
Aging Cell. 2022;21:e13596.	 		 	 | 1 of 23
https://doi.org/10.1111/acel.13596

wileyonlinelibrary.com/journal/acel

Received:	16	November	2021  | Revised:	11	February	2022  | Accepted:	13	March	2022
DOI: 10.1111/acel.13596  

R E V I E W  A R T I C L E

Geroscience- guided repurposing of FDA- approved drugs to 
target aging: A proposed process and prioritization

Ameya S. Kulkarni1  |   Sandra Aleksic2  |   David M. Berger3 |   Felipe Sierra4 |   
George A. Kuchel5  |   Nir Barzilai1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2022	The	Authors.	Aging Cell	published	by	Anatomical	Society	and	John	Wiley	&	Sons	Ltd.

Ameya	S.	Kulkarni	and	Sandra	Aleksic	contributed	equally	to	this	work.		

Abbreviations:	ACEi,	angiotensin-	converting	enzyme	inhibitor;	ACS,	Acute	Coronary	Syndrome;	AD,	Alzheimer’s	disease;	ADAS-	cog,	Alzheimer's	Disease	Assessment	Scale–	Cognitive	
Subscale;	ARB,	angiotensin	receptor	blocker;	BCC,	basal	cell	carcinoma;	BEZ235,	dactolisib;	BMD,	bone	mineral	density;	BP,	blood	pressure;	CAD,	Coronary	Artery	Disease;	cIMT,	
coronary	(artery)	intimal	media	thickness;	CKD,	chronic	kidney	disease;	CRC,	colorectal	cancer;	CV,	cardiovascular;	CVA,	cerebrovascular	accident;	DM,	diabetes	mellitus;	ESRD,	
end-	stage	renal	disease;	GFR,	glomerular	filtration	rate;	HF,	heart	failure;	HR,	hazard	ratio;	HRCT,	high-	resolution	chest	CT;	HTN,	hypertension;	IFN,	interferon;	ILD,	interstitial	lung	
disease;	IPF,	idiopathic	pulmonary	fibrosis;	IRR,	incidence	rate	ratio;	MACE,	major	adverse	cardiovascular	event;	MCI,	mild	cognitive	impairment;	MI,	myocardial	infarction;	MMSE,	mini	
mental	status	evaluation;	OR,	odds	ratio;	RAD001,	everolimus;	RCT,	randomized	controlled	trial;	RR,	relative	risk;	SASP,	senescence-	associated	secretory	phenotype;	SRR,	standardized	
rate	ratio;	SU,	sulfonylurea;	T2D,	diabetes	mellitus,	type	2.

1Institute	for	Aging	Research,	Albert	
Einstein	College	of	Medicine,	Bronx,	New	
York,	USA
2Department	of	Medicine	(Endocrinology	
and	Geriatrics),	Albert	Einstein	College	of	
Medicine,	Bronx,	New	York,	USA
3Department	of	Medicine	(Hospital	
Medicine),	Montefiore	Medical	Center	
and	Albert	Einstein	College	of	Medicine,	
Bronx,	New	York,	USA
4Centre	Hospitalier	Universitaire	de	
Toulouse,	Toulouse,	France
5UConn	Center	on	Aging,	University	
of	Connecticut	School	of	Medicine,	
Farmington,	Connecticut,	USA

Correspondence
Ameya	S.	Kulkarni	and	Nir	Barzilai,	
Institute	for	Aging	Research,	Albert	
Einstein	College	of	Medicine,	Bronx,	New	
York,	USA.
Emails:	ameyak225@gmail.com	(A.S.K.);	
nir.barzilai@einsteinmed.org	(N.B.)

Present address
Ameya	S.	Kulkarni,	AbbVie	Inc.,	North	
Chicago,	IL	60064,	USA.

Funding information
Einstein-	Paul	Glenn	Foundation	for	
Medical	Research	Center	for	the	Biology	
of	Human	Aging;	The	Nathan	Shock	
Center	of	Excellence	for	the	basic	
Biology	of	Aging,	Grant/Award	Number:	
P30AG038072,	NIH	grant	P30AG067988	
and	NIH	grant	R33AG061456

Abstract
Common	 chronic	 diseases	 represent	 the	 greatest	 driver	 of	 rising	 healthcare	 costs,	
as	well	as	declining	function,	 independence,	and	quality	of	life.	Geroscience-	guided	
approaches seek to delay the onset and progression of multiple chronic conditions 
by targeting fundamental biological pathways of aging. This approach is more likely 
to	improve	overall	health	and	function	in	old	age	than	treating	individual	diseases,	by	
addressing aging the largest and mostly ignored risk factor for the leading causes of 
morbidity	in	older	adults.	Nevertheless,	challenges	in	repurposing	existing	and	mov-
ing newly discovered interventions from the bench to clinical care have impeded the 
progress	of	this	potentially	transformational	paradigm	shift.	In	this	article,	we	propose	
the	creation	of	a	standardized	process	for	evaluating	FDA-	approved	medications	for	
their	geroscience	potential.	Criteria	for	systematically	evaluating	the	existing	litera-
ture	 that	 spans	 from	animal	models	 to	human	studies	will	permit	 the	prioritization	
of efforts and financial investments for translating geroscience and allow immediate 
progress	on	the	design	of	the	next	Targeting	Aging	with	MEtformin	(TAME)-	like	study	
involving such candidate gerotherapeutics.
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1  |  INTRODUC TION

Geroscience	represents	a	novel	paradigm	whereby	biological	aging	
is	 recognized	 as	 the	 major	 modifiable	 driver	 of	 age-	related	 dis-
eases	 and	 other	 late-	life	 conditions	 (Burch	 et	 al.,	 2014;	 Kennedy	
et	 al.,	 2014;	 López-	Otín	 et	 al.,	 2013).	 Widespread	 clinical	 use	 of	
geroscience-	guided	interventions	could	transform	the	public	health	
landscape because the ability to target biological aging as a risk fac-
tor could simultaneously delay the onset and progression of multiple 
conditions,	 thereby	enhancing	health,	 function,	and	 independence	
in	late-	life.	A	corollary	is	that	targeting	this	biology	will	affect	human	
healthspan (the portion of lifespan free of major disease and disabil-
ity)	most	profoundly,	and	with	a	better	prognosis	than	the	current	
model	of	addressing	one	disease	at	a	time.	Geroscientists	agree	on	
several criteria defining distinct yet interrelated molecular and cel-
lular hallmarks of aging that include (1) the measurable systemic or 
tissue-	specific	biological	process	should	be	altered	during	aging;	(2)	
its	disruption	 should	have	negative	consequences	 in	both	 lifespan	
and	 healthspan;	 and	 (3)	 when	 positively	 modulated,	 it	 should	 ex-
tend	 both	 lifespan	 and	 healthspan	 in	 preclinical	models	 (Huffman	
et	al.,	2016;	Kritchevsky	&	Justice,	2020).	Currently	approved	and	
accepted tools to target aging in humans are restricted to diet and 
exercise,	which	 seem	 to	 influence	multiple	hallmarks	of	 aging.	On	
the	contrary,	advances	in	geroscience	are	spurring	the	development	
of gerotherapeutics (pharmacological interventions that promote 
health	by	directly	or	indirectly	targeting	the	aging	hallmarks,	in	ad-
dition to the disease itself) which show efficacy toward multiple 
age-	related	conditions.	Interventions	that	influence	these	hallmarks	
at the cellular level toward more youthful function appear to lead 
to similarly favorable functional changes at the organ and systemic 
level.

While	aging	is	unequivocally	the	major	risk	factor	for	age-	related	
diseases,	 regulatory	bodies	 around	 the	world,	 such	as	 the	FDA	or	
EMA,	do	not	yet	recognize	geroscience-	guided	clinical	outcomes	as	
a path to regulatory approval. This is in part because the processes 
for validating specific compounds or combinations of compounds 
for their ability to delay the onset and progression of multiple 
chronic	diseases	have	not	yet	been	delineated	in	humans.	Without	
regulatory	 approval,	 insurers	 will	 not	 pay	 for	 such	 treatments,	
which	 disincentivizes	 pharmaceutical	 companies	 from	 developing	
geroscience-	guided	approaches,	simply	because	there	is	no	path	for	
them	to	develop	a	viable	business	plan.	Therefore,	there	is	an	urgent	
need	to	demonstrate,	in	a	well-	designed	clinical	trial,	that	a	cluster	
of	age-	related	diseases	can	be	significantly	delayed	by	repurposing	
existing	or	developing	novel	gerotherapeutics.

Targeting	 Aging	 with	 MEtformin	 (TAME)	 is	 such	 a	 study	 that	
has	 been	 under	 development	 for	 the	 last	 few	 years,	 and	 whose	
basic	principles	have	been	developed	in	consultation	with	the	FDA	
(Barzilai	et	al.,	2016).	Metformin	was	 initially	used	 in	 the	1950s	 to	
prevent	influenza	and	malaria,	but	it	was	also	noted	to	lower	glucose	
levels	in	people	with	diabetes	without	triggering	hypoglycemia,	lead-
ing to it becoming the treatment of choice for type 2 diabetes (T2D). 
In	addition	to	its	well-	documented	benefits	on	diabetes,	clinical	and	

observational studies have linked metformin to beneficial effects 
on	 multiple	 age-	related	 diseases,	 including	 cardiovascular	 disease	
(CVD),	 cancer,	Alzheimer's	 disease,	 and	mild	 cognitive	 impairment,	
as	well	 as	 reduced	mortality	 (Barzilai	 et	 al.,	 2016;	Campbell	 et	 al.,	
2018;	Novelle	et	al.,	2016).	TAME	was	designed	by	a	group	of	gero-
scientists	as	a	robust	proof-	of-	principle	study,	whereby	the	primary	
outcome	of	the	placebo-	controlled,	double-	blinded	trial	will	be	the	
“time	to	event”	of	a	cluster	of	age-	related	diseases	consisting	of	car-
diovascular	events,	cancer,	cognitive	decline,	dementia,	and	death.	In	
this	manner,	TAME	is	planned	to	provide	a	template	for	the	design	of	
future	studies	evaluating	other	FDA-	approved	drugs	that	are	repur-
posed	as	gerotherapeutics	(Espeland	et	al.,	2017;	Justice	et	al.,	2018).

We	believe	that	efforts	to	test	and	repurpose	existing,	safe	gero-
therapeutics	should	be	extended	beyond	TAME,	not	only	to	increase	
the number of drugs potentially available to target aging in humans 
but	also	to	mitigate	the	risks	to	the	field,	should	any	such	trials	fail	to	
reach their desired outcome. The purpose of this paper is to gather 
available evidence in the literature that supports and ranks potential 
gerotherapeutics	 and	 to	 help	 clinical	 investigators,	 geroscientists,	
not-	for-	profit	foundations,	and	governments	to	accelerate	research	
and	clinical	trials	to	test	their	efficacy	and	safety.	 Importantly,	our	
mission is for such drug candidates to become clinically available 
relatively	 soon,	 and	 thus,	 we	 limit	 our	 analyses	 only	 to	 potential	
gerotherapeutics	 that	 are	 already	FDA-	approved	 for	 other	 clinical	
indications.

We	sought	 to	 identify	 such	FDA-	approved	drugs	 or	 classes	 of	
drugs	that	had	at	least	one	publication	showing	extension	of	lifespan	
in rodents and data in humans suggesting the highest chance of suc-
cess	if	tested	in	a	well-	controlled	TAME-	like	clinical	trial.	We	devel-
oped	a	12-	point	prioritization	scale	that	assigns	equal	points	for	the	
preclinical	and	clinical	evidence	for	each	of	these	candidates.	Points	
on the preclinical side were assigned for effects on the hallmarks of 
aging,	 improvement	 in	healthspan	and	extension	of	 lifespan	 in	 ro-
dents	as	part	of	the	NIA’s	Interventions	Testing	Program	(ITP),	a	well-	
characterized,	multicentered	study	to	evaluate	gerotherapeutics,	as	
well	as	non-	ITP	rodent	lifespan	studies	(Harrison	et	al.,	2014;	Nadon	
et	al.,	2017).	On	the	clinical	side,	points	were	assigned	for	observed	
healthspan	 outcomes	 extending	 beyond	 the	 diseases	 targeted	 by	
the	drug,	and	mortality	from	any	cause	or	off-	target	diseases,	with	
a scale where interventional studies weigh more than observational 
studies.	Here,	we	outline	the	nature	of	the	process	and	priority	scor-
ing designed to assess the likelihood that a specific gerotherapeutic 
may be successful in a clinical study.

2  |  METHODS

2.1  |  Identification of potential gerotherapeutics 
among FDA- approved drugs

We	conducted	mining	of	the	DrugAge	(Build	3)	database	for	drugs	
that	 extend	 lifespan	 (Barardo	 et	 al.,	 2017;	 detailed	 in	 Figure	 1).	
Results were then filtered for rodents (mice and rats) in studies 
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reporting	statistically	significant	increased	median	and/or	maximum	
lifespan as the inclusion criteria (n = 41 drugs or supplements). This 
approach meant that drugs that have shown some clinical benefits 
but	have	not	shown	extension	of	lifespan	in	preclinical	rodent	mod-
els	were	excluded	from	further	analysis.	These	findings	were	then	
updated	with	drugs	tested	in	the	ITP	since	2019	(DrugAge	Build	3	
was	 released	 in	 July	 2019).	 Nutraceutical/supplemental	 products	

were	excluded,	and	only	FDA-	approved	drugs	were	included	(n = 9 
drugs).	Search	was	then	split	into	preclinical	(more	detail	on	lifespan,	
measures of healthspan and hallmarks of aging) and clinical (health-
span and mortality) using the search terms and datasets as described 
in	Figure	1.	The	search	terms	for	clinical	outcomes	were	based	on	
the	 non-	communicable	 diseases	 among	 the	 10	 leading	 causes	 of	
death	in	persons	age	65	and	older	in	the	US	(CDC,	2017).

F I G U R E  1 Workflow	to	select	candidate	gerotherapeutics	and	evaluate	preclinical	and	clinical	evidence	for	future	geroscience-	guided	
clinical trials. Number of interventions after each step of selection are indicated in parentheses

Clinical literature search terms
(Pubmed)

• (Drug) AND Mortality
• (Drug) AND cardiovascular disease
• (Drug) AND Cancer AND (Incidence OR 
incident)
• (Drug) AND (dementia OR cognition OR 
“cognitive impairment”)
• (Drug) AND Chronic kidney disease
Filters applied: Clinical Study, Clinical Trial, 
Controlled Clinical Trial, English Abstract, 
Meta-Analysis, Observational Study, 
Pragmatic Clinical Trial, Randomized 
Controlled Trial, Humans.

DrugAge database mined to identify 
interventions that significantly extend 

median or maximal lifespan in 
mammals (mice & rats)

Manual filtering to include only FDA-
approved drugs and exclude 

supplements

(41 drugs + supplements)

List of interventions 
updated with evidence 

from ITP (published results 
until May 1st, 2021)

(1 drug)

Scoring system established with 
equal weightage for preclinical and 

clinical evidence
(Total points = 12)

(9 drugs) 

Preclinical scoring
1. Attenuation of hallmarks >=3- 2 pt; <3- 1 pt
2. Increase in healthspan or targeting age-
related disease- 2 pt
3. Increase in lifespan- ITP- 2 pt; non-ITP- 1 
pt

Clinical scoring
1. Increase in healthspan or targeting an age-
related disease which is not the primary 
indication of the drug- RCT- 3 pt; 
observational or open-label study- 1 pt
2. Decrease in mortality or improved survival- 
RCT- 3 pt; observational- 1 pt

Preclinical literature search terms 
(PubMed + Google Scholar)

• (Hallmark) AND (Drug) AND (Aging OR 
Longevity)
• (Drug) AND (Lifespan OR Healthspan) AND 
(Mouse OR Rats OR model organisms)
• (Drug) AND (ITP) AND (Longevity)
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2.2  |  Ranking gerotherapeutics

An	 ordinal	 12-	point	 scale	was	 equally	 divided	 between	 basic	 and	
clinical	studies	(6	points	each).	Thereby,	promising	gerotherapeutics	
that	have	significant	basic	geroscience	rationale,	yet	currently	 lack	
supportive	data	from	human	subject	studies	were	not	penalized.

2.3  |  Preclinical scoring

Of	the	6	points	evaluating	basic	or	preclinical	factors,	up	to	2	points	
were	assigned	each	for	targeting	hallmarks	of	aging,	improving	pre-
clinical	healthspan	and	preclinical	lifespan	each,	with	the	breakdown	
as	 follows:	 (i)	 1	 point	 assigned	 for	 less	 than	 3	 hallmarks,	 2	 points	
assigned for 3 or more hallmarks; (ii) 2 points assigned for effect on 
healthspan parameters; (iii) 1 point assigned for lifespan tested out-
side	ITP,	2	points	assigned	for	a	significant	increase	in	lifespan	within	
ITP	(López-	Otín	et	al.,	2013).

2.4  |  Clinical scoring

Out	of	the	6	points	assessing	clinical	considerations,	up	to	3	points	
were	assigned	to	healthspan	and	3	points	for	mortality	data,	as	fol-
lows:	(i)	Healthspan:	drug	needed	to	demonstrate	that	it	targeted	at	
least	one	age-	related	disease/pathologic	process	which	 it	was	not	
intended	 to	 treat,	with	 1	 point	 assigned	 for	 observational	 studies	
and	3	points	for	interventional,	randomized	controlled	trials	(RCTs);	
(ii)	mortality:	drug	needed	to	demonstrate	that	it	reduced	all-	cause	
mortality	or	death	from	a	disease	which	it	was	not	intended	to	treat,	
with 1 point assigned for observational studies and 3 points assigned 
for RCTs.

3  |  RESULTS

Using	 the	 process	 detailed	 in	 Figure	 1,	we	were	 able	 to	 prioritize	
9	drug	classes	(Table	1).	SGLT2	inhibitors	(SGLT2i),	a	relatively	new	
drug	class,	was	the	only	one	to	receive	the	maximum	score,	owing	
to not only its robust effects on improving rodent healthspan and 
lifespan	 (including	 ITP)	but	also	 strong	evidence	 for	 the	extension	
of	healthspan	and	reduction	of	mortality	in	humans.	Metformin	was	
next	on	the	list,	and	it	received	a	submaximal	score,	due	to	negative	
findings	for	rodent	lifespan	extension	in	ITP.	Acarbose,	rapamycin/
rapalogs,	and	methylene	blue	(MB)	all	had	strong	preclinical	data	and	
promising findings for human healthspan (the latter being the most 
robust	 for	 acarbose),	 but	 sparse	 clinical	 data	 for	human	mortality.	
Angiotensin-	converting	 enzyme	 inhibitors	 (ACEi)	 and	 angiotensin	
receptor	blockers	 (ARBs)	were	 found	 to	extend	preclinical	 health-
span	and	lifespan	(outside	of	ITP)	and	had	robust	effects	on	extend-
ing	 human	 healthspan,	 but	 the	 studies	 on	 human	mortality,	while	
abundant,	were	predominantly	negative.	The	last	three	drugs	on	our	
list,	senolytics-		Dasatinib	+ Quercetin (D +	Q),	aspirin,	and	N-	acetyl	

cysteine	(NAC),	all	had	strong	preclinical	data,	but	their	effects	on	
human healthspan and mortality have not yet been assessed in 
clinical	studies	or	appropriate	doses/populations.	Obviously,	future	
studies may change the priority order for drugs that did not receive 
points due to the paucity of clinical data.

3.1  |  Preclinical results

3.1.1  |  Rodent	lifespan

Gerotherapeutics	in	preclinical	models	were	primarily	evaluated	for	
their	ability	to	extend	rodent	lifespan	(Table	2).	Robust	evidence	from	
ITP	suggests	 that	SGLT2i	 (canagliflozin),	 acarbose,	 rapamycin,	MB,	
and	aspirin	extend	either	median	and	maximum	lifespan	or	median	
lifespan	alone	in	genetically	heterogeneous	UM-	HET3	mice,	gener-
ally	 in	 a	 sexually	 dimorphic	manner	 (Harrison	 et	 al.,	 2014;	Nadon	
et	al.,	2017).	SGLT2i	canagliflozin	extended	median	survival	by	14%	
and	the	age	for	90th	percentile	survival	by	9%	in	male	mice	(Miller	
et	al.,	2020).	Acarbose	extended	median	 lifespan	by	22%	 in	males	
and	only	5%	in	females,	while	rapamycin	exhibits	a	dose-	dependent	
response	by	increasing	median	lifespan	by	16%–	26%	in	females	and	
13%–	23%	in	males	 (Harrison	et	al.,	2014,	2019;	Miller	et	al.,	2011,	
2014;	Strong	et	al.,	2016,	2020).	Although	less	rigorous	than	ITP,	in-
dividual	non-	ITP	studies	have	also	identified	metformin,	ACEi/ARB,	
senolytics D +	Q	to	have	a	lifespan-	extending	effect	in	mice	(Martin-	
Montalvo	et	al.,	2013;	Santos	et	al.,	2009;	Xu	et	al.,	2018).

3.1.2  |  Rodent	healthspan

In	addition	to	lifespan	effects,	we	evaluated	the	evidence	of	poten-
tial gerotherapeutics on improving healthspan in preclinical models 
of	aging	and	age-	related	diseases,	where	the	action	of	the	drug	was	
attributed	 to	 their	 non-	primary	 target	 or	 mechanism.	 Metformin	
displayed strong evidence in targeting conditions that were beyond 
its	antihyperglycemic	function	(Barzilai	et	al.,	2016;	Kulkarni	et	al.,	
2018,	2020).	 In	osteoarthritic	mice,	 it	moderated	cartilage	degen-
eration	and	chondrocyte	aging	(Feng	et	al.,	2020).	Similarly,	SGLT2i	
and	acarbose	demonstrated	effects	beyond	their	glucose-	lowering	
potential by lowering the incidence of atherosclerosis in diabetic 
ApoE	−/−	mice	with	 the	 former,	and	 that	of	 lung	 tumors,	 liver	de-
generation,	and	glomerulosclerosis	with	the	latter	(Han	et	al.,	2017;	
Harrison	et	al.,	2019;	Liu	et	al.,	2021).	In	mouse	models	of	neurode-
generation,	metformin,	acarbose,	rapamycin,	MB,	aspirin,	and	NAC	
improved	cognitive	and	motor	functions	and	attenuated	age-	related	
memory	 impairments	 and	 behavioral	 changes	 (Cao	 et	 al.,	 2012;	
Chandra	et	al.,	2018;	Hosokawa	et	al.,	2012;	Kaeberlein	&	Galvan,	
2019;	Kodali	et	al.,	2021;	Lamming	et	al.,	2012;	Martínez	et	al.,	2000;	
Ryu	et	al.,	2020;	Spilman	et	al.,	2010;	Tong	et	al.,	2015;	Yan	et	al.,	
2015;	Zakaria	et	al.,	2016).

Complementary	 to	 its	effects	on	 lifespan,	 rapamycin	 improved	
mouse	 healthspan	 by	 reducing	 the	 incidence	 of	 retinopathy,	
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myocardial	 alterations,	 liver	 degeneration,	 and	 endometrial	 hyper-
plasia	while	also	scavenging	reactive	oxygen	species	(ROS)	in	corneal	
endothelial	cells	(Lamming	et	al.,	2012;	Shin	et	al.,	2011).

Rapamycin,	metformin,	and	ACEi	enalapril	are	also	shown	to	im-
pact	indicators	of	frailty,	including	motor	and	physical	performance,	
grip	strength,	stride	length,	resistance	to	muscle	fatigue	as	well	as	
decreased	 incidence	 of	 kyphosis	 index	 and	 cataracts	 in	 middle-	
aged	and	older	mice	 (Correia-	Melo	et	al.,	2019;	Keller	et	al.,	2019;	
Palliyaguru	et	al.,	2019).

The effects of senolytics D + Q are primarily attributed to low-
ering the burden of senescent cells or downregulating inflammation 
in	 older	mice	 and	 thereby	preventing	 aging-	related	 cognitive,	mo-
bility	 declines,	 frailty,	 vasomotor,	 uterine	 dysfunction,	 or	 fibrosis	
(Cavalcante	et	al.,	2020;	Farr	et	al.,	2017;	Roos	et	al.,	2016;	Schafer	
et	al.,	2017;	P.	Zhang	et	al.,	2019).

3.1.3  |  Attenuation	of	hallmarks	of	aging

To assess the molecular utility of gerotherapeutics in targeting fun-
damental	mechanisms	of	aging,	we	subsequently	evaluated	their	ac-
tions	on	hallmarks	of	aging.	By	grouping	similar	pathways	together,	
the	seven	pillars	of	aging	were	classified	into	four	(1)	Macromolecular	
damage	 and	 adaptation	 to	 stress;	 (2)	 epigenetic	 effects,	 stem	 cell	
renewal	and	regeneration;	(3)	proteostasis,	inflammation	(and	senes-
cence);	and	(4)	metabolism	(Kennedy	et	al.,	2014;	López-	Otín	et	al.,	
2013).	 Importantly,	 drugs	well-	studied	 from	 the	aging	perspective	
such	as	metformin,	rapamycin,	and	aspirin	have	substantial	evidence	
of	targeting	hallmarks	of	aging,	as	compared	to	relatively	less	studied	
or	newly	approved	drugs	including	SGLT2i,	senolytics,	and	NAC.

We	have	previously	elaborated	on	metformin's	impact	on	atten-
uating	hallmarks	of	aging	 (Kulkarni	et	al.,	2020).	Further	 investiga-
tion on other gerotherapeutics indicates that they target common 
mechanisms	 within	 each	 hallmark	 of	 aging,	 which	 includes	 scav-
enging	of	ROS	and	thereby	oxidative	stress	by	metformin	in	human	
immune	cells,	 rapamycin	 in	erythrocytes,	MB	 in	 rat	hearts,	aspirin	
in	endothelial	cells,	and	NAC	in	the	brain	 (Duicu	et	al.,	2017;	Garg	
et	 al.,	 2018;	Hartwig	 et	 al.,	 2021;	 Jorda	 et	 al.,	 2020;	 Singh	 et	 al.,	

2016).	Moreover,	metformin,	rapamycin,	and	aspirin	further	protect	
against	 DNA	 damage	 either	 via	 lowering	DNA-	damage	 accumula-
tion	(rapamycin	and	aspirin)	or	upregulating	DNA-	damage	response	
(metformin)	(Chen	et	al.,	2011;	Kulkarni	et	al.,	2020;	Rahman	et	al.,	
2021;	Saha	et	al.,	2014).	SGLT2i	improves	mitochondrial	function	by	
preventing	calcium	buildup,	while	metformin	and	MB	regulate	 the	
electron	transport	chain	(Chen	et	al.,	2021;	Duicu	et	al.,	2017;	Olgar	
et	al.,	2020;	Xiong	et	al.,	2017).

Many	 gerotherapeutics	 exhibit	 anti-	inflammatory,	 senolytic/
senomorphic,	 and	 proteostasis-	regulating	 properties.	 Metformin,	
rapamycin/rapalogs,	 ARBs,	 and	 aspirin	 increased	 autophagy	 in	 a	
tissue-	specific	 manner,	 SGLT2i	 empagliflozin	 reactivates	 glomerular	
autophagy	in	db/db	mice	(Bharath	et	al.,	2020;	Castoldi	et	al.,	2020;	
Kodali	et	al.,	2021;	Korbut	et	al.,	2020;	Lin	et	al.,	2018;	Pietrocola	et	al.,	
2018;	Schinaman	et	al.,	2019;	Woo	&	Jung,	2017;	Zhao	et	al.,	2020).	
Metformin,	rapamycin,	senolytics,	and	aspirin	are	seen	to	lower	periph-
eral	and	tissue-	specific	pro-	inflammatory	cytokines	(Jorda	et	al.,	2020;	
Kodali	et	al.,	2021;	Kulkarni	et	al.,	2020;	Laberge	et	al.,	2015;	Paschoal	
et	al.,	2017;	Saccon	et	al.,	2021;	Zhang	et	al.,	2019).	Recent	evidence	
also suggests the role of metformin and acarbose in modulating the gut 
microbiome,	thereby	suppressing	 inflammation	(Ahmadi	et	al.,	2020;	
Smith	 et	 al.,	 2019).	 In	 addition	 to	 senolytics,	metformin,	 rapamycin,	
MB,	and	aspirin	have	also	been	shown	to	lower	senescence-	associated	
secretory	phenotype	 (SASP)	 levels	 (Atamna	et	al.,	2008;	Feng	et	al.,	
2019;	Moiseeva	et	al.,	2013;	Wang	et	al.,	2017;	Xiong	et	al.,	2017).

Additionally,	gerotherapeutics	are	shown	to	regulate	metabolism	
by	 targeting	 evolutionarily	 conserved	 nutrient-	sensing	 pathways	
across	 multiple	 species,	 primarily	 AMPK	 signaling	 by	 metformin,	
mTOR	 signaling	 by	 rapamycin	 and	 rapalogs,	 and	 insulin-	IGF1	 sig-
naling	by	acarbose	(Barzilai	et	al.,	2012;	Tong	et	al.,	2015).	Glucose	
tolerance	was	improved	with	SGLT2i	dapagliflozin	while	senolytics	
D +	Q,	acarbose	reduced	postprandial	glucose	levels	and	improved	
insulin	sensitivity	 (Durak	et	al.,	2018;	Harrison	et	al.,	2019;	Sierra-	
Ramirez	et	al.,	2020).	SGLT2i	empagliflozin	increased	the	AMP/ATP	
ratio	 in	 a	 cardiac	 injury	model,	 induced	 renoprotection	 in	diabetic	
mouse	kidneys	via	inhibition	of	mTORC1	hyperactivation,	while	as-
pirin	recapitulated	metabolic	effects	of	caloric	restriction	(Pietrocola	
et	al.,	2018;	Tomita	et	al.,	2020;	H.	Zhou	et	al.,	2018).

TA B L E  1 Ranking	of	FDA-	approved	drugs	as	potential	gerotherapeutics	based	on	scoring	(out	of	12)	for	preclinical	and	clinical	evidence

Gerotherapeutics
Hallmarks of 
aging

Preclinical 
healthspan

Preclinical 
lifespan Human healthspan Human mortality

Score (out 
of 12)

SGLT-	2	inhibitors 2 2 2 3 3 12

Metformin 2 2 1 3 3 11

Acarbose 2 2 2 3 0 (Not assessed) 9

Rapamycin/rapalogs 2 2 2 3* 0 (Not assessed) 9

Methylene	blue 2 2 2 3* 0 (Not assessed) 9

ACEi/ARB 2 2 1 3 0 8

Dasatinib +	(quercetin) 2 2 1 1 0 (Not assessed) 6

Aspirin 2 2 2 0 (Not assessed) 0 (Not assessed) 6

N-	acetyl	cysteine 1 2 2 0 (Not assessed) 0 (Not assessed) 5
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3.2  |  Clinical results

3.2.1  | Mortality

To	assess	the	effects	of	gerotherapeutics	on	mortality,	we	focused	
on	 all-	cause	 mortality	 and	 deaths	 from	 off-	target	 diseases,	 that	
is,	 those	 that	were	 not	 the	 primary	 target	 for	 the	 drug	 (Table	 3).	
SGLT2i	demonstrated	 the	most	 robust	clinical	evidence	 for	 reduc-
tion	of	death	from	any	cause	and	CVD,	in	patients	with	or	without	
T2D,	 heart	 failure,	 and	 chronic	 kidney	 disease	 (CKD)	 (Cavender	
et	al.,	2018;	Heerspink	et	al.,	2020;	Neal	et	al.,	2017;	Packer	et	al.,	
2020;	Perkovic	 et	 al.,	 2019).	Clinical	mortality	 data	 for	metformin	
are	 less	 abundant,	 but	 UK	 Prospective	 Diabetes	 Study	 (UKPDS),	
an RCT that followed people with T2D for >10	 years,	 found	 that	
metformin	reduced	all-	cause	mortality	compared	to	diet	and	other	
glucose-	lowering	drugs	(“Effect	of	Intensive	Blood-	Glucose	Control	
with	Metformin	on	Complications	in	Overweight	Patients	with	Type	
2	Diabetes	 (UKPDS	34).	UK	Prospective	Diabetes	 Study	 (UKPDS)	
Group,”	 1998).	 Ample	 observational	 evidence	 supports	 survival	
benefits	in	people	with	diabetes	treated	with	metformin,	including	
when	compared	to	people	without	diabetes	(Bannister	et	al.,	2014;	
Campbell	et	al.,	2017;	Jong	et	al.,	2019;	Ritsinger	et	al.,	2020).

Except	 for	ACEi/ARB,	mortality	 data	 in	 appropriate	dose/pop-
ulations of the other evaluated drugs remain limited. One RCT of 
acarbose	 vs.	 placebo	 predefined	 the	 all-	cause	 and	 cardiovascular	
mortality	as	secondary	outcomes	and	found	no	difference	(Holman	
et	al.,	2017).	Most	studies	analyzing	mortality	(and	healthspan)	with	
rapamycin/rapalogs	focused	on	organ	transplant	recipients,	a	con-
text	that	does	not	permit	an	assessment	of	gerotherapeutic	bene-
fits for several reasons: (1) the doses used were high and targeted 
to	achieve	immunosuppression,	(2)	these	high-	risk	patients	are	not	
representative	of	the	general	aging	population,	and	(3)	rapamycin/
rapalogs	were	compared	to	other,	more	toxic	immunosuppressants.	
Rapalogs	 are	 also	 used	 to	 coat	 intravascular	 stents,	 but	 systemic	
doses delivered by this route are merely a fraction of a single daily 
dose	 used	 to	 achieve	 immunomodulation	 (Wiemer	 et	 al.,	 2008).	
In	 small	 clinical	 trials,	MB	 improved	 survival	 post	 cardiac	 surgery,	
owing	to	its	vasoconstrictive	effect,	but	it	was	not	studied	outside	of	
the	critical	care	setting	(Levin	et	al.,	2004).	Numerous	studies	have	
investigated	the	role	of	aspirin	in	human	lifespan	and	healthspan	but,	
unlike	animal	studies,	the	administered	doses	were	 in	the	range	at	
which	 aspirin	 displays	 anti-	platelet,	 not	 anti-	inflammatory	 activity.	
The	use	of	anti-	inflammatory	doses	in	humans	would	likely	be	pro-
hibited	by	the	risk	of	bleeding	(ASCEND	Study	Collaborative	Group,	
2018;	Hansson	et	al.,	1998;	McNeil	et	al.,	2018;	Ridker	et	al.,	2005).

While	 abundant,	 clinical	 mortality	 data	 for	 ACEi/ARB	 in	 non-	
high-	risk	hypertensive	populations	(i.e.,	without	heart	failure,	acute	
coronary	syndromes,	and	organ	transplants)	are	conflicted,	at	least	
in	part	due	to	marked	variability	 in	study	populations,	agents,	and	
dosages	used,	comparators	 (placebo	or	active	comparators),	open-	
label addition of other agents and achieved blood pressure goals 
(Hansson	et	al.,	1999;	Lithell	et	al.,	2003,	2004;	Oparil	et	al.,	2013).	
Overall,	the	findings	were	predominantly	negative,	as	illustrated	in	G

er
ot

he
ra

pe
ut

ic
s

Ef
fe

ct
s o

n 
m

od
el

 
or

ga
ni

sm
 li

fe
sp

an

Ef
fe

ct
s o

n 
he

al
th

sp
an

 a
nd

 a
ge

- 
re

la
te

d 
di

se
as

es
 in

 p
re

cl
in

ic
al

 
m

od
el

s

H
al

lm
ar

ks
 o

f A
gi

ng

M
ac

ro
m

ol
ec

ul
ar

 D
am

ag
e 

/ 
A

da
pt

at
io

n 
to

 S
tr

es
s

Ep
ig

en
et

ic
 e

ff
ec

ts
 /

 
St

em
 C

el
l r

en
ew

al
 a

nd
 

re
ge

ne
ra

tio
n

Pr
ot

eo
st

as
is

 /
 In

fla
m

m
at

io
n 

/ 
Se

ne
sc

en
ce

M
et

ab
ol

is
m

N
-	a
ce
ty
l	C
ys
te
in
e

IT
P	
ef
fe
ct
	o
nl
y	
in
	

U
M
	m
ic
e(
co
ul
d	

be
 d

ue
 to

 
in

ad
ve

rt
en

t 
di

et
ar

y 
re

st
ric

tio
n)

 
(F
lu
rk
ey
	e
t	a
l.,
	

20
10

)

↓	
ag
e-
	re
la
te
d	
he
ar
in
g	
lo
ss
,	

m
em
or
y	
de
cl
in
e,
	s
pa
tia
l	

m
em

or
y 

de
fic

its
 a

nd
 o

oc
yt

e 
ag
in
g	
in
	m
ic
e	
(C
os
ta
	e
t	a
l.,
	

20
16
;	L
iu
	e
t	a
l.,
	2
01
2;
	M
ar
ie
	

et
	a
l.,
	2
01
8;
	M
or
e	
et
	a
l.,
	2
01
8)
	

(M
ar
ie
	e
t	a
l.,
	2
01
8;
	C
os
ta
	e
t	a
l.,
	

20
16
;	L
am
m
in
g	
et
	a
l.,
	2
01
2;
	

M
or
e	
et
	a
l.,
	2
01
8)

↓	
ox
id
at
iv
e	
st
re
ss
	a
nd
	

ne
ur

od
eg

en
er

at
io

n 
in

 
ra
t	b
ra
in
	(G
ar
g	
et
	a
l.,
	

20
18
)

N
o 

ap
pl

ic
ab

le
 s

tu
di

es
N

o 
ap

pl
ic

ab
le

 s
tu

di
es

N
o 

ap
pl

ic
ab

le
 s

tu
di

es

TA
BL
E	
2 
(C
on
tin
ue
d)



10 of 23  |     KULKARNI et AL.

TA B L E  3 Clinical	evidence	for	candidate	gerotherapeutics	in	targeting	human	healthspan	and	mortality	in	observational	and	
interventional studies

Gerotherapeutics Observational Healthspan Interventional Healthspan Observational Mortality Interventional Mortality

SGLT−2	inhibitors • ↓HF	hospitalizations	(HR	=	0.61	[0.51–	0.73])	
(Kosiborod	et	al.,	2017)

• ↓HF	risk	(HR	=	0.72	[0.63–	0.82])	(Cavender	et	
al.,	2018)

• ↓HF	hospitalizations	(HR	=	0.70	[0.58–	0.85])	(Packer	et	al.,	2020)
• ↓CKD	progression	to	ESRD	(HR	=	0.68	[0.54–	0.86])	(Perkovic	et	al.,	

2019)
• ↓decline	in	GFR,	ESRD,	and	death	from	renal	causes	(HR	= 0.56 
[0.45–	0.68])	(Heerspink	et	al.,	2020)

• ↓death	from	CV	causes,	nonfatal	MI	and	CVA	(HR	=	0.86	[0.75–	
0.97])	(Neal	et	al.,	2017)

↓all-	cause	mortality	(HR	=	0.49	[0.41–	0.57])	(Kosiborod	et	al.,	2017) • ↓all-	cause	(HR	=	0.68	[0.57–	0.82])	and	CV	(HR	=	0.62	[0.49–	
0.77])	mortality	in	pts	with	T2D	(Zinman	et	al.,	2015)

• ↓all-	cause	mortality	in	patients	with	HF	(HR	=	0.83	[0.71–	0.97])	
(McMurray	et	al.,	2019)

• ↓all-	cause	mortality	in	patients	with	CKD	(HR	=	0.69	[0.53–	
0.88])	(Heerspink	et	al.,	2020)

Metformin •	 Meta-	analysis:	↓CV	mortality	(OR	0.44	[0.34–	
0.57])	+	CV	events	(OR	0.73	[0.59–	0.90])	(K.	
Zhang	et	al.,	2020)

• ↓	incident	HTN	(HR	=	0.991	[0.989–	0.994]	per	
month	of	therapy)	(C.	Tseng,	2018)

•	 Meta-	analysis:	↓ abdominal aortic aneurysm 
progression (weighted mean difference: 
−0.83 [−1.38,	−0.28]	mm/year)	(Yu	et	al.,	2019)

• ↓	incident	dementia	(HR	=	0.19	[0.04–	0.85])	
(Samaras	et	al.,	2020)

• No Δ	in	cognition	(Luchsinger	et	al.,	2017)
• ↓ cognitive performance (OR =	2.23	[1.05,	4.75])	
(Luchsinger	et	al.,	2017)

•	 Meta-	analysis:	↓ overall cancer incidence 
(SRR	=	0.69	[0.52–	0.90])	(Gandini	et	al.,	2014)

• ↓	T2D	by	31%	vs.	plc	in	people	with	pre-	diabetes	(Knowler	et	al.,	
2002)

• ↓	MI	(RR	=	0.61	[0.41–	0.89])	and	any	macrovascular	event	
(RR =	0.70	[0.52–	0.95])	vs.	conventional	therapy	(“Effect	of	
Intensive	Blood-	Glucose	Control	with	Metformin	on	Complications	
in	Overweight	Patients	with	Type	2	Diabetes	(UKPDS	34).	UK	
Prospective	Diabetes	Study	(UKPDS)	Group,”	1998)

• ↓	CV	events	(HR	=	0.54	[0.30–	0.90])	vs.	glipizide	(Hong	et	al.,	2013)
•	 Meta-	analysis:	↓cIMT	(weighted	mean	difference	=	−0.049	[−0.095,	
−0.004]	mm)	(Y.	Chen	et	al.,	2020)

• ↑	memory	in	people	with	MCI	in	a	pilot	study	(total	recall	in	
Selective	Reminding	Test	9.7	±	8.5	vs.	5.3	±	8.5,	p = 0.02) 
(Luchsinger	et	al.,	2016)

•	 Meta-	analysis:	No	Δ	in	cancer	incidence	(Stevens	et	al.,	2012)

• ↑	survival	in	DM	on	metformin,	vs.	DM	on	SU	(STR	=	0.62	[0.58–	0.66])	
and	non-	DM	(STR	=	0.85	[0.81–	0.90])	(Bannister	et	al.,	2014)

• ↓	risk	for	MACE	(HR	=	0.92	[0.85–	0.997])	+	all-	cause	mortality	(HR	=	0.81	
[0.71–	0.92]),	among	people	with	history	of	MI	(Ritsinger	et	al.,	2020)

• ↓cancer	mortality	(HR	0.43	[0.23,	0.80])	(Landman	et	al.,	2010)

• ↓	DM-	related	mortality	(RR	=	0.58	[0.37–	0.91])	and	all-	cause	
mortality (RR =	0.64	[0.45–	0.91])	vs.	conventional	therapy	and	
superior	to	both	SU	+insulin	in	all-	cause	mortality	(p = 0.021) 
(“Effect	of	Intensive	Blood-	Glucose	Control	with	Metformin	
on	Complications	in	Overweight	Patients	with	Type	2	Diabetes	
(UKPDS	34).	UK	Prospective	Diabetes	Study	(UKPDS)	Group,”	
1998)

• No Δ	in	all-	cause	mortality	(metformin	vs.	usual	treatment:	
1.1%	[0.9–	1.4%]	vs.	1.3%	[0.8–	2.0%],	p =	0.60);	open-	label,	
1-	year	follow-	up	(Cryer	et	al.,	2005)

•	 Meta-	analysis:	No	Δ	in	all-	cause	mortality	(RR	=	0.94	[0.79–	
1.12])	(Stevens	et	al.,	2012)

Acarbose • ↓	CV	events	(HR	=	0.92	[0.85,	0.99])	vs.	non-	
acarbose	(Ou	et	al.,	2016)

• No Δ	in	CV	outcomes	(Ekström	et	al.,	2016)

• ↓ T2D (RR =	0.82	(0.71–	0.94)),	no	Δ	in	CV	events	in	people	with	
CAD	+IGT	(Holman	et	al.,	2017)

•	 STOP-	NIDDM:	↓	T2D	(HR	=	0.75	[0.63–	0.90]),↓	MACE	((HR	= 0.51 
[0.28–	0.95]),	↓	MI	(HR	0.09	[0.01–	0.72]),	↓HTN	(HR	0.66	[0.49–	
0.89])	(Chiasson	et	al.,	2002,	2003)

• No Δ	in	all-	cause	mortality	(Ekström	et	al.,	2016) • No Δ	in	all-	cause	mortality	(Holman	et	al.,	2017)

Rapamycin/
Rapalogs

• No applicable studies. •	 RAD001	vs.	placebo	min	20%	↑ in geom. mean titers of antibodies 
to	min	2/3	influenza	vaccine	virus	strains	(Mannick	et	al.,	2014)

•	 RAD001	+	BEZ235	vs.	plc	↓	self-	reported	infections	(p = 0.001) + ↑ 
type	1	IFN-	induced	genes	(Mannick	et	al.,	2018)

• No Δ	in	cognition,	grip	strength	or	walking	speed,	but	aimed	to	
assess safety +feasibility	(Kraig	et	al.,	2018)

No applicable studies. No applicable studies.

Methylene	Blue •	 RCT	analyzed	as	cohort	study:	people	with	mild	
AD,	after	18	months	↓ progression of cognitive 
deterioration	by	ADAS-	cog	(−3.14	[−5.32,	−0.97]	
units),	ADCS-	ADL	(3.49	[0.66,	6.30]	units)	+ ↓ 
MRI-	brain	atrophy	+ ↑ brain glucose metabolism 
(Wilcock	et	al.,	2018)

• ↓	progression	of	cognitive	deterioration	in	moderate	AD	after	
24	weeks	(−5.42	[−9.44,	−1.41]	ADAS-	cog	units)	and	mild	and	
moderate	AD	after	50	weeks	(−2.81	[−4.93,	−0.70]	and	−5.18	[−9.72,	
−0.65]	ADAS-	cog	units,	respectively)	(Wischik	et	al.,	2015)

No applicable studies No applicable studies

ACEi/ARB •	 ACEi	↓	decline	in	BMD	for	black	men	(Rianon	et	
al.,	2017)

•	 Meta-	analysis:	↓ incident CRC (RR =	0.94	[0.89–	
0.98])	w/	ACEi	or	ARB	(Dai	et	al.,	2015)

• ↓DM	with	valsartan	(HR	=	0.86	[0.80–	0.92])	(NAVIGATOR	Study	
Group,	2010)

• ↓ nonfatal stroke (risk reduction =	27.8%	[1.3–	47.2%]),	no	Δ	in	MI	
+no Δ	change	in	MMSE	with	candesartan	vs.	placebo	(Lithell	et	al.,	
2003)

•	 Meta-	analysis:	ACEi	↓stroke (RR =	0.80	[0.69–	0.93]),	CAD	
(RR =	0.87	[0.79–	0.97]),	HF	(RR	0.79	[0.66–	0.93]),	ARB	↓stroke 
(RR	0.91	[0.86–	0.97]),	HF	(RR	=	0.90	[0.83–	0.97]),	no	Δ	in	CAD	
(Thomopoulos	et	al.,	2015)

• ↓ microalbuminuria (risk reduction =	12.5%	[2–	23%])	+ ↓ decrease in 
GFR	with	enalapril	vs	placebo	in	people	with	DM	(Ravid	et	al.,	1998)

-		 Meta-	analysis:	ACEi	↓	pneumonia	vs.	other	BP	meds/placebo	
(OR =	0.66	[0.55–	0.80])	+	vs.	ARBs	(OR	=	0.69	[0.56–	0.85]);	both	
ACEi	(OR	=	0.73	[0.58	=	0.92])	+	ARB	(OR	=	0.63	[0.40–	1.00])	↓ 
pneumonia-	related	death	(Caldeira	et	al.,	2012)

•	 ACEi	↓decline in muscle strength + ↓ decline in gait speed in older 
women	(Onder	et	al.,	2002)

Meta-	analysis:	No	Δ	in	CRC	mortality	(Dai	et	al.,	2015) •	 Post-	hoc	analysis,	Candesartan	↓	CV	mortality	vs.	placebo	(RR	
0.71	[0.50–	1.00],	p = 0.049) + ↓	all-	cause	mortality	(RR	=	0.73	
[0.57–	0.95])	(Lithell	et	al.,	2004)

• No Δ	in	all-	cause	mortality	with	candesartan	vs.	placebo	
(Lithell	et	al.,	2003)

•	 Meta-	analysis:	ACEi	↓	all-	cause	mortality	(HR	=	0.90	[0.84–	
0.97]	(Brugts	et	al.,	2015))

•	 Meta-	analysis:	No	Δ	in	all-	cause	or	CV	mortality	for	either	ACEi	
or	ARB	(Thomopoulos	et	al.,	2015)

•	 Meta-	analysis:	↓	all-	cause	mortality	with	ACEi	(RR	=	0.89	
[0.80–	1.00];	almost	the	entire	difference	explained	by	↓	CV	
deaths),	but	not	ARB	(RR	=	1.01	[0.96–	1.06]),	vs.	placebo	
(Bangalore	et	al.,	2016)

•	 Meta-	analysis:	no	Δ	in	all-	cause	or	CV	mortality	with	ARB	vs.	
placebo	(Akioyamen	et	al.,	2016)
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TA B L E  3 Clinical	evidence	for	candidate	gerotherapeutics	in	targeting	human	healthspan	and	mortality	in	observational	and	
interventional studies

Gerotherapeutics Observational Healthspan Interventional Healthspan Observational Mortality Interventional Mortality

SGLT−2	inhibitors • ↓HF	hospitalizations	(HR	=	0.61	[0.51–	0.73])	
(Kosiborod	et	al.,	2017)

• ↓HF	risk	(HR	=	0.72	[0.63–	0.82])	(Cavender	et	
al.,	2018)

• ↓HF	hospitalizations	(HR	=	0.70	[0.58–	0.85])	(Packer	et	al.,	2020)
• ↓CKD	progression	to	ESRD	(HR	=	0.68	[0.54–	0.86])	(Perkovic	et	al.,	

2019)
• ↓decline	in	GFR,	ESRD,	and	death	from	renal	causes	(HR	= 0.56 
[0.45–	0.68])	(Heerspink	et	al.,	2020)

• ↓death	from	CV	causes,	nonfatal	MI	and	CVA	(HR	=	0.86	[0.75–	
0.97])	(Neal	et	al.,	2017)

↓all-	cause	mortality	(HR	=	0.49	[0.41–	0.57])	(Kosiborod	et	al.,	2017) • ↓all-	cause	(HR	=	0.68	[0.57–	0.82])	and	CV	(HR	=	0.62	[0.49–	
0.77])	mortality	in	pts	with	T2D	(Zinman	et	al.,	2015)

• ↓all-	cause	mortality	in	patients	with	HF	(HR	=	0.83	[0.71–	0.97])	
(McMurray	et	al.,	2019)

• ↓all-	cause	mortality	in	patients	with	CKD	(HR	=	0.69	[0.53–	
0.88])	(Heerspink	et	al.,	2020)

Metformin •	 Meta-	analysis:	↓CV	mortality	(OR	0.44	[0.34–	
0.57])	+	CV	events	(OR	0.73	[0.59–	0.90])	(K.	
Zhang	et	al.,	2020)

• ↓	incident	HTN	(HR	=	0.991	[0.989–	0.994]	per	
month	of	therapy)	(C.	Tseng,	2018)

•	 Meta-	analysis:	↓ abdominal aortic aneurysm 
progression (weighted mean difference: 
−0.83 [−1.38,	−0.28]	mm/year)	(Yu	et	al.,	2019)

• ↓	incident	dementia	(HR	=	0.19	[0.04–	0.85])	
(Samaras	et	al.,	2020)

• No Δ	in	cognition	(Luchsinger	et	al.,	2017)
• ↓ cognitive performance (OR =	2.23	[1.05,	4.75])	
(Luchsinger	et	al.,	2017)

•	 Meta-	analysis:	↓ overall cancer incidence 
(SRR	=	0.69	[0.52–	0.90])	(Gandini	et	al.,	2014)

• ↓	T2D	by	31%	vs.	plc	in	people	with	pre-	diabetes	(Knowler	et	al.,	
2002)

• ↓	MI	(RR	=	0.61	[0.41–	0.89])	and	any	macrovascular	event	
(RR =	0.70	[0.52–	0.95])	vs.	conventional	therapy	(“Effect	of	
Intensive	Blood-	Glucose	Control	with	Metformin	on	Complications	
in	Overweight	Patients	with	Type	2	Diabetes	(UKPDS	34).	UK	
Prospective	Diabetes	Study	(UKPDS)	Group,”	1998)

• ↓	CV	events	(HR	=	0.54	[0.30–	0.90])	vs.	glipizide	(Hong	et	al.,	2013)
•	 Meta-	analysis:	↓cIMT	(weighted	mean	difference	=	−0.049	[−0.095,	
−0.004]	mm)	(Y.	Chen	et	al.,	2020)

• ↑	memory	in	people	with	MCI	in	a	pilot	study	(total	recall	in	
Selective	Reminding	Test	9.7	±	8.5	vs.	5.3	±	8.5,	p = 0.02) 
(Luchsinger	et	al.,	2016)

•	 Meta-	analysis:	No	Δ	in	cancer	incidence	(Stevens	et	al.,	2012)

• ↑	survival	in	DM	on	metformin,	vs.	DM	on	SU	(STR	=	0.62	[0.58–	0.66])	
and	non-	DM	(STR	=	0.85	[0.81–	0.90])	(Bannister	et	al.,	2014)

• ↓	risk	for	MACE	(HR	=	0.92	[0.85–	0.997])	+	all-	cause	mortality	(HR	=	0.81	
[0.71–	0.92]),	among	people	with	history	of	MI	(Ritsinger	et	al.,	2020)

• ↓cancer	mortality	(HR	0.43	[0.23,	0.80])	(Landman	et	al.,	2010)

• ↓	DM-	related	mortality	(RR	=	0.58	[0.37–	0.91])	and	all-	cause	
mortality (RR =	0.64	[0.45–	0.91])	vs.	conventional	therapy	and	
superior	to	both	SU	+insulin	in	all-	cause	mortality	(p = 0.021) 
(“Effect	of	Intensive	Blood-	Glucose	Control	with	Metformin	
on	Complications	in	Overweight	Patients	with	Type	2	Diabetes	
(UKPDS	34).	UK	Prospective	Diabetes	Study	(UKPDS)	Group,”	
1998)

• No Δ	in	all-	cause	mortality	(metformin	vs.	usual	treatment:	
1.1%	[0.9–	1.4%]	vs.	1.3%	[0.8–	2.0%],	p =	0.60);	open-	label,	
1-	year	follow-	up	(Cryer	et	al.,	2005)

•	 Meta-	analysis:	No	Δ	in	all-	cause	mortality	(RR	=	0.94	[0.79–	
1.12])	(Stevens	et	al.,	2012)

Acarbose • ↓	CV	events	(HR	=	0.92	[0.85,	0.99])	vs.	non-	
acarbose	(Ou	et	al.,	2016)

• No Δ	in	CV	outcomes	(Ekström	et	al.,	2016)

• ↓ T2D (RR =	0.82	(0.71–	0.94)),	no	Δ	in	CV	events	in	people	with	
CAD	+IGT	(Holman	et	al.,	2017)

•	 STOP-	NIDDM:	↓	T2D	(HR	=	0.75	[0.63–	0.90]),↓	MACE	((HR	= 0.51 
[0.28–	0.95]),	↓	MI	(HR	0.09	[0.01–	0.72]),	↓HTN	(HR	0.66	[0.49–	
0.89])	(Chiasson	et	al.,	2002,	2003)

• No Δ	in	all-	cause	mortality	(Ekström	et	al.,	2016) • No Δ	in	all-	cause	mortality	(Holman	et	al.,	2017)

Rapamycin/
Rapalogs

• No applicable studies. •	 RAD001	vs.	placebo	min	20%	↑ in geom. mean titers of antibodies 
to	min	2/3	influenza	vaccine	virus	strains	(Mannick	et	al.,	2014)

•	 RAD001	+	BEZ235	vs.	plc	↓	self-	reported	infections	(p = 0.001) + ↑ 
type	1	IFN-	induced	genes	(Mannick	et	al.,	2018)

• No Δ	in	cognition,	grip	strength	or	walking	speed,	but	aimed	to	
assess safety +feasibility	(Kraig	et	al.,	2018)

No applicable studies. No applicable studies.

Methylene	Blue •	 RCT	analyzed	as	cohort	study:	people	with	mild	
AD,	after	18	months	↓ progression of cognitive 
deterioration	by	ADAS-	cog	(−3.14	[−5.32,	−0.97]	
units),	ADCS-	ADL	(3.49	[0.66,	6.30]	units)	+ ↓ 
MRI-	brain	atrophy	+ ↑ brain glucose metabolism 
(Wilcock	et	al.,	2018)

• ↓	progression	of	cognitive	deterioration	in	moderate	AD	after	
24	weeks	(−5.42	[−9.44,	−1.41]	ADAS-	cog	units)	and	mild	and	
moderate	AD	after	50	weeks	(−2.81	[−4.93,	−0.70]	and	−5.18	[−9.72,	
−0.65]	ADAS-	cog	units,	respectively)	(Wischik	et	al.,	2015)

No applicable studies No applicable studies

ACEi/ARB •	 ACEi	↓	decline	in	BMD	for	black	men	(Rianon	et	
al.,	2017)

•	 Meta-	analysis:	↓ incident CRC (RR =	0.94	[0.89–	
0.98])	w/	ACEi	or	ARB	(Dai	et	al.,	2015)

• ↓DM	with	valsartan	(HR	=	0.86	[0.80–	0.92])	(NAVIGATOR	Study	
Group,	2010)

• ↓ nonfatal stroke (risk reduction =	27.8%	[1.3–	47.2%]),	no	Δ	in	MI	
+no Δ	change	in	MMSE	with	candesartan	vs.	placebo	(Lithell	et	al.,	
2003)

•	 Meta-	analysis:	ACEi	↓stroke (RR =	0.80	[0.69–	0.93]),	CAD	
(RR =	0.87	[0.79–	0.97]),	HF	(RR	0.79	[0.66–	0.93]),	ARB	↓stroke 
(RR	0.91	[0.86–	0.97]),	HF	(RR	=	0.90	[0.83–	0.97]),	no	Δ	in	CAD	
(Thomopoulos	et	al.,	2015)

• ↓ microalbuminuria (risk reduction =	12.5%	[2–	23%])	+ ↓ decrease in 
GFR	with	enalapril	vs	placebo	in	people	with	DM	(Ravid	et	al.,	1998)

-		 Meta-	analysis:	ACEi	↓	pneumonia	vs.	other	BP	meds/placebo	
(OR =	0.66	[0.55–	0.80])	+	vs.	ARBs	(OR	=	0.69	[0.56–	0.85]);	both	
ACEi	(OR	=	0.73	[0.58	=	0.92])	+	ARB	(OR	=	0.63	[0.40–	1.00])	↓ 
pneumonia-	related	death	(Caldeira	et	al.,	2012)

•	 ACEi	↓decline in muscle strength + ↓ decline in gait speed in older 
women	(Onder	et	al.,	2002)

Meta-	analysis:	No	Δ	in	CRC	mortality	(Dai	et	al.,	2015) •	 Post-	hoc	analysis,	Candesartan	↓	CV	mortality	vs.	placebo	(RR	
0.71	[0.50–	1.00],	p = 0.049) + ↓	all-	cause	mortality	(RR	=	0.73	
[0.57–	0.95])	(Lithell	et	al.,	2004)

• No Δ	in	all-	cause	mortality	with	candesartan	vs.	placebo	
(Lithell	et	al.,	2003)

•	 Meta-	analysis:	ACEi	↓	all-	cause	mortality	(HR	=	0.90	[0.84–	
0.97]	(Brugts	et	al.,	2015))

•	 Meta-	analysis:	No	Δ	in	all-	cause	or	CV	mortality	for	either	ACEi	
or	ARB	(Thomopoulos	et	al.,	2015)

•	 Meta-	analysis:	↓	all-	cause	mortality	with	ACEi	(RR	=	0.89	
[0.80–	1.00];	almost	the	entire	difference	explained	by	↓	CV	
deaths),	but	not	ARB	(RR	=	1.01	[0.96–	1.06]),	vs.	placebo	
(Bangalore	et	al.,	2016)

•	 Meta-	analysis:	no	Δ	in	all-	cause	or	CV	mortality	with	ARB	vs.	
placebo	(Akioyamen	et	al.,	2016)

(Continues)
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a	meta-	analysis	of	20	RCTs	which	 found	a	borderline	 reduction	 in	
all-	cause	mortality,	driven	by	ACEi,	while	individual	examination	of	
the included studies shows that only 3 out of 20 showed mortality 
benefits,	all	with	perindopril	(van	Vark	et	al.,	2012).

3.2.2  |  Human	healthspan

In	examining	human	healthspan,	we	 focused	on	 the	ability	of	gero-
therapeutics	to	prevent	age-	related	disease	or	reduce	the	progression	
of	off-	target	age-	related	pathologies.	SGLT2i,	originally	 intended	for	
glucose-	lowering,	in	RCTs	demonstrated	particularly	strong	and	con-
sistent	cardioprotective	and	renoprotective	effects,	while	metformin	
had beneficial effects across the widest range of healthspan outcomes 
(Heerspink	et	al.,	2020;	Neal	et	al.,	2017;	Perkovic	et	al.,	2019;	Wiviott	
et	al.,	2019).	 In	RCTs,	metformin	prevented	T2D	and	cardiovascular	
events	 (“Effect	 of	 Intensive	Blood-	Glucose	Control	with	Metformin	
on	 Complications	 in	 Overweight	 Patients	 with	 Type	 2	 Diabetes	
(UKPDS	34).	UK	Prospective	Diabetes	Study	(UKPDS)	Group,”	1998;	
Hong	et	al.,	2013;	Knowler	et	al.,	2002).	Pilot	trials	suggest	that	met-
formin	 may	 improve	 memory	 and	 executive	 function,	 while	 obser-
vational	studies	and	meta-	analyses	reported	up	to	81%	reduction	in	
incident	dementia	(Campbell	et	al.,	2018;	Cheng	et	al.,	2014;	Koenig	
et	al.,	2017;	Luchsinger	et	al.,	2017;	Samaras	et	al.,	2020;	Zhou	et	al.,	
2020).	By	contrast,	one	small	observational	study	reported	impaired	
cognitive	performance	with	metformin,	but	 it	did	not	adjust	for	gly-
cemic	control,	duration	of	diabetes,	or	concomitant	glucose-	lowering	
therapy	 (Moore	 et	 al.,	 2013).	 Another	 case–	control	 study	 reported	
that metformin use was associated with increased odds for prevalent 
Alzheimer's	 disease	but	without	 consistent	 dose–	response	 relation-
ship or replication of findings with metformin monotherapy (Imfeld 
et	al.,	2012).	Observational	evidence	further	suggests	that	metformin	
may	 reduce	 overall	 cancer	 incidence	 by	 31%,	 including	 colon,	 liver,	
pancreas,	 lung,	 and	 ovarian	 cancer	 (Gandini	 et	 al.,	 2014;	 Lee	 et	 al.,	
2011;	Shi	et	al.,	2019;	Tseng,	2012;	Xiao	et	al.,	2020;	Zhou	et	al.,	2016).

Other drugs have been less studied in appropriate doses/popu-
lations,	except	for	ACEi/ARB.	 In	RCTs,	acarbose	prevented	T2D	 in	
individuals	with	glucose	intolerance	(Chiasson	et	al.,	2002;	Holman	
et	al.,	2017).	The	STOP-	NIDDM	RCT	found	a	49%	reduction	in	major	
cardiovascular	events	with	acarbose,	while	two	RCTs	in	higher-	risk	

populations	 reported	 conflicted	 findings	 (Chiasson	 et	 al.,	 2003;	
Holman	et	al.,	2017;	Yun	et	al.,	2016).	Rapalogs	have	shown	prom-
ise for boosting the immune response to vaccination and reducing 
respiratory	 infections	 in	 older	 individuals	 (Mannick	 et	 al.,	 2014,	
2018).	Recent	phase	2b	and	phase	3	studies	of	RTB101	(also	named	
BEZ235,	 dactolisib)	 reported	 a	 reduction	 in	 laboratory-	confirmed	
respiratory	 infections	 and	 upregulation	 of	 IFN-	induced	 antiviral	
genes	in	older	participants.	However,	since	RTB101	is	not	an	FDA-	
approved	agent,	we	excluded	these	studies	from	grading	(Mannick	
et	al.,	2021).	MB	and	its	derivatives	show	promise	in	reducing	cog-
nitive	decline	in	mild	and	moderate	Alzheimer's	disease,	while	D+Q 
have	 shown	beneficial	 effects	 in	 small	 open-	label	 pilot	 clinical	 tri-
als	 in	 idiopathic	pulmonary	fibrosis	and	CKD	(Hickson	et	al.,	2019;	
Justice	et	al.,	2019;	Wilcock	et	al.,	2018;	Wischik	et	al.,	2015).

ACEi/ARB	prevented	diabetes	 in	RCTs	 (Bangalore	 et	 al.,	 2016;	
NAVIGATOR	 Study	Group,	 2010;	Niklason	 et	 al.,	 2004;	Os	 et	 al.,	
2008;	 Savarese	 et	 al.,	 2013;	 Song	et	 al.,	 2012;	Tocci	 et	 al.,	 2011).	
Most	 RCTs	 analyzing	 incident	 cardiovascular	 events	 in	 hyperten-
sive	 populations	 were	 negative,	 but	 meta-	analyses	 reported	 car-
dioprotective	 effects	 (Akioyamen	 et	 al.,	 2016;	 Asselbergs	 et	 al.,	
2004;	Brugts	et	al.,	2015;	DREAM	Trial	 Investigators	et	al.,	2008;	
NAVIGATOR	Study	Group,	 2010;	Haller	 et	 al.,	 2011;	 Lithell	 et	 al.,	
2003;	Nakao	et	al.,	2012;	Thomopoulos	et	al.,	2015).	ACEi/ARB	are	
also	 renoprotective,	 which	 is	 explained	 by	 the	 known	 beneficial	
effects	 of	 the	 renin–	angiotensin–	aldosterone	 system	 blockade	 on	
blood	pressure	and	renal	hemodynamics,	rather	than	gerotherapeu-
tic	properties.	Intriguingly,	observational	data	suggest	that	centrally	
active	ACEi	may	reduce	cognitive	decline,	while	non-	centrally	active	
ACEi	might	increase	the	risk	for	dementia	(Lithell	et	al.,	2004;	Sink	
et	al.,	2009).	ACEi/ARB	might	also	reduce	the	risk	of	pneumonia	and	
pneumonia-	related	 death,	 reduce	 bone	 loss	 and	 hip	 fracture,	 and	
improve	physical	function	(Caldeira	et	al.,	2012;	Onder	et	al.,	2002;	
Rianon	et	al.,	2017;	Shea	&	Witham,	2020;	Sumukadas	et	al.,	2007).

4  |  DISCUSSION

The primary objective of the nascent field of geroscience is to trans-
late the discoveries from basic research on the biology of aging 
to	 human	 studies	 and	 ultimately	 clinical	 care	 (Sierra	 et	 al.,	 2021).	

Gerotherapeutics Observational Healthspan Interventional Healthspan Observational Mortality Interventional Mortality

Dasatinib + 
(quercetin)

No applicable studies • ↑	6-	min	walk	distance	(+21 ±	28	m),	4-	m	gait	speed	(+0.12 ± 
0.2m/s),	chair-	stands	time	(−2.2	±	3s)	in	patients	with	IPF	(Justice	et	
al.,	2019)

• ↓ senescent cell burden in adipose tissue and skin + ↓ circulating 
SASP	in	people	with	CKD	(Hickson	et	al.,	2019)

•	 In	pts	with	ILD,	by	HRCT,	65%	showed	no	progression	in	lung	
fibrosis	and	39%	showed	no	progression	in	total	ILD,	> historical 
controls;	23/31	participants	analyzed	(Martyanov	et	al.,	2017)

No applicable studies No applicable studies

Aspirin No applicable studies. No applicable studies. No applicable studies No applicable studies.

N-	Acetyl	Cysteine No applicable studies. No applicable studies. No applicable studies. No applicable studies.
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Current approaches to achieving this goal range from continuing 
robust research in preclinical models to testing candidate gero-
therapeutics	in	clinical	trials	against	individual	age-	related	diseases.	
Vigorous	efforts	into	the	development	of	possible	phase-	III	trials	are	
needed	and	repurposing	already	FDA-	approved	drugs	represents	a	
promising avenue offering accelerated evidence for geroscience at 
only a fraction of the cost and a faster rate of return than validat-
ing	new	compounds.	A	critical	issue,	therefore,	is	the	identification	
of	the	best	possible	candidates	for	this	purpose.	Here,	we	identify	
several	drugs	that,	like	metformin,	are	relatively	low-	cost	molecular	
entities	with	a	well-	established	safety	profile,	representing	possible	
candidates	 for	 inclusion	 in	a	geroscience-	guided	clinical	 trial	mod-
eled	after	TAME,	and	aimed	at	probing	whether	a	predefined	cluster	
of	 age-	related	 diseases	 or	well-	characterized	 loss	 of	 function	 can	
be significantly delayed using an approach based on targeting aging 
biology.

We	provide	a	 rigorous	assessment	of	 the	 literature	concerning	
both	preclinical	and	clinical	status	for	several	FDA-	approved	poten-
tial	gerotherapeutics.	We	developed	a	scoring	scale	that	equally	val-
ues (6 points each) the preclinical and clinical evidence supporting 
the claims for each of the nine potential gerotherapeutics selected. 
Surprisingly,	with	a	score	of	12/12,	the	best	evidence	was	found	for	
a	 relatively	 new	 class	 of	 drugs,	 the	 SGLT2i,	 which	 showed	 better	
promise than other known potential gerotherapeutics such as met-
formin,	rapamycin,	or	acarbose.

The	profound	effects	 of	 SGLT2i	 on	healthspan	 and	 lifespan	 in	
both animal models and humans may result from the pleiotropic ef-
fects	beyond	renal	glucose	and	sodium	handling,	including	improved	
mitochondrial	 function,	 restoration	 of	 autophagy,	 and	 promotion	
of	 ketogenesis-	dependent	dampening	of	mTORC1	hyperactivation	
(Durak	 et	 al.,	 2018;	 Korbut	 et	 al.,	 2020;	 Tomita	 et	 al.,	 2020).	We	
also	 identify	several	drugs	 that,	 like	metformin,	are	 relatively	 low-	
cost	molecular	 entities	with	 a	well-	established	 safety	profile,	 rep-
resenting	possible	candidates	for	inclusion	in	a	geroscience-	guided	
clinical	trial	modeled	after	TAME,	and	aimed	at	probing	whether	a	
predefined	 cluster	 of	 age-	related	 diseases	 or	 well-	characterized	
loss of function can be significantly delayed using an approach 
based	on	targeting	aging	biology.	Moreover,	our	geroscience-	guided	
literature-	driven	approach	 is	concordant	with	previously	proposed	
data-	driven	drug	repurposing	approaches	using	evidence	from	gene	

expression	or	model	organism	studies,	with	the	overlap	of	rapamy-
cin and senolytics identified as top candidate drugs across these 
(Dönertaş	et	al.,	2018;	Ziehm	et	al.,	2017).

For	 our	 analysis,	 we	 decided	 to	 assign	 an	 equal	 number	 of	
points	to	knowledge	derived	from	geroscience	(i.e.,	preclinical)	and	
to	 findings	 from	humans	 (i.e.,	 clinical—	both	observational	and	 in-
terventional).	Although	for	translational	purposes,	knowledge	from	
human	studies	is	likely	to	have	more	weight	than	studies	in	rodents,	
we	 gave	both	 equal	 values	 for	 several	 reasons:	 (1)	 The	 literature	
on	 potential	 gerotherapeutics	 in	 rodents	 is	 quite	 extensive	 and,	
while many of these studies are too recent to have been consid-
ered	for	clinical	trials	yet,	their	potential	should	not	be	dismissed	
based	 solely	 on	 their	 “novelty”;	 (2)	 some	mouse	 studies,	 like	 the	
ITP,	are	quite	robust,	thus	enhancing	their	predictive	value	as	po-
tential gerotherapeutics; (3) because of their highly controlled na-
ture,	studies	in	mice	often	have	fewer	caveats	than	similar	studies	
in	humans.	Thus,	while	it	could	be	argued	that	preclinical	gerosci-
ence knowledge becomes less relevant if a drug has solid data on 
decreasing	 all-	cause	mortality	 in	 humans,	we	 decided	 it	was	 not	
appropriate	at	this	time	to	penalize	potential	drugs	that	have	strong	
preclinical evidence.

In	evaluating	the	preclinical	data	for	specific	drugs,	we	only	con-
sidered	rodent	models.	This	approach	excludes	a	sizable	amount	of	
literature	 on	 lifespan	 extension	 in	 lower	 organisms	 such	 as	 yeast,	
nematodes,	and	flies,	but	since	the	interventions	have	not	yet	been	
tested	in	mammals,	approval	for	a	trial	in	humans	would	likely	take	
decades.	Furthermore,	in	evaluating	data	on	mouse	longevity	(a	sur-
rogate	for	all-	cause	mortality)	we	gave	more	weight	to	studies	that	
have	been	validated	by	the	ITP,	a	well-	characterized,	multicentered	
study that is widely accepted in the field to determine the translat-
ability	of	gerotherapeutics,	based	on	 their	 rigor	and	 their	use	of	a	
genetically	heterogeneous	model	that	attempts	to	approximate	the	
diversity	in	human	populations.	From	the	clinical	side,	we	considered	
drugs	 that	 affect	 either	 all-	cause	mortality	 (the	most	 relevant	 pa-
rameter) or have a positive effect on unrelated diseases not intended 
to	be	the	primary	target	of	the	drug.	Thus,	we	were	interested,	for	
example,	 in	 a	 diabetes	 drug	 known	 to	 affect	 molecular	 pathways	
involved	in	aging,	and	that	has	been	shown	to	also	have	a	positive	
effect	 on	 incident	 off-	target	 age-	related	 diseases,	 such	 as	 cancer,	
dementia,	or	CVD.

Gerotherapeutics Observational Healthspan Interventional Healthspan Observational Mortality Interventional Mortality

Dasatinib + 
(quercetin)

No applicable studies • ↑	6-	min	walk	distance	(+21 ±	28	m),	4-	m	gait	speed	(+0.12 ± 
0.2m/s),	chair-	stands	time	(−2.2	±	3s)	in	patients	with	IPF	(Justice	et	
al.,	2019)

• ↓ senescent cell burden in adipose tissue and skin + ↓ circulating 
SASP	in	people	with	CKD	(Hickson	et	al.,	2019)

•	 In	pts	with	ILD,	by	HRCT,	65%	showed	no	progression	in	lung	
fibrosis	and	39%	showed	no	progression	in	total	ILD,	> historical 
controls;	23/31	participants	analyzed	(Martyanov	et	al.,	2017)

No applicable studies No applicable studies

Aspirin No applicable studies. No applicable studies. No applicable studies No applicable studies.

N-	Acetyl	Cysteine No applicable studies. No applicable studies. No applicable studies. No applicable studies.
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Our approach restricted potential gerotherapeutics that affect 
hallmarks	of	aging	without	known	effects	on	healthspan,	as	well	as	
those that have not been tested for lifespan in animals. Two poten-
tial	gerotherapeutics	that	failed	 in	this	test	are	colchicine	 (an	anti-	
inflammatory agent) and bisphosphonates (used in the treatment 
of	 osteoporosis).	 Interestingly,	 several	 studies	 show	 that	 bisphos-
phonates	can	decrease	mortality	even	within	critical	care	settings,	
where their action is clearly not related to their usual therapeutic use 
in	osteoporosis.	So,	while	 these	and	possibly	other	FDA-	approved	
drugs	might	indeed	show	great	potential	as	gerotherapeutics,	they	
have	not	met	our	inclusion	criteria,	and	their	analysis	is	beyond	the	
scope of this paper. The available data suggests that both colchicine 
and	bisphosphonates	should	be	rapidly	tested	in	the	ITP	or	in	other	
centers,	to	confirm	improved	healthspan	and	lifespan	in	mammals.

In	addition	to	the	classes	of	drugs	discussed	above,	another	type	
of molecular entity that was not considered in our analysis deserves 
special	mention;	we	did	not	consider	nutraceuticals,	several	of	which	
have indeed been shown to positively affect both healthspan and 
lifespan	(e.g.,	NAD	+ replenishment). They not only lack robust phar-
macological	and	clinical	data,	but	also	fail	to	serve	our	main	purpose	
of	 identifying	 FDA-	approved	 drugs	 with	 the	 goal	 of	 repurposing	
them as gerotherapeutics that can reduce the rate of deterioration 
accompanying aging.

One important point that was also not considered in our analy-
sis	involves	potential	sexually	dimorphic	effects	of	gerotherapeutics.	
This is an important issue as we try to move geroscience into the clin-
ical	realm	since	many	of	the	positive	results	published	by	the	ITP	are	
sex-	specific,	 increasing	 longevity	either	solely,	or	at	 least	preferen-
tially	in	one	sex.	For	example,	the	ITP	has	clearly	shown	that	acarbose	
has	 convincingly	 male-	specific	 effects	 on	 longevity	 (Nadon	 et	 al.,	
2017).	Much	more	work	 is	 required	 in	 this	domain,	but	we	did	not	
consider	this	variable	because,	 in	most	human	studies,	data	are	ad-
justed	for	sex,	so	that	potential	differences	are	obscured,	and	in	many	
cases,	the	size	of	the	studies	precludes	the	ability	to	perform	a	sepa-
rate bona fide	sex-	specific	analysis.	Another	issue	that	is	relevant	for	
translating	findings	from	geroscience-	guided	animal	studies	into	hu-
mans	is	the	question	of	dosing.	For	instance,	the	doses	of	rapamycin	
or	rapalogs	used	both	in	mice	(ITP	studies)	and	human	(Mannick	et	al,	
2014;	Mannick	et	al,	2018;	Mannick	et	al,	2021)	studies	are	several	
times lower than doses commonly used in clinical practice to induce 
immunotolerance	 in	 transplant	 patients,	 or	 as	 an	 adjuvant	 to	 ther-
apy	in	stage	IV	cancer.	Furthermore,	in	human	studies	aimed	at	gero-
protection	(Mannick	et	al,	2014;	Mannick	et	al,	2018;	Mannick	et	al,	
2021),	 these	drugs	have	been	used	 intermittently	 and/or	 for	 short	
periods,	unlike	in	clinical	practice	where	they	are	used	chronically.	As	
a	result,	especially	in	human	studies,	different	dosage	regimens	result	
in	different	outcomes,	that is,	stimulation	of	the	immune	response	in	
gerotherapeutic	studies	with	intermittent	exposure	to	low	doses	vs. 
immunosuppression in clinical settings with chronic administration of 
high	 doses.	 Investigating	 these	 dose-	specific	 differences	will	 allow	
for	minimizing	side	effects	in	gerotherapy	clinical	trials.

Recent advances in geroscience and aging biology re-
search show that the hallmarks and pillars of aging described 

almost	 a	 decade	 ago	 interact	 strongly	with	 each	 other,	 often	 in	
an	 additive	 or	 even	 a	 synergistic	manner	 (Kennedy	 et	 al.,	 2014;	
Kulkarni	et	al.,	2020;	López-	Otín	et	al.,	2013).	It	is	therefore	possi-
ble to imagine that future gerotherapies will encompass combina-
tions of various gerotherapeutics (perhaps in lower doses and thus 
with	better	safety	profile)	or,	in	cases	where	a	patient	is	already	af-
flicted	by	a	disease,	a	combination	of	a	gerotherapeutic	along	with	
a	disease-	specific	intervention.	For	example,	elimination	of	senes-
cent	cells	in	mice	can	improve	the	response	to	chemotherapy,	both	
by	further	reducing	tumor	number	and	size,	but	also	by	decreasing	
side	effects	such	as	fatigue.	Further	research	will	be	needed;	how-
ever,	since	while	some	combinations	(e.g.,	rapamycin	+metformin) 
might	result	in	further	benefits	than	each	drug	alone,	other	com-
binations could result in either blunting of established geropro-
tective	strategies	(e.g.,	metformin	or	rapamycin	with	exercise)	or	
worsening	risk	of	toxicity	often	seen	with	polypharmacy	in	older	
adults	(Strong	et	al.,	2016;	Walton	et	al.,	2019).

Delaying	 aging	 to	prevent	multiple	 age-	related	diseases	 is	 an	
obviously	 more	 exciting	 and	 promising	 approach	 than	 attacking	
one	 disease	 at	 a	 time,	where	 because	 of	 comorbidities,	 the	 out-
come	is	a	no-	gain	exchange	of	one	disease	for	another.	The	bene-
fits	for	health	and	fulfillment	are	obvious.	However,	there	are	also	
powerful	political,	economic,	and	societal	gains	to	be	attained,	as	
framed	 in	 The	 Longevity	 Dividend	 (Olshansky,	 2016).	 The	 eco-
nomic value that can be derived from applying geroscience prin-
ciples to healthcare has been recently reassessed showing that a 
slowdown	in	aging	that	increases	life	expectancy	by	just	one	year	
is	worth	$38	trillion	a	year,	due	to	complementary	gains	in	health	
and	longevity	(Scott	et	al.,	2021).	This	is	a	very	conservative	esti-
mate	since	the	available	data	suggest	that,	for	example,	metformin	
has the potential to increase life span by ~3	years	 (Barzilai	et	al.,	
2016;	Scott	et	al.,	2021).	Thus,	targeting	aging	with	gerotherapeu-
tics offers potentially larger economic gains than eradicating indi-
vidual	diseases,	and	for	both	quality	of	life	and	economic	reasons,	
we cannot afford to forfeit this opportunity for a truly transforma-
tional approach to healthcare.
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