more severe osteophytes and synovitis than mice
in the single procedure treatment group. Furthermore, meniscectomy and oophorectomy
are also commonly used to model OA in mice [179]. In addition, OA can be induced
in mice by chemical treatment, of which collagenase is most commonly used, and the
administration of collagenase to the kneecap of mice leads to a series of osteoarthritis-like
lesions caused by patellar malalignment [181]. Another method of mouse OA modeling
has been developed in recent years, the non-invasive mechanical load model, which has
the advantage of no surgery requirement, thus avoiding the potential artefact of surgical
intervention, infection, or variation due to surgery or healing. However, the age, sex
(hormonal status), and strain of the mice may have a significant impact on the modeling
results of such methods [182,183]. For example, using an indenter, researchers have applied
steady pressure to the tibial plateau of mice, which caused damage to the synovium,
meniscus, ligaments, and articular cartilage, thus triggering histopathological changes in
PTOA such as articular cartilage loss, chondrocyte disintegration, meniscal hyperplasia,
and mineralization [183].

3.7. Model of Aging Lung

Another serious problem associated with the increase in the aging population is
the rise in morbidity and mortality from aging-related lung diseases, of which chronic
obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) are the
main types [184,185]. In humans, COPD includes chronic obstructive bronchitis with
fibrosis and small airway obstruction, and emphysema with airspace enlargement, lung
parenchymal destruction, loss of lung elasticity, and small airway closure [186]. In the case
of IPF, increased deposition of ECM in the pulmonary interstitium is manifested, ultimately
resulting in damage to the lung structure and function [185]. For COPD, smoking is the
main cause, while the etiology of IPF is not yet clear. Taken together, we still know very
little about the mechanisms in the development of both diseases. To address this issue,
more established mouse models for the two aging-related lung diseases are available.

COPD mouse models have been established mainly by drug induction. Among them,
cigarettes, as the primary contributor of COPD, are also most commonly used for the
induction of mouse COPD models [187]. Chronic cigarette smoke (CS) exposure can be
divided into two types, airway-only or systemic exposure, both of which can lead to COPD
signs such as respiratory impairment, emphysema, small airway and vascular remodeling,
or pulmonary hypertension in the lungs of mice [188]. However, this method requires a long
modeling time, often lasting several months, leading to the development of some short-term
mouse models of CS-induced COPD. For example, He et al. [189] used a 28-day CS exposure
in combination with intraperitoneal injection of CS extract in C57BL/6 mice, which not
only shortened the modeling time, but also showed comparable inflammatory levels and
pathophysiological changes to long-term CS modeling. In addition, elastase is also widely
used for COPD modeling. The most common model utilizes porcine pancreatic elastase,
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which mimics the release of neutrophil-derived elastase during COPD, leading to alveolar
tissue rupture, emphysema, and further inflammatory responses. These models have low
cost and short modeling time compared to CS exposure [190,191]. Furthermore, LPS is also
commonly used in the induction of COPD models in mice [192,193]. Mebratu et al. [194]
treated C57BL/6 mice with intranasal LPS and elastase, which resulted in COPD signs such
as mucocyte hyperplasia and emphysema. Additionally, LPS and CSE co-treatment was
also shown to significantly enhance the nuclear translocation of NF-κB, thereby promoting
the inflammatory response in COPD model mice [195].

For mouse models of IPF, the most common method is the transtracheal administration
of bleomycin (BLM), a chemotherapeutic agent derived from Streptomyces verticillis, which
also has the side effect of causing acute lung damage and fibrosis in humans. BLM can
chelate with metal ions such as iron ions and react with oxygen to produce superoxide,
which can cause DNA breakage. On the other hand, BLM can also induce lipid peroxidation,
leading to tissue damage. Such a process would ultimately result in severe inflammatory
response and pulmonary fibrosis [196,197]. Moreover, BLM induces activation of the
transcription factor NF-κB, which to some extent mediates the enhancement of pulmonary
inflammation in BLM-treated mice [198,199]. A single transtracheal administration of BLM
triggers acute lung injury and neutrophil-driven inflammatory response that lasts seven to
ten days and changes to a fibrotic response by approximately day 14 after administration,
with fibrosis levels peaking between 21–28 days [196,200]. However, there are some
limitations to this modeling approach, most notably, the spontaneous regression of the
fibrotic phenotype in mice modeled in this way after 28 days of modeling. To address
this issue, many studies have used multiple-dose BLM administrations. For example,
Redente et al. [201] developed a fortnightly three-dose BLM drip model, which showed a
more significant fibrosis phenotype in comparison with mice treated with a single dose,
and exhibited persistent and progressive characteristics. Similar to human IPF, this model
produced a phenotype of alveolar epithelial cell remodeling. In addition to BLM, fluorescein
isothiocyanate (FITC), asbestos, and silica can also be used for modeling pulmonary fibrosis,
but the histopathological features of these pulmonary fibrosis models generated using
these substances differ significantly from those of human IPF. For instance, FITC-induced
pulmonary fibrosis does not produce fibroblastic lesions, while lung diseases induced by
asbestos and silica are more similar to human asbestosis and silicosis, respectively [200].
One of the most commonly used methods for non-chemical-induced IPF is radiation
induction [202]. A single exposure to radiation can induce the fibrotic process by triggering
DNA breaks that lead to alveolar epithelial cell death and tissue damage, ultimately causing
inflammation and fibrotic responses in the lung. Nevertheless, it should be noted that this
modeling method takes longer and also lacks some of the histopathological features of
human IPF [203]. In addition, some transgenic mice can be used for modeling pulmonary
fibrosis. For example, the surfactant protein C (SP-C) gene (Sftpc) is expressed only in
alveolar epithelial type II cells (AEC2s), and mutations in this gene are thought to be
associated with familial interstitial lung disease [204,205]. Nureki et al. [206] selectively
expressed human mutant SP-C within AEC2s in mice, which led to diffuse lung injury, and
subsequently elevated levels of lung inflammatory response and spontaneously remodeled
lung fibrosis. In addition, mice with defects in some telomere-related genes have been
used for modeling pulmonary fibrosis, such as Tert [207] and Trf1 [208] deficient mice.
However, it has also been previously shown that although telomerase deficiency leads
to telomere shortening in mice, there is no difference in the phenotype of pulmonary
fibrosis produced by wild-type and telomere deficient mice treated with BLM at the same
time [209]. Therefore, further studies are needed to determine whether telomere-associated
protein defects can cause or promote the development of pulmonary fibrosis. Mucin 5B is
encoded by the Muc5b gene and has an essential function in mucociliary clearance and host
defense. Hancock et al. [210] demonstrated that the presence of excessive Muc5b within
mouse AEC2s enhanced the level of BLM-induced pulmonary fibrosis. Further, Nedd4-2,
a ubiquitin ligase, can be engaged in a variety of cellular processes related to epithelial
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homeostasis, and its dysregulation might correlate with the development of chronic lung
disease and fibrosis. Studies have shown that conditional knockout of Nedd4-2 in epithelial
cells can lead to pulmonary fibrosis [211,212]. Finally, overexpression of some cytokines
in mice can also be applied to model pulmonary fibrosis. For example, adenovirus-based
delivery of TGF-β1 in mice leads to alveolar collapse associated with surfactant dysfunction,
which further results in the development of fibrosis [213].

4. Discussion

In this review, we summarize the accelerated aging mouse models, both in systematic
whole-body and in specific organs. Although systemic-induced accelerated aging mouse
models mimic natural aging, it is not fully equal to natural aging. Models of aging organs
can mimic specific diseases to some extent while not representing the overall aging process
in the body.

When assessing the effects of inducing an accelerated aging model with the markers
of aging, not all markers show significant or consistent differences and some even exhibit
contradictory results. Therefore, diverse mouse models have been employed to recapitulate
different features of diseases, which implies the complexity of the pathogenesis of various
illnesses. Accordingly, multiple and diverse mouse models are necessary to elucidate the
pathogenesis of the various disorders that develop during human aging.

For instance, Lmna mutant mice (i.e., LmnaL530P/L530P and LmnaG609G/G609G mice) can
serve as a model for accelerated aging, but the cardiovascular phenotype exhibited by
such mice is far from the cardiovascular alterations of humans that occur during natural
aging. While cardiomyocytes expand and arterial walls thicken with age in humans, Lmna
mutant mice exhibit cardiomyocyte atrophy and depletion in vascular smooth muscle of the
aortic arch [214]. Moreover, the D-galactose-induced premature aging model can be highly
variable among rodents of different species or ages, e.g., intraperitoneal administration of
300 mg/kg D-galactose for two months to four-week-old Wistar rats did not influence their
anxiety levels, spatial cognition, memory, or neurogenesis [215].

Due to the space limit, we may miss some aging mouse models. The development
process has been proved to affect the aging process. For example, intrauterine growth
retardation can cause the offspring to have an increased incidence of type 2 diabetes in
adulthood, thus affecting their lifespan. These mouse models can also be a premature
senescence model for energy metabolism studies. Low protein restriction, total calorie re-
striction, and maternal glucocorticoid exposure to the pregnant rodents are commonly used
to induce intrauterine growth retardation. Also, induction of uteroplacental insufficiency by
a uterine artery ligation surgery can limit the nutrient supply to the fetus. These treatments
lead to epigenetic reprogramming to offspring in utero, causing their predisposition to
diabetes and other metabolic disorders in adults [216].

It should be noted that accelerated aging is not the same as natural aging. The stimuli
induced by the above induction methods can trigger adaptive responses in mice, and when
these adaptive responses are exhausted, the failure of various tissues and organs in mice
is induced. The various aging phenotypes produced by this process are quite different
from those of natural aging and the accelerated aging models cannot fully reflect the
pathogenesis of various aging-related diseases in humans. Taking the various AD mouse
models mentioned above as examples, although some transgenic models can display the
histopathological features of AD, the pathogenesis of AD not only involves mutated genes
such as APP and PSEN, but also environmental factors (e.g., heavy metals) or chronic
stress [125,217]. It is also worth noting that the organ background of the mice themselves
has an important influence on the phenotypic outcome of the various models, which is
particularly reflected in the modeling results in mice of different ages. For example, in
the BLM-induced pulmonary fibrosis model, older mice were more susceptible to stimuli
than younger mice and showed a more pronounced fibrotic phenotype and higher TGF-β
expression in their lungs, exhibiting less spontaneous regression of fibrosis [218,219]. There-
fore, when conducting aging-related disease studies, we must select mice of an appropriate
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age or genetic background for disease modeling according to the study objectives. Because
of ethics-related issues, long lifespan, environmental effects, and various constraints, it
will remain difficult to study humans as subjects for aging and its relevant disorders, at
least for the foreseeable future. In this review, we summarize some of the commonly used
and emerging aging-related mouse models in recent years. We found that although mice
are the most commonly used experimental animals today, and the utilization of mouse
models has contributed to our understanding of pathogenesis of aging and related diseases
to a certain extent, there are few mouse models that can well replicate the aging process
or the development of aging-related diseases in humans, which has seriously hindered
the progress of research in this field. The methods of induced aging may require further
research and improvement, for instance, exploring the possibility of combined effects. As
the research progresses, we will hopefully get more positive results.
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