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While the full impact of COVID-19 is not yet clear, early studies have indicated that
upwards of 10% of patients experience COVID-19 symptoms longer than 3 weeks,
known as Long-Hauler’s Syndrome or PACS (postacute sequelae of SARS-CoV-2
infection). There is little known about risk factors or predictors of susceptibility for
Long-Hauler’s Syndrome, but older adults are at greater risk for severe outcomes
and mortality from COVID-19. The pillars of aging (including cellular senescence,
telomere dysfunction, impaired proteostasis, mitochondrial dysfunction, deregu-
lated nutrient sensing, genomic instability, progenitor cell exhaustion, altered inter-
cellular communication, and epigenetic alterations) that contribute to age-related
dysfunction and chronic diseases (the “Geroscience Hypothesis”) may interfere
with defenses against viral infection and consequences of these infections. Height-
ening of the low-grade inflammation that is associated with aging may generate an
exaggerated response to an acute COVID-19 infection. Innate immune system dys-
function that leads to decreased senescent cell removal and/or increased senes-
cent cell formation could contribute to accumulation of senescent cells with both
aging and viral infections. These processes may contribute to increased risk for
long-term COVID-19 sequelae in older or chronically ill patients. Hence, senolytics
and other geroscience interventions that may prolong healthspan and alleviate
chronic diseases and multimorbidity linked to fundamental aging processes might
be an option for delaying, preventing, or alleviating Long-Hauler’s Syndrome.
(Translational Research 2022; 241:96�108)
Abbreviations: AMPK = AMP-activated protein kinase; COVID-19 = coronavirus disease 2019;
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restriction; FGA = Facility for Geroscience Analysis; ICU = intensive care unit; IF = intermittent
fasting; LTCF = long-term care facility; MCC = multiple chronic conditions; MERS-CoV = Middle
East Respiratory Syndrome Coronavirus; mTOR = mammalian target of rapamycin; NAD+ = nic-
otinamide adenine dinucleotide; NMN = nicotinamide mononucleotide; NR = nicotinamide
riboside; PACS = postacute sequalae of SARS-CoV-2 infection; PAMPs = pathogen-associated
molecular profile factors; ROS = reactive oxygen species; SARS = severe acute respiratory syn-
drome; SARS-CoV-1 = severe acute respiratory syndrome coronavirus 1; SARS-CoV-2 = severe
acute respiratory syndrome coronavirus 2; SASP = senescence-associated secretory pheno-
type; SNF = skilled nursing facility; TGN = translational geroscience network; WHO = World
Health Organization
INTRODUCTION

Incidence/prevalence of Long-Hauler Syndrome. Ini-

tial reports from the World Health Organization

(WHO)-China in February, 2020 indicated that clinical

recovery from time of onset of COVID-19 symptoms

is between 2-6 weeks, the latter being in more severe

cases.1 As the pandemic progressed, patients reported

experiences of prolonged recovery times and lingering

symptoms. This condition has received many names:

PACS, Post-COVID, Long-COVID, Long-Haul

COVID, or Long-Haulers Syndrome2-4 Though loosely

defined, “Long-Haulers” denotes patients who experi-

ence persistent symptoms after having acute COVID-

19. The long-term sequelae of the virus are largely

unknown, but initial reports of significant lung

damage,5,6 persistent myocardial inflammation,7 kid-

ney disease,8 and neurological issues9 are concerning,

making the exploration of long-term impact at the

mechanistic level urgent.

While the full impact of long-COVID is widely

unknown, early reports suggested up to 10% of patients

experience symptoms for over 3 weeks.4 An early

study from Italy showed that 87% of hospitalized

patients reported at least one ongoing symptom

60 days after onset of the first COVID-19 symptoms,

with 55% of patients reporting 3 or more ongoing

symptoms.10 In other cases, patients can experience a

relapse in symptoms after an initial period of recov-

ery.11 These long-lasting symptoms can occur in adults

across all age groups and may change and develop

over time, regardless of severity of the acute case:

asymptomatic patients can still develop Long-Hauler

symptoms months later.12,13 Data suggest that Long-

Haulers impacts women at a higher rate, with one study

finding women were 4 times more likely than men to be

seen clinically for persistent symptoms.11,13

Globally, patients have expressed frustration with

ongoing symptoms, lack of therapeutic solutions, and

being directed to treatment for chronic fatigue syn-

drome and other nonspecific diagnoses. Little is known

about why certain people are more susceptible to per-

sistent symptoms after the acute case. However, innate

immune system dysfunction and/or cellular senescence

and accumulation of senescent cells, which contribute
to age-related dysfunction and other chronic diseases,

may provide insight into the increased risk of long-

term sequelae in older patients. As the reported num-

bers of elderly or young chronically-diseased patients

with Long- Haulers grow, more research is necessary

about Long-Hauler Syndrome, its underlying mecha-

nisms, the long-term impact of the virus, and potential

interventions.

Working definitions of the syndrome. There have been

many names given to symptoms lingering after the ini-

tial acute case of COVID-19, and there is overlap in

this terminology. The UK National Institute for Health

and Care Excellence (NICE) created the following

clinical definitions of COVID-19 symptoms to help

define cohorts of people experiencing prolonged symp-

toms: 1) acute COVID-19 is the initial onset of symp-

toms, with symptoms lasting up to 4 weeks; 2) ongoing

symptomatic COVID-19 or Post-Acute COVID-19

includes symptoms lasting between 4 and 12 weeks;

and 3) Post-COVID-19, Chronic COVID-19, Post-

COVID Syndrome, or Long-Haulers Syndrome define

symptoms lasting greater than 12 weeks not due to

another condition.4,14,15 The most inclusive definitions,

“Long-COVID,” or postacute sequalae of SARS-CoV-

2 infection (PACS), involve symptoms lasting for any

length of time over 4 weeks.15,16
COVID-19 IN THE ELDERLY AND PEOPLE WITH
CHRONIC DISEASE

Adults over age 65 years and those with co-morbid-

ities are at the greatest risk for mortality and morbidity

from COVID-19.17 Long-term symptoms of COVID-

19, including fatigue, frailty, and weakness, are also

changes that occur frequently in advanced old age in

the absence of COVID-19 infection.

Disease burden and unique aspects of COVID-19 in

older adults. As of September 2021, the b-coronavirus-

19 (SARS-CoV-2) pandemic had led to 219 million

confirmed cases and 4.5 million deaths worldwide. In

the U.S., 81% of deaths were in individuals older than

65 years.18,19 Mortality risk is increased in those living

in a skilled nursing facility (SNF), partly due to the

increased risk of transmission inherent to tightly-
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confined congregate environments, particularly those

in which a high proportion of residents are cognitively

impaired and not able to comply with basic infection

control practices. Additionally, systemic factors includ-

ing underfunding, inadequate staffing, suboptimal

infection control, and lack of personal protective equip-

ment contribute to increased mortality risk in SNF.20-22

Approximately 20% of SNF residents with SARS-

CoV-2 die23 and long-term care facility (LTCF) resi-

dents account for 32% of U.S. deaths, despite compris-

ing only 5% of cases.24

COVID-19 presentation, prognosis, and long-term out-

comes all have unique features in older adults. In LTCF,

clinical presentations vary widely, with 31% of cases

being asymptomatic and 37% of cases requiring hospitali-

zation.25 Presenting symptoms have some overlap with

those in younger adults, including fever, cough, and hyp-

oxia, which are relatively common.26 However, more

vague constitutional symptoms are among the most com-

mon in older adults, including fatigue, anorexia, and mal-

aise.25 Additionally, functional decline and delirium,

without any focal signs or symptoms, are relatively com-

mon presentations.27-29 Older adults in LTCF who are

symptomatic tend to have long clinical courses, com-

monly lasting over 3 weeks.25 Distinct clinical trajectories

include survivors with few symptoms, symptomatic sur-

vivors, mortality following a prolonged clinical course,

and mortality following a rapid clinical course, with each

group having somewhat different patterns of initial signs/

symptoms.25 Those with higher symptom burden at the

time of an initial positive test have poorer outcomes,

though even older adults who are asymptomatic initially

have greater mortality risk than those who test negative

for COVID-19.30 Age and comorbidities also have prog-

nostic value, though multiple studies have shown that pre-

morbid frailty is a good predictor of morbidity and

mortality.31-34 Premorbid cognitive impairment also

increases mortality risk.32 In addition to being an impor-

tant predictor of outcomes from COVID-19 infection,

frailty can also be a consequence, with accelerated frailty

seen in older adults after infection.35

Predisposition to Long-Haulers chronic health

consequences. Acute viral infections in general can

lead to a number of long-term adverse outcomes.36 For

example, there is evidence of delayed neurologic

sequelae following SARS-CoV-1 and MERS-CoV.37,38

A study in 2009 examined the prevalence of chronic

fatigue and long-term mental health problems after

acute cases of SARS, and of the participants studied,

over 40% had a psychiatric illness and 40% experi-

enced chronic fatigue 31-50 months postinfection.39

Older adults with severe initial illness in intensive

care units (ICU) can experience long-lasting symp-

toms, which is not unique to patients with COVID-19,
called Post Intensive Care Syndrome (PICS). However,

there is another group of patients with mild to moderate

symptoms who did not need a lengthy hospitalization

or intensive care stay, who present with similar fea-

tures. Although a small uncontrolled study suggested

that Long-Haulers patients can be young without hav-

ing many pre-existing comorbidities, reports of older

adults with Long-Haulers exist and comparative studies

are needed to determine the impact of age on the inci-

dence of the syndrome.40 Many older patients have

multiple pre-existing health conditions and these have

been shown to be a factor that strongly predicts the per-

sistence of symptoms.12,40

One specific example affecting older adults is Alz-

heimer's disease (AD). AD patients may have both

decreased ability to recover to their preillness state after

COVID-19 infection and have a direct effect of the virus

on the brain condition, with 16% increases in death rates

reported in 2020.41,42 Older adults can have Multiple

Chronic Conditions (MCC) and stratifying their risk for

long term consequences should be quantified collec-

tively, rather than by single-condition stratification.43
MECHANISMS

Geroscience hypothesis. The Geroscience Hypothesis

proposes that targeting aging mechanisms, rather than

targeting a single disease, can increase healthspan.44-46

A corollary of this hypothesis is that aging mechanisms

could be root cause contributors to the genesis of multi-

ple diseases and disorders, even in younger people, as

well as morbidity and mortality from diseases and other

stresses (such as surgery, trauma, or infections). By

understanding fundamental aging mechanisms and

their relationship to the disease process of SARS-CoV-

2, interventions that target fundamental aging pro-

cesses, “geroscience interventions,” may prove to be of

value for treating Long-Haulers patients.

Pillars of aging. The “pillars of aging” include genomic

instability, telomere attrition, epigenetic alterations, loss

of proteostasis, dysregulated nutrient sensing, mitochon-

drial dysfunction, progenitor cell exhaustion, altered

intercellular communication, and cellular

senescence.47,48 Each pillar can contribute to age-related

disease and dysfunction, many are known to contribute

to chronic diseases, and these aging mechanisms appear

to be highly interrelated and even inter-dependent. Each

pillar of aging may play a role in interfering with

defenses against infection, including innate and adaptive

immune responses,49 and contribute to short- and long-

term morbidity caused by infections.

Chronic viral infections, including HIV, can be asso-

ciated with an accelerated aging-like state and early
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onset of age-related diseases.50 Such viral infections

can lead to increases in oxidative stress, which can

cause accumulation of DNA mutations and damage,

leading to genomic instability, as well as mitochondrial

dysfunction.49,51,52 Telomere shortening and dysfunc-

tion, which naturally occurs as somatic cells replicate

repeatedly, can lead to genomic instability.53 The rate

of attrition is dependent on a person’s comorbidities,

including age and disease.53 Viruses and telomeres

competitively utilize similar mechanisms for genomic

maintenance.54 The introduction of a viral infection

can trigger a stress response, which can interfere with

telomeric maintenance, causing telomere shortening.54

One consequence of telomeric shortening or dysfunc-

tion, even in the absence of telomere shortening, is cel-

lular senescence and impact on epigenetic age.49,55-58

Autophagy contributes to the maintenance of proteosta-

sis by removing damaged, misfolded, or aggregated pro-

teins, preventing proteotoxic stress, and facilitating

immune responses to viral infections.49,59 Mammalian Tar-

get of Rapamycin (mTOR), which regulates protein pro-

duction, homeostasis, and autophagy, increases in activity

with aging and can be increased in senescent cells.49,60

Viral infections or other stressors can lead to increased

mTOR activity, causing impaired autophagy and loss of

proteostasis, accentuating severity of the infection.49

Decreased autophagy is linked to impaired regenera-

tive function in progenitor cells.61 Decreases in the

regenerative capacity of progenitor cells, or progenitor

cell exhaustion, can be caused by factors produced by

senescent cells.62-68 Viruses, including SARS-CoV-2,

also impact progenitor cells, leading to detrimental

long-term effects and increasing susceptibility to other

age-related conditions.69 Overall, the low-grade

inflammation associated with aging increases the likeli-

hood of developing more serious acute COVID-19

complications and risk of long-term symptoms.70 The

capacity of the immune system to clear infections

decreases with age. Furthermore, immune system

hyper-reactivity, leading to cytokine storm, is more

likely to occur in the elderly.70 However, patients who

are considered immunocompromised and undergoing

immune-suppressive therapy, including patients with

HIV, may not benefit from targeting immune system

hyper-reactivity.71 Therapeutics for Long-COVID and

more severe acute cases of COVID-19 need to be spe-

cifically studied in immunocompromised patients.

Cellular senescence and COVID-19. Hayflick and

Moorehead first observed cellular senescence, an

essentially irreversible cell fate, in human fibroblasts

in 1961.72 Cells that undergo senescence, senescent

cells, are viable and resistant to apoptosis and can

result from cellular replicative, metabolic, hypoxic,

hyperoxic, or mechanical stresses, intracellular or
tissue damage, cancerous mutations or oncogenes,

radiation, chemotherapy and other drugs, activated

immune cells such as neutrophils, or pathogens,

among other signals.73-81 Some, but not all, senescent

cells can acquire a senescence-associated secretory

phenotype (SASP). The SASP can entail release of

cytokines, chemokines, proteases, reactive metabo-

lites, growth factors, bioactive lipids, noncoding

nucleotides (including microRNAs and cell-free mito-

chondrial DNA), and cellular particles (exosomes,

microsomes).82-84 These SASP factors can induce

local and systemic inflammation, fibrosis, tissue dam-

age, progenitor cell dysfunction, depletion of nicotin-

amide adenine dinucleotide (NAD+) and increased

production of reactive oxygen species (ROS) by

nearby nonsenescent cells, induction of senescence in

nonsenescent cells locally and systemically, blood

clotting, impaired innate immune responses, and

immune system dysfunction.65,85-88 Thus, accumula-

tion and sustained presence of senescent cells with a

SASP can cause dysfunction and contribute to cogni-

tive, metabolic, physical, and vascular dysfunction,

tissue fibrosis, disease susceptibility and severity, and

mortality.44,68,85,89-98

There can be benefits from cellular senescence,

including facilitating removal of damaged tissues, pro-

tection against cancer, aiding in inflammatory responses,

fetal development, and in the placenta to promote partu-

rition.74,99-101 Hence, interfering with the generation of

senescent cells can lead to cancer, impair wound heal-

ing, and other consequences.73,99,102 However, timely

removal of those already formed senescent cells with a

tissue-destructive SASP can alleviate dysfunction

related to multiple diseases and aging in preclinical ani-

mal models, including delaying or reducing growth of

cancers.73,77,102 Our ‘Threshold Theory of Senescent

Cell Burden’ holds that once senescent cells accumulate

and spread to a threshold that is higher than that which

the immune system can clear, further senescent cell

accumulation and accelerated age- or disease-related

dysfunction can ensue.46,74,103

Accumulation of senescent cells appears to confer

risk for developing a more severe case or complications

from COVID-19.22,75,104 The SASP can impair

immune system function.87 Aging of the immune sys-

tem, or immunosenescence, involves an increase in

baseline levels of cytokines, including IL-6, IL-RA,

TNF-a, and IL-1, which are also SASP factors.105

There are increases in pro-inflammatory cytokines in

patients with COVID-19, and these levels are related to

the severity of cases and clinical outcome.106-110 An

excessive inflammatory response to COVID-19 can

lead to the worsening of infection and symptoms and,

eventually, cytokine storm.111
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It has been reported that complement-mediated

microvascular injury is associated with the primary

pathophysiology of both COVID-19 progression and

long-COVID.112,113 As complement activity differs

with age and sex, these factors should be considered in

future therapeutic and treatment studies.114 Addition-

ally, sustained complement activation may induce or

accelerate senescent cell accumulation, which can lead

to endothelial dysfunction, possibly contributing to

long-COVID pathology.113,115

Amplifier/Rheostat hypothesis. Our team developed an

‘Amplifier/Rheostat Hypothesis’: that the pathogen-asso-

ciated molecular profile factors (PAMPs) that are

expressed by infectious agents can cause the SASP of

pre-existing senescent cells to become even more inflam-

matory and destructive.46,75 According to this Amplifier/

Rheostat Hypothesis, the already increased inflammatory

state of aged or chronically ill individuals who have

increased pre-existing senescent cell burden, might

become more pronounced with SARS-CoV-2

infection.93,105 This hypothesis might explain why the

elderly and patients with pre-existing, cellular senes-

cence-associated conditions are more susceptible to either

more severe cases of acute COVID-19 and/or prolonged

effects after the initial acute infection, especially if new

senescent cells are formed that exceed the senescent cell

threshold.75 Furthermore, coronaviruses, including

SARS-CoV-2 virus, can cause previously nonsenescent

cells to become senescent, in part through Toll-like recep-

tor-3, and senescent cell abundance is higher in patients

who die from COVID-19 from other causes.93,116,117

Unitary theory of fundamental aging processes.

Though distinct in some respects, the hallmarks of

aging may not be fully independent processes. Rather,

it appears they are interconnected, with all playing a

role in contributing to age-related diseases and disor-

ders. The Unitary Theory of Fundamental Aging Pro-

cesses posits that targeting one hallmark, or pillar, of

aging may influence some or all of the others,45,74

Therefore, intervention against one fundamental aging

mechanism could impact many of the others. This sug-

gests that intervening by targeting a single fundamental

aging mechanism may lead to broad benefits because of

an impact on others, potentially being of benefit for

effectively alleviating age-related diseases and disor-

ders, including acute infections and their consequences

in elderly or chronically ill patients.
DIAGNOSIS

PASC/post-COVID/Long-Haulers/Long-COVID. The

diagnosis of Long-Hauler Syndrome remains as elusive

as agreement about a name for the condition. Currently
there is no universal definition of the condition or any

generally accepted diagnostic algorithm. Compounding

matters, there are no specific, objective, consistent

markers of pathology. Anecdotally, symptom patterns,

combined with documented positive polymerase chain

reaction tests for the SARS-COV-2 virus or antibody

titers against COVID-19, have been used in practice.40

However, despite an increasing number of patients

obtaining care, the presentation of Long-Hauler Syn-

drome across diverse age groups, socioeconomic tiers,

and ethnicities is not yet well documented, rendering

diagnostic or prognostic reliance on these symptom

constellations less than ideal.

Blood SASP factors are increased in Long-Hauler

Syndrome. Factors including IL-6, IL-8, and IP-10,

which are also SASP components, appear to predict the

severity of acute COVID-19 infection.118 Leukocytes

can remain persistently infected by COVID-19, mean-

ing inflammation can persist after the initial infection

and acute symptom onset.36,119,120 As indicated above,

once above a threshold, senescent cells may persist or

even continue to accumulate. Thus, persistence of

senescent cells could contribute to innate immune dys-

function in Long-Haulers syndrome patients, and per-

haps even contribute to persistence of virus, further

compounding Long-Haulers syndrome. However, in

one study, patients with mild Long-Haulers syndrome

at least a month after acute COVID-19 infection did

not have consistent increases in inflammatory media-

tors compared to controls who did not have fatigue and

generalized pain after acute COVID-19.121 In prelimi-

nary studies, we observed increases in markers of cel-

lular senescence and certain SASP factors in patients

with more severe Long-Hauler Syndrome that persisted

for several months compared to controls (unpublished

observations). More study is needed to determine if

there are relations between senescence, innate immune

dysfunction, and Long-Haulers syndrome. This is par-

ticularly important for understanding disease mecha-

nisms in those with severe, persistent symptoms.
MANAGEMENT

Long-Haulers clinic—multilevel, patient-centered

team-based care. Patients with Long-Hauler Syndrome

present with a multitude of symptoms, the most promi-

nent being profound fatigue, shortness of breath, sub-

jective cognitive complaints, described as “brain fog,”

and neurological symptoms consistent with autonomic

neuropathy.40 This broad spectrum of ailments necessi-

tates a multidisciplinary approach to care. One estab-

lished program at a major academic medical center has

successfully treated patients with Long-Hauler
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Syndrome by coalescing experts from occupational

medicine, neurology, physical medicine and rehabilita-

tion, immunology, and specialists in Myalgic Encepha-

lomyelitis/Chronic Fatigue Syndrome.

Care can be divided into 5 distinct levels (Fig 1). The

first focuses on assessment for complicating medical

conditions, such as deep vein thrombosis and opportu-

nistic infections. Once acute medical pathology has

been ruled out, the next level of treatment guides

patients through an individualized, paced activity pro-

gram, often supervised by physical and occupational

therapists. Medications may be used to control symp-

toms that interfere with activity and reconditioning,

such as tachycardia, insomnia, and cough. The third

level of treatment is psychosocial support. This is espe-

cially important as roughly 25% of patients have

reported difficulties with anxiety and depression during

Long-Hauler Syndrome, even without a pre-existing

history of mental health conditions. The final 2 levels

of treatment use specialist clinics for autonomic dys-

function and concussion to help with dysautonomia

symptoms and subjective impaired cognition, respec-

tively. In addition, patients can be educated about cop-

ing strategies that allow them to manage their

condition best as they progress through the recovery

process, which often takes 6-18 months.

Geroscience interventions. The quest for interven-

tions to alleviate age-related dysfunction and diseases

has recently intensified, with the focus aimed at pro-

longing healthspan and alleviating chronic diseases

linked to fundamental aging processes, rather than life

span at all costs. Currently, among the more promising
Fig 1. Care for Long-Haulers Syndrome patients is provided

designed to treat different subsets of symptoms.
geroscience interventions are senotherapeutics (seno-

lytics and senomorphics, including metformin and

rapalogs), NAD+ precursors, other pharmaceuticals,

exercise, and dietary interventions (Fig 2).

There are clinical trials underway testing the efficacy

of pharmaceuticals that target the pillars of aging.

Senolytics, agents that selectively eliminate senescent

cells, have had promising effects in preclinical and

early phase clinical trials. As discussed above, senes-

cent cells accumulate in tissues with aging and at etio-

logical sites of multiple chronic diseases and disorders,

even in children. Senolytics help attenuate senescent

cell burden to below the threshold needed for the

immune system to effectively clear remaining senes-

cent cells.

Also targeting senescent cells, senomorphics inhibit

the SASP and so block harmful effects of those senes-

cent cells with a SASP.122 Among senomorphic com-

pounds are Metformin and Rapamycin and its

analogs.123 Used primarily to treat diabetes, Metformin

has been shown to impact several aging related mecha-

nisms, including reducing ROS and DNA damage,

decreasing senescent cell burden, and activating AMPK,

so inhibiting effects of increased mTOR activity.124-126

Metformin has been explored in preclinical models and

is currently being tested in clinical trials as a possible

intervention for age-related disorders.127 There are indi-

cations of links between Metformin use and decreased

severity of acute COVID-19 infection.128-130

Rapamycin and its analogs, rapalogs such as Evero-

limus or Sirolimus, inhibit mTOR.131,132 Rapamycin

inhibits hyperfunction of the immune system.133
through a coordinated 5-level approach, each level

https://doi.org/10.1016/j.trsl.2021.10.003
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Rapamycin has been approved to treat lymphangioleio-

myomatosis, an invasive lung disease134 and has been

shown to extend healthspan and lifespan in mice.133,135

Some have suggested that long-term preventative usage

of Rapamycin might decrease COVID-19 vulnerability

and mortality in the elderly.133 Furthermore, as an

mTOR inhibitor, Rapamycin might temper the overall

immune response to viral infections and decrease cyto-

kine storm.133,136,137

Senescent cells promote accumulation of the leukocyte

ectoenzyme, CD38, which degrades NAD+ and is associ-

ated with the age-related decline in NAD+.88,138

Decreased NAD+, in turn, can lead to generation of ROS

and metabolic dysfunction.139,140 Removal of senescent

cells by senolytics leads to reduced CD38 activity, and as

a result, partially prevents NAD+ depletion.88 Besides

senolytics including flavonoids, other pharmacological

interventions targeting the age-related increase in CD38

activity include anti-CD-38 antibodies and CD38 inhibi-

tors.141 Another option to counter the decline of NAD+
with aging is NAD replacement therapy with NAD+ pre-

cursors, including nicotinamide riboside (NR) and nico-

tinamide mononucleotide (NMN).138,142

Resveratrol, a sirtuin agonist and polyphenol, has

antioxidant properties and is found in common foods

including grapes, red wine, and peanuts.143 It appears

to have antiviral properties both in vivo and in vitro,

including inhibiting replication of the COVID-19-like

MERS-CoV virus.143-145 Thus, resveratrol might be a

possible therapeutic option against SARS-CoV-2.145

17a-estradiol, in contrast to 17b-estradiol, is an

essentially nonfeminizing estrogen that is present in

both male and female mammals.146,147 It declines with

aging. 17a-estradiol treatment might alleviate some

neurodegenerative disorders and has been shown to

extend lifespan in mice and reduce metabolic dysfunc-

tion.148-150 This steroid might be an intervention option

for long-term impacts of COVID.

Ketogenic diets and ketogenic agents reduce fat

mass and obesity, one of the major risk factors for
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COVID-19 complications.151,152 Ketogenic diets and

agents could also help modulate the cytokine storm by

decreasing ROS through an increase in mitochondrial

metabolism. Ketogenic diets have shown promise in

mouse models as a potential treatment against morbid-

ity from viral infections.153-155

Other dietary modifications, such as caloric restric-

tion (CR) and intermittent fasting (IF), have also been

shown to be effective therapies against age-related dis-

ease and dysfunction.156-158 IF consists of an alternat-

ing feeding schedule, whereas CR limits daily caloric

intake without malnutrition. CR and IF reduce oxida-

tive stress and inflammation.158,159 IF and CR mimic

Rapamycin by inhibiting the mTOR pathway and pro-

moting autophagy.160,161 Future work is needed to

explore IF, CR, and autophagy inducers, as these inter-

ventions might help protect against COVID-19.160,161

Exercise can help reduce risk factors in older adults

for COVID-19, including frailty and chronic

disease.162,163 Furthermore, exercise has immunoregu-

latory effects on both the innate and adaptive immune

systems, which help in fighting against viral infec-

tions.162 Regular exercise has been linked to release of

anti-inflammatory cytokines and inhibition of pro-

inflammatory cytokines.164-166 Multimodal exercise

might be a therapy to help prevent and fight acute

COVID-19 infection.167 Exercise and physical therapy

are commonly prescribed for patients suffering from

Long-COVID.168

Trials of senolytics.Multiple clinical trials are currently

underway to investigate a potential role for senolytics in

COVID-19 infection in older adults. COVID-FIS (A

Phase 2 Placebo-Controlled Pilot Study in COVID-19 of

Fisetin to Alleviate Dysfunction and Excessive Inflam-

matory Response in Older Adults in Nursing Homes;

NIH R01AG72301; FDA IND149813; ClinicalTrials.

gov Identifier: NCT04537299) includes SNF residents

aged > 65 years who have tested positive for COVID-

19 by rtPCR and have oxygen saturation >85% on 2 lit-

ers/minute or less of supplemental oxygen. Exclusion

criteria are designed to preserve eligibility for most SNF

residents, even those with several chronic diseases and

polypharmacy, and do not exclude potential participants

due to use of other agents to treat COVID-19 infection,

either previously to or concurrently with Fisetin. Partici-

pants are randomized 1:1 to receive either Fisetin (»20

mg/kg/day) or placebo either orally or by NG or D tube

twice for 2 consecutive days (days 0, 1, 8, and 9). They

are followed for 6 months. Facilitating administration to

older adults, including those with swallowing dysfunc-

tion, both Fisetin and the placebo have no odor or taste,

and can be mixed with food or beverages. The primary

outcome of the COVID-FIS study is incidence of pro-

gression on a 7-point ordinal severity scale adapted
from the WHO Ordinal Scale for clinical improvement

of SARS-CoV-2. Secondary outcomes include measures

of senescent cell abundance/inflammation, physical dys-

function/frailty, safety/tolerability, various laboratory

parameters, chest imaging, need for acute hospital trans-

fer, ICU care, intubation, mortality, and development of

Long-Hauler syndrome.

COVID-FISETIN (A Phase 2 Placebo-Controlled

Pilot Study in COVID-19 of Fisetin to Alleviate Dys-

function and Excessive Inflammatory Response in Hos-

pitalized Adults; NIH R01AG72301; FDA IND149813;

ClinicalTrials.gov Identifier: NCT04476953) is an anal-

ogous trial targeting adults who are hospitalized with

COVID-19 infection. Eligible individuals are those aged

� 60 years (or age � 18-59 years with at least one

comorbidity that is associated with increased COVID-

19 disease severity) who are hospitalized with COVID-

19 infection and have SpO2 � 85% on room air or � 2

L of supplemental oxygen. Participants are randomized

1:1 to receive either Fisetin (»20 mg/kg/day) or placebo

either orally or by NG or D tube for 2 consecutive days

at study outset and are subsequently followed for 6

months. The primary outcome is oxygenation status as

measured by S/F ratio: SpO2/ FiO2. Secondary outcomes

include prevention of deterioration in physical function

(frailty), progression from mild/moderate to severe/criti-

cal infection, safety and tolerability of Fisetin, and

development of Long-Hauler syndrome.

Combining therapies. Building on the Geroscience

Hypothesis and importance of intervening at a mecha-

nistic level, our Unitary Theory of Fundamental Aging

Mechanisms posits that interventions against one aging

mechanism might impact other processes. Combining

geroscience interventions to fight COVID-19 as a mul-

timechanistic approach might improve outcomes for

older adults.
CONCLUSIONS AND FUTURE DIRECTIONS

Research needed—specific areas requiring future

investigation. While senescence and other pillars of

aging provide reasonable insight into the possible pro-

cesses involved and risks for Long-Hauler Syndrome,

detailed mechanisms of the SARS-CoV-2 and its

impact on older adults need to be further explored. Fur-

thermore, therapeutics specifically targeting those

mechanism need to be tested in clinical trials.

The Translational Geroscience Network (TGN) was

established to accelerate Geroscience research. Multi-

ple institutions that constitute the TGN (Mayo Clinic,

Harvard, John Hopkins, Wake Forrest, St. Jude’s,

Steadman Clinic, and the Universities of Minnesota,

Michigan, and Connecticut, and the University of
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Texas Health Sciences Center at San Antonio) run clin-

ical trials in parallel. The TGN’s Facility for Gero-

science Analysis (FGA), located at Mayo Clinic,

develops innovative assays and laboratory tests for

aging markers and ways to test for efficacy of therapeu-

tics. Hopefully, despite considerable barriers to clinical

trials, the TGN model will help streamline clinical

research and the development of therapeutics for a

growing aging population, including SNF residents.

As the number of people impacted globally by

COVID-19 grows each day and the SARS-CoV-2

evolves into new variants, it is imperative for research

efforts to keep up. Though knowledge about long-term

outcomes of COVID-19 is still limited, we know

enough to understand the importance of finding treat-

ment options for patients suffering from Long-Hauler

Syndrome. Senolytics that show early promise as an

effective treatment for other senescence related dis-

eases and disorders are currently being explored in this

population.
ACKNOWLEDGMENTS

Conflicts of Interest: TT and JLK have a financial

interest related to this research. Patents and pending

patents on senolytic drugs and their uses are held by

Mayo Clinic. This research has been reviewed by the

Mayo Clinic Conflict of Interest Review Board and

was conducted in compliance with Mayo Clinic Con-

flict of Interest policies. No conflicts of interest, finan-

cial or otherwise, are declared by the other authors.

This manuscript has been reviewed by and approved

by all named authors, and all authors have read the

journal's authorship agreement.

This work was supported by NIH grants

R01AG072301 (PI: JLK), R33AG61456 (Translational

Geroscience Network; PI: JLK), R37AG013925 (JLK,

TT), and P01AG062413 (JLK, TT), the Connor Fund

(JLK, TT), Robert P. and Arlene R. Kogod (JLK), Rob-

ert J. and Theresa W. Ryan (JLK, TT), and the Noaber

Foundation (JLK, TT).

REFERENCES

1. World Health Organization. Report of the WHO-China Joint

Mission on Coronavirus Disease 2019 (COVID-19). 2020.

2. Callard F, Perego E. How and why patients made Long

COVID. Soc Sci Med 2021;268:113426.

3. Altmann DM, Boyton RJ. SARS-CoV-2 T cell immunity: Spec-

ificity, function, durability, and role in protection. Sci Immunol

2020;5:epub.

4. Greenhalgh T, Knight M, A'Court C, Buxton M, Husain L.

Management of post-acute covid-19 in primary care. BMJ

2020;370:m3026.

5. Leo F, Wormanns D, Grohe C. [COVID-19: a pneumological

point of view - long-term sequelae of COVID-19 - implications
for follow-up in respiratory medicine]. Dtsch Med Wochenschr

2020;145:1086–92.

6. Salehi S, Reddy S, Gholamrezanezhad A. Long-term pulmo-

nary consequences of coronavirus disease 2019 (COVID-19):

what we know and what to expect. J Thorac Imaging 2020;35:

W87–W9.

7. Puntmann VO, Carerj ML, Wieters I, et al. Outcomes of cardio-

vascular magnetic resonance imaging in patients recently

recovered from coronavirus disease 2019 (COVID-19). JAMA

Cardiol 2020;5:1265–73.

8. Bowe B, Xie Y, Xu E, Al-Aly Z. Kidney outcomes in long

COVID. J Am Soc Nephrol 2021;32(11):2851–62.

9. Huang L, Yao Q, Gu X, et al. 1-year outcomes in hospital survi-

vors with COVID-19: a longitudinal cohort study. Lancet

2021;398:747–58.

10. Carfi A, Bernabei R, Landi F. Gemelli against C-P-ACSG. Per-

sistent symptoms in patients after acute COVID-19. JAMA

2020;324:603–5.

11. Davido B, Seang S, Tubiana R, de Truchis P. Post-COVID-19

chronic symptoms: a postinfectious entity? Clin Microbiol

Infect 2020;26:1448–9.

12. Tenforde MW, Kim SS, Lindsell CJ, et al. Symptom duration

and risk factors for delayed return to usual health among outpa-

tients with COVID-19 in a multistate health care systems net-

work - United States, March-June 2020. MMWR Morb Mortal

Wkly Rep 2020;69:993–8.

13. Huang Y, Pinto MD, Borelli JL, et al. COVID symptoms,

symptom clusters, and predictors for becoming a long-hauler:

looking for clarity in the haze of the pandemic. medRxiv 2021:

https://pubmed.ncbi.nlm.nih.gov/33688670/Pre-print.

14. 2 National Institute for Health and Care Excellence, Royal Col-

lege of General Practitioners, Healthcare Improvement Scot-

land SIGN. COVID-19 rapid guideline: managing the long

term effects of COVID-19. 2020. https://www.nice.org.uk/

guidance/ng188.

15. Taribagil P, Creer D, Tahir H. 'Long COVID' syndrome. BMJ

Case Rep 2021;14:epub.

16. Francis S. Collins, MD, PhD. NIH launches new initiative to

study “Long COVID” [press release]. The NIH Director:

National Institutes of Health, 2021.

17. Volpato S, Landi F, Incalzi RA. A frail health care system for

an old population: lesson form the COVID-19 outbreak in Italy.

J Gerontol A Biol Sci Med Sci 2020;75:e126–e7.

18. CfDCaP (CDC). Weekly updates by select demographic and

geographic characteristics. 2021.

19. Holshue ML, DeBolt C, Lindquist S, et al. First case of 2019

novel coronavirus in the United States. N Engl J Med

2020;382:929–36.

20. Fisman DN, Bogoch I, Lapointe-Shaw L, McCready J, Tuite AR.

Risk factors associated with mortality among residents with

coronavirus disease 2019 (COVID-19) in long-term care facili-

ties in Ontario, Canada. JAMA Netw Open 2020;3:e2015957.

21. Ouslander JG, Grabowski DC. COVID-19 in nursing

homes: calming the perfect storm. J Am Geriatr Soc

2020;68:2153–62.

22. Verdoorn BP, Evans TK, Hanson GJ, et al. Fisetin for COVID-

19 in skilled nursing facilities: senolytic trials in the COVID

era. J Am Geriatr Soc 2021:Online ahead of print.

23. (CMS) CfMaMS. COVID-19 nursing home data; 2021.

24. (KFF) KFF. COVID-19: long-term care facilities. 2021.

25. Hashan MR, Smoll N, King C, et al. Epidemiology and clinical

features of COVID-19 outbreaks in aged care facilities: a sys-

tematic review and meta-analysis. EClinicalMedicine

2021;33:100771.

http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0001
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0001
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0002
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0002
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0003
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0003
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0003
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0004
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0004
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0004
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0005
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0005
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0005
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0005
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0006
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0006
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0006
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0006
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0007
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0007
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0007
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0007
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0008
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0008
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0009
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0009
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0009
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0010
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0010
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0010
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0011
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0011
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0011
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0012
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0012
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0012
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0012
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0012
https://pubmed.ncbi.nlm.nih.gov/33688670/
https://www.nice.org.uk/guidance/ng188
https://www.nice.org.uk/guidance/ng188
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0015
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0015
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0017
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0017
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0017
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0018
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0018
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0019
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0019
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0019
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0020
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0020
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0020
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0020
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0021
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0021
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0021
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0022
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0022
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0022
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0023
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0024
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0025
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0025
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0025
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0025
https://doi.org/10.1016/j.trsl.2021.10.003


Translational Research
Volume 241 Wissler Gerdes et al 105
26. Carnahan JL, Lieb KM, Albert L, Wagle K, Kaehr E, Unroe

KT. COVID-19 disease trajectories among nursing home resi-

dents. J Am Geriatr Soc 2021;69(9):2412–8.

27. Marziliano A, Burns E, Chauhan L, et al. Patient factors and

hospital outcomes associated with atypical presentation in hos-

pitalized older adults with COVID-19 during the first surge of

the pandemic. J Gerontol A Biol Sci Med Sci 2021:Online

ahead of print.

28. Kennedy M, Helfand BKI, Gou RY, et al. Delirium in older

patients with COVID-19 presenting to the emergency depart-

ment. JAMA Netw Open 2020;3:e2029540.

29. Zazzara MB, Penfold RS, Roberts AL, et al. Probable delirium

is a presenting symptom of COVID-19 in frail, older adults: a

cohort study of 322 hospitalised and 535 community-based

older adults. Age Ageing 2021;50:40–8.

30. Tang O, Bigelow BF, Sheikh F, et al. Outcomes of nursing

home COVID-19 patients by initial symptoms and comorbid-

ity: results of universal testing of 1970 residents. J Am Med Dir

Assoc 2020;21:1767–73, e1.

31. Hagg S, Jylhava J, Wang Y, et al. Age, frailty, and comorbidity

as prognostic factors for short-term outcomes in patients with

coronavirus disease 2019 in geriatric care. J AmMed Dir Assoc

2020;21:1555–9, e2.

32. Panagiotou OA, Kosar CM, White EM, et al. Risk factors asso-

ciated with all-cause 30-day mortality in nursing home resi-

dents with COVID-19. JAMA Intern Med 2021;181:439–48.

33. Hewitt J, Carter B, Vilches-Moraga A, et al. The effect of

frailty on survival in patients with COVID-19 (COPE): a multi-

centre, European, observational cohort study. Lancet Public

Health 2020;5:e444–e51.

34. Piers R, Janssens W, Cobbaert K, et al. Letter to the editor: pre-

morbid frailty is a better prognostic indicator than age in old-

est-old hospitalized with COVID-19. J Am Med Dir Assoc

2021;22:514–6.

35. Greco GI, Noale M, Trevisan C, et al. Increase in frailty in

nursing home survivors of coronavirus disease 2019: compari-

son with noninfected residents. J Am Med Dir Assoc

2021;22:943–7, e3.

36. Troyer EA, Kohn JN, Hong S. Are we facing a crashing wave

of neuropsychiatric sequelae of COVID-19? Neuropsychiatric

symptoms and potential immunologic mechanisms. Brain

Behav Immun 2020;87:34–9.

37. Kim JE, Heo JH, Kim HO, et al. Neurological complications

during treatment of middle east respiratory syndrome. J Clin

Neurol 2017;13:227–33.

38. Tsai LK, Hsieh ST, Chao CC, et al. Neuromuscular disorders in

severe acute respiratory syndrome. Arch Neurol

2004;61:1669–73.

39. Lam MH, Wing YK, Yu MW, et al. Mental morbidities and

chronic fatigue in severe acute respiratory syndrome survi-

vors: long-term follow-up. Arch Intern Med

2009;169:2142–7.

40. Vanichkachorn G, Newcomb R, Cowl CT, et al. Post-COVID-

19 syndrome (Long Haul syndrome): description of a multidis-

ciplinary clinic at mayo clinic and characteristics of the initial

patient cohort. Mayo Clin Proc 2021;96:1782–91.

41. AAIC) AsAIC. Covid-19 associated with long-term cognitive

dysfunction, acceleration of Alzheimer’s symptoms. 2021.

42. Association As.. Alzheimer’s disease facts and figures.

Alzheimer’s Dement 2021;17:327–406.

43. Tisminetzky M, Delude C, Hebert T, Carr C, Goldberg RJ, Gur-

witz JH. Age, multiple chronic conditions, and COVID-19: a

literature review. J Gerontol A Biol Sci Med Sci 2020:Online

ahead of print.
44. Khosla S, Farr JN, Tchkonia T, Kirkland JL. The role of cellu-

lar senescence in ageing and endocrine disease. Nat Rev Endo-

crinol 2020;16:263–75.

45. Tchkonia T, Palmer AK, Kirkland JL. New horizons: novel

approaches to enhance Healthspan through targeting cellular

senescence and related aging mechanisms. J Clin Endocrinol

Metab 2021;106:e1481–e7.

46. Wissler Gerdes EO, Zhu Y, Tchkonia T, Kirkland JL. Discov-

ery, development, and future application of senolytics: theories

and predictions. FEBS J 2020;287:2418–27.

47. Kennedy BK, Berger SL, Brunet A, et al. Geroscience: linking

aging to chronic disease. Cell 2014;159:709–13.

48. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G.

The hallmarks of aging. Cell 2013;153:1194–217.

49. Salimi S, Hamlyn JM. COVID-19 and crosstalk with the hall-

marks of aging. J Gerontol A Biol Sci Med Sci 2020;75:e34–41.

50. Boulias K, Lieberman J, Greer EL. An epigenetic clock meas-

ures accelerated aging in treated HIV infection. Mol Cell

2016;62:153–5.

51. Vijg J, Dong X, Milholland B, Zhang L. Genome instability: a

conserved mechanism of ageing? Essays Biochem

2017;61:305–15.

52. Vijg J, Suh Y. Genome instability and aging. Annu Rev Physiol

2013;75:645–68.

53. Turner KJ, Vasu V, Griffin DK. Telomere biology and human

phenotype. Cells 2019;8:epub.

54. Wang Z, Deng Z, Tutton S, Lieberman PM. The telomeric

response to viral infection. Viruses 2017;9:218.

55. Bellon M, Nicot C. Telomere dynamics in immune senescence

and exhaustion triggered by chronic viral infection. Viruses

2017;9:289.

56. Moro-Garcia MA, Alonso-Arias R, Lopez-Larrea C. Molecular

mechanisms involved in the aging of the T-cell immune

response. Curr Genomics 2012;13:589–602.

57. Gonzalo S. Epigenetic alterations in aging. J Appl Physiol

(1985) 2010;109:586–97.

58. Anderson R, Lagnado A, Maggiorani D, et al. Length-indepen-

dent telomere damage drives post-mitotic cardiomyocyte senes-

cence. EMBO J 2019;38:epub.

59. Li J, Zhang D, Wiersma M, Brundel B. Role of autophagy in

proteostasis: friend and foe in cardiac diseases. Cells

2018;7:279.

60. Laplante M, Sabatini DM. mTOR signaling in growth control

and disease. Cell 2012;149:274–93.

61. Revuelta M, Matheu A. Autophagy in stem cell aging. Aging

Cell 2017;16:912–5.

62. Rossi DJ, Bryder D, Seita J, Nussenzweig A, Hoeijmakers J,

Weissman IL. Deficiencies in DNA damage repair limit the

function of haematopoietic stem cells with age. Nature

2007;447:725–9.

63. Tripathi U, Misra A, Tchkonia T, Kirkland JL. Impact of

Senescent Cell Subtypes on Tissue Dysfunction and Repair:

Importance and Research Questions. Mech Ageing Dev

2021;198:111548. https://doi.org/10.1016/j.mad.2021.111548.

64. Suvakov S, Cubro H, White WM, et al. Targeting senescence

improves angiogenic potential of adipose-derived mesenchy-

mal stem cells in patients with preeclampsia. Biol Sex Differ

2019;10:49.

65. Lewis-McDougall FC, Ruchaya PJ, Domenjo-Vila E, et al.

Aged-senescent cells contribute to impaired heart regeneration.

Aging Cell 2019;18:e12931.

66. Palmer AK, Xu M, Zhu Y, et al. Targeting senescent cells alle-

viates obesity-induced metabolic dysfunction. Aging Cell

2019;18:e12950.

http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0026
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0026
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0026
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0027
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0027
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0027
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0027
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0027
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0028
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0028
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0028
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0029
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0029
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0029
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0029
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0030
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0030
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0030
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0030
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0031
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0031
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0031
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0031
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0032
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0032
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0032
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0033
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0033
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0033
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0033
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0034
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0034
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0034
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0034
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0035
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0035
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0035
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0035
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0036
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0036
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0036
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0036
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0037
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0037
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0037
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0038
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0038
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0038
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0039
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0039
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0039
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0039
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0040
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0040
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0040
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0040
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0041
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0041
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0041
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0042
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0042
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0042
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0042
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0043
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0043
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0043
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0043
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0044
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0044
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0044
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0045
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0045
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0045
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0045
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0046
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0046
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0046
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0047
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0047
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0048
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0048
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0049
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0049
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0050
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0050
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0050
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0051
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0051
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0051
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0052
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0052
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0053
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0053
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0054
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0054
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0055
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0055
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0055
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0056
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0056
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0056
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0057
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0057
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0058
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0058
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0058
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0059
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0059
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0059
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0060
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0060
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0061
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0061
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0062
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0062
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0062
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0062
https://doi.org/10.1016/j.mad.2021.111548
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0064
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0064
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0064
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0064
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0065
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0065
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0065
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0066
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0066
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0066
https://doi.org/10.1016/j.trsl.2021.10.003


Translational Research
106 Wissler Gerdes et al March 2022
67. Farr JN, Xu M, Weivoda MM, et al. Targeting cellular senes-

cence prevents age-related bone loss in mice. Nat Med

2017;23:1072–9.

68. Xu M, Palmer AK, Ding H, et al. Targeting senescent cells

enhances adipogenesis and metabolic function in old age. Elife

2015;4:e12997.

69. Ratajczak MZ, Kucia M. SARS-CoV-2 infection and overacti-

vation of Nlrp3 inflammasome as a trigger of cytokine "storm"

and risk factor for damage of hematopoietic stem cells. Leuke-

mia 2020;34:1726–9.

70. Pang L, Liu Y, Shen M, et al. Influence of aging on deteriora-

tion of patients with COVID-19. Aging (Albany NY)

2020;12:26248–62.

71. Laurence J. Why aren't people living with HIV at higher risk

for developing severe coronavirus disease 2019 (COVID-19)?

AIDS Patient Care STDS 2020;34:247–8.

72. Hayflick L, Moorhead PS. The serial cultivation of human dip-

loid cell strains. Exp Cell Res 1961;25:585–621.

73. Kirkland JL, Tchkonia T. Cellular senescence: a translational

perspective. EBioMedicine 2017;21:21–8.

74. Kirkland JL, Tchkonia T. Senolytic drugs: from discovery to

translation. J Intern Med 2020;288:518–36.

75. Camell CD, Yousefzadeh MJ, Zhu Y, et al. Senolytics reduce

coronavirus-related mortality in old mice. Science 2021;373

(6552):epub.

76. Lagnado A, Leslie J, Ruchaud-Sparagano MH, et al. Neutro-

phils induce paracrine telomere dysfunction and senescence in

ROS-dependent manner. EMBO J 2021;40:e106048.

77. Wyld L, Bellantuono I, Tchkonia T, et al. Senescence and can-

cer: a review of clinical implications of senescence and seno-

therapies. Cancers (Basel) 2020;12:epub.

78. Conley SM, Hickson LJ, Kellogg TA, et al. Human obesity

induces dysfunction and early senescence in adipose tissue-

derived mesenchymal stromal/stem cells. Front Cell Dev Biol

2020;8:197.

79. Parikh P, Britt RD Jr., Manlove LJ, et al. Hyperoxia-induced

cellular senescence in fetal airway smooth muscle cells. Am J

Respir Cell Mol Biol 2019;61:51–60.

80. Prasanna PG, Citrin DE, Hildesheim J, et al. Therapy-induced

senescence: opportunities to improve anti-cancer therapy. J

Natl Cancer Inst 2021;113(10):1285–98.

81. Wang E. Senescent human fibroblasts resist programmed cell

death, and failure to suppress bcl2 is involved. Cancer Res

1995;55:2284–92.

82. Coppe JP, Patil CK, Rodier F, et al. Senescence-associated

secretory phenotypes reveal cell-nonautonomous functions of

oncogenic RAS and the p53 tumor suppressor. PLoS Biol

2008;6:2853–68.

83. Zhu Y, Armstrong JL, Tchkonia T, Kirkland JL. Cellular senes-

cence and the senescent secretory phenotype in age-related chronic

diseases. Curr Opin Clin Nutr Metab Care 2014;17:324–8.

84. Iske J, Seyda M, Heinbokel T, et al. Senolytics prevent mt-

DNA-induced inflammation and promote the survival of aged

organs following transplantation. Nat Commun 2020;11:4289.

85. Xu M, Pirtskhalava T, Farr JN, et al. Senolytics improve physi-

cal function and increase lifespan in old age. Nat Med

2018;24:1246–56.

86. Chini C, Hogan KA, Warner GM, et al. The NADase CD38 is

induced by factors secreted from senescent cells providing a poten-

tial link between senescence and age-related cellular NAD(+)

decline. Biochem Biophys Res Commun 2019;513:486–93.

87. Prata L, Ovsyannikova IG, Tchkonia T, Kirkland JL. Senescent

cell clearance by the immune system: emerging therapeutic

opportunities. Semin Immunol 2018;40:101275.
88. Chini CCS, Peclat TR, Warner GM, et al. CD38 ecto-enzyme in

immune cells is induced during aging and regulates NAD(+)

and NMN levels. Nat Metab 2020;2:1284–304.

89. Xu M, Tchkonia T, Ding H, et al. JAK inhibition alleviates the

cellular senescence-associated secretory phenotype and frailty

in old age. Proc Natl Acad Sci U S A 2015;112:E6301–10.

90. Roos CM, Zhang B, Palmer AK, et al. Chronic senolytic treat-

ment alleviates established vasomotor dysfunction in aged or

atherosclerotic mice. Aging Cell 2016;15:973–7.

91. Xu M, Bradley EW, Weivoda MM, et al. Transplanted senes-

cent cells induce an osteoarthritis-like condition in mice. J Ger-

ontol A Biol Sci Med Sci 2017;72:780–5.

92. Schafer MJ, White TA, Iijima K, et al. Cellular senescence

mediates fibrotic pulmonary disease. Nat Commun

2017;8:14532.

93. Ogrodnik M, Miwa S, Tchkonia T, et al. Cellular senescence

drives age-dependent hepatic steatosis. Nat Commun

2017;8:15691.

94. Justice JN, Gregory H, Tchkonia T, et al. Cellular senescence

biomarker p16INK4a+ cell burden in thigh adipose is associ-

ated with poor physical function in older women. J Gerontol A

Biol Sci Med Sci 2018;73:939–45.

95. Tchkonia T, Kirkland JL. Aging, cell senescence, and chronic

disease: emerging therapeutic strategies. JAMA

2018;320:1319–20.

96. Wang B, Liu Z, Chen VP, et al. Transplanting cells from old

but not young donors causes physical dysfunction in older

recipients. Aging Cell 2020;19:e13106.

97. Wissler Gerdes EO, Zhu Y, Weigand BM, et al. Cellular senes-

cence in aging and age-related diseases: Implications for neuro-

degenerative diseases. Int Rev Neurobiol 2020;155:203–34.

98. Ogrodnik M, Evans SA, Fielder E, et al. Whole-body senescent

cell clearance alleviates age-related brain inflammation and

cognitive impairment in mice. Aging Cell 2021;20:e13296.

99. Demaria M, Ohtani N, Youssef SA, et al. An essential role for

senescent cells in optimal wound healing through secretion of

PDGF-AA. Dev Cell 2014;31:722–33.

100. Campisi J. Aging, cellular senescence, and cancer. Annu Rev

Physiol 2013;75:685–705.

101. Meuter A, Rogmann LM, Winterhoff BJ, Tchkonia T, Kirkland

JL, Morbeck DE. Markers of cellular senescence are elevated

in murine blastocysts cultured in vitro: molecular consequences

of culture in atmospheric oxygen. J Assist Reprod Genet

2014;31:1259–67.

102. Guida JL, Agurs-Collins T, Ahles TA, et al. Strategies to pre-

vent or remediate cancer and treatment-related aging. J Natl

Cancer Inst 2021;113:112–22.

103. Palmer AK, Tchkonia T, Kirkland JL. Senolytics: potential for

alleviating diabetes and its complications. Endocrinology

2021;162:epub.

104. Nehme J, Borghesan M, Mackedenski S, Bird TG, Demaria M.

Cellular senescence as a potential mediator of COVID-19

severity in the elderly. Aging Cell 2020;19:e13237.

105. Pietrobon AJ, Teixeira FME, Sato MN. I mmunosenescence

and inflammaging: risk factors of severe COVID-19 in older

people. Front Immunol 2020;11:579220.

106. Huang C, Wang Y, Li X, et al. Clinical features of patients

infected with 2019 novel coronavirus in Wuhan, China. Lancet

2020;395:497–506.

107. Sasson JM, Campo JJ, Carpenter RM, et al. Diverse humoral

immune responses in younger and older adult COVID-19

patients. mBio 2021;12:e0122921.

108. Zheng HY, Zhang M, Yang CX, et al. Elevated exhaustion lev-

els and reduced functional diversity of T cells in peripheral

http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0067
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0067
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0067
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0068
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0068
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0068
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0069
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0069
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0069
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0069
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0070
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0070
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0070
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0071
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0071
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0071
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0072
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0072
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0073
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0073
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0074
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0074
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0075
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0075
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0075
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0076
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0076
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0076
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0077
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0077
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0077
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0078
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0078
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0078
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0078
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0079
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0079
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0079
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0080
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0080
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0080
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0081
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0081
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0081
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0082
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0082
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0082
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0082
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0083
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0083
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0083
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0084
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0084
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0084
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0085
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0085
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0085
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0086
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0086
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0086
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0086
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0087
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0087
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0087
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0088
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0088
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0088
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0089
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0089
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0089
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0090
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0090
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0090
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0091
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0091
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0091
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0092
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0092
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0092
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0093
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0093
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0093
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0094
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0094
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0094
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0094
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0095
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0095
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0095
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0096
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0096
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0096
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0097
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0097
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0097
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0098
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0098
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0098
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0099
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0099
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0099
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0100
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0100
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0101
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0101
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0101
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0101
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0101
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0102
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0102
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0102
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0103
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0103
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0103
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0104
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0104
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0104
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0105
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0105
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0105
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0106
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0106
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0106
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0107
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0107
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0107
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0108
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0108
https://doi.org/10.1016/j.trsl.2021.10.003


Translational Research
Volume 241 Wissler Gerdes et al 107
blood may predict severe progression in COVID-19 patients.

Cell Mol Immunol 2020;17:541–3.

109. Liu J, Li S, Liu J, et al. Longitudinal characteristics of lympho-

cyte responses and cytokine profiles in the peripheral blood of

SARS-CoV-2 infected patients. EBioMedicine 2020;55:102763.

110. Kroemer A, Khan K, Plassmeyer M, et al. Inflammasome acti-

vation and pyroptosis in lymphopenic liver patients with

COVID-19. J Hepatol 2020;73:1258–62.

111. Channappanavar R, Perlman S. Pathogenic human coronavirus

infections: causes and consequences of cytokine storm and

immunopathology. Semin Immunopathol 2017;39:529–39.

112. Magro C, Mulvey JJ, Berlin D, et al. Complement associated

microvascular injury and thrombosis in the pathogenesis of

severe COVID-19 infection: a report of five cases. Transl Res

2020;220:1–13.

113. Fogarty H, Townsend L, Morrin H, et al. Persistent endotheli-

opathy in the pathogenesis of long COVID syndrome. J

Thromb Haemost 2021;19:2546–53.

114. Gaya da Costa M, Poppelaars F, van Kooten C, et al. Age and

sex-associated changes of complement activity and comple-

ment levels in a healthy Caucasian population. Front Immunol

2018;9:2664.

115. Ganova P, Gyurkovska V, Belenska-Todorova L, Ivanovska N.

Functional complement activity is decisive for the development

of chronic synovitis, osteophyte formation and processes of cell

senescence in zymosan-induced arthritis. Immunol Lett

2017;190:213–20.

116. Tripathi U, Nchioua R, Prata L, et al. SARS-CoV-2 causes

senescence in human cells and exacerbates the senescence-

associated secretory phenotype through TLR-3. Aging (Albany

NY) 2021;12:21838–54.

117. Lee S, Yu Y, Trimpert J, et al. Virus-induced senescence is

driver and therapeutic target in COVID-19. Nature 2021:Online

ahead of print.

118. Laing AG, Lorenc A, Del Molino Del Barrio I, et al. Author

correction: a dynamic COVID-19 immune signature includes

associations with poor prognosis. Nat Med 2020;26:1663.

119. Arbour N, Day R, Newcombe J, Talbot PJ. Neuroinvasion by

human respiratory coronaviruses. J Virol 2000;74:8913–21.

120. Desforges M, Miletti TC, Gagnon M, Talbot PJ. Activation of

human monocytes after infection by human coronavirus 229E.

Virus Res 2007;130:228–40.

121. Scherlinger M, Felten R, Gallais F, et al. Refining "long-

COVID" by a prospective multimodal evaluation of patients

with long-term symptoms attributed to SARS-CoV-2 infection.

Infect Dis Ther 2021;10:1747–63.

122. Farr JN, Khosla S. Cellular senescence in bone. Bone

2019;121:121–33.

123. Birch J, Gil J. Senescence and the SASP: many therapeutic ave-

nues. Genes Dev 2020;34:1565–76.

124. Barzilai N, Crandall JP, Kritchevsky SB, Espeland MA. Met-

formin as a tool to target aging. Cell Metab 2016;23:1060–5.

125. Algire C, Moiseeva O, Deschenes-Simard X, et al. Metformin

reduces endogenous reactive oxygen species and associated

DNA damage. Cancer Prev Res (Phila) 2012;5:536–43.

126. Barzilai N, Huffman DM, Muzumdar RH, Bartke A. The criti-

cal role of metabolic pathways in aging. Diabetes

2012;61:1315–22.

127. Kulkarni AS, Gubbi S, Barzilai N. Benefits of metformin in

attenuating the hallmarks of aging. Cell Metab 2020;32:15–30.

128. Tamura RE, Said SM, de Freitas LM, Rubio IGS. Outcome and

death risk of diabetes patients with Covid-19 receiving pre-hos-

pital and in-hospital metformin therapies. Diabetol Metab

Syndr 2021;13:76.
129. Blanc F, Waechter C, Vogel T, et al. Therapeutic prevention of

COVID-19 in elderly: a case-control study. Geroscience 2021:

Online ahead of print.

130. Yang W, Sun X, Zhang J, Zhang K. The effect of metformin on

mortality and severity in COVID-19 patients with diabetes mel-

litus. Diabetes Res Clin Pract 2021;178:108977.

131. Blagosklonny MV. From rapalogs to anti-aging formula. Onco-

target 2017;8:35492–507.

132. Lamming DW, Ye L, Sabatini DM, Baur JA. Rapalogs and

mTOR inhibitors as anti-aging therapeutics. J Clin Invest

2013;123:980–9.

133. Blagosklonny MV. From causes of aging to death from

COVID-19. Aging (Albany NY) 2020;12:10004–21.

134. McCormack FX, Inoue Y, Moss J, et al. Efficacy and safety of

sirolimus in lymphangioleiomyomatosis. N Engl J Med

2011;364:1595–606.

135. Blagosklonny MV. Rapamycin extends life- and health span

because it slows aging. Aging (Albany NY) 2013;5:592–8.

136. Mannick JB, Morris M, Hockey HP, et al. TORC1 inhibition

enhances immune function and reduces infections in the

elderly. Sci Transl Med 2018;10:epub.

137. Wang CH, Chung FT, Lin SM, et al. Adjuvant treatment with a

mammalian target of rapamycin inhibitor, sirolimus, and steroids

improves outcomes in patients with severe H1N1 pneumonia

and acute respiratory failure. Crit Care Med 2014;42:313–21.

138. Camacho-Pereira J, Tarrago MG, Chini CCS, et al. CD38 dic-

tates age-related NAD decline and mitochondrial dysfunction

through an SIRT3-dependent mechanism. Cell Metab

2016;23:1127–39.

139. Hong G, Zheng D, Zhang L, et al. Administration of nicotin-

amide riboside prevents oxidative stress and organ injury in

sepsis. Free Radic Biol Med 2018;123:125–37.

140. Tarantini S, Valcarcel-Ares MN, Toth P, et al. Nicotinamide

mononucleotide (NMN) supplementation rescues cerebromi-

crovascular endothelial function and neurovascular coupling

responses and improves cognitive function in aged mice. Redox

Biol 2019;24:101192.

141. Chini EN, Chini CCS, Espindola Netto JM, de Oliveira GC,

van Schooten W. The pharmacology of CD38/NADase: an

emerging target in cancer and diseases of aging. Trends Phar-

macol Sci 2018;39:424–36.

142. Schultz MB, Sinclair DA. Why NAD(+) declines during aging:

it's destroyed. Cell Metab 2016;23:965–6.

143. Marinella MA. Indomethacin and resveratrol as potential treat-

ment adjuncts for SARS-CoV-2/COVID-19. Int J Clin Pract

2020;74:e13535.

144. Zhao X, Tong W, Song X, et al. Antiviral Effect of Resveratrol

in Piglets Infected with Virulent Pseudorabies Virus. Viruses

2018;10.

145. Lin SC, Ho CT, Chuo WH, Li S, Wang TT, Lin CC. Effective

inhibition of MERS-CoV infection by resveratrol. BMC Infect

Dis 2017;17:144.

146. Gonzalez-Freire M, Diaz-Ruiz A, de Cabo R. 17alpha-estra-

diol: a novel therapeutic intervention to target age-related

chronic inflammation. J Gerontol A Biol Sci Med Sci

2017;72:1–2.

147. Courant F, Aksglaede L, Antignac JP, et al. Assessment of cir-

culating sex steroid levels in prepubertal and pubertal boys and

girls by a novel ultrasensitive gas chromatography-tandem

mass spectrometry method. J Clin Endocrinol Metab

2010;95:82–92.

148. Toran-Allerand CD, Tinnikov AA, Singh RJ. Nethrapalli IS.

17alpha-estradiol: a brain-active estrogen? Endocrinology

2005;146:3843–50.

http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0108
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0108
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0109
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0109
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0109
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0110
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0110
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0110
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0111
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0111
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0111
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0112
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0112
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0112
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0112
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0113
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0113
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0113
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0114
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0114
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0114
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0114
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0115
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0115
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0115
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0115
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0115
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0116
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0116
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0116
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0116
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0117
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0117
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0117
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0118
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0118
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0118
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0119
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0119
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0120
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0120
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0120
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0121
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0121
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0121
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0121
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0122
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0122
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0123
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0123
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0124
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0124
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0125
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0125
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0125
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0126
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0126
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0126
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0127
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0127
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0128
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0128
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0128
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0128
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0129
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0129
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0129
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0130
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0130
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0130
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0131
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0131
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0132
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0132
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0132
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0133
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0133
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0134
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0134
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0134
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0135
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0135
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0136
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0136
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0136
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0137
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0137
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0137
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0137
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0138
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0138
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0138
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0138
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0139
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0139
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0139
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0140
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0140
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0140
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0140
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0140
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0141
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0141
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0141
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0141
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0142
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0142
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0143
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0143
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0143
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0144
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0144
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0144
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0145
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0145
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0145
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0146
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0146
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0146
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0146
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0147
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0147
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0147
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0147
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0147
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0148
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0148
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0148
https://doi.org/10.1016/j.trsl.2021.10.003


Translational Research
108 Wissler Gerdes et al March 2022
149. Mann SN, Hadad N, Nelson HM, et al. Health benefits attrib-

uted to 17alpha-estradiol, a lifespan-extending compound, are

mediated through estrogen receptor alpha. Elife 2020;9:epub.

150. Stout MB, Steyn FJ, Jurczak MJ, et al. 17alpha-estradiol allevi-

ates age-related metabolic and inflammatory dysfunction in

male mice without inducing feminization. J Gerontol A Biol

Sci Med Sci 2017;72:3–15.

151. Paoli A, Gorini S, Caprio M. The dark side of the spoon - glu-

cose, ketones and COVID-19: a possible role for ketogenic

diet? J Transl Med 2020;18:441.

152. Gangitano E, Tozzi R, Gandini O, et al. Ketogenic diet as a pre-

ventive and supportive care for COVID-19 patients. Nutrients

2021;13:1004.

153. Bradshaw PC, Seeds WA, Miller AC, Mahajan VR, Curtis

WM. COVID-19: proposing a ketone-based metabolic therapy

as a treatment to blunt the cytokine storm. Oxid Med Cell Lon-

gev 2020;2020:6401341.

154. Sukkar SG, Bassetti M. Induction of ketosis as a potential ther-

apeutic option to limit hyperglycemia and prevent cytokine

storm in COVID-19. Nutrition 2020;79-80:110967.

155. Ryu S, Shchukina I, Youm YH, et al. Ketogenesis restrains

aging-induced exacerbation of COVID in a mouse model. bio-

Rxiv 2020:Preprint.

156. Lopez-Lluch G, Navas P. Calorie restriction as an intervention

in ageing. J Physiol 2016;594:2043–60.

157. Mattson MP, Longo VD, Harvie M. Impact of intermittent fast-

ing on health and disease processes. Ageing Res Rev

2017;39:46–58.

158. Madeo F, Carmona-Gutierrez D, Hofer SJ, Kroemer G. Caloric

restriction mimetics against age-associated disease: targets,

mechanisms, and therapeutic potential. Cell Metab

2019;29:592–610.

159. Johnson JB, Summer W, Cutler RG, et al. Alternate day calorie

restriction improves clinical findings and reduces markers of

oxidative stress and inflammation in overweight adults with

moderate asthma. Free Radic Biol Med 2007;42:665–74.
160. Gnoni M, Beas R, Vasquez-Garagatti R. Is there any role of

intermittent fasting in the prevention and improving clinical

outcomes of COVID-19?: intersection between inflammation,

mTOR pathway, autophagy and calorie restriction. Virusdi-

sease 2021:1–10,. https://doi.org/10.1007/s13337-021-00703-5

Epub ahead of print.

161. Hannan MA, Rahman MA, Rahman MS, et al. Intermittent fast-

ing, a possible priming tool for host defense against SARS-

CoV-2 infection: crosstalk among calorie restriction, autophagy

and immune response. Immunol Lett 2020;226:38–45.

162. Fernandez-Lazaro D, Gonzalez-Bernal JJ, Sanchez-Serrano N,

Navascues LJ, Ascaso-Del-Rio A, Mielgo-Ayuso J. Physical

exercise as a multimodal tool for COVID-19: could it be used

as a preventive strategy? Int J Environ Res Public Health

2020;17:8496.

163. Cadore EL, Saez de Asteasu ML, Izquierdo M. Multicompo-

nent exercise and the hallmarks of frailty: considerations on

cognitive impairment and acute hospitalization. Exp Gerontol

2019;122:10–4.

164. Scheffer DDL, Latini A. Exercise-induced immune system

response: anti-inflammatory status on peripheral and central organs.

Biochim Biophys Acta Mol Basis Dis 2020;1866:165823.

165. Sharif K, Watad A, Bragazzi NL, Lichtbroun M, Amital H, Shoe-

nfeld Y. Physical activity and autoimmune diseases: get moving

and manage the disease. Autoimmun Rev 2018;17:53–72.

166. Duggal NA, Niemiro G, Harridge SDR, Simpson RJ, Lord JM.

Can physical activity ameliorate immunosenescence and

thereby reduce age-related multi-morbidity? Nat Rev Immunol

2019;19:563–72.

167. Jimenez-Pavon D, Carbonell-Baeza A, Lavie CJ. Physical exer-

cise as therapy to fight against the mental and physical conse-

quences of COVID-19 quarantine: special focus in older

people. Prog Cardiovasc Dis 2020;63:386–8.

168. Jimeno-Almazan A, Pallares JG, Buendia-Romero A, et al.

Post-COVID-19 syndrome and the potential benefits of exer-

cise. Int J Environ Res Public Health 2021;18:5329.

http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0149
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0149
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0149
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0150
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0150
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0150
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0150
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0151
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0151
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0151
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0152
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0152
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0152
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0153
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0153
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0153
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0153
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0154
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0154
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0154
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0155
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0155
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0155
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0156
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0156
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0157
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0157
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0157
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0158
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0158
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0158
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0158
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0159
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0159
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0159
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0159
https://doi.org/10.1007/s13337-021-00703-5
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0161
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0161
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0161
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0161
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0162
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0162
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0162
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0162
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0162
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0163
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0163
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0163
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0163
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0164
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0164
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0164
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0165
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0165
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0165
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0166
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0166
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0166
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0166
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0167
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0167
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0167
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0167
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0168
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0168
http://refhub.elsevier.com/S1931-5244(21)00259-0/sbref0168
https://doi.org/10.1016/j.trsl.2021.10.003

