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Abstract

The COVID-19 pandemic has caused a global health crisis and significant social economic burden. While most individ-
uals experience mild or non-specific symptoms, elderly individuals are at a higher risk of developing severe symptoms
and life-threatening complications. Exploring the key factors associated with clinical severity highlights that key char-
acteristics of aging, such as cellular senescence, immune dysregulation, metabolic alterations, and impaired regen-
erative potential, contribute to disruption of tissue homeostasis of the lung and worse clinical outcome. Senolytic

and senomorphic drugs, which are anti-aging treatments designed to eliminate senescent cells or decrease the asso-
ciated phenotypes, have shown promise in alleviating age-related dysfunctions and offer a novel approach to treating
diseases that share certain aspects of underlying mechanisms with aging, including COVID-19. This review summa-
rizes the current understanding of aging in COVID-19 progression, and highlights recent findings on anti-aging drugs

that could be repurposed for COVID-19 treatment to complement existing therapies.
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Background

Coronavirus disease 2019 (COVID-19) refers to a res-
piratory infectious disease caused by a novel coronavirus
named severe acute respiratory syndrome coronaviruses
2 (SARS-CoV-2). Coronavirus has caused several pub-
lic health crises in recent years, including severe acute
respiratory syndrome (SARS), Middle East respiratory
syndrome (MERS) and COVID-19, but our knowledge
on how to effectively manage them remains limited
(Cui et al. 2019). According to World Health Organiza-
tion (WHO) statistics, COVID-19 has caused over 774
million confirmed cases and more than 7 million deaths
globally (World Health Organization 2024). Although
most people are asymptomatic or experienced mild
symptoms including headache, fever, cough, fatigue,
and loss of smell, some may develop life-threatening
complications such as acute respiratory distress syn-
drome and multi-organ damages (Berlin et al. 2020). The
severity of COVID-19 infection depends on a variety
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of factors, with elderly individuals and those with pre-
existing medical conditions, many of which are age-
associated, such as diabetes, cardiovascular disease, and
chronic lung or kidney diseases, being at greater risk
of severe illness (Starke et al. 2021). More than 80% of
global COVID-19-related deaths between 2020 and 2021
occurred among people aged 60 years or older (Harris
2023). Similar to COVID-19, aging can cause numerous
changes at the molecular, cellular and systemic levels,
which are linked to age-related illnesses and increased
susceptibility to infectious diseases (Lopez-Otin et al.
2023). Chronic inflammation and immune dysregulation
are key features of aging, where accumulation of senes-
cent cells contributes to an excessive release of cytokines
known as the senescence-associated secretory phenotype
(SASP) (Bajaj et al. 2021). Overproduction of pro-inflam-
matory cytokines is a major cause of severe COVID-19
cases (Tay et al. 2020). Such a hyperactive inflammatory
state not only exacerbates the severity of infections like
COVID-19 but also causes complications in other age-
related diseases (Lopez-Otin et al. 2023). Therefore, a
better understanding of the pathophysiology of aging will
help to understand age-related diseases and guide tar-
geted management strategies for other deadly infectious
diseases like COVID-19.

Overview of COVID-19 pathogenesis
SARS-CoV-2 is a novel strain of coronavirus responsible
for the COVID-19 pandemic and is the seventh known
coronavirus contagious to humans. SARS-CoV-2 is a pos-
itive-sense single-stranded RNA virus belonging to Beta-
coronavirus genus, which also includes pathogens such
as SARS-CoV and MERS-CoV, known for causing pre-
vious outbreaks of respiratory diseases (Cui et al. 2019).
The spike protein on the SARS-CoV-2 envelop binds to
angiotensin-converting enzyme 2 (ACE2), the receptor
protein on host cells, and fuses with the host cell mem-
brane via the cell surface non-endosomal and/or endo-
somal pathways to enter host cells (V’kovski et al. 2021).
Once the viral RNA genome is released into the host cell
cytoplasm, it initiates viral replication to produce more
copies of viral particles (V’kovski et al. 2021).
SARS-CoV-2 infection triggers a rapid inflammatory
response within the host. Pattern recognition receptors
such as RIG-I, MDA-5, and TLR sense the viral com-
ponents and trigger the release of cytokines, including
IL-1pB, IL-6, IL-10, IL-17, TNFa, and type I IFN (Maison
et al. 2023). The pro-inflammatory cytokines help stimu-
late, recruit, and proliferate immune cells and initiate
adaptive immune response to fight the virus (Maison
et al. 2023). However, the host inflammatory response
acts a double-edged sword. The released cytokines cre-
ate a positive feedback loop that further recruit immune
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cells, potentially leading to a condition called “cytokine
storm’, characterized by excessive cytokine release and
associated with severe outcome of COVID-19 (Montaz-
ersaheb et al. 2022). The excessive cytokine release can
cause life-threatening complications including acute
respiratory distress syndrome (ARDS) and multi-organ
damages such as cardiac, renal, hepatic, and hemorrhagic
damages (Zhang et al. 2020).

Elderly individuals and those with underlying health
conditions are more endangered to suffer severe outcome
from COVID-19. Understanding the characteristics of
aging and their impact on disease susceptibility is cru-
cial for addressing disease vulnerabilities and develop-
ing targeted therapies. The following section delves into
the interplay between aging and the pathophysiology of
COVID-19.

Characteristics of aging

Aging describes the progressive, general decline in physi-
ological functions over time, a complex phenomenon that
involves multifaceted changes at the molecular, cellular,
and systemic levels (Lépez-Otin et al. 2023) In a widely
recognized review, twelve hallmarks of aging have been
described: genomic instability, telomere attrition, epige-
netic alterations, loss of proteostasis, disabled macroau-
tophagy, deregulated nutrient-sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion,
altered intercellular communication, chronic inflam-
mation, and dysbiosis (Lépez-Otin et al. 2023). Recent
research continues to explore how these hallmarks con-
tribute to our understanding of the aging process and
age-related diseases (Gasek et al. 2021).

Cellular senescence is a major hallmark of aging
defined by an irreversible exit from cell cycle triggered
by various endogenous or exogenous stressors, includ-
ing telomere shortening, accumulation of DNA damage,
oxidative stress, oncogene activation, and mitochondrial
dysfunction (Mylonas and O’Loghlen 2022). Guidelines
on how to identify senescence have recently put forward
as minimal information on senescence experimenta-
tion in vivo (MICSE) (Ogrodnik et al. 2024). Senescent
cells resist apoptosis and instead upregulate pro-survival
pathways and display a metabolic active hypersecretory
phenotype termed the SASP, producing factors including
cytokines, interleukins, growth factors, proteases, lipids,
and other bioactive substances (Wang et al. 2024), as well
as extracellular vesicles and their miRNA cargo (Weilner
et al. 2016; Terlecki-Zaniewicz et al. 2018). Although the
molecular mechanisms of SASP activation are not fully
understood yet, NF-kB and C/EBP-B have been identi-
fied to be key positive regulators, as well as mTOR and
autophagy pathways. Recognition of senescence-asso-
ciated damage-associated molecular patterns (DAMPs)
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through Toll-like receptor 2 (TLR2) also regulates the
expression of SASP and reinforces cell cycle arrest (Hari
et al. 2019). SASP signaling is further amplified by a pos-
itive-feedback loop via the activation of the IL-1 signal-
ing pathway the extracellular space stimulate other SASP
interleukins, such as IL-6, IL-8, TGF-beta, leading to par-
acrine pro-senescence and pro-inflammatory response
(Orjalo et al. 2009; Ortiz-Montero et al. 2017).

Metabolic changes are associated with aging and many
age-associated diseases such as atherosclerosis, type 2
diabetes, non-alcoholic fatty liver disease (Hotamisligil
and Erbay 2008). For example, hyperactive mammalian
target of rapamycin (mTOR) pathway triggers a series of
signals that lead to the unfolded protein response, activa-
tion of JUN N-terminal kinase and increase of cytokine
secretion (Hotamisligil and Erbay 2008). Small molecu-
lar compounds targeting nutrient sensing pathways such
as sirtuins, AMP kinase, mTOR and insulin-IGF1 have
become major targets for senotherapies. Additionally,
lifestyle intervention on metabolism, such as physical
activity and calorie restriction, has been shown to con-
tribute to healthier lifespan (Weichhart 2018).

Role of aging in lung regeneration

during COVID-19

The aging lungs undergo several structural changes
including progressive loss of alveolar surface area, dila-
tion of air spaces, reduced mucociliary clearance, and
decreased elasticity, which contribute to a decline in lung
function, and exacerbate the impact of COVID-19 to the
elderly (Sharma and Goodwin 2006). Understanding the
mechanisms underlying age-related lung regeneration
and repair is crucial for developing effective treatments
(i.e., senomorphics) to address long-term consequences
of COVID-19 on pulmonary function, particularly in the
aging population.

The decline of lung-resident stem cells with age com-
promises the lungs’ ability to repair and regenerative
capacity, causing vulnerability to pulmonary diseases
(Kotton and Morrisey 2014). Basal cells, which are multi-
potent progenitors, have the ability to self-renew and
differentiate into various cell types, including club cells,
goblet cells, neuroendocrine cells, and ciliated cells,
decrease in the regenerative potential in the elderly (Sch-
neider et al. 2021; Hong et al. 2004). For instance, Aros
et al. demonstrated that glandular-like epithelial invagi-
nations (GLEIs), derived from airway basal stem cells,
emerge exclusively in the intercartilaginous zone (ICZ)
of aged mice. As airway basal stem cell-derived Wnts
facilitate differentiation into ciliated cells in young indi-
viduals, the reduced regenerative potential in elderly
individuals contributes to epithelial dysfunction in
COVID-19 patients (Aros et al. 2020). Additionally, He
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et al. identified deficiencies in the structural components
of cilia and dysregulation of ATP production in the cilia
of COVID-19 patients. This results in ciliary dysfunction
and impaired mucus clearance (He et al. 2020). Conse-
quently, mucus accumulation can spread infection and
enhance inflammation, leading to acute lung injury and
acute respiratory distress syndrome (ARDS). The fail-
ure to repair airway ciliary dysfunction drives mucus
accumulation, as observed in diseases such as primary
ciliary dyskinesia, cystic fibrosis, and chronic obstruc-
tive pulmonary disease (COPD) (Bustamante-Marin and
Ostrowski 2017; Tilley et al. 2015). Moreover, detection
of senescent cells in the lungs increased with age, chang-
ing the interaction between lung-resident cells, neighbor-
ing cells, and the extracellular matrix (ECM) component,
leading to increased cytokine production, tissue homeo-
stasis disruption and elastic property changes of the
lung (Calhoun et al. 2016). Therefore, aging diminishes
the regenerative and repair capacity of human lungs, as
well as accelerates senescence-associated secretory phe-
notype, making it a significant risk factor for severe out-
come in COVID-19.

Long-term consequence of COVID-19 and aging
Long-term consequences of COVID-19, often referred to
as "long COVID" or post-acute sequelae of SARS-CoV-2
infection, are characterized by diffusive and prolonged
symptoms following the initial infection. It is estimated
that 10% of infected individuals experience long-term
effects of COVID-19 (Ballering et al. 2022). Long-term
consequences of COVID-19 present symptoms such as
fatigue, cognitive impairment, cardiovascular issues,
musculoskeletal complications and muti-organ damage
(Ceban et al. 2022; Patel et al. 2022; Azadvari et al. 2022).
A key challenge after the COVID-19 pandemic will be to
provide remediation for the affected individuals.

Current research suggests that residual viral activity
and/or chronic inflammation are critical factors in the
development of long COVID (Goh et al. 2022; Peluso
et al. 2021). Viral infection may exacerbate age-related
pathologies through enhanced SASP-mediated inflam-
mation (Lee et al. 2021). Severe COVID-19 has indeed
been associated with molecular signatures of brain aging
(Mavrikaki et al. 2022). Long-COVID shares overlap-
ping mechanistic and phenotypic properties with other
post-infectious illness such as chronic fatigue syndrome,
which, among other, shows premature telomere attri-
tion indicative of accelerated cell aging (McKeever 2024;
Rajeevan et al. 2018). Moreover, chronic viral infections,
for instance HIV, have been linked to premature aging,
a form of ‘acquired premature progeroid syndrome’
(APPS) (Grillari et al. 2007), concomitant with an early
onset of age-related diseases (Breen et al. 2022; Capeau
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2011 ; Filgueira et al. 2021). If age-related alteration and
the accumulation of senescent cells contribute to the
chronic inflammation underlying long COVID, anti-
aging therapies such as senolytic and senomophic drugs,
could potentially alleviate the associated symptoms and
improve overall quality of life for those suffering from
long COVID (Rad and Grillari 2023).

COVID-19 and cellular senescence

Cellular senescence is a stress-induced state of perma-
nent cell-cycle arrest that occurs in response to various
stressors, including viral infections (Wang et al.2024).
When cells enter senescence, they not only stop divid-
ing but also begin secreting a complex mixture of pro-
inflammatory cytokines, chemokines, and proteases,
collectively referred to as the SASP. SARS-CoV-2, the
virus responsible for COVID-19, has been shown to
induce cellular senescence in host cells, a process known
as virus-induced senescence (VIS) (Lee et al. 2021). This
induction of senescence plays a crucial role in the patho-
genesis of COVID-19 by exacerbating inflammation,
causing tissue damage, and contributing to immune dys-
regulation. These effects are especially pronounced in
elderly individuals, who typically harbor a higher burden
of pre-existing senescent cells.

SARS-CoV-2 enters host cells by utilizing the ACE2
receptor. Higher levels of the ACE2 receptor were
detected in primary human lung epithelial cells in vitro
when exposed to the secretions from aging pre-adipo-
cytes or endothelial cells (Camell et al. 2021). Aged ham-
sters exhibited higher viral load, upregulation of ACE2 in
the lungs, and the colocalization of ACE2 with the senes-
cent marker CDKN2A (p16) (Delval et al. 2023). ACE2
expression increase was observed with age in severe
COVID-19 patients (Baker et al. 2021). Then, the SASP
amplifies senescence effects in a paracrine way to non-
ACE2 expression cells, which contributes to the patho-
logical changes in the lungs, including excessive release
of pro-inflammatory cytokines, endothelial cell damage,
aberrant neutrophil activation, fibrosis, and microthrom-
bosis, all of which are associated with severe COVID-19
outcomes (Schmitt et al. 2023). Furthermore, SARS-CoV-
2-infection induce a sustained paracrine senescence
phenotype and a senescence-associated inflammatory
response even after the clearance of virus, suggesting
that this vicious cycle might at least contribute to chronic
post-COVID-19 conditions (Tsuji et al. 2022), indicat-
ing that COVID-19 might range under the senopathies
(Tsuji et al. 2022; Lushchak et al. 2023)—diseases asso-
ciated with senescent cells—while inflammaging and
immunosenescence contribute to increased severity of
COVID-19 (Zinatizadeh et al. 2022).
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Aging causes the accumulation and reduced clearance
of senescent macrophages, along with changes of M1/
M2 macrophage ratio. In parallel, accumulation of M2
macrophages has been reported in the bronchoalveolar
lavage fluid of severe COVID-19 patients, which again
is associated with immune modulation and pro-fibrotic
gene expression (Liao et al. 2020). Other features of the
aging immune system, including decrease of T cell recep-
tor (TCR) diversity and persistent low-grade inflam-
mation, have also been described to occur in severe
COVID-19 patients (Hou et al. 2021; Sudrez-Reyes and
Villegas-Valverde 2021).

Taken together, we suggest that understanding the role
of senescence in COVID-19 provides valuable insights
into disease mechanisms and suggests potential thera-
peutic opportunities. Figure 1 describes the connection
between cellular senescence, anti-aging strategies and
COVID-19 treatment.

Targeting senescent cells in COVID-19 treatment
Strategies to treat COVID-19 mainly focus on the viral
replication cycle or host immune factors. Anti-aging
drugs offer synergistic strategies to treat COVID-19 by
targeting senescent cells, which we will discuss further
in the following sections. Currently, anti-aging drugs are
classified into two types: senolytics (clearance of senes-
cent cells) — as recently reviewed by us (Rad and Grillari,
2023) and senomorphics (attenuating senescence-asso-
ciated secretory phenotype) (Lagoumtzi and Chondro-
gianni 2021). Information of these drugs is summarized
in Table 1 and the molecular targets of these drugs are
represented in Fig. 2.

Senolytics

The combination of dasatinib and quercetin (D + Q)
Dasatinib, quercetin, and fisetin are classic senolyt-
ics for removal of senescent cells. These drugs can be
used in combination to expand cell-type specificity and
enhance their anti-aging effects. Among the most studied
senolytic drugs are Dasatinib (D)—a Src/tyrosine kinase
inhibitor, and Quercetin (Q)—a natural flavonoid that
binds to BCL-2, when used together, they have shown
promising results in vitro by effectively eliminating
senescent cells (Zhu et al. 2015).

Dasatinib, a potent tyrosine kinase inhibitor (TKI), is
primarily used in oncology for the treatment of chronic
myeloid leukemia (CML). Recent studies have extended
the application of TKIs beyond oncology and explore
their potentials in treating COVID-19. Network-based
analyses that integrate patient, cell line, and database
information have identified TKIs like dasatinib as
promising agents against COVID-19 (Tomazou et al.
2021). In silico models further support its capacity to
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Fig. 1 Schematic illustration describing the impact of SARS-CoV-2 on aging-associated lung dysfunction and outlining potential therapeutic
strategies

Table 1 Detailed information for senolytics and senomorphics

Drugs Main Target NCT# COVID-19 and Anti-aging Evidence
Senolytics
Dasatinib Tyrosine kinases  NCT04115059 A phase 2 trial assess the efficacy of dasatinib in treating moderate and severe COVID-19
cases
Quercetin PI3K NCT04578158 A phase 2 randomized, open-labelled and controlled study aimed to investigate the adjuvant
benefits of Quercetin Phytosome in community-based subjects with confirmed SARS-CoV-2
infection
Fisetin PI3K/AKT NCT04771611 A phase 2 placebo-controlled pilot study in COVID-19 of fisetin to alleviate dysfunction
and decrease complications in at-risk outpatients
ABT-263 Bcl-2 family Not available  Not available
Cardiac glycosides Na+/K+-ATPase Notavailable  Not available

Senomorphics

Rapamycin mTOR NCT04409327 A phase 2 study to determine if RTB101 reduces the severity of COVID-19 in older adults
residing in nursing homes

Metformin NF-kB NCT04604678 A phase 2 study into the use of metformin and LDN for patients with COVID-19

Aspirin COX1, COX2 NCT04410328 A phase 3 study to explore the efficacy of Aggrenox (Dipyridamole ER 200 mg/ Aspirin 25 mg
orally/enterally) in patients with SARS-CoV-2 infection with symptoms consistent with COVID-
19

Resveratrol t-PA-1 NCT05601180 An interventional, controlled clinical study to evaluate of the efficacy of Respicure® (resvera-
trol / quercetin) in the management of respiratory conditions including long COVID

Spermidine TC45 NCT05421546 An interventional study to evaluate the efficacy of spermidine as a nutraceutical in enhanc-

ing vaccine responses, mitigating immune senescence, and reducing inflammaging
among human volunteers aged over 65, either during or after vaccination against SARS-
CoV-2 orinfluenza

interfere with key proteins involved in SARS-CoV-2
replication (Attia et al. 2022). Clinical observations
suggest that COVID-19 patients with CML on TKI reg-
imens not only recover faster but also exhibit a more
controlled inflammatory response (Singh et al. 2021;
Basci et al. 2020; Abruzzese et al. 2020; Abdalhadi et al.
2020; Rea et al. 2020; Li 2020). Moreover, animal stud-
ies using COVID-19 models, such as K18-hACE2 mice

and Roborovski dwarf hamsters, have shown encourag-
ing outcomes with dasatinib and quercetin (D/Q) treat-
ment (Pastor-Ferndndez et al. 2023), including reduced
mortality rates, less pulmonary damage and fewer fea-
tures of lung disease in treated viral-infected animals.
This finding suggests that TKIs could have therapeutic
benefits beyond their current use in cancer treatment
(Lee et al. 2021).
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Fig. 2 Schematic illustration of the molecular targets of senolytic and senomorphic drugs

Quercetin has been explored as a supplemental treat-
ment for COVID-19 patients based on its antiviral
properties. These properties allow Quercetin to inter-
fere with various stages of the coronavirus entry and
replication cycle, as confirmed by both in vitro and
in vivo studies. Research indicates that Quercetin sup-
plementation is safe and well-tolerated by COVID-19
patients, offering significant benefits including reduced
rates of hospitalization, a decreased need for oxygen
therapy, lower ICU admissions, and reduced mortality
rates (Pierro et al. 2023). Moreover, Quercetin-treated
patients showed quicker viral clearance and an expe-
dited resolution of acute COVID-19 symptoms. An
interventional clinical study (NCT05601180) has been
conducted to evaluate the efficacy of combining res-
veratrol and quercetin as an add-on treatment for res-
piratory conditions, including long COVID in Algerian
adult patients. These results suggest that Quercetin
could be a valuable therapeutic agent against COVID-
19, potentially on its own or in conjunction with other
treatments (Agrawal et al. 2020). The expansion of
D/Q into viral therapy illustrates a promising horizon
for these compounds, highlighting their versatility and
potential to address emergent global health challenges.

Fisetin
Fisetin, a flavonoid naturally found in various fruits and
vegetables and available as a dietary supplement, has
demonstrated potential as a senolytic agent due to its
anti-inflammatory and immunomodulatory effects by
targeting PI3K/AKT/mTOR signaling cascade (Sun et al.
2021; Verdoorn et al. 2021). Research involving animal
models has shown that Fisetin can alleviate senescence-
associated disorders in mice. In a study using a normal
microbial experience mouse model infected with the
B-coronavirus mouse hepatitis virus. Fisetin treatment
resulted in reduced markers of senescence and decreased
levels of SASP inflammatory factors in several organs,
including the liver, kidney, lung, and spleen. Similar
experiments using a combination of D/Q also showed
significantly improved survival rates compared to con-
trol groups (Camell et al. 2021). These findings suggest
that both Fisetin and D/Q can reduce senescence and
inflammation post-infection, which contributes to pro-
longed survival and an enhanced antibody response to
SARS-CoV-2.

Based on these promising results, a multicenter,
placebo-controlled clinical trial has been initiated by
the National Institutes of Health to further investigate
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Fisetin’s efficacy in delaying, preventing, or treating com-
plications associated with SARS-CoV-2 infection. This
step marks a significant advancement in exploring the
potential of senolytics like Fisetin in clinical settings, par-
ticularly for treating viral infections like COVID-19 (Ver-
doorn et al. 2021).

ABT-263 (navitoclax)

ABT-263, a derivative of ABT-737, was developed as a
pan-BCL inhibitor and is noted for its improved oral bio-
availability and aqueous solubility compared to its pre-
decessor. Like ABT-737, ABT-263 effectively eliminates
senescent cells in lung epidermis (Zhang et al. 2023).
Notably, its senolytic effects have been observed to be
cell-type dependent: it efficiently reduces the viability
of senescent cells such as human umbilical vein epithe-
lial cells (HUVECs), IMR90 human lung fibroblasts, and
murine embryonic fibroblasts (MEFs), but it does not
affect human primary preadipocytes in the same manner
(Zhu et al. 2016).

In studies using aged mouse models, ABT-263 has
shown promising results in reducing the susceptibility to
SARS-CoV-2 infection, which is associated with the pres-
ence of age-related senescent cells. Treatment with ABT-
263 has led to lower levels of SASP inflammatory factors
in serum, improved lung health, and reduced markers
of chronic lung disease (Delval et al. 2023). Specifically,
ABT-263 treatment decreased the number of p16-posi-
tive cells, reduced senescence-associated characteristics,
and lowered viral loads in aged hamsters, accompanied
by decreased ACE2 expression and better lung dis-
ease outcomes. This result indicates that ABT-263 may
enhance both acute and long-term outcomes of COVID-
19 by clearing existing senescent cells, reducing ACE2
expression, attenuating virus replication, and alleviating
lung disease features.

The effectiveness of ABT-263, however, varies across
different animal models. While senolytic activity was
observed in human fibroblasts, its efficacy in hamster
fibroblasts infected with SARS-CoV-2 was limited (Tsuji
et al. 2022). In contrast, in mouse models infected with
a mouse-adapted strain of SARS-CoV-2, ABT-263 effec-
tively decreased senescence-associated gene expression,
suggesting that senolytic drugs could significantly reduce
the senescence-associated inflammatory response trig-
gered by SARS-CoV-2 infection, even after the virus has
been cleared (Tsuji et al. 2022).

Cardiac glycosides

Cardiac glycosides (CGs), such as digoxin and ouabain,
function as inhibitors of the Na+/K+ ATPase and are
commonly used to treat heart disease (Guerrero et al.
2019). The mechanism of CGs is rather complicated, and
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recent research has found their potential in treating other
diseases through the modulation of autophagy. Notably, a
study has found that CGs selectively kill senescent cells in
mice, avoiding the toxic side effects often observed from
conventional therapies (Guerrero et al. 2019). A study on
the human lung adenocarcinoma cell line, A549, utilized
high-throughput screening to identify CGs as potent
senolytic agents, with Proscillaridin A standing out for
its nanomolar range IC50 values. Similarly, Digoxin was
shown to be effective against senescent cells in various
cell types and under different stimuli, highlighting the
broad application potentials of CGs as senolytics (Triana-
Martinez et al. 2019).

Beyond their role in targeting senescent cells, CGs
have also shown significant potential in combating viral
infections. They inhibit the interaction between the
SARS-CoV-2 spike protein and the ACE2 receptor on
pulmonary and other ACE2-expressing cells, prohibiting
the virus’s entry into cells and reducing infection rates.
Laboratory studies on drugs like ouabain, digitoxin, and
digoxin support their role in disrupting crucial viral-
host interactions (Caohuy et al. 2021). Further research
assessing the antiviral effects of digoxin and ouabain
against SARS-CoV-2 in Vero cells found that these com-
pounds could significantly inhibit viral replication. These
glycosides showed over 99% inhibition of progeny virus
titers compared to control treatments, indicating effec-
tive viral suppression at the post-entry stage of the viral
lifecycle (Cho et al. 2020).

The efficacy of digoxin extends beyond its antiviral
activity, as it also plays a role in modulating the immune
response. In studies involving cotton rats infected with
an influenza strain, digoxin administration signifi-
cantly reduced inflammatory factors associated with a
viral-induced cytokine storm. This property could be
particularly beneficial in treating severe viral infec-
tions characterized by excessive immune reaction (Pol-
lard et al. 2020). Collectively, these findings collectively
underscore the potential of Cardiac Glycosides, such
as digoxin and ouabain, as multifaceted therapeutic
agents capable of acting as both senolytics and antivirals,
offering new avenues for the treatment of diseases like
COVID-19 and beyond.

Senomorphics

Rapamycin

Rapamycin is a macrolide compound known for its
anti-fungal, immunosuppressive, and anti-prolifera-
tive effects wildly used in clinical research. It primar-
ily exerts its immunosuppressive and anti-proliferative
actions through inhibiting mTOR, a protein kinase that
forms part of two complexes, mTORC1 and mTORC2.
The mTOR-PI3K-AKT signaling pathway plays a critical
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role in SARS-CoV-2 infection, which can be alleviated
by blocking viral genome transcription and protein syn-
thesis (Mashayekhi-Sardoo and Hosseinjani 2022). Clini-
cal trials are currently underway to evaluate the efficacy
of drugs targeting the PI3K/Akt/mTOR pathway for
COVID-19 treatment. Specifically, rapamycin targets
mTORC1 more effectively, which leads to the induc-
tion of autophagy and a reversal of age-related immune-
senescence through increasing the immune response
(Mannick et al. 2021).

A study on age-related immune senescence in mice
(22-24 months old) treated with rapamycin showed
promising results. After a regimen of rapamycin or a
control substance for six weeks followed by a two-week
washout, the mice were immunized against HIN1 influ-
enza. Indeed, aged mice treated with rapamycin dis-
played improved immune function and higher survival
rates following the HIN1 challenge compared to con-
trols, which largely failed to mount an effective immune
response (Chen et al. 2009).

Moreover, it has been noted that SARS-CoV-2 infection
may inhibit autophagy by disrupting various metabolic
pathways. Research indicates that interventions aimed at
inducing autophagy can limit the spread of SARS-CoV-2
in cell cultures. Based on these findings, rapamycin has
been proposed for large-scale clinical trials as a potential
treatment for COVID-19. Preliminary data indicates that
low doses of rapamycin might effectively treat COVID-
19, minimizing the risk of severe side effects such as
cytokine storms, thus providing a potential benefit for
infected patients (Husain and Byrareddy 2020).

Metformin
Metformin, a synthetic biguanide widely used in clini-
cal research to treat diabetes, has emerged as a poten-
tial candidate for anti-aging intervention. Its anti-aging
effects are attributed to multiple mechanisms, includ-
ing suppression of cellular senescence and SASPs, inhi-
bition of mTOR activity, and promotion of autophagy.
Additionally, metformin has been observed to attenuate
various age-related dysfunctions, making it a promising
candidate for interventions aiming at delaying or pre-
venting age-related diseases. The Targeting Aging with
Metformin (TAME) trial, led by Dr. Nir Barzilai is cur-
rently investigating the potential of metformin to target
aging and delay the onset of age-related diseases (Padki
et al. 2021). This study, along with a growing body of
research on metformin’s anti-aging and anti-COVID-19
properties, highlights the emerging interest in repurpos-
ing this widely available and inexpensive generic drug for
the purpose of addressing the challenge of multi disease.
Metformin’s anti-inflammatory properties may also
contribute to its potential benefits in COVID-19. In
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addition to inhibiting the TNFa, IL-1p and IL-6 induced
Nuclear Factor kappa-light-chain-enhancer of activated B
cells (NF-«B) activation, several COVID-19 drugs inhibit
the NF-«xB activation through disrupting the crosstalk
signaling, such as MAPK (JNK/ERK/p38), ANG II-AT1R
and ACE2-MAS signaling pathways (Attiq et al. 2021).
For example, metformin suppresses NF-kB activation via
inhibiting p38 activation and ANG II-AT1R axis (Kamy-
shnyi et al. 2021). This mechanism, along with its other
anti-aging properties, suggests that metformin could
potentially be a valuable tool in combating age-related
diseases and managing COVID-19. Several clinical stud-
ies, primarily retrospective, indicating beneficial out-
comes for COVID-19 patients managed with this drug
(Usman et al. 2022). Insights from the TARGET-COVID
study highlight metformin’s association with reduced
inflammation, less renal ischemia, fewer instances of
thrombosis, shorter hospital stays, and lower intubation
rates. Another retrospective study involving 586 patients
revealed that those who used metformin prior to hospital
admission experienced a 40% reduction in all-cause mor-
tality compared to those without metformin treatment
(Saygili et al. 1971). Additionally, a cohort study indicated
that residents with SARS-CoV-2 infections taking met-
formin had a significantly lower risk of mortality within
30 days compared to those on other diabetes medica-
tions or no diabetes medications at all (Lally et al. 2021).
These findings suggest that metformin’s capacity to
inhibit mMTOR may play a role in these positive outcomes,
offering a promising avenue for further research into its
therapeutic benefits in COVID-19 treatment beyond tra-
ditional glycemic control.

Aspirin

Aspirin, commonly known as a non-steroidal anti-inflam-
matory drug (NSAID), has been observed to potentially
extend lifespan and health span (Berkel and Cacan 2021;
Strong et al. 2008). This effect may be due to its ability
to delay the onset of replicative senescence in endothelial
cells, likely mediated by increased nitric oxide synthesis
and reduced oxidative stress, which in turn may enhance
telomerase activity (Bode-Boger et al. 2005). Further-
more, the relevance of aspirin in treating COVID-19 has
gained attention due to the high incidence of thrombo-
embolic events such as venous thromboembolism and
pulmonary embolism reported in COVID-19 patients,
with rates as high as 42% and 17% in severe cases, respec-
tively. Aspirin’s antithrombotic properties may make it
a valuable component of treatment protocols for these
complications (Mohamed-Hussein et al. 2020). Aspirin’s
potential benefits in COVID-19 may extend beyond its
antithrombotic effects. Studies have shown that aspirin
inhibits NF-kB activation by inhibiting both type 1 and
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type 2 cyclooxygenase, leading to lower virus-induced
ROS (Abani et al. 2022). This effect may contribute to
aspirin’s observed ability to increase the rate of being
discharged alive within 28 days in COVID-19 patients,
though it did not reduce mortality or the risk of pro-
gressing to invasive mechanical ventilation or death.
This effect may contribute to aspirin’s observed ability to
increase the rate of being discharged alive within 28 days
in COVID-19 patients, though it did not reduce mortality
or the risk of progressing to invasive mechanical ventila-
tion or death (Abani et al. 2022). While other antioxidant
therapies, such as N-acetylcysteine, have shown prom-
ise in reducing virus-induced ROS, their clinical efficacy
in severe COVID-19 patients remains unclear (Alencar
et al. 2019; Hamidi et al. 2021). While other antioxidant
therapies, such as N-acetylcysteine, have shown prom-
ise in reducing virus-induced ROS, their clinical efficacy
in severe COVID-19 patients remains unclear (Alencar
et al. 2019; Hamidi et al. 2021).

In clinical research, the impact of chronic aspirin use
on COVID-19 outcomes has been investigated. A sig-
nificant retrospective study involving 35,370 patients
explored the effects of an active aspirin prescription prior
to contracting SARS-CoV-2. The findings indicated that
aspirin users had a substantially lower risk of mortal-
ity, with a 32% reduction at both 14 and 30 days post-
infection (Osborne et al. 2021). Even after adjusting for
variables such as age, gender, comorbidities, and mortal-
ity risk scores, aspirin use was associated with a marked
decrease in mortality rates, highlighting its potential
protective effect against severe outcomes of COVID-19.
These insights into aspirin’s mechanisms and its potential
benefits in COVID-19 treatment underscore the impor-
tance of further research to fully understand and poten-
tially harness its therapeutic capabilities in the context of
infectious diseases and age-related health challenges.

Resveratrol

Resveratrol, a natural compound commonly found in
grapes, berries, and other plants, is known for its diverse
biological activities including anti-inflammatory, anti-
cancer, antiviral, antioxidant, cardioprotective, and neu-
roprotective effects. Notably, resveratrol functions as a
senomorphic agent by reducing plasminogen activator-1
(t-PA-1) secretion, a molecule that facilitates fibrinoly-
sis and activates NF-kB. This reduction in t-PA-1 indi-
rectly modulates NF-kB activity, thereby diminishing the
release of the SASP, which is implicated in the aging pro-
cess and various disease states (Giordo et al. 2021).

In the context of COVID-19, a significant complication
observed in severe cases is coagulopathy, which includes
thrombus formation and blood vessel occlusion. Res-
veratrol’s anti-platelet aggregation properties could be
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beneficial here as well. By inhibiting platelet activation
and affecting the coagulation cascade, resveratrol holds
the potential to be a valuable pharmacotherapeutic agent
in treating COVID-19, particularly by mitigating vascular
thrombosis and systemic inflammation (Battinelli 2020;
Hottz et al. 2020). Given these properties, resveratrol
is considered a promising candidate for adjunct treat-
ment in COVID-19, aiming to slow or ameliorate severe
outcomes associated with the disease. This suggests a
potential role for resveratrol in complementing stand-
ard COVID-19 treatments, thereby possibly enhancing
patient outcomes in those experiencing severe manifes-
tations of the virus. Further research and clinical trials
could provide more definitive evidence regarding its effi-
cacy and applications in COVID-19 treatment protocols
(Giordo et al. 2021).

Spermidine

Spermidine has been identified to expand the life span of
a series of various model organisms ranging from yeast
to mouse (Eisenberg et al. 2016), a selective agonist of
T-cell protein tyrosine phosphatase (TC45), plays a role
in inhibiting SARS-CoV-2 replication through multiple
mechanisms (Mattila et al. 2014). It promotes autophagy,
which aids in degrading and removing the virus from
infected cells. Additionally, spermidine may impair viral
replication by inhibiting specific viral proteins. While its
precise molecular mechanism is still under investigation,
spermidine, has recently been studied for its potential
antiviral effects against SARS-CoV-2 (Minois 2014). A
recent study utilized liquid chromatography-mass spec-
trometry (LC—MS) to analyze amine-containing metabo-
lites, employing a benzoyl chloride derivatization method
to enhance detection sensitivity. The experimental setup
for metabolic profiling and isotope tracing involved cul-
tivating cells under various conditions, followed by incu-
bation with either SARS-CoV-2 or a mock control. The
findings from this study indicated that the exogenous
administration of spermidine not only stabilized polyam-
ine metabolism but also promoted autophagy, contribut-
ing to its antiviral effects within complex cellular systems.
Specifically, spermidine treatment led to a substantial
reduction in SARS-CoV-2 growth in primary human air-
way epithelial cells and intestinal organoids (Gassen et al.
2021). The determined half-maximal inhibitory concen-
tration (IC50) of spermidine was 136.7 mM, suggesting
that it can significantly inhibit viral growth at concentra-
tions that are non-toxic to the cells.

These results highlight the potential of spermidine as
a therapeutic agent in the treatment of COVID-19, par-
ticularly due to its dual role in modulating metabolism
and enhancing the autophagic response, which together
contribute to its antiviral capabilities. Further research
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and clinical trials could help clarify the extent of spermi-
dine’s effectiveness and its possible integration into treat-
ment protocols for COVID-19 (Gassen et al. 2021).

Discussion

The COVID-19 pandemic had a dramatic impact on
global health and the economy. It has stimulated tre-
mendous efforts to investigate underlying disease
mechanism and to develop therapeutic interventions.
Elderly individuals are more susceptible to severity out-
comes of COVID-19. By investigating aging-related cel-
lular changes and COVID-19 pathologies, scientists are
exploring common mechanisms that could be targeted
by anti-aging therapies. Targeted elimination of senes-
cent cells by senolytics or suppression of SASP by seno-
morphics represents a promising therapeutic strategy for
COVID-19.

Despite the potential of senolytic and senomorphic
drugs, they are still in the early stages of clinical develop-
ment, with several challenges remained to be addressed.
Current senolytic and senomorphic drugs may not be
universally effective across all types of senescent cells.
The heterogeneity of senescent cells, which vary by tissue
type and the underlying causes of senescence, necessi-
tates the development of new compounds that can target
a broader range of senescent cell types. Moreover, bio-
availability issues with some senolytic and senomorphic
drugs limit their broader application. While there is proof
of concept for the efficacy of these therapies, translating
these findings into clinical practice remains challenging.
A key concern is whether anti-aging therapies directly
benefit the outcome of diseases such as COVID-19, or if
pleiotropic drug effects on different levels are causing the
beneficial effects in COVID-19 versus on aging. Rigor-
ous long-term and well-designed clinical trials are neces-
sary to validate the safety and efficacy of these therapies
in humans. Additionally, continued research is needed to
optimize these therapies for more selective targeting of
senescent cells and to explore their potential when com-
bined with other therapeutic approaches for COVID-19
and other age-related diseases.

Interestingly, immunotherapies have also shown poten-
tial in senolytic activity. This type of therapy is widely
used in cancer research and could be investigated as a
senolytic approach for aging-associated diseases Novel
immunological strategies, such as vaccines, CAR T-cells,
and monoclonal antibodies, offer alternative approaches
to senescence-targeted therapies (Du et al. 2023). While
these strategies come with their own challenges and
potential risks, they may help overcome certain limita-
tions observed in current pharmacological approaches.
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ACE2 angiotensin-converting enzyme 2

ALl acute lung injury

AMPK AMP kinase

ARDS acute respiratory distress syndrome
APPS acquired premature progeroid syndrome
CF cystic fibrosis

CGs Cardiac glycosides

CML chronic myeloid leukemia

COPD chronic obstructive pulmonary disease
COVID-19 Coronavirus disease 2019

D Dasatinib

ECM extracellular matrix

GLEIs glandular-like epithelial invaginations
HUVECs human umbilical vein epithelial cells
IC50 half-maximal inhibitory concentration
ICZ intercartilaginous zone

IFN interferon

INK JUN N-terminal kinase

LC-MS liquid chromatography-mass spectrometry
MEFs murine embryonic fibroblasts

MERS Middle East respiratory syndrome

mTOR the mammalian target of rapamycin
NSAID non-steroidal anti-inflammatory drug
PASC post-acute sequelae of SARS-CoV-2 infection
PCD primary ciliary dyskinesia

Q Quercetin

SARS severe acute respiratory syndrome
SARS-CoV-2  syndrome coronaviruses 2

SASP senescence associated secretory phenotype
TAME Targeting Aging with Metformin

TKI tyrosine kinase inhibitor

UPR unfolded protein response

WHO World Health Organization

Acknowledgements
Not applicable.

Authors’ contributions

Y.Y.and K.L. performed literature review and original draft preparation. H.W.,,
M.H., JW.and X.Y. edited the manuscript. J.G. provided valuable feedback and
comments. J.C. and K.L proposed the topic of this manuscript.

Funding

This work was financially supported by the National Key R&D Program of
China (2021YFE0112900), the Austrian Science Fund (FWF) Herzfelder'sche
Familienstiftung project P35268-B, BMBWF and WTZ-OEAD grant (CN
04/2021), Basic Research Project of Guangzhou Institutes of Biomedicine

and Health, Chinese Academy of Sciences (GIBHBRP23-02), Youth Innovation
Promotion Association, CAS, Science and Technology Planning Project of
Guangdong Province, China (2023B1212060050, 2023B1212120009), Science
and Technology Projects in Guangzhou (2024A04J4199), Guangdong Basic
and Applied Basic Research Foundation (2021A1515111044), National Science
Foundation of China (320004 14).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

Dr. Jiekai Chen is a member of the Editorial Board for Cell Regeneration.
He was not involved in the journal's review of, or decisions related to, this
manuscript.



Yu et al. Cell Regeneration (2024) 13:20

Received: 14 June 2024 Accepted: 10 September 2024
Published online: 02 October 2024

References

Abani O, Abbas A, Abbas F, Abbas M, Abbasi S, Abbass H, et al. Aspi-
rin in patients admitted to hospital with COVID-19 (RECOVERY):

a randomised, controlled, open-label, platform trial. Lancet.
2022,399(10320):143-51. https://doi.org/10.1016/S0140-6736(21)
01825-0.

Abdalhadi AM, Alshurafa A, Alkhatib M, Abou Kamar M, Yassin MA. Confirmed
Coronavirus Disease-19 (COVID-19) in a Male with Chronic Myeloid
Leukemia Complicated by Febrile Neutropenia and Acute Respiratory
Distress Syndrome. Case Rep Oncol. 2020;13(2):569-77. https://doi.org/
10.1159/000508378.

Abruzzese E, Luciano L, D’Agostino F, Trawinska MM, Pane F, De Fabritiis P.
SARS-CoV-2 (COVID-19) and Chronic Myeloid Leukemia (CML): a case
report and review of ABL kinase involvement in viral infection: CML and
COVID-19. Mediterr J Hematol Infect Dis. 2020;12(1):e2020031. https://
doi.org/10.4084/mjhid.2020.031.

Agrawal PK, Agrawal C, Blunden G. Quercetin: Antiviral Significance and
Possible COVID-19 Integrative Considerations. Nat Prod Commun.
2020;15(12):1934578X2097629. https://doi.org/10.1177/1934578X20
976293.

Aros CJ, Vijayaraj P, Pantoja CJ, Bisht B, Meneses LK, Sandlin JM, et al. Distinct
Spatiotemporally Dynamic Wnt-Secreting Niches Regulate Proximal
Airway Regeneration and Aging. Cell Stem Cell. 2020;27(3):413-429.e4.
https://doi.org/10.1016/j.stem.2020.06.019.

Attia MS, Hassaballah MY, Negida A, Sebaiy MM, Ziedan NI. Bcr-abl tyrosine
kinase inhibitors as candidates for the treatment of covid-19: Molecular
docking, pharmacophore modeling, admet studies. Biointerface Res
Appl Chem. 2022;12(3):3357-71. https://doi.org/10.33263/briac123.
33573371.

Attiq A, Yao LJ, Afzal S, Khan MA. The triumvirate of NF-kB, inflamma-
tion and cytokine storm in COVID-19. Int Immunopharmacol.
2021;101(PB):108255. https://doi.org/10.1016/j.intimp.2021.108255.

Azadvari M, Haghparast A, Nakhostin-Ansari A, Emami Razavi SZ, Hosseini M.
Musculoskeletal symptoms in patients with long COVID: A cross-sec-
tional study on Iranian patients. Heliyon. 2022 Aug 1;8(8). https://doi.
0rg/10.1016/j.heliyon.2022.e10148.

Bajaj V, Gadi N, Spihlman AP, Wu SC, Choi CH, Moulton VR. Aging, Immunity,
and COVID-19: How Age Influences the Host Immune Response to
Coronavirus Infections? Front Physiol. 2021;12(11):571416. https://doi.
0rg/10.3389/fphys.2020.571416.

Baker SA, Kwok S, Berry GJ, Montine TJ. Angiotensin-converting enzyme 2
(ACE2) expression increases with age in patients requiring mechanical
ventilation. PLoS One. 2021;16(2 February):1-17. https://doi.org/10.
1371/journal.pone.0247060.

Ballering VA, van Zon SKRR, olde Hartman TC, Rosmalen JGMM, Ballering AV,
van Zon SKRR, et al. Persistence of somatic symptoms after COVID-19
in the Netherlands: an observational cohort study. Lancet. 2022 Aug
6;400(10350):452-61. https://doi.org/10.1016/50140-6736(22)01214-4.

Basci S, Ata N, Altuntas F, Yigenoglu TN, Dal MS, Korkmaz S, et al. Outcome of
COVID-19 in patients with chronic myeloid leukemia receiving tyrosine
kinase inhibitors. J Oncol Pharm Pract. 2020;26(7):1676-82. https://doi.
org/10.1177/1078155220953198.

Battinelli EM. COVID-19 concerns aggregate around platelets. Blood.
2020;136(11):1221-3. https://doi.org/10.1182/blood.2020007805.

Berkel C, Cacan E. A collective analysis of lifespan-extending compounds
in diverse model organisms, and of species whose lifespan can be
extended the most by the application of compounds. Biogerontology.
2021;22(6):639-53. https://doi.org/10.1007/510522-021-09941-y.

Berlin DA, Gulick RM, Martinez FJ. Severe Covid-19. N Engl J Med.
2020;383(25):2451-60. https://doi.org/10.1056/NEJMcp2009575.
Bode-Boger SM, Martens-Lobenhoffer J, Tager M, Schroder H, Scalera F. Aspirin
reduces endothelial cell senescence. Biochem Biophys Res Commun.

2005;334(4):1226-32. https://doi.org/10.1016/j.bbrc.2005.07.014.

Breen EC, Sehl ME, Shih R, Langfelder P, Wang R, Horvath S, et al. Accelerated
aging with HIV begins at the time of initial HIV infection. iScience. 2022
Jul 15;25(7). https://doi.org/10.1016/].is¢i.2022.104488.

Page 11 of 13

Bustamante-Marin XM, Ostrowski LE. Cilia and mucociliary clearance. Cold
Spring Harb Perspect Biol. 2017,9(4):1-17. https://doi.org/10.1101/
cshperspect.a028241.

Calhoun C, Shivshankar P, Saker M, Sloane LB, Livi CB, Sharp ZD, et al. Senes-
cent Cells Contribute to the Physiological Remodeling of Aged Lungs.
Journals Gerontol - Ser A Biol Sci Med Sci. 2016;71(2):153-60. https://
doi.org/10.1093/gerona/glu241.

Camell CD, Yousefzadeh MJ, Zhu Y, Prata LGPL, Huggins MA, Pierson M, et al.
Senolytics reduce coronavirus-related mortality in old mice. Science
(80-). 2021;373(6552):eabe4832. https://doi.org/10.1126/science.abe48
32.

Caohuy H, Eidelman O, Chen T, Liu S, Yang Q, Bera A, et al. Common cardiac
medications potently inhibit ACE2 binding to the SARS-CoV-2 Spike,
and block virus penetration and infectivity in human lung cells. Sci Rep.
2021;11(1):22195. https://doi.org/10.1038/541598-021-01690-9.

Capeau J. Premature Aging and Premature Age-Related Comorbidi-
ties in HIV-Infected Patients: Facts and Hypotheses. Clin Infect Dis.
2011;53(11):1127-9. https://doi.org/10.1093/cid/cir628.

Ceban F, Ling S, Lui LMWW, Lee Y, Gill H, Teopiz KM, et al. Fatigue and cognitive
impairment in Post-COVID-19 Syndrome: A systematic review and
meta-analysis. Brain Behav Immun. 2022;1(101):93-135. https://doi.org/
10.1016/j.bbi.2021.12.020.

Chen C, LiuY, Liu Y, Zheng P. mTOR Regulation and Therapeutic Rejuvenation
of Aging Hematopoietic Stem Cells. Sci Signal. 2009;2(98). https://doi.
org/10.1126/scisignal.2000559.

Cho J, Lee YJ, Kim JH, Kim S I, Kim SS, Choi B-S, et al. Antiviral activity of
digoxin and ouabain against SARS-CoV-2 infection and its implica-
tion for COVID-19. Sci Rep. 2020;10(1):16200. https://doi.org/10.1038/
541598-020-72879-7.

COVID-19 Epidemiological Update(World Health Organization). 2024;1-28.

Cui J, Li F, Shi ZL. Origin and evolution of pathogenic coronaviruses.

Nat Rev Microbiol. 2019;17(3):181-92. https://doi.org/10.1038/
s41579-018-0118-9.

Delval L, Hantute-Ghesquier A, Sencio V, Flaman JM, Robil C, Angulo FS,
et al. Removal of senescent cells reduces the viral load and attenu-
ates pulmonary and systemic inflammation in SARS-CoV-2-infected,
aged hamsters. Nat Aging. 2023;3(7):829-45. https://doi.org/10.1038/
$43587-023-00442-w.

De Alencar JCG, Moreira C de L, Mller AD, Chaves CE, Fukuhara MA, Da Silva
EA, et al. Double-blind, Randomized, Placebo-controlled Trial with
N-acetylcysteine for Treatment of Severe Acute Respiratory Syndrome
Caused by Coronavirus Disease 2019 (COVID-19). Clin Infect Dis.
2021;72(11):E736-41. https://doi.org/10.1093/cid/ciaa1443.

Di Pierro F, Khan A, Igtadar S, Mumtaz SU, Chaudhry MNA, Bertuccioli A, et al.
Quercetin as a possible complementary agent for early-stage COVID-
19: Concluding results of a randomized clinical trial. Front Pharmacol.
2023;13(13):1096853. https://doi.org/10.3389/fphar.2022.1096853.

Du PY, Gandhi A, Bawa M, Gromala J. The ageing immune system as a poten-
tial target of senolytics. Oxford Open Immunol. 2023;4(1). https://doi.
0rg/10.1093/oxfimm/igad004.

Eisenberg T, Abdellatif M, Schroeder S, Primessnig U, Stekovic S, Pend! T, et al.
Cardioprotection and lifespan extension by the natural polyamine
spermidine. Nat Med. 2016;22(12):1428-38. https://doi.org/10.1038/
nm.4222.

Filgueira L, Larionov A, Lannes N. The influence of virus infection on microglia
and accelerated brain aging. Cells. 2021;10(7). https://doi.org/10.3390/
cells10071836.

Gasek NS, Kuchel GA, Kirkland JL, Xu M. Strategies for targeting senescent
cells in human disease. Nat Aging. 2021;1(10):870-9. https://doi.org/10.
1038/543587-021-00121-8.

Gassen NC, Papies J, Bajaj T, Emanuel J, Dethloff F, Chua RL, et al. SARS-CoV-
2-mediated dysregulation of metabolism and autophagy uncovers
host-targeting antivirals. Nat Commun. 2021;12(1):3818. https://doi.org/
10.1038/541467-021-24007-w.

Giordo R, Zinellu A, Eid AH, Pintus G. Therapeutic Potential of Resveratrol in
COVID-19-Associated Hemostatic Disorders. Molecules. 2021;26(4):856.
https://doi.org/10.3390/molecules26040856.

Goh D, Lim JCT, Fernaindez SB, Joseph CR, Edwards SG, Neo ZW, et al. Case
report: Persistence of residual antigen and RNA of the SARS-CoV-2


https://doi.org/10.1016/S0140-6736(21)01825-0
https://doi.org/10.1016/S0140-6736(21)01825-0
https://doi.org/10.1159/000508378
https://doi.org/10.1159/000508378
https://doi.org/10.4084/mjhid.2020.031
https://doi.org/10.4084/mjhid.2020.031
https://doi.org/10.1177/1934578X20976293
https://doi.org/10.1177/1934578X20976293
https://doi.org/10.1016/j.stem.2020.06.019
https://doi.org/10.33263/briac123.33573371
https://doi.org/10.33263/briac123.33573371
https://doi.org/10.1016/j.intimp.2021.108255
https://doi.org/10.1016/j.heliyon.2022.e10148
https://doi.org/10.1016/j.heliyon.2022.e10148
https://doi.org/10.3389/fphys.2020.571416
https://doi.org/10.3389/fphys.2020.571416
https://doi.org/10.1371/journal.pone.0247060
https://doi.org/10.1371/journal.pone.0247060
https://doi.org/10.1016/S0140-6736(22)01214-4
https://doi.org/10.1177/1078155220953198
https://doi.org/10.1177/1078155220953198
https://doi.org/10.1182/blood.2020007805
https://doi.org/10.1007/s10522-021-09941-y
https://doi.org/10.1056/NEJMcp2009575
https://doi.org/10.1016/j.bbrc.2005.07.014
https://doi.org/10.1016/j.isci.2022.104488
https://doi.org/10.1101/cshperspect.a028241
https://doi.org/10.1101/cshperspect.a028241
https://doi.org/10.1093/gerona/glu241
https://doi.org/10.1093/gerona/glu241
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1038/s41598-021-01690-9
https://doi.org/10.1093/cid/cir628
https://doi.org/10.1016/j.bbi.2021.12.020
https://doi.org/10.1016/j.bbi.2021.12.020
https://doi.org/10.1126/scisignal.2000559
https://doi.org/10.1126/scisignal.2000559
https://doi.org/10.1038/s41598-020-72879-7
https://doi.org/10.1038/s41598-020-72879-7
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1038/s43587-023-00442-w
https://doi.org/10.1038/s43587-023-00442-w
https://doi.org/10.1093/cid/ciaa1443
https://doi.org/10.3389/fphar.2022.1096853
https://doi.org/10.1093/oxfimm/iqad004
https://doi.org/10.1093/oxfimm/iqad004
https://doi.org/10.1038/nm.4222
https://doi.org/10.1038/nm.4222
https://doi.org/10.3390/cells10071836
https://doi.org/10.3390/cells10071836
https://doi.org/10.1038/s43587-021-00121-8
https://doi.org/10.1038/s43587-021-00121-8
https://doi.org/10.1038/s41467-021-24007-w
https://doi.org/10.1038/s41467-021-24007-w
https://doi.org/10.3390/molecules26040856

Yu et al. Cell Regeneration (2024) 13:20

virus in tissues of two patients with long COVID. Front Immunol.
2022;5:13. https://doi.org/10.3389/fimmu.2022.1036894.

Grillari J, Katinger H, Voglauer R. Contributions of DNA interstrand cross-links
to aging of cells and organisms. Nucleic Acids Res. 2007;35(22):7566—
76. https://doi.org/10.1093/nar/gkm1065.

Guerrero A, Herranz N, Sun B, Wagner V, Gallage S, Guiho R, et al. Car-
diac glycosides are broad-spectrum senolytics. Nat Metab.
2019;1(11):1074-88. https://doi.org/10.1038/542255-019-0122-z.

Hamidi SH, Kadamboor Veethil S, Hamidi SH. Role of pirfenidone in TGF-3
pathways and other inflammatory pathways in acute respiratory syn-
drome coronavirus 2 (SARS-Cov-2) infection: a theoretical perspec-
tive. Pharmacol Reports. 2021;73(3):712-27. https://doi.org/10.1007/
$43440-021-00255-x.

Hari P, Millar FR, Tarrats N, Birch J, Quintanilla A, Rink CJ, et al. The innate
immune sensor Toll-like receptor 2 controls the senescence-associ-
ated secretory phenotype. Sci Adv. 2019;5(6):1-14. https://doi.org/10.
1126/sciadv.aaw0254.

Harris E. Most COVID-19 Deaths Worldwide Were Among Older People.
JAMA. 2023;329(9):704-704. https://doi.org/10.1001/jama.2023.1554.

He J, Cai S, Feng H, Cai B, Lin L, Mai Y, et al. Single-cell analysis reveals bron-
choalveolar epithelial dysfunction in COVID-19 patients. Protein Cell.
2020;11(9):680-7. https://doi.org/10.1007/513238-020-00752-4.

Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR. In vivo differentiation
potential of tracheal basal cells: Evidence for multipotent and unipo-
tent subpopulations. Am J Physiol - Lung Cell Mol Physiol. 2004;286(4
30-4):643-9. https://doi.org/10.1152/ajplung.00155.2003.

Hotamisligil GS, Erbay E. Nutrient sensing and inflammation in metabolic
diseases. Nat Rev Immunol. 2008;8(12):923-34. https://doi.org/10.
1038/nri2449.

Hottz ED, Azevedo-Quintanilha IG, Palhinha L, Teixeira L, Barreto EA, Pao
CRR, et al. Platelet activation and platelet-monocyte aggregate
formation trigger tissue factor expression in patients with severe
COVID-19. Blood. 2020;136(11):1330-41. https://doi.org/10.1182/
blood.2020007252.

Hou X, Wang G, Fan W, Chen X, Mo C, Wang Y, et al. T-cell receptor reper-
toires as potential diagnostic markers for patients with COVID-19. Int
JInfect Dis. 2021;113:308-17. https://doi.org/10.1016/j.ijid.2021.10.
033.

Husain A, Byrareddy SN. Rapamycin as a potential repurpose drug
candidate for the treatment of COVID-19. Chem Biol Interact.
2020;331:109282. https://doi.org/10.1016/j.cbi.2020.109282.

Kamyshnyi O, Matskevych V, Lenchuk T, Strilbytska O, Storey K, Lushchak O.
Metformin to decrease COVID-19 severity and mortality: Molecu-
lar mechanisms and therapeutic potential. Biomed Pharmacother.
2021;144(June):112230. https://doi.org/10.1016/j.biopha.2021.112230.

Kotton DN, Morrisey EE. Lung regeneration: Mechanisms, applications and
emerging stem cell populations. Nat Med. 2014;20(8):822-32. https://
doi.org/10.1038/nm.3642.

Lagoumtzi SM, Chondrogianni N. Senolytics and senomorphics: Natural and
synthetic therapeutics in the treatment of aging and chronic diseases.
Free Radic Biol Med. 2021;171(January):169-90. https://doi.org/10.

1016/j freeradbiomed.2021.05.003.

Lally MA, Tsoukas P, Halladay CW, O'Neill E, Gravenstein S, Rudolph JL.
Metformin is Associated with Decreased 30-Day Mortality Among
Nursing Home Residents Infected with SARS-CoV2. J Am Med Dir Assoc.
2021;22(1):193-8. https://doi.org/10.1016/jjamda.2020.10.031.

Lee S, Yu Y, Trimpert J, Benthani F, Mairhofer M, Richter-Pechanska P, et al.
Virus-induced senescence is a driver and therapeutic target in
COVID-19. Nature. 2021;599(7884):283-9. https://doi.org/10.1038/
$41586-021-03995-1.

LiW, Wang D, Guo J, et al. COVID-19 in persons with chronic myeloid
leukaemia. Leukemia. 2020;34:1799-804. https://doi.org/10.1038/
s41375-020-0853-6.

Liao M, LiuY, Yuan J,WenY, Xu G, Zhao J, et al. Single-cell landscape of
bronchoalveolar immune cells in patients with COVID-19. Nat Med.
2020;26(6):842-4. https://doi.org/10.1038/541591-020-0901-9.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of
aging: An expanding universe. Cell. 2023;186(2):243-78. https://doi.org/
10.1016/j.cell.2022.11.001.

Page 12 of 13

Lushchak O, Schosserer M, Grillari J. Senopathies—Diseases Associated with
Cellular Senescence. Biomolecules. 2023;13(6):1-10. https://doi.org/10.
3390/biom13060966.

Maison DP, Deng Y, Gerschenson M. SARS-CoV-2 and the host-immune
response. Front Immunol. 2023;14(June):1-9. https://doi.org/10.3389/
fimmu.2023.1195871.

Mannick JB, Teo G, Bernardo P, Quinn D, Russell K, Klickstein L, et al. Target-
ing the biology of ageing with mTOR inhibitors to improve immune
function in older adults: phase 2b and phase 3 randomised trials.
Lancet Heal Longev. 2021;2(5):e250-62. https://doi.org/10.1016/52666-
7568(21)00062-3.

Mashayekhi-Sardoo H, Hosseinjani H. A new application of mTOR inhibitor
drugs as potential therapeutic agents for COVID-19. J Basic Clin Physiol
Pharmacol. 2022,33(1):17-25. https://doi.org/10.1515/jbcpp-2020-0495.

Mattila E, Marttila H, Sahlberg N, Kohonen P, Téhtinen S, Halonen P, et al. Inhibi-
tion of receptor tyrosine kinase signalling by small molecule agonist of
T-cell protein tyrosine phosphatase. BMC Cancer. 2010;10(May 2014).
https://doi.org/10.1186/1471-2407-10-7.

Mavrikaki M, Lee JD, Solomon IH, Slack FJ. Severe COVID-19 is associated
with molecular signatures of aging in the human brain. Nat Aging.
2022;2(12):1130-7. https://doi.org/10.1038/543587-022-00321-w.

McKeever V. Long covid and myalgic encephalomyelitis/chronic fatigue
syndrome are overlapping conditions. BMJ. 2024;18:384. https://doi.
0rg/10.1136/bmj.q613.

Minois N. Molecular Basis of the ‘Anti-Aging” Effect of Spermidine and Other
Natural Polyamines - A Mini-Review' Gerontology. 2014;60(4):319-26.
https://doi.org/10.1159/000356748.

Mohamed-Hussein AAR, Aly KME, Ibrahim M-EAA. Should aspirin be used for
prophylaxis of COVID-19-induced coagulopathy? Med Hypotheses.
2020;144:109975. https://doi.org/10.1016/j.mehy.2020.109975.

Montazersaheb S, Hosseiniyan Khatibi SM, Hejazi MS, Tarhriz V, Farjami A, Gha-
semian Sorbeni F, et al. COVID-19 infection: an overview on cytokine
storm and related interventions. Virol J. 2022;19(1):1-15. https://doi.org/
10.1186/512985-022-01814-1.

Mylonas A, O'Loghlen A. Cellular Senescence and Ageing: Mechanisms and
Interventions. Front Aging. 2022;3(March):1-10. https://doi.org/10.
3389/fragi.2022.866718.

Ogrodnik M, Carlos Acosta J, Adams PD, d’Adda di Fagagna F, Baker DJ, Bishop
CL, et al. Guidelines for minimal information on cellular senescence
experimentation in vivo. Cell. 2024;187(16):4150-75. https://doi.org/10.
1016/j.cell.2024.05.059.

Orjalo AV, Bhaumik D, Gengler BK, Scott GK, Campisi J. Cell surface-bound
IL.-1a’is an upstream regulator of the senescence-associated IL-6/IL-8
cytokine network. Proc Natl Acad Sci U S A. 2009;106(40):17031-6.
https://doi.org/10.1073/pnas.0905299106.

Ortiz-Montero P, Londofo-Vallejo A, Vernot JP. Senescence-associated IL-6 and
IL-8 cytokines induce a self- and cross-reinforced senescence/inflam-
matory milieu strengthening tumorigenic capabilities in the MCF-7
breast cancer cell line. Cell Commun Signal. 2017;15(1):1-18. https://
doi.org/10.1186/512964-017-0172-3.

Osborne TF, Veigulis ZP, Arreola DM, Mahajan SM, R66sli E, Curtin CM. Asso-
ciation of mortality and aspirin prescription for COVID-19 patients
at the Veterans Health Administration. Den Uil C, editor. PLoS One.
2021;16(2):e0246825. https://doi.org/10.1371/journal pone.0246825.

Padki MM, Stambler I. Targeting Aging with Metformin (TAME). In: Gu D, Dupre
ME, editors. Encyclopedia of Gerontology and Population Aging. Cham:
Springer International Publishing; 2021. p. 4908-10. https://doi.org/10.
1007/978-3-030-22009-9_400.

Pastor-Fernandez A, Bertos AR, Sierra-Ramirez A, Del Moral-Salmoral J,

Merino J, De Avila Al et al. Treatment with the senolytics dasatinib/
quercetin reduces SARS-CoV-2-related mortality in mice. Aging Cell.
2023;22(3):213771. https://doi.org/10.1111/acel.13771.

Patel MA, Knauer MJ, Nicholson M, Daley M, Van Nynatten LR, Martin C, et al.
Elevated vascular transformation blood biomarkers in Long-COVID indi-
cate angiogenesis as a key pathophysiological mechanism. Mol Med.
2022;28(1):1-12. https://doi.org/10.1186/510020-022-00548-8.

Peluso MJ, Lu S, Tang AF, Durstenfeld MS, Ho HE, Goldberg SA, et al. Markers
of Immune Activation and Inflammation in Individuals With Postacute
Sequelae of Severe Acute Respiratory Syndrome Coronavirus 2 Infec-
tion. J Infect Dis. 2021;224(11):1839. https://doi.org/10.1093/infdis/jiab4
90.


https://doi.org/10.3389/fimmu.2022.1036894
https://doi.org/10.1093/nar/gkm1065
https://doi.org/10.1038/s42255-019-0122-z
https://doi.org/10.1007/s43440-021-00255-x
https://doi.org/10.1007/s43440-021-00255-x
https://doi.org/10.1126/sciadv.aaw0254
https://doi.org/10.1126/sciadv.aaw0254
https://doi.org/10.1001/jama.2023.1554
https://doi.org/10.1007/s13238-020-00752-4
https://doi.org/10.1152/ajplung.00155.2003
https://doi.org/10.1038/nri2449
https://doi.org/10.1038/nri2449
https://doi.org/10.1182/blood.2020007252
https://doi.org/10.1182/blood.2020007252
https://doi.org/10.1016/j.ijid.2021.10.033
https://doi.org/10.1016/j.ijid.2021.10.033
https://doi.org/10.1016/j.cbi.2020.109282
https://doi.org/10.1016/j.biopha.2021.112230
https://doi.org/10.1038/nm.3642
https://doi.org/10.1038/nm.3642
https://doi.org/10.1016/j.freeradbiomed.2021.05.003
https://doi.org/10.1016/j.freeradbiomed.2021.05.003
https://doi.org/10.1016/j.jamda.2020.10.031
https://doi.org/10.1038/s41586-021-03995-1
https://doi.org/10.1038/s41586-021-03995-1
https://doi.org/10.1038/s41375-020-0853-6
https://doi.org/10.1038/s41375-020-0853-6
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.3390/biom13060966
https://doi.org/10.3390/biom13060966
https://doi.org/10.3389/fimmu.2023.1195871
https://doi.org/10.3389/fimmu.2023.1195871
https://doi.org/10.1016/S2666-7568(21)00062-3
https://doi.org/10.1016/S2666-7568(21)00062-3
https://doi.org/10.1515/jbcpp-2020-0495
https://doi.org/10.1186/1471-2407-10-7
https://doi.org/10.1038/s43587-022-00321-w
https://doi.org/10.1136/bmj.q613
https://doi.org/10.1136/bmj.q613
https://doi.org/10.1159/000356748
https://doi.org/10.1016/j.mehy.2020.109975
https://doi.org/10.1186/s12985-022-01814-1
https://doi.org/10.1186/s12985-022-01814-1
https://doi.org/10.3389/fragi.2022.866718
https://doi.org/10.3389/fragi.2022.866718
https://doi.org/10.1016/j.cell.2024.05.059
https://doi.org/10.1016/j.cell.2024.05.059
https://doi.org/10.1073/pnas.0905299106
https://doi.org/10.1186/s12964-017-0172-3
https://doi.org/10.1186/s12964-017-0172-3
https://doi.org/10.1371/journal.pone.0246825
https://doi.org/10.1007/978-3-030-22009-9_400
https://doi.org/10.1007/978-3-030-22009-9_400
https://doi.org/10.1111/acel.13771
https://doi.org/10.1186/s10020-022-00548-8
https://doi.org/10.1093/infdis/jiab490
https://doi.org/10.1093/infdis/jiab490

Yu et al. Cell Regeneration (2024) 13:20

Pollard BS, BLANCOI JC, Pollard JR, Care C. Classical Drug Digitoxin Inhibits
Influenza Cytokine Storm, With Implications for Covid-19 Therapy.

In Vivo (Brooklyn). 2020;34(6):3723-30. https://doi.org/10.21873/invivo.
12221,

Rad AN, Grillari J. Current senolytics: Mode of action, efficacy and limitations,
and their future. Mech Ageing Dev. 2023;2024(217):111888. https://doi.
0rg/10.1016/j.mad.2023.111888.

Rajeevan MS, Murray J, Oakley L, Lin JMS, Unger ER. Association of chronic
fatigue syndrome with premature telomere attrition. J Transl Med.
2018;16(1):1-11. https://doi.org/10.1186/512967-018-1414-x.

Rea D, Mauro MJ, Cortes JE, Jiang Q, Pagnano KB, Ongondi M, et al. COVID-19
in Patients (pts) with Chronic Myeloid Leukemia (CML): Results from the
International CML Foundation (iCMLf) CML and COVID-19 (CANDID)
Study. Blood. 2020;136(Supplement 1):46—7. https://doi.org/10.1182/
blood-2020-140161.

Saygili ES, Karakili¢ E, Mert E, Sener A, Mirci A. Preadmission usage of met-
formin and mortality in COVID-19 patients including the post-discharge
period. Irish J Med Sci (1971 -). 2022;191(2):569-75. https://doi.org/10.
1007/511845-021-02823-9.

Schmitt CA, Tchkonia T, Niedernhofer LJ, Robbins PD, Kirkland JL, Lee S. COVID-
19 and cellular senescence. Nat Rev Immunol. 2023;23(4):251-63.
https://doi.org/10.1038/541577-022-00785-2.

Schneider JL, Rowe JH, Garcia-de-Alba C, Kim CF, Sharpe AH, Haigis MC. The
aging lung: Physiology, disease, and immunity. Cell. 2021;184(8):1990-
2019. https://doi.org/10.1016/j.cell.2021.03.005.

Sharma G, Goodwin J. Effect of aging on respiratory system physiology and
immunology. Clin Interv Aging. 2006;1(3):253-60. https://doi.org/10.
2147/ciia.2006.1.3.253.

Balraj Singh, Sarah Ayad, Parminder Kaur, Vinod Kumar, Sachin Gupta, Michael
Maroules. COVID-19 Induced Pancytopenia in a Major Molecular
Response CML patient on Dasatinib: A Case Report and Review of
Literature. Eur J Case Reports Intern Med. 2021;(LATEST ONLINE):10-3.
https://doi.org/10.12890/2021_002233.

Starke KR, Reissig D, Petereit-Haack G, Schmauder S, Nienhaus A, Seidler A.
The isolated effect of age on the risk of COVID-19 severe outcomes:

A systematic review with meta-analysis. BMJ Glob Heal. 2021,6(12):1—
12. https://doi.org/10.1136/bmjgh-2021-006434.

Strong R, Miller RA, Astle CM, Floyd RA, Flurkey K, Hensley KL, et al. Nordihy-
droguaiaretic acid and aspirin increase lifespan of genetically hetero-
geneous male mice. Aging Cell. 2008;7(5):641-50. https://doi.org/10.
1111/j.1474-9726.2008.00414 x.

Sudrez-Reyes A, Villegas-Valverde CA. Implications of low-grade inflamma-
tion in SARS-CoV-2 immunopathology. MEDICC Rev. 2021;23(2):42—

54. https://doi.org/10.37757/MR2021V23.N2.4.

Sun’Y, Qin H, Zhang H, Feng X, Yang L, Hou DX, et al. Fisetin inhibits inflamma-
tion and induces autophagy by mediating PI3K/AKT/mTOR signaling
in LPS-induced RAW264.7 cells. Food Nutr Res. 2021,65(7):1-19. https://
doi.org/10.29219/fnrv65.6355.

Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFPP. The trinity of COVID-19: immu-
nity, inflammation and intervention. Nat Rev Immunol. 2020;20(6):363—
74. https://doi.org/10.1038/541577-020-0311-8.

Terlecki-Zaniewicz L, Limmermann |, Latreille J, Bobbili MR, Pils V, Schosserer
M, et al. Small extracellular vesicles and their miRNA cargo are anti-
apoptotic members of the senescence-associated secretory pheno-
type. Aging (Albany NY). 2018;10(5):1103-32. https://doi.org/10.18632/
aging.101452.

Tilley AE, Walters MS, Shaykhiev R, Crystal RG. Cilia dysfunction in lung disease.
Annu Rev Physiol. 2015;77:379-406. https://doi.org/10.1146/annurev-
physiol-021014-071931.

Tomazou M, Bourdakou MM, Minadakis G, Zachariou M, Oulas A, Karatzas E,
et al. Multi-omics data integration and network-based analysis drives a
multiplex drug repurposing approach to a shortlist of candidate drugs
against COVID-19. Brief Bioinform. 2021;22(6):bbab114. https://doi.org/
10.1093/bib/bbab114.

Triana-Martinez F, Picallos-Rabina P, Da Silva-Alvarez S, Pietrocola F, Llanos S,
RodillaV, et al. Identification and characterization of Cardiac Glycosides
as senolytic compounds. Nat Commun. 2019;10(1):4731. https://doi.
0rg/10.1038/541467-019-12888-x.

Tsuji S, Minami S, Hashimoto R, Konishi Y, Suzuki T, Kondo T, et al. SARS-

CoV-2 infection triggers paracrine senescence and leads to a

Page 13 of 13

sustained senescence-associated inflammatory response. Nat Aging.
2022;2(2):115-24. https://doi.org/10.1038/543587-022-00170-7.

Usman A, Bliden KP, Cho A, Walia N, Jerjian C, Singh A, et al. Metformin use in
patients hospitalized with COVID-19: lower inflammation, oxidative
stress, and thrombotic risk markers and better clinical outcomes. J
Thromb Thrombolysis. 2022;53(2):363-71. https://doi.org/10.1007/
$11239-022-02631-7.

V'kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and repli-
cation: implications for SARS-CoV-2. Nat Rev Microbiol. 2021;19(3):155-
70. https://doi.org/10.1038/541579-020-00468-6.

Verdoorn BP, Evans TK, Hanson GJ, Zhu Y, Langhi Prata LGP, Pignolo RJ, et al.
Fisetin for COVID-19 in skilled nursing facilities: Senolytic trials in the
COVID era. J Am Geriatr Soc. 2021;69(11):3023-33. https://doi.org/10.
1111/jgs.17416.

Wang B, Han J, Elisseeff JH, Demaria M. The senescence-associated secretory
phenotype and its physiological and pathological implications. Nat Rev
Mol Cell Biol. 2024; https://doi.org/10.1038/541580-024-00727-X.

Weichhart T. MTOR as Regulator of Lifespan, Aging, and Cellular Senescence: A
Mini-Review. Gerontology. 2018,;64(2):127-34. https://doi.org/10.1159/
000484629.

Weilner S, Schraml E, Wieser M, Messner P, Schneider K, Wassermann K, et al.
Secreted microvesicular miR-31 inhibits osteogenic differentiation of
mesenchymal stem cells. Aging Cell. 2016;15(4):744-54. https://doi.org/
10.1111/acel.12484.

Zhang B, Zhou X, Qiu Y, Song Y, Feng F, Feng J, et al. Clinical char-
acteristics of 82 cases of death from COVID-19. PLoS One.
2020;15(7):20235458. https://doi.org/10.1371/journal.pone.0235458.

Zhang L, Pitcher LE, Prahalad V, Niedernhofer LJ, Robbins PD. Targeting cellular
senescence with senotherapeutics: senolytics and senomorphics. FEBS
J.2023; https://doi.org/10.1111/febs.16350.

ZhuY, Tchkonia T, Pirtskhalava T, Gower AC, Ding H, Giorgadze N, et al. The
Achilles’heel of senescent cells: from transcriptome to senolytic drugs.
Aging Cell. 2015;14(4):644-58. https://doi.org/10.1111/acel.12344.

ZhuY, Tchkonia T, Fuhrmann-Stroissnigg H, Dai HM, Ling YY, Stout MB, et al.
Identification of a novel senolytic agent, navitoclax, targeting the Bcl-2
family of anti-apoptotic factors. Aging Cell. 2016;15(3):428-35. https.//
doi.org/10.1111/acel.12445.

Zinatizadeh MR, Zarandi PK, Ghiasi M, Kooshki H, Mohammadi M, Amani J,
et al. Immunosenescence and inflamm-ageing in COVID-19. Ageing Res
Rev. 2022;2023(84):101818. https://doi.org/10.1016/j.arr.2022.101818.


https://doi.org/10.21873/invivo.12221
https://doi.org/10.21873/invivo.12221
https://doi.org/10.1016/j.mad.2023.111888
https://doi.org/10.1016/j.mad.2023.111888
https://doi.org/10.1186/s12967-018-1414-x
https://doi.org/10.1182/blood-2020-140161
https://doi.org/10.1182/blood-2020-140161
https://doi.org/10.1007/s11845-021-02823-9
https://doi.org/10.1007/s11845-021-02823-9
https://doi.org/10.1038/s41577-022-00785-2
https://doi.org/10.1016/j.cell.2021.03.005
https://doi.org/10.2147/ciia.2006.1.3.253
https://doi.org/10.2147/ciia.2006.1.3.253
https://doi.org/10.12890/2021_002233
https://doi.org/10.1136/bmjgh-2021-006434
https://doi.org/10.1111/j.1474-9726.2008.00414.x
https://doi.org/10.1111/j.1474-9726.2008.00414.x
https://doi.org/10.37757/MR2021.V23.N2.4
https://doi.org/10.29219/fnr.v65.6355
https://doi.org/10.29219/fnr.v65.6355
https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.18632/aging.101452
https://doi.org/10.18632/aging.101452
https://doi.org/10.1146/annurev-physiol-021014-071931
https://doi.org/10.1146/annurev-physiol-021014-071931
https://doi.org/10.1093/bib/bbab114
https://doi.org/10.1093/bib/bbab114
https://doi.org/10.1038/s41467-019-12888-x
https://doi.org/10.1038/s41467-019-12888-x
https://doi.org/10.1038/s43587-022-00170-7
https://doi.org/10.1007/s11239-022-02631-7
https://doi.org/10.1007/s11239-022-02631-7
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.1111/jgs.17416
https://doi.org/10.1111/jgs.17416
https://doi.org/10.1038/s41580-024-00727-x
https://doi.org/10.1159/000484629
https://doi.org/10.1159/000484629
https://doi.org/10.1111/acel.12484
https://doi.org/10.1111/acel.12484
https://doi.org/10.1371/journal.pone.0235458
https://doi.org/10.1111/febs.16350
https://doi.org/10.1111/acel.12344
https://doi.org/10.1111/acel.12445
https://doi.org/10.1111/acel.12445
https://doi.org/10.1016/j.arr.2022.101818

	Targeting senescent cells in aging and COVID-19: from cellular mechanisms to therapeutic opportunities
	Abstract 
	Background
	Overview of COVID-19 pathogenesis
	Characteristics of aging
	Role of aging in lung regeneration during COVID-19
	Long-term consequence of COVID-19 and aging
	COVID-19 and cellular senescence
	Targeting senescent cells in COVID-19 treatment
	Senolytics
	The combination of dasatinib and quercetin (D + Q)
	Fisetin
	ABT-263 (navitoclax)
	Cardiac glycosides

	Senomorphics
	Rapamycin
	Metformin
	Aspirin
	Resveratrol
	Spermidine


	Discussion
	Acknowledgements
	References


