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Abstract

Cardiovascular aging presents a formidable challenge, as the aging process can 

lead to reduced cardiac function and heightened susceptibility to cardiovascular 

diseases.	Consequently,	there	is	an	escalating,	unmet	medical	need	for	innovative	and	
effective cardiovascular regeneration strategies aimed at restoring and rejuvenating 

aging	 cardiovascular	 tissues.	 Altered	 redox	 homeostasis	 and	 the	 accumulation	 of	
oxidative damage play a pivotal role in detrimental changes to stem cell function 

and cellular senescence, hampering regenerative capacity in aged cardiovascular 

system.	A	mounting	body	of	evidence	underscores	the	significance	of	targeting	redox	
machinery	to	restore	stem	cell	self-renewal	and	enhance	their	differentiation	potential	
into youthful cardiovascular lineages. Hence, the redox machinery holds promise 

as	a	target	for	optimizing	cardiovascular	regenerative	therapies.	 In	this	context,	we	
delve into the current understanding of redox homeostasis in regulating stem cell 

function and reprogramming processes that impact the regenerative potential of the 

cardiovascular	 system.	Furthermore,	we	offer	 insights	 into	 the	 recent	 translational	
and	clinical	 implications	of	 redox-targeting	compounds	aimed	at	enhancing	current	
regenerative therapies for aging cardiovascular tissues.
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1  |  C ARDIOVA SCUL AR AGING AND 
DISRUPTED REGENER ATIVE C APACIT Y

Lifespan has nearly doubled over the recent seven decades, but the 

final	years	of	 life	come	often	with	aging-associated	diseases,	most	
prominently	 cardiovascular	 disease	 (CVD)	 featured	by	progressive	
deterioration	 of	 cardiovascular	 structure	 and	 function	 (Kubben	 &	
Misteli, 2017;	Paneni	et	al.,	2017).	CVD	claims	about	half	of	all	human	
deaths worldwide and exponentially increases as age advances 

(Tsao	et	al.,	2022).	Aging	imposes	extensive	changes	on	cardiovas-
cular tissues that lead them toward a pathological state including 

hypertrophy, left ventricular dysfunction, arterial stiffness, and vas-
cular	dysfunction	 (Donato	et	al.,	2018;	Gude	et	al.,	2018; Ungvari 

et al., 2018).	Extrinsic	factors,	such	as	environment	and	lifestyle,	and	
intrinsic processes, such as oxidative stress and inflammation, exac-
erbate	DNA	damage	 response,	metabolic	 remodeling,	 and	epigen-
etic drift, and thereby promote cellular aging in the cardiovascular 

system	(Gude	et	al.,	2018).	These	irreversible	changes	progressively	
impair the ability of cells to proliferate, which is critical to replace 

damaged cells that naturally accumulate in aged cardiac and vascular 

tissues	(Guo	et	al.,	2022).	During	the	recent	decade,	it	is	increasingly	
understood	that	the	accumulation	of	the	non-proliferating	cells,	so-
called “senescent cells,” declines mammalian tissues and organ func-
tion	(Owens	et	al.,	2021;	Tchkonia	&	Kirkland,	2018).	According	to	
the emerging “adult stem cell senescence theory of aging,” stem cells 

and/or progenitor cells harboring in the heart and blood vessels or 

circulating progenitor cells, which replenish either preexisting senes-
cent	stem	cells	or	specialized	cardiomyocytes	(CMs)	and	endothelial	
cells	(ECs),	become	exhausted	and	lose	their	stemness	during	aging	
(Smith	&	Daniel,	2012).	The	aging/senescence	milieu	suppresses	en-
dogenous regenerative and reparative mechanisms in the adult stem 

cells	and	progenitor	cells,	and	also	 limits	 the	success	of	cell-based	
regenerative therapies that aimed at repairing injured and dysfunc-
tional tissues and restoring a youthful phenotype in the cardiovas-
cular	 system	 (Cianflone,	Cappetta,	 et	 al.,	2020; Cianflone, Torella, 

et al., 2020).	 Accordingly,	 in	 a	 middle-size	 human	 study	 involving	
119	 humans	with	 cardiovascular	 disease	 (32–86 years),	 more	 than	
50%	of	tissue-specific	cardiac	progenitor	cells	(CPCs)	exhibited	se-
nescence phenotype including replicative arrest, telomere attrition, 

and	the	senescence-associated	secretory	phenotype	 (SASP)	 in	 the	
infarcted	heart	of	aged	patients	undergoing	cardiac	surgery	(Lewis-
McDougall et al., 2019).	It	becomes	more	important	when	disruption	
of	cardiovascular	repair	system	develops	aging-associated	diseases	
(AAD)	and	causes	mortality	in	elderly	(North	&	Sinclair,	2012).	Yet,	
a	 limited	 level	 of	 evidence	 exhibits	 that	AAD,	 namely	Type	 II	 dia-
betes	mellitus	(T2DM),	can	affect	the	biology	of	multipotent	CPCs	
and promotes cellular senescence, per se, by upregulating pathologic 

SASP,	 including	 pro-inflammatory	 cytokines	 (IL-1α,	 IL-1β,	 and	 IL-6)	

and	chemokines	 (MCP-1	and	MMP-3),	and	suppress	adult	myocar-
dial	regeneration	(Rota	et	al.,	2006;	Shakeri	et	al.,	2018).	Therefore,	
the secret to successful regenerative strategies stands on expanding 

our knowledge of the nature and mechanisms underpinning cardio-
vascular aging and regenerative competence of stem/progenitor 

cells during aging.

Cardiovascular	 aging	 is	 considered	 as	 a	 consequence	 of	 accu-
mulation	 of	 cellular	 senescence-promoting	 mechanisms	 includ-
ing oxidative stress, mitochondrial injury, genetic and epigenetic 

modifications, telomere shortening, and metabolic dysregulation 

(Song	 et	 al.,	2020; Figure 1).	 Reactive	 oxygen	 species	 (ROS)	 have	
been viewed as pathological molecules that undermine normal cel-
lular	 pathways	 by	 increasing	 oxidative	 stress	 (Eroglu	 et	 al.,	 2019; 

Saeedi	 Saravi	 et	 al.,	 2020).	 The	 cardiovascular	 system	 is	 princi-
pally	 vulnerable	 to	ROS-induced	oxidative	damage	due	 to	 its	 high	
metabolic demand and low antioxidant defense capacity in aging 

(Sorrentino	 et	 al.,	 2019;	 Xie	 et	 al.,	 2023).	 Accordingly,	 single-cell	
RNA-Seq	 analysis	 of	mouse	 aged	 cardiovascular	 ECs	 reveals	 tran-
scriptomic reprogramming, including upregulation of reactive oxy-
gen	 species	metabolic	 process	 in	 these	 cells	 (Gou	et	 al.,	2022).	 In	
Macaca fascicularis	 monkeys,	 scRNA-seq	 of	 aortas	 also	 shows	 an	
inactivation	 of	 forkhead	 box	 O3A	 (FOXO3A)	 in	 arterial	 ECs	 that	
recapitulates the major phenotypic defects observed in aged mon-
key	 aortas.	 It	 verifies	 age-related	 loss	 of	 FOXO3A	 as	 a	 key	 regu-
lator	 of	 endothelial	 aging	 (Zhang,	Murugesan,	 et	 al.,	2020; Zhang, 

Zhang, et al., 2020).	Notably,	FOXO3A	has	been	 recognized	as	an	
evolutionarily conserved transcription factor that acts in redox reg-
ulation	and	correlates	with	 longevity	 (Klinpudtan	et	al.,	2022)	 and	
a	 lower	prevalence	of	 cardiovascular	disease	 in	 long-lived	humans	
(Ronnebaum	&	Patterson,	2010).	Not	only	in	aged	arterial	ECs,	sin-
gle-nucleus	RNA-Seq	verify	 that	 oxidative	 responses	 are	 enriched	
in	aged	CMs	 in	both	primate	 (Ma	et	al.,	2021)	 and	human	 (Koenig	
et al., 2022)	hearts.	These	studies	and	beyond	have	demonstrated	
that these aged cardiac and arterial tissues exhibit a higher level of 

senescence-associated	 β-galactosidase	 staining	 and	 expression	 of	
pro-senescence	 genes	 including	 IL1β,	 IL17,	 and	 Type-I	 interferon	
(IFN-α).	 The	 relentless	 ROS	 production	 can	 also	 cause	 oxidative	
stress in cellular components, leading to cardiovascular stem/pro-
genitor cell senescence and impaired proliferation and differen-
tiation	 (Nishimura	et	al.,	2019;	Suzuki	&	Shults,	2019).	These	cells	
exhibit a developed senescence characteristics, including telomere 

attrition, activation of the p53/CDKN2A/p16INK4A/Rb molecular path-
ways, chromatin remodeling, and secretion of a complex mixture of 

SASP	(such	as	pro-inflammatory	cytokines	and	chemokines,	growth	
and angiogenic factors, matrix metalloproteinases, nonprotein small 

molecules,	 and	 bioactive	 lipids)	 (Cianflone,	 Cappetta,	 et	 al.,	2020; 

Cianflone, Torella, et al., 2020).	Indeed,	specific	transcription	factors	
including	GATA4	(Kang	et	al.,	2015),	NF-κB	(Ito	et	al.,	2017),	mTOR	
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(Laberge	et	al.,	2015),	p38MAPK	(Freund	et	al.,	2011),	and	Notch1	
(Hoare	 et	 al.,	 2016)	 signaling	 molecules,	 which	 upregulate	 during	
aging,	 may	 activate	 SASP	 in	 the	 stem	 cells.	 In	 both	 physiological	
and	premature	aging,	excessive	ROS	compromise	complex	proteins	
regulating the synthesis of bioenergetics in mitochondria, subse-
quently	encompassing	disruption	of	energy	homeostasis	necessary	
for	cell	proliferation	and	regeneration	(Kubben	&	Misteli,	2017;	Picca	
et al., 2018).	In	this	way,	ROS	may	not	only	damage	adjacent	organ-
elles in stem/progenitor cells, but also disrupt widespread metabolic 

pathways	controlling	their	self-renewal	(Oh	et	al.,	2014).	In	addition,	
imbalance	of	the	triad	of	metabolic	signaling-mitochondrial	integri-
ty-ROS	coupling	aggravates	autophagy,	an	evolutionarily	conserved	
process which governs clearance of aged/senescent cells contain-
ing	 damaged	 macromolecules	 and	 defective	 mitochondria	 (Aman	
et al., 2021;	Ren	&	Zhang,	2018).	These	result	 in	a	decline	 in	both	
cardiovascular stem/progenitor cell pool and function and protec-
tive	pro-survival	autophagic	recycling	of	senescence	cells,	through	
which repair and regeneration of damaged cardiac and vascular tis-
sues	are	overwhelmed	(Wiley	&	Campisi,	2021).

In	contrast	to	excessive	ROS,	antioxidant	defense	and	hypoxic	
niche	 are	 crucial	 to	maintain	 stem	 cells	 in	 quiescence	 state	 and	
protect	 them	 from	 cellular	 senescence	 (Suzuki	 &	 Shults,	 2019).	
What	we	encounter	in	aging	is	downregulation	or	incompetence	of	

antioxidant	 defense	mechanisms,	 including	ROS-neutralizing	 en-
zymes	(Tan	et	al.,	2018).	In	particular,	superoxide	dismutase	(SOD),	
mitochondria-targeted	catalase,	and	glutathione	peroxidase	(GPx)	
decrease	 in	 these	 cells	 with	 aging	 (Mandraffino	 et	 al.,	 2012; 

Spyropoulos	 et	 al.,	2022).	 The	 levels	 of	 endogenous	 antioxidant	
molecules, such as glutathione and vitamin C, also decline as age 

advances.	Furthermore,	aging	contributes	to	both	downregulation	
of	stressor-activated	transcription	factors	such	as	the	nuclear	fac-
tor	 erythroid	 2-related	 factor	 1	 (Nrf1)	 and	 2	 (Nrf2)	 and	 its	 tar-
get genes, which regulate the expression and activity of an array 

of	 antioxidant	 enzymes	 (Dai	 et	 al.,	 2012;	 Kubben	 et	 al.,	 2016).	
Gene	Ontology	(GO)	analysis	in	human-induced	pluripotent	stem	
cell	 (hiPSC)-derived	CMs	 revealed	 that	Nrf1	protects	 these	cells	
against	ROS-induced	oxidative	damage	by	the	proteasomal	activ-
ity and antioxidant response, including activation of the detoxi-
fying	enzyme	heme	oxygenase-1	(HO-1)	(Cui	et	al.,	2021).	 In	 line	
with the reduced antioxidant response observed in aging, there 

is a significant increase in the expression of inflammatory genes, 

such	 as	 nod-like	 receptor	 protein	 3	 (NLRP3),	 which	 suppresses	
SOD	activity	and	triggers	cellular	senescence	(Ding	et	al.,	2022).	
Wang	and	colleagues	also	have	shown	that	accumulation	of	these	
deleterious	mechanisms	in	endothelial	progenitor	cells	(EPCs)	re-
duce their angiogenic capacity and repair potential in ischemic and 

F I G U R E  1 Schematic	representation	of	disrupted	cardiovascular	regeneration	due	to	age-related	redox	imbalance	in	cardiac	and	
endothelial stem cells. Images created with BioRe nder. com.
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damaged	 blood	 vessels	 (Wang	 et	 al.,	 2019).	 The	 aged	 heart	 and	
vasculature exhibit the accumulation of oxidative damage and dis-
rupted antioxidant defense mechanisms in cardiovascular stem/

progenitor cells, with concomitant tissue remodeling and organ 

dysfunction	(Izzo	et	al.,	2021).
These suggest that restoration of a balance between prooxi-

dants and antioxidants in these cells may potentially regulate their 

cell	cycle	and	metabolic	and	epigenetic	signals	that	control	self-re-
newal and function to preserve regenerative capacity and combat 

aging-related	CVD	(Dudek	et	al.,	2021; Maraldi et al., 2021; Rampon 

et al., 2018).	Accumulated	 clues	 to	 understanding	 complex	 redox	
machinery in aging cardiovascular stem/progenitor cells present 

a	 chance	 to	 explore	 novel	 optimized	 cardiovascular	 regenerative	
strategies	which	could	be	 life-saving	for	elderly	patients.	With	an	
eye on future, in this review, we focus on the recent findings on 

the	roles	of	ROS	and	redox	machinery	 in	cardiovascular	stem	cell	
senescence in aging, as well as advances in interventions targeting 

redox signaling for optimal cardiovascular regenerative therapies 

and clinical potential for the healthspan expansion.

2  |  C ARDIOVA SCUL AR REGENER ATION: 
CURRENT STR ATEGIES AND PITFALL S

For	decades,	cardiovascular	tissues,	particularly	the	heart,	have	been	
considered	as	non-regenerative	organs	by	converging	data	showing	
that cardiac and vascular cells are indeed terminally differentiated 

cells	 with	 no	 replication	 competence	 (Cianflone,	 Cappetta,	
et al., 2020; Cianflone, Torella, et al., 2020;	Salerno	et	al.,	2022).	In	
addition, a wealth of reports swiftly declares that no cardiac stem/

progenitor	cells	(CSCs)	exist	in	the	adult	tissues	to	generate	new	CMs.	
On this premise, it is clear that spontaneous regenerative capacity on 

its own is slow and insufficient to repair injured tissues and restore 

their function in physiological aging and in pathological states 

(Salerno	et	al.,	2022).	The	long-standing	paradigm	of	the	adult	stem	
cells and progenitor cells with no endogenous regenerative activity 

has become more critical by researches remarking the regenerative 

and	reparative	decline	throughout	life	(Ellison	et	al.,	2012).	It	is	well	
established that cardiovascular stem and progenitor cells are subject 

to	age-associated	alterations	that	progressively	impair	regenerative	
mechanisms	 in	 the	heart	and	vasculature	as	age	advances	 (Ballard	
&	 Edelberg,	 2007).	 Accordingly,	 aging	 memory,	 oxidative	 stress,	
inflammation, and epigenetic modifications, which are known to drive 

cellular senescence, are attributed as major barriers of regenerative 

therapies	in	aging	(Hashimoto	et	al.,	2018; Maldonado et al., 2023).	
These limitations have remained cardiovascular mortality rates 

unchanged in old populations, despite of considerable progress in 

prognosis and treatment of cardiovascular disease over the past 

decades	 (Roth	 et	 al.,	2020).	 Clearly,	 there	 is	 an	 urgent	 need	 for	 a	
compelling strategy for cardiovascular repair and regeneration.

Since	20 years	ago,	efforts	have	been	on	the	basis	of	cell-based	
cardiovascular	regenerative	approaches	at	most	(Figure 2);	however,	
the outcomes of multiple experimental and clinical trials have been 

neutral	(Menasché,	2018).	For	instance,	administration	of	stem	cells	

F I G U R E  2 The	potential	and	challenges	of	cell-based	cardiovascular	regenerative	therapies.	Cell-based	strategies	for	cardiovascular	
regeneration	by	(i)	direct	engraftment	or	(ii)	biomaterial-based	delivery	of	CV	cells	derived	from	iPSC,	ESC,	or	cardiac	and	endothelial	
stem/progenitor	cells,	as	well	as	(iii)	full	reprogramming	and	(iv)	direct	reprogramming	of	fibroblasts	or	ADSCs.	In	vivo	cell-free	direct	
reprogramming	of	non-CV	cells	toward	CV	cells,	particularly	cardiac	myocytes,	opens	a	new	avenue	to	overcome	the	existing	limitations	
and	challenges	of	full	reprogramming	and	other	cell-based	therapies.	These	strategies	are	or	can	potentially	be	tested	by	clinical	trials	for	
replacement	of	dysfunctional	aged	CV	cells	and	the	subsequent	rejuvenation	of	the	CVS.	Images	created	with	BioRe nder. com.
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or progenitor cells into either failing heart or injured vasculature ex-
hibits a poor cell survival, because the preexisting oxidative micro-
environment	causes	the	cell	death	by	90%	and	impairs	their	function	
(Sthijns	et	al.,	2018; Tenreiro et al., 2021).	Although	a	few	numbers	
of innovative strategies, namely by using the complex biomateri-
al-based	 cell	 delivery	 system,	 appear	 to	 circumvent	 this	 limitation	
and enhance stem cell viability, the current interventions are still in-
sufficient	(Mu	et	al.,	2022;	Vasu	et	al.,	2021).

By using cellular, genetic, cell transplantation, and molecular 

means, we and other scientists are attempting to find an efficient 

strategy to protect cardiovascular cell homeostasis, repair, and re-
generation	 (Ellison	 et	 al.,	2013).	 The	 emergence	of	 hiPSCs	 stands	
as	a	game-changing	breakthrough,	sparking	widespread	enthusiasm	
for	their	potential	clinical	applications	(Protze	et	al.,	2019).	hiPSCs	
have been set as an unlimited source for generating functional car-
diovascular cells with the potential of autologous transplantation 

into	aging	heart	and	vasculature	(Csöbönyeiová	et	al.,	2015; Tenreiro 

et al., 2021).	This	discovery	constructed	a	basis	for	cell	reprogram-
ming strategies to overcome many of the immunological and ethical 

limitations	 of	multipotent	 embryonic	 stem	 cells	 (ESCs)	 or	mesen-
chymal	 stem	cells	 for	 stem	cell-based	 therapies	 (Oikonomopoulos	
et al., 2018;	 Salerno	 et	 al.,	2022).	 These	 advantages	 render	 iPSC	
technology	an	exciting	prospect	for	personalized	cardiovascular	re-
generative	therapies	(Atchison	et	al.,	2020;	Shi	et	al.,	2017).	The	cur-
rent two intriguing cell reprogramming strategies include the four 

pluripotency	 transcription	 factors	 (so-called	 “Yamanaka	 factors”)	
for	iPSC	reprogramming	or	“direct	reprogramming”	that	allow	CMs	
and vascular cells reentry into the cell cycle and restore their youth-
ful-like	 function.	 Of	 note,	 it	 permits	 a	 direct	 derivation	 of	 CMs,	
ECs,	or	vascular	smooth	muscle	cells	 (VSMCs)	 in	vivo	without	any	
need	for	an	intermediate	stage	of	in	vitro	reprogramming	into	iPSCs	
(Nishimura	 et	 al.,	 2019;	 Yamakawa	 &	 Ieda,	 2021).	 Nevertheless,	
possible	tumor	formation	and	aging-	or	pathologic-related	epigen-
etic	memory	 limited	clinical	 implications	of	 these	approaches	 (Ma	
et al., 2017).	To	this	end,	hiPSCs	have	been	engineered	to	control	
reactivation of the cell cycle and to remove aging memory by epi-
genetic	manipulation	 (Scesa	 et	 al.,	2021).	 Accordingly,	 a	 series	 of	
complementary	 cell-free	 approaches	 including	 spatiotemporal	 ad-
ministration and manipulation of the pluripotency transcription 

factors	 and	 specific	 signaling	 molecules,	 microRNAs,	 epigenetic	
regulators, and extracellular vesicles, alone or in combination, can 

potentially	be	used	to	optimize	reprogramming	efficiency	(Salerno	
et al., 2022; Tenreiro et al., 2021).

Despite of the outstanding breakthroughs, there are several 

key	 questions	 to	 be	 answered,	 including	 the	mechanisms	 under-
lying the effects of cell therapy for cardiovascular aging and the 

paracrine mechanisms of neighboring cells, as well as the reasons 

for poor proliferative ability, low efficiency, and immature function 

of reprogrammed cells. Basic research may provide the needed an-
swers and help to find true regenerative agents with adjusted dose 

and	time	and	to	optimize	combined	cell-based	and	cell-free	strate-
gies as the best next future therapy for cardiovascular regeneration 

during aging.

3  |  REDOX SYSTEM: ORCHESTR A 
CONDUC TOR OF INTRINSIC 
C ARDIOVA SCUL AR REGENER ATION

For	 decades,	 ROS	 were	 recognized	 as	 deleterious	 molecules	
encompassing a diverse set of free radicals derived from molecular 

oxygen	 that	undermine	normal	cellular	pathways	 (Cui	et	al.,	2012; 

Kattoor	 et	 al.,	2017).	 The	 “free	 radical	 theory	 of	 aging”	 proposes	
that aging is caused by accumulation of cellular damage inflicted by 

higher	concentrations	of	ROS,	thereby	triggering	DNA	damage	and	
accelerating	 stem	 cell	 senescence	 (Harman,	 2009).	 Nevertheless,	
this	theory	does	not	tell	the	whole	story	(Gladyshev,	2014).	Of	note,	
there	are	surprising	controversies	that	ROS,	at	lower	concentrations,	
are essential for vital cellular processes contributing to stem cell 

maintenance and differentiation, particularly in reprogramming 

strategies	 (Rampon	 et	 al.,	 2018;	 Suzuki	 &	 Shults,	 2019).	 Yet,	 as	
age	advances,	an	accumulation	of	excessive	ROS	becomes	evident	
within cells and its persistent presence inflicts damage on cellular 

components	 (Tan	 et	 al.,	 2018).	 Chronic	 ROS-induced	 oxidative	
stress accumulates genomic instability and declines mitochondrial 

integrity and cellular proteome that lead to stem cell exhaustion 

and insufficient regenerative capacity in organisms with progressive 

CVD	(Donato	et	al.,	2018;	Gude	et	al.,	2018).	For	example,	genetic	
deletion	of	nicotinamide	adenine	dinucleotide	phosphate	(NADPH)	
oxidases	2	and	4	(NOX2	and	NOX4),	which	generate	H2O2,	in	CPCs	
can restore their stemness, as inferred by increased expression of 

c-kit	 and	 vascular	 endothelial	 growth	 factor	 (VEGF)	 receptor	 FIk1	
(Maraldi	 et	 al.,	2021; Momtahan et al., 2019).	 The	 concentration-
dependent	 effects	 of	 ROS	 on	 stem	 cells	 underscore	 the	 delicate	
balance	required	for	redox	signaling	to	exert	beneficial	or	detrimental	
impacts	on	cellular	aging.	Nature	has	evolutionarily	learned	to	sink	
ROS	 signaling	 by	 multiple	 pathways,	 allowing	 for	 the	 regulation	
of redox balance throughout life. However, intracellular pathways 

guaranteeing redox homeostasis in the cardiovascular system and 

beyond	become	incompetent	with	aging	(Kimura	et	al.,	2014;	Wang	
et al., 2013).	Redox	homeostasis	is	a	balance	of	ROS	production	and	
elimination	that	is	crucial	for	the	maintenance	of	stem	cell	self-renewal	
and function. During the past decade, it is well understood that 

redox homeostasis guarantees tissue regeneration and reparative 

reserve	to	tackle	aging-related	loss	of	function	(Figure 3)	(Kubben	&	
Misteli, 2017; Oh et al., 2014).	A	plethora	of	evidence	suggests	that	
redox homeostasis plays a primordial role in cardiovascular stem cell 

self-renewal	and	 in	 the	balance	of	self-renewal	and	differentiation	
(Hashimoto	 et	 al.,	 2018).	 Redox	 homeostasis	 orchestrates	 intra-
organelle crosstalk, namely between cell mitochondria and nucleus, 

thereby coordinating metabolic pathways and epigenetic alterations 

and perpetuating stem cell pool and differentiation throughout life 

(Wang	et	al.,	2013).
In	order	to	maintain	redox	homeostasis,	stem	cells	require	activat-

ing	the	enzymatic	systems	responsible	for	ROS	catabolism	and	disrup-
tion	of	ROS-mediated	oxidative	damage	(Daiber	et	al.,	2021).	Hence,	
stem cells exploit diverse strategies which are no less complicated 

than	those	enzymatic	systems	responsible	for	ROS	generation.	They	
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increase	 the	 expression	 of	 antioxidant	 enzymes	 or	 redox-sensitive	
transcription factors to maintain the proliferative efficiency of resident 

stem/progenitor cells and their capacity to differentiate into various 

cardiovascular cell lineages, including cardiac and endothelial progen-
itor	cells	(Korski	et	al.,	2019).	For	instance,	stem	cells	recruit	hypoxia	
niche and associated transcription factors, namely hypoxia inducible 

factor-1α	 (HIF-1α),	to	regulate	antioxidant	enzymes	and	thereby	pro-
tect their pool against hallmarks of senescence. To this, the hypoxic 

environment	induces	cell	quiescence,	the	state	of	reversible	replicative	
arrest in which cells do not temporarily divide and yet retain the meta-
bolic	capacity	to	re-enter	the	cell	cycle	(Kimura	et	al.,	2014).	In	addition,	
stem cells activate other cellular protective features such as radical 

scavenging	enzymes.	SOD2	 is	 a	 scavenging	enzyme	 that	 can	buffer	
oxidants	in	stem	cells.	In	cultured	CPCs,	SOD2	has	been	shown	to	con-
tribute to cell survival in an oxidative state induced by xanthine oxi-
dase,	an	enzyme	that	uses	xanthine	to	yield	both	superoxide	(O2•−)	and	
H2O2	(Seshadri	et	al.,	2012).	Thioredoxins	are	another	key	antioxidant	
buffering	 system	 that	 localize	 to	 distinct	 subcellular	 compartments,	
in	particular	the	cell	mitochondria	by	thioredoxin	2	(Trx2),	and	cannot	
only	neutralize	ROS	but	also	reverse	protein	oxidation	events	by	re-
ducing disulfide bonds, thereby maintaining the proliferative capacity 

of	stem	cells	(Jung	et	al.,	2016;	Kameritsch	et	al.,	2021).	Interestingly,	
Trx2	creates	a	complex	with	peroxiredoxin	1	(Prx1),	an	antioxidant	en-
zyme	which	both	buffers	oxidants	and	transfers	oxidizing	equivalents	

F I G U R E  3 Redox	regulation	of	cardiovascular	stem/progenitor	cells.	Intrinsic	redox	homeostasis	differentially	regulates	cellular	signaling,	
metabolism,	and	function	in	pluripotent/multipotent	stem	cells	(ESC)	with	potential	to	differentiate	into	cardiac	and	endothelial	stem/
progenitor	cells	(CPC	and	EPC),	which	guarantee	the	potential	of	renewal/repair	during	aging.	(Upper)	ROS,	at	lower	levels,	are	crucial	
for stem cell self-renewal,	proliferation,	differentiation,	and	function,	as	well	as	quiescence	balance	(positive	effects).	(middle)	By	contrast,	
excessive	ROS,	considered	a	hallmark	of	aging	and	aging-associated	disease,	are	impair	stem	cell	pool	and	promote	stem	cell	exhaustion,	
senescence	and	apoptosis,	which	thereby	disrupt	differentiation	to	cardiovascular	lineages	and	their	function	(negative	effects).	(lower)	The	
antioxidant	defense	senses	intracellular	ROS	and	well-orchestrates	metabolic	and	epigenetic	state	and	function	of	the	stem	cells,	although	
it	downregulates	with	age.	Transcription	factors	Nrf2	and	FoxOs,	in	response	to	oxidative	stress	and	hypoxia,	upregulate	cytoprotective	
genes	(e.g.,	HIF-1α,	HO-1),	scavenging	enzymes	(e.g.,	Gpx	and	SOD),	and	the	histone	deacetylases	sirtuins,	rescue	ROS-induced	stem	
cell	senescence	and	apoptotic	death.	The	antioxidant	defense	also	maintains	cell	survival,	self-renewal,	pluripotency,	proliferation,	and	
cardiovascular lineage differentiation. Redox homeostasis facilitates direct differentiation of stem cells into target cardiovascular cells, 

fostering cardiovascular repair. Images created with BioRe nder. com.
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to	cysteine-containing	proteins,	in	mitochondria	to	contribute	to	met-
abolic	regulation	of	heart	and	vascular	development	and	in	zebrafish	
(Huang	et	al.,	2017)	and	mouse	(Chen	et	al.,	2017;	Kiermayer	et	al.,	2015)	
models.	Thioredoxin	reductase	2	(TR2),	which	recycles	Trx2	and	reg-
ulates Trx system, also plays a central role in the control of vascular 

integrity	as	seen	in	endothelial	cell-specific	knockout	(Trxrd2iECKO)	mice	
(Kameritsch	et	al.,	2021).	In	contrast,	deletion	of	genes	encoding	TR2	
and	Prx1	are	associated	with	aging	phenotype	in	EPCs,	by	upregulating	
apoptotic	BCL-2/Bax-Caspase-3	pathway,	and	seen	in	age-associated	
CVD	(Kameritsch	et	al.,	2021;	Nonn	et	al.,	2003).	Sirtuin	1	(SIRT1),	a	
NAD+-dependent	histone	deacetylase,	is	another	key	upstream	regu-
lator of the expression of antioxidant genes including Mn superoxide 

dismutase	(MnSOD),	Trx2	and	its	recycling	regulator	TR2,	and	localizes	
in	the	regulatory	regions	of	these	genes	(Jung	et	al.,	2016; Turinetto 

et al., 2016).	It	is	proven	in	cultured	EPCs	and	mesenchymal	stem	cells	
(MSCs)	at	 late	passages	which	exhibit	replicative	senescence	pheno-
type,	leading	to	cell	exhaustion.	These	cells	display	lower	cellular	NAD+ 

content	 accompanied	by	decreased	 expression	of	 SIRT1	 and	SIRT3,	
thereby aggravating oxidative stress and promoting multiple hallmarks 

of	cellular	senescence	 (D'Onofrio	et	al.,	2015; Zhang et al., 2021).	 It	
is essential to acknowledge that these examples tell some, but not all 

aspects	of	the	intricate	interactions	between	the	buffering	enzymes	to	
combat oxidative damage; for instance, mitochondrial glutaredoxin 2 

(Grx2),	a	class	of	thiol	oxidoreductases that reduce disulfide bridges by 

a	dithiol	mechanism	similar	to	that	of	thioredoxins,	interact	with	SIRT1	
for controlling mitochondrial dynamics and function necessary for 

embryonic heart formation and vascular development in both human 

and	 zebrafish	 models	 (Berndt	 et	 al.,	 2014;	 Bräutigam	 et	 al.,	 2013; 

Staudt	&	Stainier,	2012).	Grx2-mediated	redox	signaling	pathway	ac-
tivates	 SIRT1	 through	 reversible	 S-glutathionylation	 of	 this	 enzyme	
on	its	cysteine	residue	located	in	a	catalytic	domain	(Zee	et	al.,	2010).	
Accordingly,	cardiac	ablation	of	another	member	of	this	family,	Grx3,	
in	young	cardiac-specific	Grx3	knockout	(Grx3-KO)	mice	has	been	as-
sociated	with	left	ventricular	hypertrophy	and	heart	failure	(HF),	while	
wild-type	mice	exhibited	lower	levels	of	ROS	and	thereby	normal	Ca2+ 

handling	in	cardiomyocytes	(Donelson	et	al.,	2019; Ogata et al., 2021).
The	enzymatic	antioxidant	defense	system	is	regulated	by	master	

transcription	 factors,	which	drive	 stem	cell-specific	 gene	expression	
programs mitigating oxidative stress. The nuclear factor erythroid 

2-related	factor	2	(Nrf2)	and	FoxO	family	are	well	studied	to	regulate	
stem	cell	homeostasis,	self-renewal,	and	pluripotency	(Dai	et	al.,	2020; 

Ronnebaum	&	Patterson,	2010).	Not	only	multipotent	stem	cells,	but	
unipotent	stem	cells	such	as	endogenous	CPCs,	strictly	preserve	their	
redox	regulators	Nrf2,	FoxOs,	and	downstream-buffering	enzymes	Trx	
and	apurinic/apyrimidinic	 (AP)	endonuclease1/redox	factor-1	 (APE1/
Ref-1),	by	which	prevent	the	accumulation	of	mitochondrial	ROS	(Korski	
et al., 2019).	Nrf2	also	retains	biological	function	of	either	EPCs	or	en-
dothelial	colony-forming	cell	(ECFC)	and	ameliorates	ROS-induced	oxi-
dative stress by activating downstream target genes Hmox1	(encoding	
HO-1)	and	Txn	 (encoding	Trx)	 in	old	mice	 (Wang	et	al.,	2018, 2019).	
Nrf2	activation	restores	angiogenic	capacity	and	aggravates	re-endo-
thelialization,	which	is	substantially	deteriorated	with	aging	(Gremmels	
et al., 2017).	 By	 contrast,	 the	 sequestering	 of	 the	 transcription	

factors underpins stem cell exhaustion and senescence, thereby pro-
moting premature aging seen in both human and animal models of 

Hutchinson–Gilford	progeria	syndrome	(HGPS)	(Kubben	et	al.,	2016; 

Villa-Bellosta,	2020).	Consistetly,	in	CSCs,	inhibition	of	APE1/Ref-1	is	
accompanied	by	increased	transcription	of	HIF-1α	and	Nrf2,	accumu-
lating	excessive	ROS	that	subsequently	reduce	stem	cell	viability	and	
reinforce	them	to	senesce	(Maraldi	et	al.,	2021).	Given	the	strong	liter-
ature, we anticipate that boosting antioxidant defense system during 

aging will permit a persistent cellular redox balance in cardiovascular 

progenitor	cells	and	tissues	and	will	optimize	regenerative	therapies.	
Nevertheless,	a	few	preclinical	studies	notify	about	the	time-	and	con-
centration-dependent	effects	of	exogenous	antioxidants.	For	instance,	
small-molecule	 nonselective	 NOX	 inhibitors	 apocynin	 or	 diphenyl-
eneiodonium	 (DPI),	which	blunt	H2O2 generation, have been shown 

to	inhibit	cardiac	regeneration	in	adult	zebrafish	(Han	et	al.,	2014).	A	
very similar effect was also conferred by forced overexpression of cat-
alase	gene,	a	key	enzyme	which	catalyzes	the	decomposition	of	H2O2 

to	water	and	oxygen	(Han	et	al.,	2014;	McQuaig	et	al.,	2020).	In	this	
model, H2O2	formation	(~30 μM)	in	the	epicardium	and	adjacent	com-
pact myocardium at the resection site primes the heart for regener-
ation. Mechanistically, H2O2	generated	from	Duox/Nox2	destabilizes	
the	redox-sensitive	dual-specificity	MAPK	phosphatase	6	(Dusp6)	and	
subsequently	 increases	Erk1/2	phosphorylation	to	confer	 its	pro-re-
generative	effects	 (Missinato	et	al.,	2018; Zhou et al., 2022).	Hence,	
transgenic	overexpression	of	Dusp6	 in	Tg(hsp70:dusp6-His)	 zebrafish	
results in a decrease in Mef2C+/BrdU+ proliferating myocytes in hearts 

and	further	impairs	cardiac	regeneration	(Han	et	al.,	2014).	However,	
what is seen in aged organisms is a chronic and persistent elevation of 

ROS	in	diverse	cells	and	tissues	that	builds	an	oxidative	microenviron-
ment.	Therefore,	a	ROS-preconditioning	might	not	stimulate	regener-
ative pathways in aged failing hearts and vasculature; instead, it can 

adversely	affect	survival	and	function	of	circulating	and	tissue-specific	
CPCs	and	EPCs	in	different	ways,	leading	to	insufficiency	and	impaired	
homeostasis and repair potential in the aged cardiovascular tissues.

The abovementioned complex roles of redox machinery in car-
diovascular progenitor/stem cell biology and function briefly pro-
vide an insight for better understanding of the yin and yang of redox 

regulation	in	the	context	of	cardiovascular	aging.	Although	a	ROS-
antioxidants balance is essential for progenitor/stem cell differentia-
tion,	aging-associated	oxidative	stress	and	dysfunctional	antioxidant	
defense is an inevitable reality that impairs regenerative capacity in 

the cardiovascular system. In the following, we discuss the dark side 

of prooxidants and the homeostatic effects of endogenous antioxi-
dants	in	EPC	and	CPC	upon	aging.

4  |  H2O2 AND OTHER ROS

Nature	has	devised	multiple	sources	of	ROS,	allowing	for	a	number	
of intracellular pathways regulating physiological metabolism and 

function	 (Maron	 &	 Michel,	 2012).	 However,	 excessive	 activity	 of	
these sources upon aging leads to pathological outcomes and further 

aging-associated	 diseases	 (Saeedi	 Saravi	 et	 al.,	 2020).	 This	 view	
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exemplifies	the	bipashic	dose-dependent	effects	of	ROS,	particularly	
H2O2,	in	cells	(Sies,	2014).	The	intracellular	sources	comprise	H2O2-
generating	enzymes	targeted	to	membrane	structures	(nucleus	and	
plasma	 membrane).	 Principal	 H2O2-generating	 enzymes	 include	
the	 family	 of	NADPH	oxidases,	which	 have	 distinctive	 subcellular	
localization	 profiles	 and	 generate	H2O2 in specific cellular locales 

(Montiel	 et	 al.,	 2020).	 Other	 oxidases,	 for	 instance,	 xanthine	
oxidases and monoamine oxidases, produce H2O2 as a byproduct 

of	 catabolism	of	 specific	metabolites	 (Furuhashi,	2020).	 The	most	
important	 organelle	 for	 ROS	 formation	 after	 the	 nucleus	 is	 the	
mitochondrion, in which electron transport chain contributes the 

largest	 portion	 of	 basal	 ROS	 levels	 (Finkel,	 2011;	 Holmström	 &	
Finkel,	2014).	 Importantly,	mitochondria	 generate	more	H2O2 and 

other	ROS	(e.g.,	O2
•−)	when	cells	become	senescent,	leading	to	the	

accumulation of oxidant products such as glycation end products 

(AGE)	 (Chaudhuri	 et	 al.,	 2018).	 Accordingly,	 mitochondria	 of	
elderly	people	exhibit	 lowered	ATP	biosynthesis	and	bioenergetics	
imbalance, Ca2+ accumulation, and insufficient antioxidative capacity 

(Amorim	et	al.,	2022).	It	largely	causes	chromatin	remodeling	and	a	
proliferative	arrest,	but	also	a	consequence.

It	 is	traditionally	well	characterized	that	excess	H2O2, both en-
dogenously and exogenously, promotes cellular senescence, which 

consequently	develop	CVD	in	aged	organisms	(Hu	et	al.,	2022).	Aged	
humans display elevated markers of oxidative stress in their plasma 

as	opposed	to	young	individuals	(Wybranowski	et	al.,	2022).	During	
the past two decades, in the context of cardiovascular aging, it is 

increasingly unraveled that H2O2 drives cellular senescence in both 

circulating	and	 tissue-resident	EPCs	and	CPCs	 in	aging	microenvi-
ronment and impairs their function, compromising their regenera-
tive	capacity	(Han	&	Kim,	2023; Imanishi et al., 2008).	It	is	of	great	
importance	that	circulating	EPCs	have	been	recognized	as	significant	
indicators of overall cardiovascular health and actively contribute to 

cardiovascular	homeostasis.	Vasa	et	al.	 initially	 introduced	compe-
tent	 circulating	 EPCs	 (CD34+,	 KDR	 (VEGFR2)+)	 at	 higher	 levels	 in	
healthy	humans	as	compared	to	coronary	artery	disease	(CAD)	pa-
tients	 (Vasa	 et	 al.,	2001).	 Converging	 evidence	 supports	 the	 idea	
that	a	reduction	and	dysfunction	of	EPCs	are	positively	associated	
with cardiovascular risk factors such as aging and cardiometabolic 

diseases.	Moreover,	aging	has	been	clearly	recognized	to	impair	the	
function	 of	 circulating	 EPCs,	 for	 instance,	 by	 elevating	 angioten-
sin-II,	which	provokes	ROS	production	and	TNF-α	upregulation	(Calò	
et al., 2011; Endtmann et al., 2011).	 Consistently,	 aged	 senescent	
EPCs	have	been	observed	in	atherosclerotic	plaques	and	in	arteries	
of	 patients	with	CAD	 (Vemparala	 et	 al.,	2013)	 and	diabetes	 (Song	
et al., 2017; Tepper et al., 2002;	Xiang	et	al.,	2022).	Furthermore,	ox-
idized	low-density	lipoprotein	(oxLDL),	a	primary	contributor	to	ath-
erosclerosis, has been demonstrated to accelerate the senescence 

of	EPCs	(Di	Santo	et	al.,	2008).	This	phenomenon	significantly	con-
tributes	to	EC	dysfunction,	ultimately	catalyzing	the	development	of	
atherosclerosis.	In	this	context,	oxLDL-mediated	ROS	plays	a	pivotal	
role	 in	triggering	DNA	instability	and	telomere	attrition	by	 inhibit-
ing	 the	 phosphorylation	 of	 phosphatidylinositol	 3-kinase	 (PI3K)/
Akt/hTERT	in	EPCs	(Lai	&	Liu,	2015; Ming et al., 2016).	Therefore,	

interventions	 aimed	 at	 reversal	 of	 EPC	 senescence	 and	 enhanc-
ing	 its	 mobilization	 and	 proliferation	 may	 improve	 cardiovascular	
outcomes.	 Accordingly,	 some	 natural	 compounds,	 specifically	 adi-
pose-derived	protein	Visfatin	(Ming	et	al.,	2016)	and	Angelica sinensis 

polysaccharides	(Lai	&	Liu,	2015),	have	undergone	in	vitro	testing	to	
reverse	oxLDL-induced	EPC	senescence.	This	reversal	is	achieved	by	
downregulating	gp91phox,	a	subunit	of	NADPH	oxidase	complex,	and	
reducing	overall	ROS-induced	oxidative	stress	in	these	cells.

In vitro and in vivo studies showed that H2O2 at concentrations 

higher	than	30–50 μM	induces	DNA	damage	and	telomere	attrition,	
the	 cellular	 alterations	which	 contribute	 to	 stress-induced	 prema-
ture	senescence	(SIPS)	of	these	progenitor	cells	(Chen	et	al.,	2013; 

Monsanto et al., 2020;	Saeedi	et	al.,	2022).	Accordingly,	prolonged	
exogenous H2O2 exposure has been most commonly used as an 

in	vitro	model	for	 induction	of	SIPS,	which	shares	features	of	rep-
licative senescence. These cells exhibit major hallmarks of cellular 

senescence	including	irreversible	proliferative	arrest,	increased	SA-
β-galactosidase	 positivity,	 and	 increased	 expression	 of	 cyclin-de-
pendent	kinase	(CDK)	inhibitors	and	the	SASP.	Moreover,	senescent	
EPCs	 lose	 their	 DNA	 repair	 capability	 that	 accelerates	 telomere 

shortening	(Wu	et	al.,	2023).	Persistent	DNA	damage	and	a	decline	
in	 its	 cell–cell	 adhesion	 and	 incorporation	 into	 the	 dysfunctional	
endothelium have been observed to develop atherosclerosis in 

old ApoE−/−	mice.	 Instead,	 administration	 of	 bone	marrow-derived	
EPCs	from	young	mice	could	reverse	atherosclerosis	 in	these	mice	
(Edelberg	 et	 al.,	2002; Zhu et al., 2007).	 Although	 little	 is	 known	
about the mechanisms underpinning H2O2-induced	EPC	senescence,	
the	senescence-promoting	mechanisms	of	H2O2 in endothelial and 

vascular	 smooth	muscle	 cells	 are	 comprehensively	uncovered.	For	
instance, H2O2	triggers	SIPS	by	increasing	oxidative	stress	and	pro-
duction	of	proinflammatory	cytokines	IL-1α	and	IL-6,	proven	mark-
ers	of	the	SASP.	H2O2 does it by downregulating the heterogeneous 

nuclear	ribonucleoproteins	A1	(hnRNP	A1)—Octamer-binding	tran-
scriptional	 factor	 4	 (Oct4)	 complex	 (a	 regulator	 of	 pluripotency	 in	
stem	 cells	 that	 confers	 protective	 effects	 against	 atherosclerosis)	
(Han,	 Bedarida,	 et	 al.,	 2018;	Han,	 Kim,	 et	 al.,	 2018)	 and	NADPH-
producing	 vasculoprotective	 pathways,	 rendering	 HUVEC	 and	
hASMC	cells	to	inhibition	of	mitochondrial	fatty	acid	β-oxidation	and	
cellular	dysfunction	(Kalucka	et	al.,	2018).

An	 association	 between	ROS,	 cellular	 senescence,	 and	 T2DM,	
as	a	 life-threatening	AAD	has	long	been	proposed.	Diabetes	is	the	
common	pathological	event	that	connects	CVD	and	aging	(Shakeri	
et al., 2018).	Accordingly,	diabetic	cardiomyopathy	has	been	consid-
ered as a cardiac disease of aging, and its development and progres-
sion	 has	 been	 strongly	 associated	 with	 accelerated	 ROS-induced	
oxidative stress and mitochondrial dysfunction in cardiac cells 

(Kayama	et	al.,	2015).	Combined	relatively	low	endogenous	antiox-
idant	capacity	and	increased	ROS	levels	in	the	heart	has	been	also	
observed	in	heart	failure	with	preserved	ejection	fraction	(HFpEF),	
which comprises >50%	of	all	HF	cases	worldwide	(Jasinska-Piadlo	&	
Campbell, 2023;	Saeedi	Saravi	et	al.,	2023).	In	diabetic	patients,	cir-
culating high glucose and altered insulin signaling are associated with 

increased	ROS	generation	and	susceptibility	to	oxidative	responses	
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in the heart, leading to tissue remodeling, ventricular hypertrophy, 

and	impaired	systolic	and	diastolic	function	(Huo	et	al.,	2023;	Nishio	
et al., 2004).	 Analysis	 of	 heart-resident	 CPCs	 in	 insulin-resistant	
humans	 and	 rodents	 reveal	 that	 hyperglycemia-induced	 oxidative	
stress	impairs	CM	formation	and	growth	(Molinaro	et	al.,	2022; Rota 

et al., 2006).	The	CM	formation-death	imbalance	leads	to	premature	
CPC	senescence	and	 subsequent	 cardiac	aging	and	HF	 in	diabetic	
patients	(Westermeier	et	al.,	2016).	Accordingly,	the	c-kit+/CD45−/

CD31−	 CPCs	 exhibit	 an	 impaired	 cell	 growth	 and	 lower	myogenic	
differentiation potential. Transcriptional analysis showed that the 

cells	 express	 significantly	 less	 than	non-diabetic	CPCs	 the	 cardiac	
transcription	 factors	 (including	 GATA4, NKX2.5, and MEF2C)	 and	
myocyte	 contractile	 genes	 (including	 TNNT2, ACTC1, MYH6, and 

MYH7)	during	myogenic	differentiation.	The	DM-CPCs	also	exhibit	
the major hallmarks of replicative senescence provoked by exagger-
ated	oxidative	stress,	including	increased	SA-β-gal-positive	cells	and	
histone γ-H2A.X	 phosphorylation,	 higher	 apoptotic	 rate,	 reduced	
telomerase	activity,	and	elevated	SASP.	However,	senotherapy	using	
a	 combination	 of	 dasatinib,	 a	 specific	 tyrosine	 kinases-targeting	
drug,	and	quercetin,	 the	natural	 flavonoid	 that	 targets	BCL-2	 fam-
ily	members	as	well	as	HIF-1α, could rescue cellular senescence and 

proliferative	 capacity.	 D + Q	 significantly	 overrides	 senescent	 cell	
antiapoptotic	pathways	(SCAPs)	selectively	 in	senescent	CPCs	and	
reduces	DNA	damage	and	p16INK4a–positive	nuclei	CPCs	and	CMs	
in T2DM mice. The senolytic approach in vivo could also downreg-
ulate	 SASP	 expression	 and	 upregulate	 the	main	 cardiac	 transcrip-
tion factors, thereby mitigating myocardial pathologic remodeling 

and	 cardiac	 diastolic	 dysfunction.	 For	 the	 latter,	 D + Q	 improved	
cardiac	 repair	 and	 regenerative	 capacity	 in	 diabetic	 mice	 (Marino	
et al., 2022).	Moreover,	in	a	mouse	model	of	diabetes,	p66shc-medi-
ated	ROS	production	displays	a	critical	role	in	CSC	senescence	and	
HF,	whereas	diabetic	p66shc−/− mice exhibited a higher number of res-
ident	CSC	pool	in	their	hearts.	Of	note,	p66shc is a catalytic subunit 

of	NADPH	oxidases	that	is	essential	for	superoxide	formation	(Rota	
et al., 2006).	 The	 diabetic	 p66shc−/− mice also showed a markedly 

higher	survival	and	function	of	CSCs	and	a	preserved	cardiac	func-
tion	compared	to	diabetic	wild-type	mice.	It	has	been	suggested	that	
p66shc	gene	knockout	downregulates	p53	and	p16INK4a and thereby 

rescues	 telomere	 attrition	 in	 CSCs.	 Consistently,	 targeted	 muta-
tion of p66shc	gene	reduces	both	ROS	generation	and	susceptibility	
of	CSCs	 to	 oxidative	 stress,	 and	 thereby	 expands	mouse	 lifespan.	
These data raise the possibility that diabetic cardiomyopathy is in 

part	a	stem	cell	senescence-based	disease.	However,	much	remain	to	
uncover	ROS-regulated	signaling	pathways	which	underpin	diabetic	
cardiomyopathy	and	strategies	that	can	rescue	CPC	senescence.

Beyond diabetes, specific chemotherapies of maliognancies 

have	 been	 increasingly	 associated	 with	 cardiomypathies	 and	 HF	
and	accelerate	aging	by	approximately	17 years	of	 life	span	(Wood	
et al., 2016).	Human	studies	of	cancer	survivors	reveal	a	higher	in-
cidence	of	HF.	For	 instance,	 the	Swiss	Childhood	Cancer	Survivor	
Study	 (SCCSS)	has	reported	a	higher	risk	of	developing	HF	among	
5-year	acute	 lymphoblastic	 leukemia	 (ALL)	survivors	who	received	
anthracyclines	such	as	doxorubicin	(Hau	et	al.,	2019).	In	both	humans	

and	 animals,	ALL	 chemotherapy	 induces	 cardiotoxicity	 and	 senes-
cence	 hallmarks.	 Doxorubicin-induced	 cardiomyopathy	 has	 been	
observed	to	lead	to	a	significant	accumulation	of	ROS	and	the	pre-
mature	cellular	senescence	not	only	in	adult	cardiomyocytes	(CMs)	
but	 also	 in	 the	 endogenous	 cardiac	 stem	 cell	 (CSC)	 pool	 (Piegari	
et al., 2013).	This	phenomenon	was	accompanied	by	acute	activa-
tion	of	pro-apoptotic	pathways	and	DNA	damage,	 indicated	by	an	
increased phosphorylation of γ-H2A.X	 in	 CSCs.	 In	 another	 study	
involving	mice	with	doxorubicin-induced	cardiomyopathy,	CPCs	dis-
played	an	upregulation	of	miR-200c,	which	directly	targets	the	zinc	
finger	E-box	binding	homeobox	1	 (ZEB1)	binding	sites.	The	 reduc-
tion in ZEB1 binding was concurrent with an increased expression of 

SASP,	specifically	CXCR4,	reinforcing	cell	cycle	arrest	in	these	cells.	
Consequently,	doxorubicin	depletes	myocardial	regenerative	poten-
tial	 and	 renders	 the	myocardium	more	 susceptible	 to	 failure	 (Beji	
et al., 2017).	Today,	doxorubicin	is	commonly	used	for	both	in	vitro	
model	of	oncogene-induced	cellular	senescence	and	 in	vivo	model	
of	cardiac	aging	in	basic	and	translational	research	(Sun	et	al.,	2022).	
Interestingly,	administration	of	resveratrol,	a	natural	SIRT1	activator	
with	antioxidant	activity,	to	mice	with	doxorubicin-induced	cardio-
myopathy	could	prevent	excessive	accumulation	of	ROS	in	resident	
CSCs	 and	 restore	 their	 reparative	 capacity	 in	 injured	 hearts	 (De	
Angelis	et	al.,	2015).	In	addition,	consistent	outcome	was	observed	in	
mice	with	doxorubicin-induced	cardiotoxicity	in	response	to	another	
natural antioxidant compound, Citrus bergamot	polyphenol-rich	frac-
tion	(BPF).	Similar	to	the	previous	study,	ROS	depletion	and	regula-
tion of redox balance and autophagy play a central mechanistic role 

in	survival	and	functional	restoration	of	c-kit+/CD45−/CD31−	CSCs	
in	the	injured	myocardium	(Carresi	et	al.,	2018).

Together,	age-related	oxidative	stress	induced	by	ROS,	in	partic-
ular H2O2, underpins incompetent cardiac and endothelial regenera-
tive and reparative efficiency in both physiological and pathological 

states.	Pharmacological	interventions	targeting	ROS	signaling	path-
ways	may	hold	promise	for	rejuvenating	EPC	and	CPC	populations,	
offering potential therapeutic strategies for combating cardiovascu-
lar aging.

5  |  ANTIOXIDANTS

5.1  |  Nrf2

5.1.1  |  In	EPCs

Nrf2	 is	 a	 ROS-responsive	 transcription	 factor	 encoded	 by	 the	
NFE2L2 gene in mammalians. It acts as master regulator of stem 

cell	 redox	 and	 metabolic	 homeostasis	 in	 stem	 cells	 (Kubben	 &	
Misteli, 2017).	 Although	 Nrf2	 regulation	 in	 chronological	 and	
premature aging and metabolic diseases, namely T2DM, is well 

studied,	the	role	of	Nrf2	signaling	cascades	in	cardiovascular	stem	
cells and tissue regeneration with advanced aging is not still clear. 

Concerning the fact that adult stem cells miss their function and 

regenerative	capacity	throughout	life,	targeting	Nrf2	may	be	a	key	
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approach to provide a balance between suppressing and driving 

mechanisms	 for	 cardiovascular	 tissue-specific	 ASC	 proliferation,	
turnover,	 and	 self-renewal.	 Accumulating	 data	 reveal	 that	 Nrf2	
can	 protect	 ASC	 in	 the	 presence	 of	 chronic	 stressors,	 including	
oxidative stress, and thereby maintain their limited regenera-
tive	 capacity	 during	 aging	 (Dai	 et	 al.,	2020;	Wang	 et	 al.,	 2018).	
Accordingly,	in	an	in	vivo	model	of	hindlimb	ischemia,	studies	show	
that	Nrf2	and	its	downstream	antioxidant	target	genes	Ho-1, Nqo-

1, and Trx	are	downregulated	in	EPCs	with	advancing	age,	and	the	
cells	 become	 sensitive	 to	oxidative	 stress	 (Wang	et	 al.,	 2019).	 It	
leads	 to	 a	 ROS-dependent	 disruption	 of	 cell	migration	 and	 tube	
formation	that	restrict	the	regenerative	capacity	of	EPCs	and	re-
duce their migration toward ischemic areas, which is crucial for 

repair of the damaged endothelial cells in the vasculature and 

reperfusion of ischemic hindlimbs of aged mice. The researchers 

also	 observed	 a	 lower	 secretion	 of	 VEGF	 and	 nitric	 oxide	 (NO)	
production in cultured Nrf2-knockdown	young	EPCs,	while	induc-
tion	 of	 Nrf2	 by	 tert-butylhydroquinone	 (t-BHQ)	 restores	 redox	
homeostasis	 and	 angiogenesis	 and	 suppresses	 NLRP3/NF-κB 

pathway	in	aged	EPCs	akin	to	young	cells.	 Importantly,	the	com-
plex	 Nrf2-mediated	 changes	 in	 aged	 EPCs	 are	 accompanied	 by	
cellular	senescence,	represented	by	increased	SA-β-galactosidase	
activity	and	cell	cycle	arrest	regulators	p16INK4a and p21WAF1/Cip1 

(Wang	et	al.,	2019).	Not	only	 in	aging	models,	Nrf2	downregula-
tion affects similar pathways regulating the redox machinery and 

inflammatory responses, inducing a senescence phenotype in 

EPCs	 obtained	 from	 diabetic	mice	 (Dai	 et	 al.,	2020).	 In	 diabetic	
EPCs,	Nrf2	activation	by	t-BHQ	could	reduce	ROS	levels	and	up-
regulate	 antioxidants	 SOD,	HO-1,	 and	NQO-1,	which	 contribute	
to	 impaired	angiogenesis	 (Wang	et	al.,	2018).	Moreover,	 increas-
ing	 Nrf2	 expression	 enhances	 the	 resistance	 of	 EPCs	 to	 oxida-
tive damage induced by diabetes and improves the regenerative 

efficacy	 of	 EPCs	 in	 the	mouse	model	 of	 diabetic	 limb	 ischemia.	
This is likely achieved through the transcriptional upregulation 

of	 the	 rate-limiting	enzyme	 in	 the	 tricarboxylic	acid	 (TCA)	cycle,	
isocitrate	dehydrogenase	2	(IDH2),	which	preserves	mitochondrial	
function	in	diabetic	EPCs	(Dai	et	al.,	2022).	Dysfunctional	EPCs	in	
both patients with T2DM and diabetic mice disrupts endothelial 

repair	 and	 increases	 the	 risk	 for	 limb	 amputation,	whereas	Nrf2	
stimulation, as a potential vascular reparative intervention, can 

restore	the	cell	migration	and	neovascularization	capacity	and	si-
multaneously	rescue	EPC	senescence	for	management	of	diabetes	
mellitus.	Beyond	the	cardiovascular	system,	Nrf2	is	a	key	regula-
tor of vascular recovery in ischemic central nervous system dis-
eases	including	stroke	(Wang	et	al.,	2022)	and	retinopathies	(Wei	
et al., 2015).	In	a	mouse	model	of	ischemic	retinopathy,	neuronal	
Nrf2	deficiency	strongly	suppresses	vascular	regrowth	into	retina	
and	 increases	pathologic	neovascularization.	Wei	and	colleagues	
tested	 a	 pharmacologic	 activation	 of	 neuronal	 Nrf2	 in	 ganglion	
cells to promote reparative angiogenesis and suppress pathologic 

neovascularization	 in	 retina.	 They	 delineated	 that	 Nrf2	 activa-
tion	 by	 CDDO-Im	 downregulates	 Sema6A,	 a	 membrane-bound	
semaphorin	 that	 regulates	 angiogenesis,	 in	 a	 HIF-1α-dependent	

fashion, and thereby reprogram ischemic tissue toward neurovas-
cular repair in avascular retina.

5.1.2  |  In	CPCs

In	addition	to	the	vasculature,	Nrf2	play	a	key	role	in	the	repair	of	
pathologic heart by regulating antioxidant response in CMs. Owing 

to	 insufficient	CM	self-renewal	and	regenerative	capacity	during	
aging and cardiac pathologies, an efficient strategy for reactivating 

primitive renewal and reparative abilities may promote the mature 

mammalian	heart	repair.	Accordingly,	for	instance,	Martin	and	his	
team reported that Paired-like homeodomain 2	(Pitx2)	is	crucial	for	
repair in neonatal hearts; hence Pitx2	 gain-of-function	 induced	
the reparative capacity in injured ventricular cardiomyocytes 

after	myocardial	 infarction	 (MI).	Pitx2	 is	a	downstream	target	of	
Nrf2	that	regulates	a	subset	of	genes	encoding	ROS	scavengers	by	
activating	the	Hippo-Yap	pathway,	which	is	essential	for	postnatal	
cardiac regeneration, to preserve redox balance in the adult 

myocardium	(Hill	et	al.,	2019; Tao et al., 2016).	They	revealed	that	
the	 Nrf2-Pitx2	 genetic	 pathway	 is	 activated	 by	 cardiac	 damage	
and promotes cardiac repair by enhancing antioxidant response. 

Consistently,	 the	 activation	 of	 Nrf2	 by	 intraperitoneal injection 

of	 a	 multifaceted	 fluorinated	 compound	 TT-10	 (C11H10FN3OS2)	
could	 induce	 Yap	 nuclear	 translocation	 and	 Wnt/β-catenin	
signaling, by which increased CM proliferation ameliorated cardiac 

remodeling	and	diastolic	dysfunction	in	a	mouse	model	of	MI	(Hara	
et al., 2018).	Not	only	 in	 an	 in	 vivo	model,	 but	 in	 cultured	CMs,	
TT-10	upregulates	Nrf2	target	genes	encoding	antioxidants	Txn1 

and Hmox1.	 It	 is	worth	 noting	 that	 due	 to	 the	 potential	 of	Nrf2	
activation in cardiac regeneration, several compounds targeting 

Nrf2	 have	 been	 tested	 for	 their	 ability	 to	 promote	 cardiac	
regeneration	following	myocardial	injury.	Another	such	compound	
is	the	cannabinoid	receptor	type	2	(CB2)	agonist	AM1241,	which	
has	been	observed	to	activate	protein	kinases	PI3K/Akt-Nrf2	and	
increase	the	expression	of	antioxidant	enzyme	HO-1	in	infarcted	
myocardium	(Li	et	al.,	2016;	Wang	et	al.,	2014).	These	mechanisms	
converted the cardiac postischemic microenvironment to a 

favorable	 microenvironment	 for	 proliferation	 of	 resident	 CPCs	
and thereby enhanced endogenous cardiac tissue repair after MI 

in	mice.	As	discussed,	Nrf2	has	been	a	common	target	in	a	number	
of studies investigating myocardial regeneration following MI in 

animal models.

The	existing	evidences	on	the	role	of	Nrf2	in	stem	cell	self-re-
newal and proliferation may explain the failure to maintain stem/

progenitor cell populations and impaired ability of these cells to 

regenerate cardiac and vascular tissues in premature and physio-
logical	aging.	Consistently,	the	repression	of	Nrf2	disrupts	antiox-
idant defense system in both differentiated and stem cells in the 

vasculature	 of	 HGPS	 patients	 with	 premature	 aging	 phenotype	
(Atchison	et	al.,	2020;	Kubben	et	al.,	2016;	Villa-Bellosta,	2020).	
These patients recapitulate many symptoms of physiological 

vascular aging, mainly severe arterial stiffening, fibrosis, and 
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generalized	 atherosclerosis,	 which	 are	 recognized	 to	 underlie	
AAD,	 as	 the	 “vascular	 theory	 of	 aging”	 declares	 (Gkaliagkousi	
et al., 2022;	Le	Couteur	&	Lakatta,	2010).	Progerin,	a	mutated	form	
of	 prelamin	 A	 variant	 that	 induces	 cellular	 senescence	 (Aguado	
et al., 2019),	is	accumulated	in	their	stem	cells	that	impairs	cellu-
lar maintenance and differentiation by inducing the expression of 

genes related to oxidative stress and the endoplasmic reticulum 

(ER)	 stress	 responses	and	 the	 related	unfolded	protein	 response	
(Harhouri	 et	 al.,	2017).	 This	 protein	 is	 also	 found	 in	CMs	 and	 in	
vascular	 cells	 (EC	 and	 VSMC)	 of	 LmnaLCS/LCS progeria mice that 

exhibit	 adventitial	 thickening	 and	 aortic	 calcification	 (Hamczyk	
et al., 2018).	 Suppressed	 Nrf2	 activity	 alongside	 by	 increased	
oxidative stress is sufficient to recapitulate premature aging de-
fects	(Kubben	et	al.,	2016).	Yet,	the	upregulation	or	translocation	
of	Nrf2	 to	 the	cell	nucleus	 facilitates	 the	 transcription	of	down-
stream antioxidant genes necessary for the regulation of stress 

responses, metabolism, and pluripotency in cardiac and vascular 

stem cells, and improves overall health and lifespan in these ani-
mals	(Dai	et	al.,	2020).	Therefore,	targeting	Nrf2	emerges	a	ther-
apeutic	strategy	for	revascularization	and	vascular	repair	in	AAD,	
namely diabetes, and protecting against cardiovascular stem/

progenitor	cell	exhaustion	and	aging	 (Rampin	et	al.,	2022;	Wang	
et al., 2018, 2019).	 However,	 much	 remain	 to	 fully	 understand	
whether	and	how	Nrf2	regulates	the	regenerative	mechanisms	in-
volved	and	the	Nrf2-targeted	therapies	are	effective	in	aging-re-
lated	CVD	in	old	humans.

5.2  |  HIF-1α

5.2.1  |  In	EPCs

HIF-1α has been demonstrated to regulate pathways controlling 

EPC	 mobilization	 and	 endothelial	 differentiation	 (Bosch-Marce	
et al., 2007).	Hypoxic	conditions	stimulate	HIF-1α	activation	in	EPCs,	
which in turn promotes the secretion of angiogenic factors, such as 

VEGF	 and	 stromal	 cell-derived	 factor	 1	 (SDF-1).	 HIF-1α-mediated	
upregulation	 of	 VEGF	 and	 SDF-1	 enhances	 EPC	 recruitment	 to	
injured	 sites	 and	 facilitates	 neovascularization	 (Lee	 et	 al.,	 2013).	
With	advancing	age,	HIF-1α expression and activity decline, leading 

to	reduced	EPC	function	and	 impaired	angiogenic	capacity	 (Chang	
et al., 2007;	Kim	et	al.,	2011).	 It	has	been	demonstrated	 long	time	
ago	 wild-type	 old	 mice	 are	 afflicted	 with	 inadequate	 perfusion	
recovery in ischemic limb accompanied by transcriptional alterations 

in	 hypoxia-related	 genes	 encoding	 angiogenic	 cytokines	ANGPT1,	
ANGPT2,	MCP-1,	 PLGF,	 SCF,	 SDF-1,	 and	VEGF	 in	 calf	muscles	 to	
levels	similar	to	those	in	heterozygous	Hif1a-knockout	mice	(Bosch-
Marce et al., 2007).	 In	 these	 mice,	 adenovirus	 (AdCA5)-based	
HIF-1α gene therapy improved limb perfusion in older mice and 

increased	the	number	and	mobilization	of	circulating	angiogenic	cells	
in both nonischemic and ischemic limbs in old mice. Consistently, 

activation	of	HIF-1α-TWIST	axis	by	hypoxia	preconditioning	tightly	
downregulates p21WAF1/Cip1	in	cultured	senescent	EPCs,	and	thereby	

rescues senescence and improves cellular proliferation and survival 

(Lee	et	al.,	2013).	In	addition	to	EPCs,	HIF-1α, intriguingly, underpins 

the activation of the transcription factor Etv2	 in	ESCs	followed	by	
Notch1	signaling,	necessary	for	redox	homeostasis	and	expression	
of vasculaoprotective genes such as NOS3, NNT, GRX, and PTGS1 

in	generated	arterial	ECs	(Tsang	et	al.,	2017).	Tsang	and	colleagues	
proved a successful outcome of transplantation of functional 

arterial	ECs	 transitioned	 from	EPCs,	 in	which	 sustained	activation	
of	 HIF-1α was sustainably activated, in mouse myocardial and 

hindlimb	ischemia	models.	Accordingly,	ECs	derived	under	hypoxia	
as opposed to normoxia showed engraftment in ischemic tissues, 

thus	leading	to	local	revascularization	and	restored	cardiac	function	
(Alique	 et	 al.,	 2019;	 Yang	 et	 al.,	 2017).	 Despite	 the	 considerable	
attention	HIF-1α	 has	 attracted	 as	 a	 target	 for	 revascularization	 in	
peripheral ischemic tissues, there is a limited knowledge on the 

effects	of	HIF-1α-based	therapies	in	atherosclerotic	cardiovascular	
diseases in aging.

5.2.2  |  In	CPCs

Beyond, hypoxic niche in adult heart, in particular mammalian 

epicardium and subepicardium, provides a safe environment for 

adult	CPCs	and	regulates	metabolic	pathway	in	a	favor	of	glycolysis	
to	preserve	cardiac	homeostasis	and	regenerative	capacity	(Kimura	
&	 Sadek,	2012;	 Korski	 et	 al.,	 2019).	 These	 layers	 have	 the	 lowest	
capillary	density,	where	over	50%	of	CMs	express	HIF-1α protein. 

HIF-1α has been identified as a master regulator of hypoxic responses 

that bridges transcriptional alterations and metabolic reprogramming 

toward	 a	 reductive	 state	 to	 counteract	 oxidative	 stress-induced	
senescence	and	exhaustion	in	these	cells	(Alique	et	al.,	2020; Bellio 

et al., 2016).	 Accordingly,	 in	 vitro	 studies	 revealed	 that	 hypoxia	
preconditioning	 promotes	 murine	 CSC	 survival	 and	 cardiogenic	
differentiation	(represented	by	increased	α-SA	and	cTnT	expression)	
in	 a	 HIF-1α/apelin/APJ-mediated	 fashion	 (Hou	 et	 al.,	 2017).	
Under	 hypoxic	 conditions,	 HIF-1α	 stabilizes	 and	 activates	 various	
downstream	 targets	 involved	 in	 CPC	 maintenance	 and	 function,	
including Oct4, Nanog, and GATA4, the genes which classically 

involved in cardiac development during embryogenesis and in cardiac 

reprogramming	and	regeneration	in	adult	heart.	Activation	of	HIF-1α 

in	 CPCs	 promotes	 angiogenesis,	 inhibits	 apoptosis,	 and	 enhances	
their regenerative capacity. These may drive cardiac tissue turnover 

during	normal	aging	and	post-myocardial	injury	(Sayed	et	al.,	2022).	
However,	 dysregulation	 of	 HIF-1α signaling in aging impairs the 

responsiveness	of	CPCs	to	hypoxia,	leading	to	compromised	cardiac	
repair mechanisms. Multiple factors contribute to the decline in 

HIF-1α	 expression	 and	 activity	 during	 aging	 (Röning	 et	 al.,	2022).	
Accumulating	 evidence	 suggests	 that	 age-related	 changes	 in	 the	
progenitor/stem cell microenvironment, including oxidative stress, 

chronic	 inflammation,	 and	 cellular	 senescence,	 impair	 HIF-1α 

signaling	(Marino	et	al.,	2022;	Sweeney	et	al.,	2022).	Dysfunctional	
mitochondria, decreased oxygen availability, and altered epigenetic 

regulation	also	contribute	to	age-related	decline	of	HIF-1α	in	CPCs	
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(Gevaert	 et	 al.,	 2017; Zhang et al., 2007).	 Understanding	 these	
mechanisms is crucial for developing strategies to preserve or 

restore	HIF-1α function and rejuvenate the regenerative capacity of 

progenitor/stem cells in the aging cardiovascular system.

6  |  REDOX HOMEOSTA SIS:  VITAL 
FOR CELL REPROGR AMMING TO 
C ARDIOVA SCUL AR LINE AGES

The	recent	investigations	by	high-throughput	NGS-RNA	sequencing	
of	 human	 iPSC	 and	 iPSC-derived	 cardiovascular	 cells	 appreciate	
the complexity and importance of redox regulation during cell 

reprogramming	 (Dudek	 et	 al.,	 2021;	 Nugud	 et	 al.,	 2018).	 Thus,	
targeting	 redox	 signaling	 in	 iPSCs	 may	 enhance	 its	 efficiency	 for	
cell-based	 therapy	 (Figure 4).	 As	 discussed	 earlier	 in	 this	 review,	
ROS	confer	differential	effects	on	stem	cell	biology	 (Saeedi	Saravi	
et al., 2020).	 In	 the	 recent	 years,	 in	 vitro	 iPSC	 studies	 revealed	
that H2O2 elevation is pivotal to induce pluripotency at the time 

of	cell	reprogramming	(Sinenko	et	al.,	2021; Tatapudy et al., 2017).	
Accordingly,	there	are	a	few	studies	that	demonstrate	an	increased	
intracellular H2O2 generation, particularly in the cell mitochondria, 

at early stages of forced cell reprogramming, leads to the onset 

of	 nuclear	 reprogramming	 (Lee	 et	 al.,	2012; Zhou et al., 2016).	 In	
one study, Cooke and colleagues subjected mouse embryonic 

fibroblasts	 (MEFs)	 to	 retroviral	 vectors	 carrying	 genes	 encoding	
Yamanaka	 transcription	 factors	 (Oct4, Klf4, Sox2, and c-Myc)	 for	
forced	 iPSC	 reprogramming.	They	 showed	 that	depletion	of	H2O2 

by	antioxidants	or	NOX	inhibitors	at	 the	early	phase	can	decrease	
reprogramming	efficiency	(Zhou	et	al.,	2016).	Moreover,	in	3 T3-L1	
white	pre-adipocytes,	silencing	p22phox—a	critical	subunit	of	the	NOX	
1–4	complexes—or	addition	of	 selective	ROS	scavengers	EUK134,	
Ebselen	and	Mito-TEMPO	reduced	 iPSC	reprogramming	efficiency	
(Zhou	 et	 al.,	 2016).	 Consistently,	 elevation	 of	 ROS	 generation	 in	
mitochondria by transient opening of mitochondrial permeability 

transition	 pore	 (mPTP)	 at	 the	 early	 phase	 optimizes	 somatic	 cell	
reprogramming	 both	 metabolically	 and	 immunologically	 (Meng	
et al., 2018;	Trajano	&	Smart,	2021;	Ying	et	al.,	2018).	Nevertheless,	
the emphasis in these studies is on critical role of redox homeostasis 

in both early and late phases of reprogramming, as inferred by an 

impaired pluripotency and cellular damage resulted from excessive 

ROS	exposure.
Upon	 reprogramming	 of	 somatic	 cells	 into	 iPSC,	 at	 the	 differ-

entiation	stage,	ROS	contributes	to	iPSC	redifferentiation	to	target	
cells by regulating mitochondrial metabolism and its oxidative state 

(Wang	et	al.,	2013).	For	 instance,	similar	 to	what	seen	 in	 the	 iPSC	
reprogramming,	ROS	generation	exceeds	by	 the	NOX	enzymes	or	
the	mitochondrial	electron	transport	chain	at	the	early	phase	of	iP-
SC-to-CM	differentiation.	 Consistently,	mPTP-mediated	 activation	
of mitochondrial oxidative metabolism plays a key role in the dif-
ferentiation	process	 (Garbern	&	Lee,	2021).	 In	addition	 to	CM	dif-
ferentiation,	stimulation	of	NOX2	has	been	observed	to	boost	the	
differentiation	efficiency	of	iPSC	to	ECs	through	activation	of	Notch	

signaling	pathway.	Accordingly,	Nox2−/−	mouse	 iPSCs	 (miPSCs)	 ex-
hibit a decreased expression of arterial endothelial markers eph-
rinB2,	neuropilin	1	(Nrp1),	and	activin	receptor-like	kinase	1,	which	
has	been	accompanied	by	upregulated	Notch	components,	in	partic-
ular	Notch1	(Kang	et	al.,	2016).	In	these	cells,	NOX2-knockout,	de-
spite	the	presence	of	an	effective	differentiation	cocktail	(including	
β-mercaptoethanol,	 BMP-4,	 VEGF,	 and	 nonessential	 amino	 acids),	
drastically	 reduces	 ROS	 levels	 and	 thereby	 disrupts	 cell	 survival	
and	angiogenic	potency	of	miPSC-derived	ECs.	In	a	mouse	model	of	
hind-limb	ischemia,	the	mice	receiving	Nox2−/−-miPSC-ECs	showed	a	
markedly lower capillary and arterial density in the ischemic limbs, as 

opposed	to	mice	transplanted	with	wild-type	miPSC-ECs.	This	study	
hints the importance of oxidants, in a temporal fashion, for effec-
tive	iPSC-EC	differentiation	and	subsequent	vascular	repair	(Maraldi	
et al., 2021).

According	to	the	abovementioned	examples,	in	the	process	of	
differentiating	iPSCs	into	both	CMs	and	ECs,	the	upregulation	of	
ROS	 production	 during	 the	 early	 phase	 is	 of	 critical	 importance	
(Dai	et	al.,	2020;	Gong	et	al.,	2021;	Jahng	et	al.,	2021).	However,	
excessive	 ROS	 levels	 trigger	 the	 activation	 of	 antioxidant	 regu-
lators	 such	 as	 Nrf2	 and	HIF-1α, along with inducing changes in 

mitochondrial	structure	and	function	(Dai	et	al.,	2020).	These	ad-
aptations facilitate a metabolic shift from oxidative phosphoryla-
tion to glycolysis, which serves as a protective mechanism for the 

cells	during	the	later	phase	of	differentiation	(Hawkins	et	al.,	2016).	
Thus, the antioxidant transcription factors are vital for governing 

the cellular redox balance and a conductive microenvironment 

necessary	for	successful	differentiation	of	 iPSCs	 into	specialized	
cardiac and endothelial cell lineages. It highlights their significance 

in	enhancing	the	overall	efficiency	and	fidelity	of	the	iPSC	differ-
entiation process. In order to elucidate the significant contribution 

of	Nrf2	in	cell	reprogramming,	Nrf2-knockout	(Nfe2l2−/−)	in	human	
fibroblasts	led	to	an	elevated	ROS	production	and	a	decreased	ex-
pression	 level	 of	HO-1	 (Stepniewski	 et	 al.,	 2018).	 Consequently,	
this	reduction	in	Nrf2	function	resulted	in	a	compromised	plurip-
otency and differentiation capacity of the fibroblasts. Moreover, 

in Hmox1−/−	 iPSCs,	 the	 differentiation	 process	 toward	 contract-
ing CMs expressing myocardin and GATA4 was also impaired, 

leading	 to	 attenuated	 cardiac	 differentiation.	 Similarly,	 CRISPR/
Cas-9-mediated	 Hmox1	 silencing	 in	 murine	 ESCs	 impairs	 their	
spontaneous	 cardiac	 differentiation.	 Yet,	 Nrf2	 activation	 with	
sulforaphane	or	HO-1	induction	with	CoPPIX	in	Oct4-transfected	
MEFs	induces	nuclear	import	of	Nrf2,	which	increases	the	expres-
sion	of	HO-1	and	further	iPSC	colonies.	These	studies	demonstrate	
that genetic deletion of either Nfe2l2 or Hmox1	in	both	iPSCs	and	
human	 fibroblasts	 elevates	 cellular	 levels	 of	 p53	 and	 p53-regu-
lated	miR-34a,	which	arrest	cell	cycle	and	thereby	induce	cellular	
senescence	(Choi	et	al.,	2017;	Stepniewski	et	al.,	2018).	The	find-
ings are intriguingly in line with the effects of H2O2 at lower con-
centrations, which elicit a robust upregulation of the p53 isoform 

Δ133p53	in	CMs	at	the	wound	site	of	ventricles	in	zebrafish.	This	
upregulation of Δ133p53 is shown to play a crucial role in pro-
moting	heart	 regeneration	 (Ye	et	al.,	2020).	Mechanistically,	 this	
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phenomenon can be attributed to the compensatory expression of 

antioxidant	and	proliferative	genes	in	response	to	short-term	H2O2 

generation. The p53 target genes, including antioxidants gpx1a, 

sesn2, aldh4, sesn1, sod1, sod2,	and	the	HIF-1α signaling pathway 

(hif1al2 and its downstream genes jak2a and pim2)	are	responsible	

for maintaining redox homeostasis within the regenerating tissue 

(Harhouri	et	al.,	2017;	Nakamura	et	al.,	2021).	Using	cutting	edge	
single-nucleus	RNA	sequencing	of	regenerating	neonatal	CMs,	Cui	
and	her	colleagues	observed	the	involvement	of	stress-responsive	
transcription	factor	Nrf1	(Cui	et	al.,	2020).	As	a	member	of	the	Nrf	

F I G U R E  4 Redox	homeostasis	in	cardiovascular	reprogramming.	(upper)	At	early	stage	of	iPSC	reprogramming,	forced	induction	of	
specific	pluripotency	transcription	factors	[OCT4,	SOX2,	KLF4,	and	c-MYC	(OSKM)]	in	somatic	cells	fosters	iPSC	generation	where	essential	
H2O2	increase	is	accompanied	by	oxidative	phosphorylation	(OXPHOS).	Nrf2	senses	ROS	and	activates	cytoprotective	antioxidants	HIF-
1α,	Gpx2,	and	CAT,	which	reduce	intracellular	ROS	and	thereby	shift	metabolism	toward	glycolytic	energy	production	at	the	later	stage	
of	cell	reprogramming.	(lower)	In	iPSCs	and	ESCs,	NOX	family	or	mitochondrial	permeability	transition	pore	(mPTP)	opening	contribute	to	
intracellular	ROS	accumulation	and	OXPHOS	at	the	onset	stage	of	CV	lineage	differentiation.	These	induce	Nrf2	upregulation	of	antioxidant	
(e.g.,	HIF-1α,	HO-1,	and	SIRT1	and	3)	and	scavenging	(e.g.,	SOD1,	SOD3,	and	Gpx)	machinery	genes	and	glycolytic	shift	in	order	to	
counteract	a	transient	oxidative	cell	cycle	arrest.	Nrf2-regulated	redox	homeostasis	triggers	the	later	stage	of	differentiation.	Images	created	
with BioRe nder. com.
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family,	Nrf1	binds	to	the	endoplasmic	reticulum	and	plays	a	signifi-
cant	role	in	co-regulating	cardioprotection	and	heart	regeneration	
during	stress	induced	by	I/R	injury	in	the	adult	mouse	heart.	Nrf1	
achieves	this	by	simultaneously	activating	HO-1	and	a	regenera-
tive	program	that	involves	genes	associated	with	proteasome-me-
diated	proteolysis.	Furthermore,	Nrf1	has	been	found	to	regulate	
adaptive	stress	responses	in	hiPSC-CMs.	It	acts	to	safeguard	these	
cells	from	doxorubicin-induced	cardiotoxicity	while	also	activating	
a transcriptional program essential for CM regeneration, thereby 

maintaining	tissue	homeostatic	balance	(Cui	et	al.,	2021).
In line with the temporal role of oxidants in promoting cell re-

programming, emerging consensus underscores the importance of 

“time-specific”	 and	 targeted	 antioxidant	 interventions	 to	 mitigate	
oxidative stress, prevent cellular damage, and facilitate the repro-
gramming	 and	 redifferentiation	 of	 iPSCs	 as	well	 as	 the	 functional	
integration	of	newly	regenerated	cardiovascular	cells.	For	instance,	
vitamin C and selenium have demonstrated increased efficiency in 

direct	reprogramming	of	mouse	fibroblasts	into	beating	CMs	(Shafi	
et al., 2019;	 Suzuki	&	 Shults,	 2019);	 however,	whether	 this	 effect	
is	linked	to	redox	regulation	remains	uncertain.	Vitamin	C's	impact	
might be attributed to its epigenetic regulation of pluripotency 

machinery,	 involving	 the	 induction	 of	 jumonji-domain	 containing	
histone demethylase Jhdm1a/1b-mediated	H3K36me2/3	demethyl-
ation	 (Wang	et	 al.,	2011).	Despite	 the	beneficial	 effects	 observed	
in antioxidant intervention during direct and forced reprogramming, 

controversies	exist	 in	 forced	cell	 reprogramming.	Notably,	 the	ad-
ministration of a subset of antioxidants, such as vitamins B1 and 

E,	 sodium	 selenite,	N-acetyl-L-cysteine	 (NAC),	 resveratrol,	α-lipoic	
acid,	 and	 L-carnitine,	 did	 not	 replicate	 the	 effects	 of	 vitamin	C	 in	
facilitating Sox2/Klf4/Oct4-mediated	 forced	 reprogramming	 pro-
cess	 in	mouse	and	human	 fibroblasts	 (Esteban	et	al.,	2010;	 Shults	
et al., 2019;	Suzuki	&	Shults,	2019).

These findings collectively underscore the intricate and specific 

roles of oxidants and antioxidants in reprogramming strategies, em-
phasizing	 the	 necessity	 for	 a	 precise	 and	 individualized	 approach	
to harness their benefits for effective cell reprogramming and car-
diovascular regenerative therapies. Our conclusion highlights the 

significance	 of	 both	 ROS	 and	 antioxidants	 at	 specific	 time	 points	
during	somatic	cell	reprogramming	into	iPSCs	and	their	subsequent	
differentiation into functional target cells. However, it should be 

noted	 that	 excessive	 and	 sustained	ROS	 levels	may	 lead	 to	 stem/
progenitor cell senescence and impair their survival and renewal 

capacity.	Furthermore,	the	concept	of	using	ROS	stimulants	 in	cell	
reprogramming and regenerative strategies in clinical models re-
mains	unproven.	Nevertheless,	in	vitro	studies	using	cultured	iPSCs	
have	 revealed	 the	 detrimental	 effects	 of	 deleting	ROS-generating	
enzymes	on	reprogramming	efficiency.	In	contrast,	a	limited	number	
of	 animal	 and	 clinical	 investigations	demonstrate	 that	 a	 time-	 and	
concentration-dependent	approach	involving	antioxidants	or	upreg-
ulation of antioxidant genes, as well as innovative pharmacological 

cell-based	strategies,	is	essential	for	optimizing	cellular	reprogram-
ming. Enhancing antioxidant defense mechanisms may effectively 

improve	 the	 renewal	 and	 proliferation	 capacity	 of	 tissue-resident	

stem/progenitor cells, fostering cardiac and vascular regeneration 

and repair within the body.

7  |  CHEMIC AL ENTITIES TARGETING 
REDOX SYSTEM FOR C ARDIOVA SCUL AR 
REGENER ATION

Over the past decade, a multitude of redox regulators has been 

investigated for their potential in cardiovascular regeneration 

(Ballard	 &	 Edelberg,	 2007; Elhelaly et al., 2016).	 However,	 only	
a limited number of these regulators have progressed to clinical 

application.	 Several	 pharmacological	 redox	 regulators,	 both	
natural and synthetic, have been identified to directly or indirectly 

protect	 cardiovascular	 stem/progenitor	 cells	 and	 optimize	 cell-
based cardiovascular regenerative therapies. Many of these 

redox-modulating	 small	 molecules	 function	 by	 inducing	 Nrf2	 and	
downstream	 antioxidant	 enzymes,	 particularly	 HO-1,	 to	 regulate	
the	oxidant–antioxidant	interplay	in	cardiovascular	stem/progenitor	
cells and pluripotent stem cells crucial for generating cardiovascular 

lineages	 (Loboda	et	al.,	2016;	Wu	et	al.,	2022).	Additionally,	 these	
compounds	inhibit	oxidative	pathways	by	downregulating	the	NOX	
family	(Zhang,	Murugesan,	et	al.,	2020; Zhang, Zhang, et al., 2020)	or	
enhance	antioxidant	defense	(Shafi	et	al.,	2019;	Suzuki	&	Shults,	2019)	
by	 upregulating	 sirtuins	 (Xie	 et	 al.,	 2023)	 or	 releasing	 hydrogen	
sulfide	 (Zhang	 et	 al.,	 2018)	 in	 the	 cells.	 Moreover,	 an	 emerging	
strategy involves senolytic therapies, which aim to rejuvenate the 

regenerative capacity of aged cardiovascular stem/progenitor cells, 

thereby	 fostering	 a	more	 efficient	 regenerative	 approach	 (Owens	
et al., 2021; Robbins et al., 2021; Zhu et al., 2015).	In	this	context,	we	
focus	on	redox-targeting	small	molecules	or	natural	compounds	that	
have been identified for their protective effects on cardiovascular 

stem/progenitor	cells	under	injury-induced	stress	and	their	ability	to	
improve	regenerative	capacity	during	aging	(see	Figure 5 and Table 1 

for	a	summary).	These	advances	in	redox	modulation	hold	promise	
for enhancing cardiovascular regenerative strategies and may pave 

the way for future therapeutic interventions.

This review primarily focuses on the beneficial implications of re-
dox-targeting	molecules	and	antioxidants	concerning	the	protection	
and regeneration of cardiovascular stem/progenitor cells. However, 

a contentious debate surrounds the neutral or negative outcomes 

observed in clinical trials involving natural or synthetic antioxidants 

for	vascular	regeneration.	Over	the	past	two	decades,	meta-analy-
ses	of	randomized	controlled	trials,	involving	hundreds	of	thousands	
of human subjects, have uncovered the failure of synthetic antioxi-
dant supplements in achieving vascular regeneration and preventing 

major	cardiovascular	adverse	events	and	mortality	(Leopold,	2015; 

Yang	et	al.,	2022;	Ye	et	al.,	2013).	These	failures	are	often	attributed	
to	the	administration	of	high	doses,	toxicity,	and	insufficient	short-
term supplementation. In contrast, smaller clinical trials investigating 

natural	antioxidants,	such	as	vitamins	A,	C,	D,	and	E,	and	β-carotene,	
have demonstrated partial success in cardiovascular cell reprogram-
ming, especially in the context of vascular regeneration during aging 
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(Shafi	et	al.,	2019).	Additionally,	promising	outcomes	have	been	ob-
served	with	mitochondria-targeted	antioxidant	(MitoQ),	which	com-
prises	ubiquinol	 fused	to	a	 lipophilic	cation	 (Rossman	et	al.,	2018).	
MitoQ	 has	 shown	 high	 efficacy	 for	 vascular	 regeneration	 by	 pro-
moting endothelial cell proliferation while concurrently downregu-
lating	oxidant-regulated	cell-cycle	arrest	and	senescence	processes	
in	 both	 aged	 humans	 and	mice	 (Gioscia-Ryan	 et	 al.,	2014; Huang 

et al., 2022;	Masoumi-Ardakani	et	al.,	2022).	Despite	these	encour-
aging findings, challenges persist in establishing efficient and potent 

antioxidant-containing	 regimens	 for	 cardiovascular	 regeneration,	
particularly	when	it	comes	to	conducting	large-scale	trials.	Further	
research and systematic exploration are necessary to overcome 

these challenges and advance the development of effective antioxi-
dant-based	therapies	for	cardiovascular	regeneration.

7.1  |  Nrf2 inducers

Nrf2	inducers	appear	as	promising	strategy	to	protect	EPCs	against	
the	conditions	which	 lead	 to	oxidative	 stress-induced	senescence.	
Sulforaphane	 decreases	 intracellular	 ROS	 in	 human	 ECFCs	 and	
preserves	 angiogenesis	 (Gremmels	 et	 al.,	 2017).	 In	 mouse	 EPC,	
preconditioning	 with	 another	 Nrf2	 inducer,	 t-BHQ,	 upregulates	

antioxidant	genes	and	reduces	ROS,	by	which	protects	the	cells	from	
cellular	 senescence	 (Wang	 et	 al.,	 2018).	 MG132	 is	 a	 proteasome	
inhibitor	that	strongly	activates	Nrf2	and	thereby	both	induces	the	
degradation and reduces the production of progerin, a truncated and 

toxic	prelamin	A	protein	which	is	improperly	processed	in	HGPS	cells	
nuclei and is a hallmark of the premature aging, in human and mouse 

HGPS	 iPSC-VSMC.	 This	 small-molecule	 has	 a	 potential	 to	 protect	
against	premature-aging	cardiovascular	pathophysiology	 (Harhouri	
et al., 2017).

7.2  |  HO-1 inducers

Pharmacological	 preconditioning	 is	 considered	 as	 an	 effective	
strategy to stimulate stem cell survival. Recent development of 

phenotypic chemical biology screening approach suggested cardio-
protectant-312	 (CP-312)	 as	 a	 novel	 small-molecule	 HO-1	 inducer	
that	 protects	 CMs	 derived	 from	 hiPSC	 against	 oxidative	 stress	
(Kirby	 et	 al.,	 2018).	 These	 are	 consistent	 with	 previous	 data	 that	
showed	protective	effects	of	cobalt	protoporphyrin	(CoPP),	a	HO-1	
inducer,	against	oxidative	damage	 in	c-kit+	CSCs;	although,	 its	off-
target	effects	and	transient	upregulation	of	HO-1	made	this	strat-
egy	clinically	non-feasible	(Li	et	al.,	2021).	Probucol	is	a	rarely	used	

F I G U R E  5 Schematic	representation	of	bioactive	chemical	compounds	with	potential	action	for	regulation	of	redox	machinery	in	CPCs	
and	EPCs,	leading	to	increased	regenerative	capacity.	It	depicts	the	mechanisms	of	natural/synthetic	compounds	(left	side)	downregulating	
ROS	generation	or	(right	side)	upregulating	antioxidant	genes/molecules	(H2S).	Images	created	with	BioRe nder. com.
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cholesterol-lowering	drug	with	HO-1	inhibitory	properties	that	res-
cues	EPCs	against	environmental	contaminants	 including	cigarette	
smoke	and	ambient	particulate	matter	(PM2.5),	a	mixture	of	crystals,	
metals,	and	bio-aerosols	which	threat	cardiovascular	health.	It	also	
improves	 neovascularization	 in	 ischemic	 state	 through	 the	 inhibi-
tion	of	ROS	production	and	apoptosis	(Chen	et	al.,	2018).	It	was	also	
previously	discovered,	in	a	rabbit	model	of	balloon-damaged	arter-
ies,	that	Probucol	can	stimulate	the	regeneration	of	functional	ECs	
and	inhibit	intimal	thickening	by	activating	NO-cGMP	pathway	(Lau	
et al., 2003).	Furthermore,	the	natural	Ginkgo biloba extract activates 

EPCs,	 suppresses	 the	migration	 of	 smooth	muscle-like	 progenitor	
cells	 (SMPCs),	and	enhances	vascular	protection	 in	atherosclerosis	
(Wu	et	al.,	2019).

7.3  |  H2S-releasing compounds

Hydrogen	sulfide	 (H2S)	 is	a	gaseous	signaling	molecule	that	exerts	
a marked protection from oxidative and inflammatory damages and 

potentiates adaptive responses in the cardiovascular system. H2S-
releasing compounds possess a great potential for proliferation of 

CPC	and	vascular	repair	(Zhang	et	al.,	2018).	In	a	mouse	model	of	ca-
rotid	artery	injury,	transplantation	of	NaHS-preconditioned	human	
EPCs	enhanced	the	capacity	of	re-endothelialization,	 in	which	H2S	
upregulates	 the	 AMPK/eNOS	 signaling	 (Ke	 et	 al.,	 2017;	 Khanna	
et al., 2020).	A	series	of	H2S-releasing	compounds	 including	novel	
synthetic	 GaOS+PFM,	 GSGa,	 and	 GYY4137	 could	 increase	 the	
human	CSC	proliferation	and	function	in	the	presence	of	oxidative	
stress	(Cacciotti	et	al.,	2018;	Di	Giovanni	et	al.,	2020).

7.4  |  Statins

Recent	 clinical	 trials	 suggest	 that	 statins	 possess	 a	 lipid-lowering-
independent	advantage	 in	terms	of	neovascularization	and	cardiac	
regeneration	 (Cianflone,	Cappetta,	 et	 al.,	2020; Cianflone, Torella, 

et al., 2020).	 In	 an	 in	 vivo	model	of	myocardial	 infarction,	 a	novel	
formulation involving simvastatin nanoparticles loaded into human 

adipose-derived	 stem	 cells	 (hAdSCs)	 demonstrated	 pleiotropic	 ef-
fects	in	BALB/c	nude	mice	subjected	to	the	left	anterior	descending	
(LAD)	coronary	artery	ligation.	These	effects	included	the	improve-
ment of cardiac function and the induction of endogenous cardiac 

regeneration	 within	 the	 infarcted	 myocardium.	 Simvastatin	 nano-
particles notably increased stem cell proliferation and migration, and 

most	notably,	enhanced	the	differentiation	of	hAdSCs	into	immature	
Nkx2.5+/GATA4+ cardiomyocytes, as well as endothelial and smooth 

muscle cells. This led to a reduction in the fibrotic area and an im-
provement	in	the	echocardiographic	profile	(Yokoyama	et	al.,	2019).	
Furthermore,	among	other	statins,	rosuvastatin	appears	to	augment	
the	population	of	endogenous	CSCs	in	rats	with	myocardial	infarc-
tion.	 Similarly,	 in	 vitro	 treatment	 of	 CSCs	 with	 rosuvastatin	 and	
other statins such as simvastatin and pravastatin enhances cell sur-
vival and provides protection against H2O2-induced	apoptosis.	This	

protective	mechanism	is	mechanistically	dependent	on	Akt	signaling	
(Cianflone,	Cappetta,	et	al.,	2020; Cianflone, Torella, et al., 2020).	It	
was earlier discovered that another extensively studied statin, ator-
vastatin, has the capacity to therapeutically increase nitric oxide 

bioavailability.	 This	 is	 pivotal	 for	 enhancing	 EPC	mobilization	 and	
facilitating	myocardial	neovascularization	in	eNOS−/− mice with ex-
tensive anterior myocardial infarction. This interventional approach 

has the potential to alleviate left ventricular dysfunction and reduce 

interstitial fibrosis, ultimately contributing to improved survival 

(Landmesser	et	al.,	2004).	Despite	the	beneficial	effects	of	atorvas-
tatin on cardiac and endothelial progenitor cells, this drug exhibits 

contradictory	effects	on	hiPSCs.	For	example,	atorvastatin	has	been	
observed to diminish the survival of these cells by suppressing the 

HIF-1α-PPAR	axis,	a	crucial	factor	in	maintaining	stem	cell	pluripo-
tency	(Nakashima	et	al.,	2018).

7.5  |  Other redox-regulating compounds with 
regenerative potential

There	 is	 a	 set	 of	 additional	 redox-regulating	 compounds	 with	
promises	 in	 cardiovascular	 regeneration.	 As	 shown	 in	 Table 1, 

natural active ingredients, including the Chinese herb Psoralea 

corylifolia Linn-derived	Bavachalcone	(Ling	et	al.,	2017)	and	a	natu-
ral	 carotenoid	 lycopene	 (Zeng	 et	 al.,	2017),	 may	maintain	 redox	
homeostasis	 and	 protect	 EPC	 against	 oxidative	 and	 advanced 

AGE-induced	 apoptosis,	 and	 thereby	 enhance	 neovasculariza-
tion in ischemic and diabetic states. Rhizoma Polygonati is another 

Chinese	herb	that	regulates	ROS	production	in	BM-EPCs	and	res-
cues	 cellular	 senescence.	 Its	 extract	 reduced	SA-β-galactosidase	
positive cells and restores cell proliferation and angiogenic ca-
pacity	 in	cultured	EPCs	and	improved	their	function	 in	aged	rats	
(Qin,	2019).	Melatonin	also	exhibit	anti-aging	responses	in	the	car-
diovascular system and cardiomyogenic effects markedly through 

the regulation of emerging epigenetic modulators sirtuins, which 

are	 called	 the	 “fountain	 of	 youth,”	 LncRNAs	 or	 miRNAs	 (Ren	 &	
Zhang, 2018),	fostering	antioxidant	response	in	cardiac	stem	cells	
(Hardeland,	 2019).	 For	 example,	 melatonin	 modulates	 LncRNA	
H19/miR-675/USP10	 pathway	 or	 miRNA-98	 necessary	 for	 cell	
apoptosis	 and	 thereby	 delays	 oxidative-induced	 senescence	
(Hardeland,	 2019; Ma et al., 2018).	 Trace	 element	 selenium	 is	
another natural compound that is capable of promoting vascular 

progenitor cell differentiation essential for a proper vascular re-
pair.	This	effect	is	attributed	to	its	antioxidant	response	by	NOX4	
enzyme	 inhibition	 and	 Trx	 activation.	 Moreover,	 selenoproteins	
may predominantly maintain redox homeostasis in adipose pro-
genitor cells, by which control their proliferation and differentia-
tion. These suggest that selenoproteins are crucial for adipocyte 

function and their downregulation causes obesity and metabolic 

disease	(Tinkov	et	al.,	2020).
Polyunsaturated	 fatty	 acids	 (PUFAs)	 represent	 natural	 com-

pounds that exert diverse effects on angiogenic and cardiomyogenic 

processes. Recent investigations have indicated that ω-3	PUFAs	and	
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a diet enriched with fish oil can promote angiogenesis and enhance 

EPC	 function,	 thereby	 facilitating	 postnatal	 neovascularization.	
However, it is worth noting that ω-3	PUFAs	were	initially	reported	to	
have	anti-angiogenic	effects	(Tsuji	et	al.,	2003;	Tsuzuki	et	al.,	2007).	
Notably,	 a	 limited	 number	 of	 clinical	 studies	 have	 demonstrated	
the	efficacy	of	PUFAs	 in	vascular	 regeneration.	The	Phase-IV	 IPE-
PREVENTION	 trial	 (NCT04562467)	 is	 currently	 ongoing	 to	 in-
vestigate whether and how icosapent ethyl, a pure byproduct of 

eicosapentaenoic	acid	 (EPA),	can	 increase	the	formation	and	func-
tionality	 of	 human	EPC	 colonies	 (CD34+/CD133+/VEGFR2+	 cells),	
thereby	reducing	EPC	depletion	and	dysfunction.	The	primary	end-
point,	which	is	an	increase	in	circulating	EPCs	and	a	shift	in	the	M1/
M2 macrophage balance toward a regenerative blood vessel pheno-
type,	is	yet	to	be	determined	(National	Library	of	Medicine,	2020).	
Nonetheless,	prior	investigations	have	shown	that	PUFAs	primarily	
suppress	oxidative	stress.	Consequently,	preconditioning	embryonic	
stem	cell-derived	cardiac	lineages	with	a	combination	of	EPA,	doco-
sahexaenoic	acid	(DHA),	and	ascorbic	acid	has	enhanced	their	viabil-
ity	and	expression	of	HO-1	in	response	to	oxidative	stress	induced	
by H2O2. This preconditioning also reduced fibrosis in the ischemic 

myocardium after transplantation in a rat model of myocardial in-
farction	(Shabani	et	al.,	2019).	In	contrast,	EPA	(ω3)	and	linoleic	acid	
(ω6)	 have	 been	 found	 to	 increase	NOX-mediated	 ROS	 production	
and	activate	endothelial	nitric	oxide	synthase	(eNOS),	thereby	pro-
moting	vascular	differentiation	in	mouse	embryonic	stem	cells	(Taha	
et al., 2020).

7.6  |  Senolytics

A	novel	cell-free	cardiovascular	regenerative	strategy	involves	spe-
cific small molecules referred to as senolytics, targeting senescent 

stem/progenitor cells that impede tissue repair during aging. Recent 

studies	confirm	senolytics'	potential	to	rejuvenate	the	regenerative/
reparative	 capacity	 of	 aging	 cardiovascular	 tissues.	Given	 that	 se-
nescent	cells	produce	excessive	ROS	and	experience	elevated	levels	
of	oxidative	mitochondrial	damage,	ROS-induced	SCAP	mechanisms	
can pose challenges by hindering senescent cell elimination. By in-
creasing	ROS	production,	senescent	cells	enhance	their	 resistance	
to	apoptosis	and	activate	pro-survival	networks	 (Lewis-McDougall	
et al., 2019).	Therefore,	it	is	imperative	to	target	oxidative	responses	
to fully unlock the regenerative potential of senolytic approaches in 

cardiovascular	disease	treatment	(Owens	et	al.,	2021).
Since	2015,	when	Zhu	and	colleagues	initially	reported	the	se-

nolytic	 effects	of	 the	FDA-approved	 tyrosine	kinase	 inhibitor	da-
satinib for eliminating senescent adipose progenitor cells, extensive 

translational, and clinical work on senolytic approaches has been 

undertaken	(Zhu	et	al.,	2015).	Another	senolytic	compound	tested	
for its efficacy in eliminating senescent human endothelial cells is 

Quercetin.	In	an	in	vitro	model	of	oxidative	stress,	quercetin	could	
reduce the population of senescent adipose progenitor cells by 

suppressing	 ROS	 and	 inflammatory	 cytokines,	while	 also	 upregu-
lating	SIRT1.	The	senotherapeutic	strategy	led	to	an	enhancement	

of	remaining	health-	and	lifespan	in	old	mice	(Xu	et	al.,	2018).	The	
combination	 of	 dasatinib	 and	 quercetin	 (D + Q)	 has	 shown	 syner-
gistic effects in eliminating senescent cardiac progenitor cells in 

aged mice, thereby restoring cardiac regeneration and function 

(Zhu	 et	 al.,	2015).	 Not	 only	 in	 aging	models,	 the	 senolytics	 have	
demonstrated	the	ability	to	clear	senescent	CSCs	and	restore	their	
myogenic differentiation capacity in both human and mouse mod-
els of Type 2 diabetes, independent of age, efficiently promoting 

myocardial	 regeneration/repair.	D + Q	 efficiently	 clears	 senescent	
c-kit+/CD45−/CD31−	 CPCs	 in	 diabetic	mice	 by	 suppressing	 oxida-
tive	 stress	 and	 SASP,	 restoring	 telomere	 length	 and	 proliferative	
capacity,	 and	 enforcing	 the	 apoptotic	 BCL-2-mediated	 pathway	
(Marino	 et	 al.,	 2022).	 Other	 investigations	 have	 elucidated	 that	
fisetin	 and	 navitoclax,	 BCL-2	 family	 inhibitors,	 either	 alone	 or	 in	
combination	using	a	“hit-and-run”	intermittent	approach,	confer	se-
nolytic	effects	in	CPCs,	leading	to	improved	heart	regeneration	in	
both	24–32 month	wild-type	mice	and	INK-ATTAC	transgenic	mice	
(Lewis-McDougall	et	al.,	2019).

Despite the significant progress in senolytic approaches for ef-
fective regenerative therapy of cardiovascular disease in the elderly, 

off-target	effects	on	different	cells	and	tissues	limit	their	clinical	util-
ity	 in	 aging	 populations.	 Time-specific	 therapies	 utilizing	 the	 next	
generation of targeted senolytics within a novel drug delivery sys-
tem are expected to overcome these current challenges, improving 

safety and specificity for eliminating senescent stem cells.

7.7  |  Biomaterials modulating redox homeostasis 
for cardiovascular regeneration

Knowing	the	fact	that	redox	homeostasis	is	crucial	for	cardiovascular	
regeneration and repair, scientists suggest biomaterials as a promis-
ing	 approach	 to	 incorporate	 endogenous	 antioxidant	 enzymes	 or	
oxygen-delivery	component	to	respond	to	local	ROS	levels.	The	bio-
materials enable to maintain the redox homeostasis with a careful 

modulation	of	the	release	profile	 (Zhou	et	al.,	2021).	Over	the	 last	
decade,	the	earlier	approaches	utilized	biomaterials	such	as	melanin	
(Zhou	et	al.,	2021),	graphene	oxide	(Choe	et	al.,	2019; Han, Bedarida, 

et al., 2018;	Han,	Kim,	et	al.,	2018),	fullerenol	(Hao	et	al.,	2017),	and	
polyurethane	(Yao	et	al.,	2020),	by	which	restore	redox	balance	for	
myocardial	 repair.	 Further,	 scientists	 supplemented	 biomaterials	
with	small-molecule	Nrf2	inducers	(such	as	sulforaphane,	auranofin,	
or	 t-BHQ)	or	HIF	 inducers	 to	 improve	the	survival	and	functional-
ity	of	engineered	tissues.	Furthermore,	the	recent	advancement	in	
injectable	alginate	hydrogels,	which	are	three-dimensional	materials	
capable of absorbing water, as well as solid patches combined with 

small antioxidant molecules like glutathione and vitamin C, in con-
junction	with	nanoparticle-based	stem	cell	or	gene	delivery	systems,	
has	significantly	enhanced	neovascularization	and	the	effectiveness	
of	cardiac	regenerative	approaches	(Sthijns	et	al.,	2018).	The	encour-
aging	findings	suggest	that	redox-regulating	biomaterials	enable	to	
address many of the challenges in cardiovascular tissue engineering 

and regenerative medicine.
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8  |  CONCLUDING REMARKS AND FUTURE 
PERSPEC TIVES

The present review provides a comprehensive overview of the in-
tricate role of the redox system in cardiovascular regeneration. It 

delves into the potential of targeting the redox machinery to opti-
mize	stem	cell-based	therapies	and	cardiovascular	reprogramming.	
Currently, certain cardiovascular regenerative approaches have cen-
tered on compounds and small molecules that modulate antioxidant 

defense,	particularly	Nrf2	and	its	downstream	antioxidant	enzymes.	
However,	we	also	discuss	the	time-	and	concentration-specific	role	
of	ROS,	 particularly	H2O2, in optimal somatic cell reprogramming. 

The	effects	of	ROS	in	stem/progenitor	cells	are	partially	character-
ized,	and	their	influence	on	iPSC	reprogramming	and	cardiovascular	
regeneration remains controversial and enigmatic. In addition to the 

redox-regulating	compounds	discussed	in	this	review,	the	combina-
tion	of	 genome-wide	 association	 study	 (GWAS)	 and	CRISPR/Cas9	
gene-editing	technology,	as	well	as	the	development	of	novel	small-
molecule senolytics, hold tremendous potential for efficiently and 

specifically targeting the redox system in stem cells. This could lead 

to the repair or replacement of cardiovascular tissue function lost 

due to aging or disease. These advancements offer hope for elderly 

individuals suffering from cardiovascular diseases, which claim mil-
lions of lives each year.

AUTHOR CONTRIBUTIONS
S.S.S.S.	 designed,	 drafted,	 and	 wrote	 the	 review.	 S.S.S.S.,	 J.H.B.,	
M.L.,	and	P.L.	contributed	to	the	manuscript	and	figures.	S.S.S.S.	and	
J.H.B.	obtained	the	funding.

ACKNOWLEDG MENTS
The	 authors	 acknowledge	 funding	 from	 the	 Novartis	 Foundation	
for	 Medical-Biological	 Research	 (#21A053)	 and	 the	 SwissLife	
Jubiläumsstiftung	 (#1286)	 grants	 (to	 S.S.S.S.),	 and	 from	 the	 Swiss	
National	 Science	 Foundation	 grant	 #310030_144152,	 Stiftung	
Kardio,	and	Swiss	Heart	Foundation	(to	J.H.B).	S.S.S.S.	is	also	funded	
by	the	Fonds	zur	Förderung	des	Akademischen	Nachwuchses	(FAN)	
and	Gebauer	Stiftung.	All	figures	were	generated	with	https:// www. 

biore nder. com.

CONFLIC T OF INTERE ST STATEMENT
The authors declare no competing interests.

ORCID
Jürg H. Beer  https://orcid.org/0000-0002-7199-0406 

Seyed Soheil Saeedi Saravi  https://orcid.

org/0000-0001-6227-8049 

R E FE R E N C E S
Aguado,	J.,	Sola-Carvajal,	A.,	Cancila,	V.,	Revêchon,	G.,	Ong,	P.	F.,	Jones-

Weinert,	C.	W.,	Wallén	Arzt,	E.,	Lattanzi,	G.,	Dreesen,	O.,	Tripodo,	
C.,	 Rossiello,	 F.,	 Eriksson,	 M.,	 &	 d'Adda	 di	 Fagagna,	 F.	 (2019).	
Inhibition	 of	 DNA	 damage	 response	 at	 telomeres	 improves	 the	

detrimental	phenotypes	of	Hutchinson–Gilford	progeria	syndrome.	
Nature Communications, 10,	4990.

Alique,	 M.,	 Bodega,	 G.,	 Giannarelli,	 C.,	 Carracedo,	 J.,	 &	 Ramírez,	 R.	
(2019).	MicroRNA-126	regulates	hypoxia-inducible	factor-1α which 

inhibited migration, proliferation, and angiogenesis in replicative 

endothelial senescence. Scientific Reports, 9,	7381.
Alique,	M.,	Sánchez-López,	E.,	Bodega,	G.,	Giannarelli,	C.,	Carracedo,	

J.,	&	Ramírez,	R.	(2020).	Hypoxia-inducible	factor-1α: The master 

regulator of endothelial cell senescence in vascular aging. Cell, 

9,	195.
Aman,	Y.,	Schmauck-Medina,	T.,	Hansen,	M.,	Morimoto,	R.	I.,	Simon,	A.	

K.,	Bjedov,	I.,	Palikaras,	K.,	Simonsen,	A.,	Johansen,	T.,	Tavernarakis,	
N.,	 Rubinsztein,	 D.	 C.,	 Partridge,	 L.,	 Kroemer,	 G.,	 Labbadia,	 J.,	 &	
Fang,	E.	F.	(2021).	Autophagy	in	healthy	aging	and	disease.	Nature 

Aging, 1,	634–650.
Amorim,	J.	A.,	Coppotelli,	G.,	Rolo,	A.	P.,	Palmeira,	C.	M.,	Ross,	J.	M.,	&	

Sinclair,	D.	A.	 (2022).	Mitochondrial	and	metabolic	dysfunction	in	
ageing	and	age-related	diseases.	Nature Reviews. Endocrinology, 18, 

243–258.
Atchison,	 L.,	 Abutaleb,	 N.	 O.,	 Snyder-Mounts,	 E.,	 Gete,	 Y.,	 Ladha,	 A.,	

Ribar,	T.,	Cao,	K.,	&	Truskey,	G.	A.	(2020).	iPSC-derived	endothelial	
cells	 affect	 vascular	 function	 in	 a	 tissue-engineered	blood	vessel	
model	of	Hutchinson-Gilford	progeria	syndrome.	Stem Cell Reports, 

14(2),	325–337.
Ballard,	V.	L.	T.,	&	Edelberg,	J.	M.	 (2007).	Stem	cells	and	the	regenera-

tion of the aging cardiovascular system. Circulation Research, 100, 

1116–1127.
Beji,	 S.,	Milano,	G.,	 Scopece,	A.,	Cicchillitti,	 L.,	Cencioni,	C.,	Picozza,	

M.,	 D'Alessandra,	 Y.,	 Pizzolato,	 S.,	 Bertolotti,	 M.,	 Spaltro,	 G.,	
Raucci,	A.,	Piaggio,	G.,	Pompilio,	G.,	Capogrossi,	M.	C.,	Avitabile,	
D.,	Magenta,	A.,	&	Gambini,	E.	 (2017).	Doxorubicin	upregulates	
CXCR4	 via	 miR-200c/ZEB1-dependent	 mechanism	 in	 human	
cardiac mesenchymal progenitor cells. Cell Death & Disease, 8, 

e3020.

Bellio,	 M.	 A.,	 Rodrigues,	 C.	 O.,	 Landin,	 A.	 M.,	 Hatzistergos,	 K.	 E.,	
Kuznetsov,	 J.,	 Florea,	 V.,	 Valasaki,	 K.,	 Khan,	 A.,	 Hare,	 J.	 M.,	 &	
Schulman,	 I.	H.	 (2016).	Physiological	and	hypoxic	oxygen	concen-
tration	differentially	regulates	human	c-kit+ cardiac stem cell pro-
liferation and migration. American Journal of Physiology, Heart and 

Circulatory Physiology, 311,	H1509–H1519.
Berndt,	 C.,	 Poschmann,	 G.,	 Stühler,	 K.,	 Holmgren,	 A.,	 &	 Bräutigam,	 L.	

(2014).	Zebrafish	heart	development	is	regulated	via	glutaredoxin	
2 dependent migration and survival of neural crest cells. Redox 

Biology, 2,	673–678.
Bosch-Marce,	 M.,	 Okuyama,	 H.,	 Wesley,	 J.	 B.,	 Sarkar,	 K.,	 Kimura,	 H.,	

Liu,	 Y.	 V.,	 Zhang,	 H.,	 Strazza,	M.,	 Rey,	 S.,	 Savino,	 L.,	 Zhou,	 Y.	 F.,	
McDonald,	K.	R.,	Na,	Y.,	Vandiver,	S.,	Rabi,	A.,	Shaked,	Y.,	Kerbel,	
R.,	LaVallee,	T.,	&	Semenza,	G.	L.	 (2007).	Effects	of	aging	and	hy-
poxia-inducible	factor-1	activity	on	angiogenic	cell	mobilization	and	
recovery of perfusion after limb ischemia. Circulation Research, 101, 

1310–1318.
Bräutigam,	L.,	Jensen,	L.	D.	E.,	Poschmann,	G.,	Nyström,	S.,	Bannenberg,	

S.,	Dreij,	 K.,	 Lepka,	K.,	 Prozorovski,	 T.,	Montano,	 S.	 J.,	 Aktas,	O.,	
Uhlén,	P.,	 Stühler,	K.,	Cao,	Y.,	Holmgren,	A.,	&	Berndt,	C.	 (2013).	
Glutaredoxin	 regulates	 vascular	 development	 by	 reversible	 glu-
tathionylation of sirtuin 1. Proceedings of the National Academy of 

Sciences, 110,	20057–20062.
Cacciotti,	 I.,	 Ciocci,	M.,	 di	Giovanni,	 E.,	Nanni,	 F.,	&	Melino,	 S.	 (2018).	

Hydrogen	sulfide-releasing	 fibrous	membranes:	Potential	patches	
for stimulating human stem cells proliferation and viability under 

oxidative stress. International Journal of Molecular Sciences, 19, 

2368.
Calò,	L.,	Facco,	M.,	Davis,	P.	A.,	Pagnin,	E.,	Maso,	L.	D.,	Puato,	M.,	Caielli,	

P.,	 Agostini,	 C.,	 &	 Pessina,	 A.	 C.	 (2011).	 Endothelial	 progenitor	
cells relationships with clinical and biochemical factors in a human 

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



    |  23 of 30ALLEMANN et al.

model of blunted angiotensin II signaling. Hypertension Research, 34, 

1017–1022.
Carresi,	C.,	Musolino,	V.,	Gliozzi,	M.,	Maiuolo,	J.,	Mollace,	R.,	Nucera,	S.,	

Maretta,	A.,	Sergi,	D.,	Muscoli,	S.,	Gratteri,	S.,	Palma,	E.,	Bosco,	F.,	
Giancotta,	C.,	Muscoli,	C.,	Marino,	F.,	Aquila,	I.,	Torella,	D.,	Romeo,	
F.,	&	Mollace,	V.	(2018).	Anti-oxidant	effect	of	bergamot	polyphe-
nolic	 fraction	counteracts	doxorubicin-induced	cardiomyopathy:	
Role	 of	 autophagy	 and	 c-kitposCD45negCD31neg	 cardiac	 stem	
cell activation. Journal of Molecular and Cellular Cardiology, 119, 

10–18.
Chang,	E.	I.,	Loh,	S.	A.,	Ceradini,	D.	J.,	Chang,	E.	I.,	Lin,	S.	E.,	Bastidas,	N.,	

Aarabi,	S.,	Chan,	D.	A.,	Freedman,	M.	L.,	Giaccia,	A.	J.,	&	Gurtner,	
G.	C.	(2007).	Age	decreases	endothelial	progenitor	cell	recruitment	
through	 decreases	 in	 hypoxia-inducible	 factor	 1α	 stabilization	
during ischemia. Circulation, 116,	2818–2829.

Chaudhuri,	J.,	Bains,	Y.,	Guha,	S.,	Kahn,	A.,	Hall,	D.,	Bose,	N.,	Gugliucci,	
A.,	&	Kapahi,	P.	(2018).	The	role	of	advanced	glycation	end	products	
in aging and metabolic diseases: Bridging association and causality. 

Cell Metabolism, 28,	337–352.
Chen,	C.,	Li,	L.,	Zhou,	H.,	&	Min,	W.	(2017).	The	role	of	NOX4	and	TRX2	

in	angiogenesis	and	their	potential	cross-talk.	Antioxidants., 6, 42.

Chen,	H.,	Li,	Y.,	&	Tollefsbol,	T.	O.	(2013).	Cell	senescence	culturing	meth-
ods. Methods of Molecular Biology, 1048,	1–10.

Chen,	Y.,	Hu,	K.,	Bu,	H.,	Si,	Z.,	Sun,	H.,	Chen,	L.,	Liu,	H.,	Xie,	H.,	Zhao,	
P.,	Yang,	L.,	Sun,	Q.,	Liu,	Z.,	Cui,	L.,	&	Cui,	Y.	(2018).	Probucol	pro-
tects	circulating	endothelial	progenitor	cells	from	ambient	PM	(2.5)	
damage via inhibition of reactive oxygen species and inflammatory 

cytokine production in vivo. Experimental and Therapeutic Medicine, 

16,	4322–4328.
Choe,	G.,	Kim,	S.	W.,	Park,	J.,	Park,	J.,	Kim,	S.,	Kim,	Y.	S.,	Ahn,	Y.,	Jung,	

D.	W.,	Williams,	D.	R.,	&	Lee,	J.	Y.	(2019).	Anti-oxidant	activity	re-
inforced reduced graphene oxide/alginate microgels: Mesenchymal 

stem cell encapsulation and regeneration of infarcted hearts. 

Biomaterials, 225,	119513.
Choi,	Y.	J.,	Lin,	C.-P.,	Risso,	D.,	Chen,	S.,	Kim,	T.	A.,	Tan,	M.	H.,	Li,	J.	B.,	Wu,	

Y.,	Chen,	C.,	Xuan,	Z.,	Macfarlan,	T.,	Peng,	W.,	Lloyd,	K.	C.	K.,	Kim,	
S.	Y.,	Speed,	T.	P.,	&	He,	L.	(2017).	Deficiency	of	microRNA	miR-34a	
expands cell fate potential in pluripotent stem cells. Science, 355, 

596.
Cianflone,	E.,	Cappetta,	D.,	Mancuso,	T.,	Sabatino,	J.,	Marino,	F.,	Scalise,	

M.,	Albanese,	M.,	Salatino,	A.,	Parrotta,	E.	I.,	Cuda,	G.,	de	Angelis,	
A.,	Berrino,	L.,	Rossi,	F.,	Nadal-Ginard,	B.,	Torella,	D.,	&	Urbanek,	K.	
(2020).	Statins	stimulate	new	myocyte	formation	after	myocardial	
infarction by activating growth and differentiation of the endoge-
nous cardiac stem cells. International Journal of Molecular Sciences, 

21,	7927.
Cianflone,	 E.,	 Torella,	 M.,	 Biamonte,	 F.,	 de	 Angelis,	 A.,	 Urbanek,	 K.,	

Costanzo,	F.	S.,	Rota,	M.,	Ellison-Hughes,	G.	M.,	&	Torella,	D.	(2020).	
Targeting cardiac stem cell senescence to treat cardiac aging and 

disease. Cell, 9, 155.

Csöbönyeiová,	M.,	Polák,	Š.,	&	Danišovič,	L.’.	(2015).	Perspectives	of	in-
duced pluripotent stem cells for cardiovascular system regenera-
tion. Experimental Biology and Medicine, 240,	549–556.

Cui,	H.,	Kong,	Y.,	&	Zhang,	H.	(2012).	Oxidative	stress,	mitochondrial	dys-
function, and aging. Journal of Signal Transduction, 2012,	646354.

Cui,	M.,	Atmanli,	A.,	Morales,	M.	G.,	Tan,	W.,	Chen,	K.,	Xiao,	X.,	Xu,	L.,	Liu,	
N.,	Bassel-Duby,	R.,	&	Olson,	E.	N.	(2021).	Nrf1	promotes	heart	re-
generation and repair by regulating proteostasis and redox balance. 

Nature Communications, 12, 5270.

Cui,	M.,	Wang,	Z.,	Chen,	K.,	Shah,	A.	M.,	Tan,	W.,	Duan,	L.,	Sanchez-Ortiz,	
E.,	 Li,	 H.,	 Xu,	 L.,	 Liu,	 N.,	 Bassel-Duby,	 R.,	 &	Olson,	 E.	 N.	 (2020).	
Dynamic transcriptional responses to injury of regenerative and 

non-regenerative	cardiomyocytes	revealed	by	single-nucleus	RNA	
sequencing.	Developmental Cell, 53,	102–116.

Dai,	D.	F.,	Rabinovitch,	P.	S.,	&	Ungvari,	Z.	(2012).	Mitochondria	and	car-
diovascular aging. Circulation Research, 110,	1109–1124.

Dai,	X.,	Wang,	K.,	Fan,	J.,	Liu,	H.,	Fan,	X.,	Lin,	Q.,	Chen,	Y.,	Chen,	H.,	Li,	
Y.,	 Liu,	H.,	Chen,	O.,	Chen,	 J.,	 Li,	X.,	Ren,	D.,	 Li,	 J.,	Conklin,	D.	 J.,	
Wintergerst,	K.	A.,	Li,	Y.,	Cai,	L.,	…	Tan,	Y.	 (2022).	Nrf2	transcrip-
tional upregulation of IDH2 to tune mitochondrial dynamics and 

rescue	 angiogenic	 function	 of	 diabetic	 EPCs.	 Redox Biology, 56, 

102449.
Dai,	X.,	Yan,	X.,	Wintergerst,	K.	A.,	Cai,	L.,	Keller,	B.	B.,	&	Tan,	Y.	(2020).	

Nrf2:	Redox	and	metabolic	 regulator	of	stem	cell	 state	and	 func-
tion. Trends in Molecular Medicine, 26,	185–200.

Daiber,	A.,	Hahad,	O.,	Andreadou,	 I.,	Steven,	S.,	Daub,	S.,	&	Münzel,	T.	
(2021).	Redox-related	biomarkers	in	human	cardiovascular	disease	
–	classical	footprints	and	beyond.	Redox Biology, 42,	101875.

De	 Angelis,	 A.,	 Piegari,	 E.,	 Cappetta,	 D.,	 Russo,	 R.,	 Esposito,	 G.,	
Ciuffreda,	L.	P.,	Ferraiolo,	F.	A.	V.,	Frati,	C.,	Fagnoni,	F.,	Berrino,	
L.,	 Quaini,	 F.,	 Rossi,	 F.,	 &	 Urbanek,	 K.	 (2015).	 SIRT1	 activation	
rescues	 doxorubicin-induced	 loss	 of	 functional	 competence	 of	
human cardiac progenitor cells. International Journal of Cardiology, 

189,	30–44.
Di	Giovanni,	E.,	Buonvino,	S.,	Amelio,	I.,	&	Melino,	S.	(2020).	Glutathione-

allylsulfur conjugates as mesenchymal stem cells stimulating agents 

for potential applications in tissue repair. International Journal of 

Molecular Sciences, 21, 21.

Di	Santo,	S.,	Diehm,	N.,	Ortmann,	J.,	Völzmann,	J.,	Yang,	Z.,	Keo,	H.-H.,	
Baumgartner,	I.,	&	Kalka,	C.	(2008).	Oxidized	low	density	lipopro-
tein impairs endothelial progenitor cell function by downregulation 

of	E-selectin	and	integrin	alpha(v)beta5.	Biochemical and Biophysical 

Research Communications, 373,	528–532.
Ding,	Y.,	Ding,	X.,	Zhang,	H.,	Li,	S.,	Yang,	P.,	&	Tan,	Q.	(2022).	Relevance	

of	NLRP3	inflammasome-related	pathways	in	the	pathology	of	di-
abetic wound healing and possible therapeutic targets. Oxidative 

Medicine and Cellular Longevity, 15,	9687925.
Donato,	A.	J.,	Machin,	D.	R.,	&	Lesniewski,	L.	A.	(2018).	Mechanisms	of	

dysfunction	 in	 the	 aging	 vasculature	 and	 role	 in	 age-related	 dis-
ease. Circulation Research, 123,	825–848.

Donelson,	J.,	Wang,	Q.,	Monroe,	T.	O.,	Jiang,	X.,	Zhou,	J.,	Yu,	H.,	Mo,	Q.,	
Sun,	Q.,	Marini,	J.	C.,	Wang,	X.,	Nakata,	P.	A.,	Hirschi,	K.	D.,	Wang,	
J.,	Rodney,	G.	G.,	Wehrens,	X.	H.	T.,	&	Cheng,	N.	 (2019).	Cardiac-
specific ablation of glutaredoxin 3 leads to cardiac hypertrophy and 

heart failure. Physiological Reports, 7, e14071.

D'Onofrio,	 N.,	 Vitiello,	 M.,	 Casale,	 R.,	 Servillo,	 L.,	 Giovane,	 A.,	 &	
Balestrieri,	 M.	 L.	 (2015).	 Sirtuins	 in	 vascular	 diseases:	 Emerging	
roles and therapeutic potential. Biochimica et Biophysica Acta - 

Molecular Basis of Disease, 1852,	1311–1322.
Dudek,	J.,	Kutschka,	I.,	&	Maack,	C.	(2021).	Metabolic	and	redox	regula-

tion of cardiovascular stem cell biology and pathology. Antioxidants 

& Redox Signaling, 35,	163–181.
Edelberg,	J.	M.,	Tang,	L.,	Hattori,	K.,	Lyden,	D.,	&	Rafii,	S.	(2002).	Young	

adult	bone	marrow-derived	endothelial	precursor	cells	restore	ag-
ing-impaired	cardiac	angiogenic	function.	Circulation Research, 90, 

E89–E93.
Elhelaly,	W.	M.,	 Lam,	N.	 T.,	Hamza,	M.,	Xia,	 S.,	&	 Sadek,	H.	A.	 (2016).	

Redox	regulation	of	heart	regeneration:	An	evolutionary	tradeoff.	
Frontiers in Cell and Development Biology, 4, 137.

Ellison,	G.	M.,	Nadal-Ginard,	B.,	&	Torella,	D.	(2012).	Optimizing	cardiac	
repair and regeneration through activation of the endogenous car-
diac stem cell compartment. Journal of Cardiovascular Translational 

Research, 5,	667–677.
Ellison,	G.	M.,	Vicinanza,	C.,	Smith,	A.	J.,	Aquila,	I.,	Leone,	A.,	Waring,	C.	

D.,	Henning,	B.	J.,	Stirparo,	G.	G.,	Papait,	R.,	Scarfò,	M.,	Agosti,	V.,	
Viglietto,	G.,	Condorelli,	G.,	Indolfi,	C.,	Ottolenghi,	S.,	Torella,	D.,	&	
Nadal-Ginard,	B.	(2013).	Adult	c-kit(pos)	cardiac	stem	cells	are	nec-
essary and sufficient for functional cardiac regeneration and repair. 

Cell, 154,	827–842.
Endtmann,	 C.,	 Ebrahimian,	 T.,	 Czech,	 T.,	 Arfa,	 O.,	 Laufs,	 U.,	 Fritz,	 M.,	

Wassmann,	 K.,	 Werner,	 N.,	 Petoumenos,	 V.,	 Nickenig,	 G.,	 &	
Wassmann,	S.	(2011).	Angiotensin	II	impairs	endothelial	progenitor	

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



24 of 30  |     ALLEMANN et al.

cell number and function in vitro and in vivo. Hypertension, 58, 

394–403.
Eroglu,	 E.,	 Saravi,	 S.	 S.	 S.,	 Sorrentino,	 A.,	 Steinhorn,	 B.,	 &	 Michel,	 T.	

(2019).	 Discordance	 between	 eNOS	 phosphorylation	 and	 activa-
tion revealed by multispectral imaging and chemogenetic methods. 

Proceedings of the National Academy of Sciences, 116,	20210–20217.
Esteban,	M.	A.,	Wang,	T.,	Qin,	B.,	Yang,	J.,	Qin,	D.,	Cai,	J.,	Li,	W.,	Weng,	

Z.,	Chen,	J.,	Ni,	S.,	Chen,	K.,	Li,	Y.,	Liu,	X.,	Xu,	J.,	Zhang,	S.,	Li,	F.,	He,	
W.,	Labuda,	K.,	Song,	Y.,	…	Pei,	D.	(2010).	Vitamin	C	enhances	the	
generation of mouse and human induced pluripotent stem cells. Cell 

Stem Cell, 6,	71–79.
Finkel,	 T.	 (2011).	 Signal	 transduction	 by	 reactive	 oxygen	 species.	 The 

Journal of Cell Biology, 194,	7–15.
Freund,	A.,	Patil,	C.	K.,	&	Campisi,	J.	 (2011).	p38MAPK	is	a	novel	DNA	

damage	response-independent	regulator	of	the	senescence-associ-
ated secretory phenotype. The EMBO Journal, 30,	1536–1548.

Furuhashi,	M.	(2020).	New	insights	into	purine	metabolism	in	metabolic	
diseases: Role of xanthine oxidoreductase activity. American Journal 

of Physiology. Endocrinology and Metabolism, 319,	E827–E834.
Garbern,	 J.	 C.,	 &	 Lee,	 R.	 T.	 (2021).	Mitochondria	 and	metabolic	 tran-

sitions in cardiomyocytes: Lessons from development for stem 

cell-derived	cardiomyocytes.	Stem Cell Research & Therapy, 12, 177.

Gevaert,	A.	B.,	Shakeri,	H.,	Leloup,	A.	J.,	van	Hove,	C.	E.,	de	Meyer,	G.	R.	
Y.,	Vrints,	C.	J.,	Lemmens,	K.,	&	van	Craenenbroeck,	E.	M.	(2017).	
Endothelial senescence contributes to heart failure with preserved 

ejection fraction in an aging mouse model. Circulation, 10,	e003806.
Gioscia-Ryan,	R.	A.,	LaRocca,	T.	J.,	Sindler,	A.	L.,	Zigler,	M.	C.,	Murphy,	M.	

P.,	&	Seals,	D.	R.	(2014).	Mitochondria-targeted	antioxidant	(MitoQ)	
ameliorates	 age-related	 arterial	 endothelial	 dysfunction	 in	 mice.	
The Journal of Physiology, 592,	2549–2561.

Gkaliagkousi,	E.,	Lazaridis,	A.,	Dogan,	S.,	Fraenkel,	E.,	Tuna,	B.	G.,	Mozos,	
I.,	 Vukicevic,	M.,	 Yalcin,	O.,	 &	Gopcevic,	 K.	 (2022).	 Theories	 and	
molecular	basis	of	vascular	aging:	A	review	of	 the	 literature	from	
VascAgeNet	group	on	pathophysiological	mechanisms	of	vascular	
aging. International Journal of Molecular Sciences, 23,	8672.

Gladyshev,	V.	N.	(2014).	The	free	radical	theory	of	aging	is	dead.	Long	live	
the damage theory! Antioxidants & Redox Signaling, 20(4),	727–731.

Gong,	R.,	Jiang,	Z.,	Zagidullin,	N.,	Liu,	T.,	&	Cai,	B.	(2021).	Regulation	of	
cardiomyocyte	fate	plasticity:	A	key	strategy	for	cardiac	regenera-
tion. Signal Transduction and Targeted Therapy, 6, 31.

Gou,	B.,	Chu,	X.,	Xiao,	Y.,	Liu,	P.,	Zhang,	H.,	Gao,	Z.,	&	Song,	M.	(2022).	
Single-cell	analysis	reveals	transcriptomic	reprogramming	in	aging	
cardiovascular endothelial cells. Frontiers in Cardiovascular Medicine, 

9,	900978.
Gremmels,	 H.,	 de	 Jong,	 O.	 G.,	 Hazenbrink,	 D.	 H.,	 Fledderus,	 J.	 O.,	 &	

Verhaar,	M.	C.	(2017).	The	transcription	factor	Nrf2	protects	angio-
genic	 capacity	of	endothelial	 colony-forming	cells	 in	high-oxygen	
radical stress conditions. Stem Cells International, 2017,	4680612.

Gude,	 N.	 A.,	 Broughton,	 K.	 M.,	 Firouzi,	 F.,	 &	 Sussman,	 M.	 A.	 (2018).	
Cardiac ageing: Extrinsic and intrinsic factors in cellular renewal 

and senescence. Nature Reviews. Cardiology, 15,	523–542.
Guo,	J.,	Huang,	X.,	Dou,	L.,	Yan,	M.,	Shen,	T.,	Tang,	W.,	&	Li,	 J.	 (2022).	

Aging	 and	 aging-related	 diseases:	 From	 molecular	 mechanisms	
to interventions and treatments. Signal Transduction and Targeted 

Therapy, 7,	391.
Hamczyk,	 M.	 R.,	 Villa-Bellosta,	 R.,	 Gonzalo,	 P.,	 Andrés-Manzano,	 M.	

J.,	Nogales,	P.,	Bentzon,	J.	F.,	López-Otín,	C.,	&	Andrés,	V.	 (2018).	
Vascular	 smooth	muscle-specific	 progerin	 expression	 accelerates	
atherosclerosis	and	death	in	a	mouse	model	of	Hutchinson-Gilford	
progeria syndrome. Circulation, 138,	266–282.

Han,	J.,	Kim,	Y.	S.,	Lim,	M.	Y.,	Kim,	H.	Y.,	Kong,	S.,	Kang,	M.,	Choo,	Y.	W.,	
Jun,	J.	H.,	Ryu,	S.,	Jeong,	H.	Y.,	Park,	J.,	Jeong,	G.	J.,	Lee,	J.	C.,	Eom,	
G.	H.,	Ahn,	Y.,	&	Kim,	B.	 S.	 (2018).	Dual	 roles	of	 graphene	oxide	
to	attenuate	inflammation	and	elicit	timely	polarization	of	macro-
phage phenotypes for cardiac repair. ACS Nano, 12,	1959–1977.

Han,	P.,	Zhou,	X.	H.,	Chang,	N.,	Xiao,	C.	L.,	Yan,	S.,	Ren,	H.,	Yang,	X.	Z.,	
Zhang,	M.	 L.,	Wu,	Q.,	 Tang,	 B.,	Diao,	 J.	 P.,	 Zhu,	X.,	 Zhang,	C.,	 Li,	
C.	Y.,	Cheng,	H.,	&	Xiong,	J.	W.	(2014).	Hydrogen	peroxide	primes	
heart regeneration with a derepression mechanism. Cell Research, 

24,	1091–1107.
Han,	Y.,	&	Kim,	S.	Y.	(2023).	Endothelial	senescence	in	vascular	diseases:	

Current understanding and future opportunities in senotherapeu-
tics. Experimental & Molecular Medicine, 55,	1–12.

Han,	Y.	M.,	Bedarida,	T.,	Ding,	Y.,	Somba,	B.	K.,	Lu,	Q.,	Wang,	Q.,	Song,	
P.,	&	Zou,	M.	H.	 (2018).	β-Hydroxybutyrate	prevents	vascular	se-
nescence	 through	 hnRNP	 A1-mediated	 upregulation	 of	 Oct4.	
Molecular Cell, 71,	1064–1078.

Hao,	T.,	Li,	J.,	Yao,	F.,	Dong,	D.,	Wang,	Y.,	Yang,	B.,	&	Wang,	C.	 (2017).	
Injectable	Fullerenol/alginate	hydrogel	for	suppression	of	oxidative	
stress	damage	in	Brown	adipose-derived	stem	cells	and	cardiac	re-
pair. ACS Nano, 11,	5474–5488.

Hara,	 H.,	 Takeda,	 N.,	 Kondo,	 M.,	 Kubota,	 M.,	 Saito,	 T.,	 Maruyama,	 J.,	
Fujiwara,	T.,	Maemura,	S.,	Ito,	M.,	Naito,	A.	T.,	Harada,	M.,	Toko,	H.,	
Nomura,	S.,	Kumagai,	H.,	Ikeda,	Y.,	Ueno,	H.,	Takimoto,	E.,	Akazawa,	
H.,	Morita,	H.,	…	Komuro,	I.	(2018).	Discovery	of	a	small	molecule	
to increase cardiomyocytes and protect the heart after ischemic 

injury. JACC: Basic to Translational Science, 3,	639–653.
Hardeland,	 R.	 (2019).	 Aging,	 melatonin,	 and	 the	 pro-	 and	 anti-inflam-

matory networks. International Journal of Molecular Sciences, 20(5),	
1223.

Harhouri,	K.,	Navarro,	C.,	Depetris,	D.,	Mattei,	M.	G.,	Nissan,	X.,	Cau,	P.,	
de	Sandre-Giovannoli,	A.,	&	Lévy,	N.	(2017).	MG132-induced	pro-
gerin clearance is mediated by autophagy activation and splicing 

regulation. EMBO Molecular Medicine, 9,	1294–1313.
Harman,	D.	 (2009).	Origin	 and	 evolution	 of	 the	 free	 radical	 theory	 of	

aging:	 A	 brief	 personal	 history,	 1954–2009.	 Biogerontology, 10, 

773–781.
Hashimoto,	 H.,	 Olson,	 E.	 N.,	 &	 Bassel-Duby,	 R.	 (2018).	 Therapeutic	

approaches for cardiac regeneration and repair. Nature Reviews. 

Cardiology, 15,	585–600.
Hau,	 E.	M.,	 Caccia,	 J.	 N.,	 Kasteler,	 R.,	 Spycher,	 B.,	 Suter,	 T.,	 Ammann,	

R.	A.,	von	der	Weid,	N.	X.,	&	Kuehni,	C.	E.	 (2019).	Cardiovascular	
disease	 after	 childhood	 acute	 lymphoblastic	 leukaemia:	A	 cohort	
study. Swiss Medical Weekly, 149, w20012.

Hawkins,	K.	E.,	Joy,	S.,	Delhove,	J.	M.	K.	M.,	Kotiadis,	V.	N.,	Fernandez,	E.,	
Fitzpatrick,	L.	M.,	Whiteford,	J.	R.,	King,	P.	J.,	Bolanos,	J.	P.,	Duchen,	
M.	R.,	Waddington,	S.	N.,	&	McKay,	T.	R.	(2016).	NRF2	orchestrates	
the metabolic shift during induced pluripotent stem cell reprogram-
ming. Cell Reports, 14,	1883–1891.

Hill,	M.	C.,	Kadow,	Z.	A.,	Li,	L.,	Tran,	T.	T.,	Wythe,	J.	D.,	&	Martin,	J.	F.	
(2019).	 A	 cellular	 atlas	 of	 Pitx2-dependent	 cardiac	 development.	
Development, 146,	dev180398.

Hoare,	M.,	 Ito,	Y.,	Kang,	T.	W.,	Weekes,	M.	P.,	Matheson,	N.	J.,	Patten,	
D.	A.,	Shetty,	S.,	Parry,	A.	J.,	Menon,	S.,	Salama,	R.,	Antrobus,	R.,	
Tomimatsu,	K.,	Howat,	W.,	 Lehner,	 P.	 J.,	 Zender,	 L.,	&	Narita,	M.	
(2016).	 NOTCH1	mediates	 a	 switch	 between	 two	 distinct	 secre-
tomes during senescence. Nature Cell Biology, 18,	979–992.

Holmström,	K.	M.,	&	Finkel,	T.	(2014).	Cellular	mechanisms	and	physio-
logical	consequences	of	redoxdependent	signalling.	Nature Reviews. 

Molecular Cell Biology, 15,	411–421.
Hou,	J.,	Wang,	L.,	Long,	H.,	Wu,	H.,	Wu,	Q.,	Zhong,	T.,	Chen,	X.,	Zhou,	

C.,	Guo,	T.,	&	Wang,	T.	(2017).	Hypoxia	preconditioning	promotes	
cardiac stem cell survival and cardiogenic differentiation in vitro in-
volving	activation	of	the	HIF-1α/apelin/APJ	axis.	Stem Cell Research 

& Therapy, 8, 215.

Hu,	C.,	Zhang,	X.,	Teng,	T.,	Ma,	Z.-G.,	&	Tang,	Q.-Z.	(2022).	Cellular	senes-
cence	 in	 cardiovascular	 diseases:	 A	 systematic	 review.	Aging and 

Disease, 13,	103–128.
Huang,	P.	C.,	Chiu,	C.	C.,	Chang,	H.	W.,	Wang,	Y.	S.,	Syue,	H.	H.,	Song,	

Y.	C.,	Weng,	Z.	H.,	Tai,	M.	H.,	&	Wu,	C.	Y.	 (2017).	Prdx1-encoded	

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



    |  25 of 30ALLEMANN et al.

peroxiredoxin	 is	 important	for	vascular	development	 in	zebrafish.	
FEBS Letters, 591,	889–902.

Huang,	X.,	Zeng,	Z.,	Li,	S.,	Xie,	Y.,	&	Tong,	X.	(2022).	The	therapeutic	strat-
egies targeting mitochondrial metabolism in cardiovascular disease. 

Pharmaceutics, 14,	2760.
Huo,	J.	L.,	Feng,	Q.,	Pan,	S.,	Fu,	W.	J.,	Liu,	Z.,	&	Liu,	Z.	(2023).	Diabetic	

cardiomyopathy: Early diagnostic biomarkers, pathogenetic 

mechanisms, and therapeutic interventions. Cell Death Discovery, 

9,	256.
Imanishi,	 T.,	 Tsujioka,	H.,	 &	Akasaka,	 T.	 (2008).	 Endothelial	 progenitor	

cells dysfunction and senescence: Contribution to oxidative stress. 

Current Cardiology Reviews, 4,	275–286.
Ito,	Y.,	Hoare,	M.,	&	Narita,	M.	 (2017).	Spatial	and	 temporal	control	of	

senescence. Trends in Cell Biology, 27,	820–832.
Izzo,	 C.,	 Vitillo,	 P.,	 di	 Pietro,	 P.,	 Visco,	 V.,	 Strianese,	 A.,	 Virtuoso,	 N.,	

Ciccarelli,	M.,	Galasso,	G.,	Carrizzo,	A.,	&	Vecchione,	C.	(2021).	The	
role of oxidative stress in cardiovascular aging and cardiovascular 

diseases. Life, 11,	60.
Jahng,	J.	W.	S.,	Zhang,	M.,	&	Wu,	J.	C.	(2021).	The	role	of	metabolism	in	

directed	differentiation	versus	trans-differentiation	of	cardiomyo-
cytes. Seminara in Cell & Developmental Biology, 122,	56–65.

Jasinska-Piadlo,	A.,	&	Campbell,	P.	(2023).	Management	of	patients	with	
heart failure and preserved ejection fraction. Heart, 109,	874–883.

Jung,	H.,	Kim,	D.	O.,	Byun,	J.	E.,	Kim,	W.	S.,	Kim,	M.	J.,	Song,	H.	Y.,	Kim,	
Y.	K.,	Kang,	D.	K.,	Park,	Y.	J.,	Kim,	T.	D.,	Yoon,	S.	R.,	Lee,	H.	G.,	Choi,	
E.	J.,	Min,	S.	H.,	&	Choi,	 I.	 (2016).	Thioredoxin-interacting	protein	
regulates haematopoietic stem cell ageing and rejuvenation by in-
hibiting	p38	kinase	activity.	Nature Communications, 7,	13674.

Kalucka,	J.,	Bierhansl,	L.,	Conchinha,	N.	V.,	Missiaen,	R.,	Elia,	I.,	Brüning,	
U.,	Scheinok,	S.,	Treps,	L.,	Cantelmo,	A.	R.,	Dubois,	C.,	de	Zeeuw,	
P.,	Goveia,	J.,	Zecchin,	A.,	Taverna,	F.,	Morales-Rodriguez,	F.,	Brajic,	
A.,	 Conradi,	 L.	C.,	 Schoors,	 S.,	Harjes,	U.,	…	Carmeliet,	 P.	 (2018).	
Quiescent	 endothelial	 cells	 upregulate	 fatty	 acid	 β-oxidation	 for	
vasculoprotection via redox homeostasis. Cell Metabolism, 28, 

881–894.
Kameritsch,	P.,	Singer,	M.,	Nuernbergk,	C.,	Rios,	N.,	Reyes,	A.	M.,	Schmidt,	

K.,	Kirsch,	J.,	Schneider,	H.,	Müller,	S.,	Pogoda,	K.,	Cui,	R.,	Kirchner,	
T.,	de	Wit,	C.,	Lange-Sperandio,	B.,	Pohl,	U.,	Conrad,	M.,	Radi,	R.,	&	
Beck,	H.	 (2021).	The	mitochondrial	 thioredoxin	reductase	system	
(TrxR2)	 in	 vascular	 endothelium	 controls	 peroxynitrite	 levels	 and	
tissue integrity. Proceedings of the National Academy of Sciences of 

the United States of America, 118,	e1921828118.
Kang,	C.,	Xu,	Q.,	Martin,	 T.	D.,	 Li,	M.	Z.,	Demaria,	M.,	Aron,	 L.,	 Lu,	 T.,	

Yankner,	B.	A.,	Campisi,	J.,	&	Elledge,	S.	J.	(2015).	The	DNA	damage	
response induces inflammation and senescence by inhibiting auto-
phagy	of	GATA4.	Science, 349,	aaa5612.

Kang,	X.,	Wei,	X.,	Wang,	X.,	Jiang,	L.,	Niu,	C.,	Zhang,	J.,	Chen,	S.,	&	Meng,	
D.	(2016).	Nox2	contributes	to	the	arterial	endothelial	specification	
of mouse induced pluripotent stem cells by upregulating notch sig-
naling. Scientific Reports, 6, 33737.

Kattoor,	 A.	 J.,	 Pothineni,	 N.	 V.	 K.,	 Palagiri,	 D.,	 &	 Mehta,	 J.	 L.	 (2017).	
Oxidative stress in atherosclerosis. Current Atherosclerosis Reports, 

19, 42.

Kayama,	Y.,	Raaz,	U.,	Jagger,	A.,	Adam,	M.,	Schellinger,	I.,	Sakamoto,	M.,	
Suzuki,	H.,	Toyama,	K.,	Spin,	J.,	&	Tsao,	P.	(2015).	Diabetic	cardio-
vascular disease induced by oxidative stress. International Journal of 

Molecular Sciences, 16,	25234–25263.
Ke,	 X.,	 Zou,	 J.,	 Hu,	 Q.,	 Wang,	 X.,	 Hu,	 C.,	 Yang,	 R.,	 Liang,	 J.,	 Shu,	 X.,	

Nie,	 R.,	 &	 Peng,	 C.	 (2017).	 Hydrogen	 sulfide-preconditioning	 of	
human	 endothelial	 progenitor	 cells	 transplantation	 improves	 Re-
Endothelialization	in	nude	mice	with	carotid	artery	injury.	Cellular 

Physiology and Biochemistry, 43,	308–319.
Khanna,	 A.,	 Indracanti,	 N.,	 Chakrabarti,	 R.,	 &	 Indraganti,	 P.	 K.	 (2020).	

Short-term	ex-vivo	exposure	to	hydrogen	sulfide	enhances	murine	
hematopoietic stem and progenitor cell migration, homing, and pro-
liferation. Cell Adhesion & Migration, 14,	214–226.

Kiermayer,	C.,	Northrup,	E.,	Schrewe,	A.,	Walch,	A.,	de	Angelis,	M.	H.,	
Schoensiegel,	 F.,	 Zischka,	H.,	 Prehn,	C.,	 Adamski,	 J.,	 Bekeredjian,	
R.,	 Ivandic,	B.,	Kupatt,	C.,	&	Brielmeier,	M.	 (2015).	Heart-specific	
knockout	of	 the	mitochondrial	 thioredoxin	reductase	 (Txnrd2)	 in-
duces metabolic and contractile dysfunction in the aging myocar-
dium. Journal of the American Heart Association, 4, e002153.

Kim,	K.	L.,	Meng,	Y.,	Kim,	J.	Y.,	Baek,	E.	J.,	&	Suh,	W.	(2011).	Direct	and	
differential	 effects	 of	 stem	 cell	 factor	 on	 the	 neovascularization	
activity of endothelial progenitor cells. Cardiovascular Research, 92, 

132–140.
Kimura,	W.,	Muralidhar,	 S.,	Canseco,	D.	C.,	 Puente,	B.,	 Zhang,	C.	C.,	

Xiao,	 F.,	Abderrahman,	Y.	H.,	&	Sadek,	H.	A.	 (2014).	Redox	 sig-
naling in cardiac renewal. Antioxidants & Redox Signaling, 21, 

1660–1673.
Kimura,	W.,	&	Sadek,	H.	A.	(2012).	The	cardiac	hypoxic	niche:	Emerging	

role of hypoxic microenvironment in cardiac progenitors. 

Cardiovascular Drugs and Therapy, 2,	278–289.
Kirby,	R.	J.,	Divlianska,	D.	B.,	Whig,	K.,	Bryan,	N.,	Morfa,	C.	J.,	Koo,	A.,	

Hood,	B.	L.,	Nguyen,	K.	H.,	Maloney,	P.,	Peddibhotla,	S.,	Sessions,	
E.	 H.,	 Hershberger,	 P.	 M.,	 Smith,	 L.	 H.,	 &	 Malany,	 S.	 (2018).	
Discovery	of	novel	small-molecule	inducers	of	heme	oxygenase-1	
that	protect	human	iPSC-derived	cardiomyocytes	from	oxidative	
stress. The Journal of Pharmacology and Experimental Therapeutics, 

364,	87–96.
Klinpudtan,	N.,	Allsopp,	R.	C.,	Kabayama,	M.,	Godai,	K.,	Gondo,	Y.,	Masui,	

Y.,	 Akagi,	 Y.,	 Srithumsuk,	W.,	 Sugimoto,	 K.,	 Akasaka,	 H.,	 Takami,	
Y.,	Takeya,	Y.,	Yamamoto,	K.,	 Ikebe,	K.,	Yasumoto,	S.,	Ogawa,	M.,	
Ishizaki,	T.,	Arai,	Y.,	Rakugi,	H.,	…	Kamide,	K.	(2022).	The	association	
between	 longevity-associated	 FOXO3 allele and heart disease in 

septuagenarians	and	octogenarians:	The	SONIC	study.	The Journals 

of Gerontology. Series A, Biological Sciences and Medical Sciences, 77, 

1542–1548.
Koenig,	A.	L.,	Shchukina,	I.,	Amrute,	J.,	Andhey,	P.	S.,	Zaitsev,	K.,	Lai,	L.,	

Bajpai,	 G.,	 Bredemeyer,	 A.,	 Smith,	 G.,	 Jones,	 C.,	 Terrebonne,	 E.,	
Rentschler,	S.	L.,	Artyomov,	M.	N.,	&	Lavine,	K.	J.	(2022).	Single-cell	
transcriptomics	reveals	cell-type-specific	diversification	 in	human	
heart failure. Nature Cardiovascular Research, 1,	263–280.

Korski,	K.	I.,	Kubli,	D.	A.,	Wang,	B.	J.,	Khalafalla,	F.	G.,	Monsanto,	M.	M.,	
Firouzi,	F.,	Echeagaray,	O.	H.,	Kim,	T.,	Adamson,	R.	M.,	Dembitsky,	
W.	P.,	Gustafsson,	Å.	B.,	&	Sussman,	M.	A.	(2019).	Hypoxia	prevents	
mitochondrial	dysfunction	and	senescence	 in	human	c-kit	 (+)	car-
diac progenitor cells. Stem Cells, 37,	555–567.

Kubben,	N.,	&	Misteli,	T.	 (2017).	Shared	molecular	and	cellular	mecha-
nisms	of	premature	ageing	and	ageing-associated	diseases.	Nature 

Reviews. Molecular Cell Biology, 18,	595–609.
Kubben,	N.,	Zhang,	W.,	Wang,	L.,	Voss,	T.	C.,	Yang,	J.,	Qu,	J.,	Liu,	G.	H.,	&	

Misteli,	T.	 (2016).	Repression	of	the	antioxidant	NRF2	pathway	in	
premature aging. Cell, 165,	1361–1374.

Laberge,	R.	M.,	 Sun,	Y.,	Orjalo,	A.	V.,	 Patil,	C.	K.,	 Freund,	A.,	Zhou,	 L.,	
Curran,	S.	C.,	Davalos,	A.	R.,	Wilson-Edell,	K.	A.,	Liu,	S.,	Limbad,	C.,	
Demaria,	M.,	Li,	P.,	Hubbard,	G.	B.,	 Ikeno,	Y.,	Javors,	M.,	Desprez,	
P.	Y.,	Benz,	C.	C.,	Kapahi,	P.,	…	Campisi,	J.	(2015).	mTOR	regulates	
the	 pro-tumorigenic	 senescence-associated	 secretory	 phenotype	
by promoting IL1α translation. Nature Cell Biology, 17,	1049–1061.

Lai,	P.,	&	Liu,	Y.	(2015).	Angelica	sinensis	polysaccharides	inhibit	endothe-
lial progenitor cell senescence through the reduction of oxidative 

stress	 and	 activation	 of	 the	 Akt/hTERT	 pathway.	 Pharmaceutical 

Biology, 53,	1842–1849.
Landmesser,	U.,	Engberding,	N.,	Bahlmann,	F.	H.,	Schaefer,	A.,	Wiencke,	

A.,	Heineke,	A.,	 Spiekermann,	 S.,	Hilfiker-Kleiner,	D.,	 Templin,	C.,	
Kotlarz,	D.,	Mueller,	M.,	Fuchs,	M.,	Hornig,	B.,	Haller,	H.,	&	Drexler,	
H.	 (2004).	 Statin-induced	 improvement	 of	 endothelial	 progenitor	
cell	 mobilization,	 myocardial	 neovascularization,	 left	 ventricu-
lar function, and survival after experimental myocardial infarc-
tion	 requires	 endothelial	 nitric	 oxide	 synthase.	 Circualation, 110, 

1933–1939.

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



26 of 30  |     ALLEMANN et al.

Lau,	A.	K.,	Leichtweis,	S.	B.,	Hume,	P.,	Mashima,	R.,	Hou,	J.	Y.,	Chaufour,	
X.,	Wilkinson,	B.,	Hunt,	N.	H.,	Celermajer,	D.	S.,	&	Stocker,	R.	(2003).	
Probucol	 promotes	 functional	 reendothelialization	 in	 balloon-in-
jured rabbit aortas. Circulation, 107,	2031–2036.

Le	Couteur,	D.	G.,	&	Lakatta,	E.	G.	 (2010).	A	vascular	 theory	of	aging.	
Journal of Gerontology, 65,	1025–1027.

Lee,	 J.,	 Sayed,	N.,	Hunter,	 A.,	 Au,	 K.	 F.,	Wong,	W.	H.,	Mocarski,	 E.	 S.,	
Pera,	R.	R.,	Yakubov,	E.,	&	Cooke,	J.	P.	(2012).	Activation	of	innate	
immunity	is	required	for	efficient	nuclear	reprogramming.	Cell, 151, 

547–558.
Lee,	S.	H.,	Lee,	J.	H.,	Yoo,	S.	Y.,	Hur,	J.,	Kim,	H.	S.,	&	Kwon,	S.	M.	(2013).	

Hypoxia inhibits cellular senescence to restore the therapeutic po-
tential	of	old	human	endothelial	progenitor	cells	via	the	hypoxia-in-
ducible	factor-1α-TWIST-p21	axis.	Arteriosclerosis, Thrombosis, and 

Vascular Biology, 33,	2407–2414.
Leopold,	 J.	 A.	 (2015).	Antioxidants	 and	 coronary	 artery	 disease:	 From	

pathophysiology to preventive therapy. Coronary Artery Disease, 26, 

176–183.
Lewis-McDougall,	F.	C.,	Ruchaya,	P.	J.,	Domenjo-Vila,	E.,	Shin	Teoh,	T.,	

Prata,	L.,	Cottle,	B.	J.,	Clark,	J.	E.,	Punjabi,	P.	P.,	Awad,	W.,	Torella,	D.,	
Tchkonia,	T.,	Kirkland,	J.	L.,	&	Ellison-Hughes,	G.	M.	(2019).	Aged-
senescent cells contribute to impaired heart regeneration. Aging 

Cell, 18,	e12931.
Li,	Q.,	Dasari,	C.,	Li,	D.,	Arshia,	A.,	Umer,	A.	M.,	Abouzid,	M.	R.	A.,	Guo,	

Y.,	&	Bolli,	R.	(2021).	Effects	of	heme	oxygenase-1	on	c-kit-positive	
cardiac cells. International Journal of Molecular Sciences, 22,	13448.

Li,	X.,	Han,	D.,	Tian,	Z.,	Gao,	B.,	Fan,	M.,	Li,	C.,	Li,	X.,	Wang,	Y.,	Ma,	S.,	
&	 Cao,	 F.	 (2016).	 Activation	 of	 cannabinoid	 receptor	 type	 ii	 by	
AM1241	 ameliorates	 myocardial	 fibrosis	 via	 Nrf2-mediated	 inhi-
bition	 of	 TGF-β1/Smad3	 pathway	 in	 myocardial	 infarction	 mice.	
Cellular Physiology and Biochemistry, 39,	1521–1536.

Ling,	S.,	Ni,	R.	Z.,	Yuan,	Y.,	Dang,	Y.	Q.,	Zhou,	Q.	M.,	Liang,	S.,	Guo,	F.,	
Feng,	W.,	Chen,	Y.,	Ikeda,	K.,	Yamori,	Y.,	&	Xu,	J.	W.	(2017).	Natural	
compound bavachalcone promotes the differentiation of endo-
thelial	progenitor	cells	and	neovascularization	through	the	RORα-
erythropoietin-AMPK	axis.	Oncotarget, 8,	86188–86205.

Loboda,	A.,	Damulewicz,	M.,	Pyza,	E.,	Jozkowicz,	A.,	&	Dulak,	J.	(2016).	
Role	 of	 Nrf2/HO-1	 system	 in	 development,	 oxidative	 stress	 re-
sponse	 and	 diseases:	 An	 evolutionarily	 conserved	 mechanism.	
Cellular and Molecular Life Sciences, 73,	3221–3247.

Ma,	S.,	Sun,	S.,	Li,	 J.,	Fan,	Y.,	Qu,	J.,	Sun,	L.,	Wang,	S.,	Zhang,	Y.,	Yang,	
S.,	Liu,	Z.,	Wu,	Z.,	Zhang,	S.,	Wang,	Q.,	Zheng,	A.,	Duo,	S.,	Yu,	Y.,	
Belmonte,	 J.	C.	 I.,	Chan,	P.,	Zhou,	Q.,	…	Liu,	G.	H.	 (2021).	Single-
cell transcriptomic atlas of primate cardiopulmonary aging. Cell 

Research, 31,	415–432.
Ma,	W.,	He,	F.,	Ding,	F.,	Zhang,	L.,	Huang,	Q.,	Bi,	C.,	Wang,	X.,	Hua,	B.,	

Yang,	F.,	Yuan,	Y.,	Han,	Z.,	Jin,	M.,	Liu,	T.,	Yu,	Y.,	Cai,	B.,	Lu,	Y.,	&	du,	
Z.	 (2018).	Pre-treatment	with	melatonin	enhances	therapeutic	ef-
ficacy of cardiac progenitor cells for myocardial infarction. Cellular 

Physiology and Biochemistry, 47,	1287–1298.
Ma,	X.,	Kong,	L.,	&	Zhu,	S.	(2017).	Reprogramming	cell	fates	by	small	mol-

ecules. Protein & Cell, 8,	328–348.
Maldonado,	E.,	Morales-Pison,	S.,	Urbina,	F.,	&	Solari,	A.	 (2023).	Aging	

hallmarks and the role of oxidative stress. Antioxidants, 12,	651.
Mandraffino,	 G.,	 Sardo,	 M.	 A.,	 Riggio,	 S.,	 D'Ascola,	 A.,	 Alibrandi,	 A.,	

Saitta,	 C.,	 Versace,	 A.,	 Castaldo,	 M.,	 Mormina,	 E.,	 Imbalzano,	
E.,	 Cinquegrani,	M.,	 Bonaiuto,	M.,	 David,	 A.,	 &	 Saitta,	 A.	 (2012).	
Circulating	progenitor	cells	and	the	elderly:	A	seven-year	observa-
tional study. Experimental Gerontology, 47,	394–400.

Maraldi,	T.,	Angeloni,	C.,	Prata,	C.,	&	Hrelia,	S.	 (2021).	NADPH	oxidases:	
Redox regulators of stem cell fate and function. Antioxidants, 10,	973.

Marino,	F.,	Scalise,	M.,	Salerno,	N.,	Salerno,	L.,	Molinaro,	C.,	Cappetta,	D.,	
Torella,	M.,	Greco,	M.,	Foti,	D.,	Sasso,	F.	C.,	Mastroroberto,	P.,	de	
Angelis,	A.,	Ellison-Hughes,	G.	M.,	Sampaolesi,	M.,	Rota,	M.,	Rossi,	
F.,	Urbanek,	K.,	Nadal-Ginard,	B.,	Torella,	D.,	&	Cianflone,	E.	(2022).	
Diabetes-induced	 cellular	 senescence	 and	 senescence-associated	

secretory phenotype impair cardiac regeneration and function in-
dependently of age. Diabetes, 71,	1081–1098.

Maron,	B.	A.,	&	Michel,	T.	(2012).	Subcellular	localization	of	oxidants	and	
redox modulation of endothelial nitric oxide synthase. Circulation 

Journal, 76,	2497–2512.
Masoumi-Ardakani,	Y.,	Najafipour,	H.,	Nasri,	H.	R.,	Aminizadeh,	S.,	Jafari,	

S.,	&	Moflehi,	D.	(2022).	Effect	of	combined	endurance	training	and	
MitoQ	 on	 cardiac	 function	 and	 serum	 level	 of	 antioxidants,	 NO,	
miR-126,	and	miR-27a	in	hypertensive	individuals.	BioMed Research 

International, 2022,	872066.
McQuaig,	 R.,	 Dixit,	 P.,	 Yamauchi,	 A.,	 van	 Hout,	 I.,	 Papannarao,	 J.	 B.,	

Bunton,	R.,	Parry,	D.,	Davis,	P.,	&	Katare,	R.	 (2020).	Combination	
of cardiac progenitor cells from the right atrium and left ventricle 

exhibits synergistic paracrine effects in vitro. Cell Transplantation, 

29,	0963689720972328.
Menasché,	P.	(2018).	Cell	therapy	trials	for	heart	regeneration	–	Lessons	

learned and future directions. Nature Reviews. Cardiology, 15, 

659–671.
Meng,	 S.,	 Chanda,	 P.,	 Thandavarayan,	 R.	 A.,	 &	 Cooke,	 J.	 P.	 (2018).	

Transflammation: How innate immune activation and free radicals 

drive nuclear reprogramming. Antioxidants & Redox Signaling, 29, 

205–218.
Ming,	G.	F.,	Tang,	Y.	J.,	Hu,	K.,	Chen,	Y.,	Huang,	W.	H.,	&	Xiao,	J.	(2016).	

Visfatin	 attenuates	 the	 ox-LDL-induced	 senescence	 of	 endothe-
lial	progenitor	cells	by	upregulating	SIRT1	expression	through	the	
PI3K/Akt/ERK	pathway.	International Journal of Molecular Medicine, 

38,	643–649.
Missinato,	M.	 A.,	 Saydmohammed,	M.,	 Zuppo,	D.	 A.,	 Rao,	 K.	 S.,	Opie,	

G.	W.,	Kühn,	B.,	&	Tsang,	M.	(2018).	Dusp6	attenuates	Ras/MAPK	
signaling	 to	 limit	 zebrafish	 heart	 regeneration.	Development, 145, 

dev157206.
Molinaro,	 C.,	 Salerno,	 L.,	 Marino,	 F.,	 Scalise,	 M.,	 Salerno,	 N.,	 Pagano,	

L.,	de	Angelis,	A.,	Cianflone,	E.,	Torella,	D.,	&	Urbanek,	K.	 (2022).	
Unraveling and targeting myocardial regeneration deficit in diabe-
tes. Antioxidants, 11,	208.

Momtahan,	N.,	Crosby,	C.	O.,	&	Zoldan,	 J.	 (2019).	The	 role	of	 reactive	
oxygen species in in vitro cardiac maturation. Trends in Molecular 

Medicine, 25,	482–493.
Monsanto,	M.	M.,	Wang,	B.	J.,	Ehrenberg,	Z.	R.,	Echeagaray,	O.,	White,	

K.	S.,	Alvarez,	R.,	Jr.,	Fisher,	K.,	Sengphanith,	S.,	Muliono,	A.,	Gude,	
N.	A.,	&	Sussman,	M.	A.	(2020).	Enhancing	myocardial	repair	with	
CardioClusters. Nature Communications, 11,	3955.

Montiel,	 V.,	 Bella,	 R.,	 Michel,	 L.	 Y.	 M.,	 Esfahani,	 H.,	 de	 Mulder,	 D.,	
Robinson,	E.	L.,	Deglasse,	J.	P.,	Tiburcy,	M.,	Chow,	P.	H.,	Jonas,	J.	C.,	
Gilon,	P.,	Steinhorn,	B.,	Michel,	T.,	Beauloye,	C.,	Bertrand,	L.,	Farah,	
C.,	Dei	 Zotti,	 F.,	Debaix,	H.,	 Bouzin,	C.,	…	Balligand,	 J.	 L.	 (2020).	
Inhibition	of	aquaporin-1	prevents	myocardial	remodeling	by	block-
ing the transmembrane transport of hydrogen peroxide. Science 

Translational Medicine, 12,	eaay2176.
Mu,	L.,	Dong,	R.,	&	Guo,	B.	 (2022).	Biomaterials-based	cell	 therapy	for	

myocardial tissue regeneration. Advanced Healthcare Materials, 12, 

e2202699.
Nakamura,	N.,	Shi,	X.,	Darabi,	R.,	&	Li,	Y.	 (2021).	Hypoxia	in	cell	repro-

gramming and the epigenetic regulations. Frontiers in Cell and 

Development Biology, 9,	609984.
Nakashima,	 Y.,	 Miyagi-Shiohira,	 C.,	 Noguchi,	 H.,	 &	 Omasa,	 T.	 (2018).	

Atorvastatin	 inhibits	 the	HIF1α-PPAR	Axis,	which	 is	 essential	 for	
maintaining the function of human induced pluripotent stem cells. 

Molecular Therapy, 26,	1715–1734.
National	Library	of	Medicine.	(2020).	The	use	of	icosapent	ethyl	on	vas-

cular progenitor cells in individuals with elevated cardiovascular 

risk	(IPE-PREVENTION).	Identifier	NCT04562467.	https:// clini caltr 

ials.	gov/	ct2/	show/	NCT04	562467
Nishimura,	K.,	Fukuda,	A.,	&	Hisatake,	K.	(2019).	Mechanisms	of	the	met-

abolic shift during somatic cell reprogramming. International Journal 

of Molecular Sciences, 20, 2254.

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



    |  27 of 30ALLEMANN et al.

Nishio,	Y.,	Kanazawa,	A.,	Nagai,	Y.,	 Inagaki,	H.,	&	Kashiwagi,	A.	 (2004).	
Regulation and role of the mitochondrial transcription factor in the 

diabetic rat heart. Annals of New York Academy of Sciences, 1011, 

78–85.
Nonn,	 L.,	Williams,	 R.	 R.,	 Erickson,	 R.	 P.,	 &	 Powis,	 G.	 (2003).	 The	 ab-

sence of mitochondrial thioredoxin 2 causes massive apoptosis, 

exencephaly,	 and	 early	 embryonic	 lethality	 in	 homozygous	mice.	
Molecular and Cellular Biology, 23,	916–922.

North,	B.	J.,	&	Sinclair,	D.	A.	(2012).	The	intersection	between	aging	and	
cardiovascular disease. Circulation Research, 110,	1097–1108.

Nugud,	A.,	Sandeep,	D.,	&	el-Serafi,	A.	T.	(2018).	Two	faces	of	the	coin:	
Minireview for dissecting the role of reactive oxygen species in 

stem cell potency and lineage commitment. Journal of Advanced 

Research, 14,	73–79.
Ogata,	 F.	 T.,	 Branco,	 V.,	 Vale,	 F.	 F.,	 &	 Coppo,	 L.	 (2021).	 Glutaredoxin:	

Discovery, redox defense and much more. Redox Biology, 43, 

101975.
Oh,	J.,	Lee,	Y.	D.,	&	Wagers,	A.	J.	 (2014).	Stem	cell	aging:	Mechanisms,	

regulators and therapeutic opportunities. Nature Medicine, 20, 

870–880.
Oikonomopoulos,	 A.,	 Kitani,	 T.,	 &	 Wu,	 J.	 C.	 (2018).	 Pluripotent	 stem	

cell-derived	 cardiomyocytes	 as	 a	 platform	 for	 cell	 therapy	 appli-
cations:	 Progress	 and	 hurdles	 for	 clinical	 translation.	 Molecular 

Therapy, 26,	P1624–P1634.
Owens,	 W.	 A.,	 Walaszczyk,	 A.,	 Spyridopoulos,	 I.,	 Dookun,	 E.,	 &	

Richardson,	G.	D.	(2021).	Senescence	and	senolytics	in	cardiovas-
cular	disease:	Promise	and	potential	pitfalls.	Mechanisms of Ageing 

and Development, 198, 111540.

Paneni,	 F.,	 Diaz	 Cañestro,	 C.,	 Libby,	 P.,	 Lüscher,	 T.	 F.,	 &	 Camici,	 G.	 G.	
(2017).	 The	 aging	 cardiovascular	 system:	 Understanding	 it	 at	
the cellular and clinical levels. Journal of the American College of 

Cardiology, 69,	1952–1967.
Picca,	A.,	Mankowski,	R.	T.,	Burman,	J.	L.,	Donisi,	L.,	Kim,	J.	S.,	Marzetti,	

E.,	 &	 Leeuwenburgh,	 C.	 (2018).	 Mitochondrial	 quality	 control	
mechanisms as molecular targets in cardiac ageing. Nature Reviews. 

Cardiology, 15,	543–554.
Piegari,	E.,	Angelis,	A.,	Cappetta,	D.,	Russo,	R.,	Esposito,	G.,	Costantino,	

S.,	Graiani,	G.,	Frati,	C.,	Prezioso,	L.,	Berrino,	L.,	Urbanek,	K.,	Quaini,	
F.,	 &	 Rossi,	 F.	 (2013).	 Doxorubicin	 induces	 senescence	 and	 im-
pairs function of human cardiac progenitor cells. Basic Research in 

Cardiology, 108, 334.

Protze,	S.	 I.,	Lee,	J.	H.,	&	Keller,	G.	M.	 (2019).	Human	pluripotent	stem	
cell-derived	 cardiovascular	 cells:	 From	 developmental	 biology	 to	
therapeutic applications. Cell Stem Cell, 25,	311–327.

Qin,	Z.	(2019).	Effect	of	rhizoma polygonati on functional activity of en-
dothelial	progenitor	cells	to	delay	senescence	via	decrease	of	ROS.	
Chemical and Pharmaceutical Bulletin, 12,	123–127.

Rampin,	A.,	Carrabba,	M.,	Mutoli,	M.,	Eman,	C.	L.,	Testa,	G.,	Madeddu,	P.,	
&	Spinetti,	G.	 (2022).	Recent	advances	 in	KEAP1/NRF2-targeting	
strategies by phytochemical antioxidants, nanoparticles, and bio-
compatible scaffolds for the treatment of diabetic cardiovascular 

complications. Antioxidants & Redox Signaling, 36,	707–728.
Rampon,	C.,	Volovitch,	M.,	Joliot,	A.,	&	Vriz,	S.	(2018).	Hydrogen	peroxide	

and redox regulation of developments. Antioxidants, 7,	159.
Ren,	J.,	&	Zhang,	Y.	 (2018).	Targeting	autophagy	 in	aging	and	aging-re-

lated cardiovascular diseases. Trends in Pharmacological Sciences, 

39,	1064–1076.
Robbins,	P.	D.,	Jurk,	D.,	Khosla,	S.,	Kirkland,	J.	L.,	LeBrasseur,	N.	K.,	Miller,	

J.	D.,	Passos,	 J.	 F.,	 Pignolo,	R.	 J.,	 Tchkonia,	T.,	&	Niedernhofer,	 L.	
J.	 (2021).	Senolytic	drugs:	Reducing	senescent	cell	viability	to	ex-
tend health span. Annual Review of Pharmacology and Toxicology, 61, 

779–803.
Röning,	 T.,	 Magga,	 J.,	 Laitakari,	 A.,	 Halmetoja,	 R.,	 Tapio,	 J.,	 Dimova,	

E.	 Y.,	 Szabo,	 Z.,	 Rahtu-Korpela,	 L.,	 Kemppi,	 A.,	 Walkinshaw,	
G.,	 Myllyharju,	 J.,	 Kerkelä,	 R.,	 Koivunen,	 P.,	 &	 Serpi,	 R.	 (2022).	
Activation	 of	 the	 hypoxia	 response	 pathway	 protects	 against	

age-induced	cardiac	hypertrophy.	Journal of Molecular and Cellular 

Cardiology, 164,	148–155.
Ronnebaum,	S.	M.,	&	Patterson,	C.	 (2010).	The	FoxO	family	 in	cardiac	

function and dysfunction. Annual Review of Physiology, 72,	81–94.
Rossman,	M.	J.,	Santos-Parker,	 J.	R.,	Steward,	C.	A.	C.,	Bispham,	N.	Z.,	

Cuevas,	L.	M.,	Rosenberg,	H.	L.,	Woodward,	K.	A.,	Chonchol,	M.,	
Gioscia-Ryan,	R.	A.,	Murphy,	M.	P.,	&	Seals,	D.	R.	 (2018).	Chronic	
supplementation	 with	 a	 mitochondrial	 antioxidant	 (MitoQ)	 im-
proves vascular function in healthy older adults. Hypertension, 71, 

1056–1063.
Rota,	M.,	 LeCapitaine,	 N.,	 Hosoda,	 T.,	 Boni,	 A.,	 de	 Angelis,	 A.,	 Padin-

Iruegas,	 M.	 E.,	 Esposito,	 G.,	 Vitale,	 S.,	 Urbanek,	 K.,	 Casarsa,	 C.,	
Giorgio,	 M.,	 Lüscher,	 T.	 F.,	 Pelicci,	 P.	 G.,	 Anversa,	 P.,	 Leri,	 A.,	 &	
Kajstura,	J.	(2006).	Diabetes	promotes	cardiac	stem	cell	aging	and	
heart	failure,	which	are	prevented	by	deletion	of	the	p66shc gene. 

Circulation Research, 99,	42–52.
Roth,	G.	 A.,	Mensah,	G.	 A.,	 Johnson,	 C.	O.,	 Addolorato,	G.,	 Ammirati,	

E.,	Baddour,	 L.	M.,	Barengo,	N.	C.,	Beaton,	A.	Z.,	Benjamin,	E.	 J.,	
Benziger,	C.	P.,	Bonny,	A.,	Brauer,	M.,	Brodmann,	M.,	Cahill,	T.	 J.,	
Carapetis,	J.,	Catapano,	A.	L.,	Chugh,	S.	S.,	Cooper,	L.	T.,	Coresh,	J.,	
…	Fuster,	V.	 (2020).	Global	burden	of	cardiovascular	diseases	and	
risk	factors,	1990–2019:	Update	from	the	GBD	2019	study.	Journal 

of the American College of Cardiology, 76,	2982–3021.
Saeedi,	 S.,	 Thomas,	A.,	 LeGludic,	 S.,	Gergely,	K.,	 Lettlova,	 S.,	Osto,	 E.,	

Allemann,	M.,	Lee,	P.,	&	Beer,	J.	H.	(2022).	Acetate	rescues	the	gut	
microbial	 metabolites	 PAA/PAG-induced	 vascular	 senescence	 by	
epigenetic	and	SASP	regulation.	Circulation, 146,	11851.

Saeedi	 Saravi,	 S.	 S.,	 Bonetti,	 N.	 R.,	 Vukolic,	 A.,	 Vdovenko,	 D.,	 Lee,	 P.,	
Liberale,	L.,	Basso,	C.,	Rizzo,	S.,	Akhmedov,	A.,	Lüscher,	T.	F.,	Camici,	
G.	G.,	&	Beer,	J.	H.	(2023).	Long-term	dietary	n3	fatty	acid	prevents	
aging-related	 cardiac	 diastolic	 and	 vascular	 dysfunction.	Vascular 

Pharmacology, 150, 107175.

Saeedi	 Saravi,	 S.	 S.,	 Eroglu,	 E.,	Waldeck-Weiermair,	M.,	 Sorrentino,	A.,	
Steinhorn,	B.,	Belousov,	V.,	&	Michel,	T.	(2020).	Differential	endo-
thelial signaling responses elicited by chemogenetic H2O2 synthe-
sis. Redox Biology, 36,	101605.

Salerno,	N.,	 Salerno,	 L.,	Marino,	 F.,	 Scalise,	M.,	 Chiefalo,	 A.,	 Panuccio,	
G.,	De	Angelis,	A.,	Cianflone,	E.,	Urbanek,	K.,	&	Torella,	D.	(2022).	
Myocardial regeneration protocols towards the routine clinical sce-
nario:	An	unseemly	path	from	bench	to	bedside.	EClinicalMedicine, 

50, 101530.

Sayed,	 A.,	 Turoczi,	 S.,	 Soares-da-Silva,	 F.,	 Marazzi,	 G.,	 Hulot,	 J.	 S.,	
Sassoon,	 D.,	 &	 Valente,	 M.	 (2022).	 Hypoxia	 promotes	 a	 perina-
tal-like	progenitor	 state	 in	 the	adult	murine	epicardium.	Scientific 

Reports, 12,	9250.
Scesa,	G.,	Adami,	R.,	&	Bottai,	D.	(2021).	iPSC	preparation	and	epigenetic	

memory: Does the tissue origin matter? Cell, 10, 1470.

Seshadri,	 G.,	 Che,	 P.	 L.,	 Boopathy,	 A.	 V.,	 &	 Davis,	 M.	 E.	 (2012).	
Characterization	 of	 superoxide	 dismutases	 in	 cardiac	 progenitor	
cells demonstrates a critical role for manganese superoxide dis-
mutase. Stem Cells and Development, 21,	3136–3146.

Shabani,	P.,	Ghazizadeh,	Z.,	Gorgani-Firuzjaee,	S.,	Molazem,	M.,	Rajabi,	
S.,	Vahdat,	S.,	Azizi,	Y.,	Doosti,	M.,	Aghdami,	N.,	&	Baharvand,	H.	
(2019).	Cardioprotective	effects	of	omega-3	fatty	acids	and	ascor-
bic	acid	improve	regenerative	capacity	of	embryonic	stem	cell-de-
rived cardiac lineage cells. BioFactors, 45,	427–438.

Shafi,	S.,	Ansari,	H.	R.,	Bahitham,	W.,	&	Aouabdi,	S.	(2019).	The	impact	of	
natural antioxidants on the regenerative potential of vascular cells. 

Frontiers in Cardiovascular Medicine, 6,	28.
Shakeri,	H.,	Lemmens,	K.,	Gevaert,	A.	B.,	de	Meyer,	G.	R.	Y.,	&	Segers,	

V.	 F.	 M.	 (2018).	 Cellular	 senescence	 links	 aging	 and	 diabetes	 in	
cardiovascular disease. American Journal of Physiology. Heart and 

Circulatory Physiology, 315,	H448–H462.
Shi,	Y.,	Inoue,	H.,	Wu,	J.	C.,	&	Yamanaka,	S.	(2017).	Induced	pluripotent	

stem	cell	 technology:	A	decade	of	progress.	Nature Reviews. Drug 

Discovery, 16,	115–130.

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



28 of 30  |     ALLEMANN et al.

Shults,	N.	 V.,	 Kanovka,	 S.	 S.,	 ten	 Eyck,	 J.	 E.,	 Rybka,	 V.,	 &	 Suzuki,	 Y.	 J.	
(2019).	Ultrastructural	 changes	 of	 the	 right	 ventricular	myocytes	
in pulmonary arterial hypertension. Journal of the American Heart 

Association, 8, e011227.

Sies,	H.	(2014).	Role	of	metabolic	H2O2 generation: Redox signaling and 

oxidative stress. The Journal of Biological Chemistry, 289,	8735–8741.
Sinenko,	 S.	 A.,	 Starkova,	 T.	 Y.,	 Kuzmin,	 A.	 A.,	 &	 Tomilin,	 A.	N.	 (2021).	

Physiological	signaling	functions	of	reactive	oxygen	species	in	stem	
cells:	From	flies	to	man.	Frontiers in Cell and Development Biology, 9, 

714370.

Smith,	J.	A.,	&	Daniel,	R.	(2012).	Stem	cells	and	aging:	A	chicken-or-egg	
issue? Aging and Disease, 3,	260–268.

Song,	 P.,	 Zhao,	 Q.,	 &	 Zou,	 M.	 H.	 (2020).	 Targeting	 senescent	 cells	 to	
attenuate cardiovascular disease progression. Ageing Research 

Reviews, 60, 101072.

Song,	 X.,	 Yang,	 B.,	 Qiu,	 F.,	 Jia,	M.,	 &	 Fu,	 G.	 (2017).	 High	 glucose	 and	
free fatty acids induce endothelial progenitor cell senescence via 

PGC-1alpha/SIRT1	signaling	pathway.	Cell Biology International, 41, 

1146–1159.
Sorrentino,	 A.,	 Steinhorn,	 B.,	 Troncone,	 L.,	 Saravi,	 S.	 S.	 S.,	 Badole,	 S.,	

Eroglu,	E.,	Kijewski,	M.	F.,	Divakaran,	S.,	di	Carli,	M.,	&	Michel,	T.	
(2019).	Reversal	of	heart	 failure	 in	a	chemogenetic	model	of	per-
sistent cardiac redox stress. American Journal of Physiology. Heart 

and Circulatory Physiology, 317,	H617–H626.
Spyropoulos,	 F.,	 Sorrentino,	 A.,	 van	 der	 Reest,	 J.,	 Yang,	 P.,	 Waldeck-

Weiermair,	 M.,	 Steinhorn,	 B.,	 Eroglu,	 E.,	 Saeedi	 Saravi,	 S.	 S.,	 Yu,	
P.,	 Haigis,	 M.,	 Christou,	 H.,	 &	 Michel,	 T.	 (2022).	 Metabolomic	
and transcriptomic signatures of chemogenetic heart failure. 

American Journal of Physiology. Heart and Circulatory Physiology, 322, 

H451–H465.
Staudt,	 D.,	 &	 Stainier,	 D.	 (2012).	 Uncovering	 the	molecular	 and	 cellu-

lar	mechanisms	of	heart	development	using	the	zebrafish.	Annual 

Review of Genetics, 46,	397–418.
Stepniewski,	 J.,	 Pacholczak,	 T.,	 Skrzypczyk,	 A.,	 Ciesla,	 M.,	 Szade,	 A.,	

Szade,	K.,	Bidanel,	R.,	Langrzyk,	A.,	Grochowski,	R.,	Vandermeeren,	
F.,	 Kachamakova-Trojanowska,	N.,	 Jez,	M.,	 Drabik,	 G.,	 Nakanishi,	
M.,	 Jozkowicz,	A.,	&	Dulak,	 J.	 (2018).	Heme	oxygenase-1	 affects	
generation and spontaneous cardiac differentiation of induced plu-
ripotent stem cells. IUBMB Life, 70,	129–142.

Sthijns,	M.	M.	J.	P.	E.,	van	Blitterswijk,	C.,	&	LaPointe,	V.	(2018).	Redox	
regulation in regenerative medicine and tissue engineering: The 

paradox of oxygen. Journal of Tissue Engineering and Regenerative 

Medicine, 12,	2013–2020.
Sun,	T.,	Zhang,	L.,	Feng,	J.,	Bao,	L.,	Wang,	J.,	Song,	Z.,	Mao,	Z.,	Li,	J.,	&	

Hu,	Z.	 (2022).	Characterization	of	 cellular	 senescence	 in	 doxoru-
bicin-induced	aging	mice.	Experimental Gerontology, 163,	111800.

Suzuki,	Y.	J.,	&	Shults,	N.	V.	(2019).	Antioxidant	regulation	of	cell	repro-
gramming. Antioxidants, 8, 323.

Sweeney,	M.,	Cook,	S.	A.,	&	Gil,	J.	(2022).	Therapeutic	opportunities	for	
senolysis in cardiovascular disease. FEBS J, 290,	1235–1255.

Taha,	A.,	Sharifpanah,	F.,	Wartenberg,	M.,	&	Sauer,	H.	(2020).	Omega-3	
and	Omega-6	 polyunsaturated	 fatty	 acids	 stimulate	 vascular	 dif-
ferentiation of mouse embryonic stem cells. Journal of Cellular 

Physiology, 235,	7094–7106.
Tan,	B.	L.,	Norhaizan,	M.	E.,	Liew,	W.	P.	P.,	&	Sulaiman	Rahman,	H.	(2018).	

Antioxidant	and	oxidative	stress:	A	mutual	interplay	in	age-related	
diseases. Frontiers in Pharmacology, 9,	1162.

Tao,	G.,	Kahr,	P.	C.,	Morikawa,	Y.,	Zhang,	M.,	Rahmani,	M.,	Heallen,	T.	R.,	
Li,	L.,	Sun,	Z.,	Olson,	E.	N.,	Amendt,	B.	A.,	&	Martin,	J.	F.	(2016).	Pitx2 

promotes heart repair by activating the antioxidant response after 

cardiac injury. Nature, 534,	119–123.
Tatapudy,	S.,	Aloisio,	F.,	Barber,	D.,	&	Nystul,	T.	(2017).	Cell	fate	decisions:	

Emerging roles for metabolic signals and cell morphology. EMBO 

Reports, 18,	2105–2118.

Tchkonia,	T.,	&	Kirkland,	J.	L.	(2018).	Aging,	cell	senescence,	and	chronic	
disease: Emerging therapeutic strategies. Journal of the American 

Medical Association, 320,	1319–1320.
Tenreiro,	M.	F.,	Louro,	A.	F.,	Alves,	P.	M.,	&	Serra,	M.	(2021).	Next	gen-

eration	of	 heart	 regenerative	 therapies:	 Progress	 and	promise	of	
cardiac tissue engineering. NPJ Regenerative Medicine, 6, 30.

Tepper,	 O.	 M.,	 Galiano,	 R.	 D.,	 Capla,	 J.	 M.,	 Kalka,	 C.,	 Gagne,	 P.	 J.,	
Jacobowitz,	 G.	 R.,	 Levine,	 J.	 P.,	 &	 Gurtner,	 G.	 C.	 (2002).	 Human	
endothelial progenitor cells from type II diabetics exhibit impaired 

proliferation, adhesion, and incorporation into vascular structures. 

Circulation, 106,	2781–2786.
Tinkov,	 A.	 A.,	 Ajsuvakova,	 O.	 P.,	 Filippini,	 T.,	 Zhou,	 J.	 C.,	 Lei,	 X.	 G.,	

Gatiatulina,	E.	R.,	Michalke,	B.,	Skalnaya,	M.	G.,	Vinceti,	M.,	Aschner,	
M.,	&	Skalny,	A.	V.	(2020).	Selenium	and	selenoproteins	in	adipose	
tissue physiology and obesity. Biomolecules, 10,	658.

Trajano,	L.	F.,	&	Smart,	N.	(2021).	Immunomodulation	for	optimal	cardiac	
regeneration: Insights from comparative analyses. NPJ Regenerative 

Medicine, 6,	8.
Tsang,	 K.	M.,	 Hyun,	 J.	 S.,	 Cheng,	 K.	 T.,	 Vargas,	M.,	Mehta,	 D.,	 Ushio-

Fukai,	M.,	Zou,	L.,	Pajcini,	K.	V.,	Rehman,	J.,	&	Malik,	A.	B.	(2017).	
Embryonic stem cell differentiation to functional ar terial endothe-
lial	cells	through	sequential	activation	of	ETV2	and	NOTCH1	signal-
ing	by	HIF1α. Stem Cell Reports, 9,	796–806.

Tsao,	 C.	W.,	 Aday,	 A.	W.,	 Almarzooq,	 Z.	 I.,	 Alonso,	 A.,	 Beaton,	 A.	 Z.,	
Bittencourt,	 M.	 S.,	 Boehme,	 A.	 K.,	 Buxton,	 A.	 E.,	 Carson,	 A.	 P.,	
Commodore-Mensah,	 Y.,	 Elkind,	 M.	 S.	 V.,	 Evenson,	 K.	 R.,	 Eze-
Nliam,	C.,	Ferguson,	J.	F.,	Generoso,	G.,	Ho,	J.	E.,	Kalani,	R.,	Khan,	
S.	 S.,	 Kissela,	 B.	 M.,	 …	 Perak,	 A.	 M.	 (2022).	 Heart	 disease	 and	
stroke	statistics—2022	Update:	A	report	from	the	American	Heart	
Association.	Circulation, 145,	e153–e639.

Tsuji,	M.,	Murota,	S.	I.,	&	Morita,	I.	(2003).	Docosapentaenoic	acid	(22:5,	
n-3)	suppressed	tube-forming	activity	in	endothelial	cells	induced	
by vascular endothelial growth factor. Prostaglandins Leukotrienes 

and Essential Fatty Acids, 68,	337–342.
Tsuzuki,	 T.,	 Shibata,	 A.,	 Kawakami,	 Y.,	 Nakagawa,	 K.,	 &	 Miyazawa,	 T.	

(2007).	 Conjugated	 eicosapentaenoic	 acid	 inhibits	 vascular	 en-
dothelial	 growth	 factor-induced	 angiogenesis	 by	 suppressing	 the	
migration of human umbilical vein endothelial cells. The Journal of 

Nutrition, 137,	641–646.
Turinetto,	V.,	Vitale,	E.,	&	Giachino,	C.	(2016).	Senescence	in	human	mes-

enchymal	stem	cells:	Functional	changes	and	implications	in	stem	
cell-based	 therapy.	 International Journal of Molecular Sciences, 17, 

17.

Ungvari,	Z.,	Tarantini,	S.,	Donato,	A.	J.,	Galvan,	V.,	&	Csiszar,	A.	(2018).	
Mechanisms of vascular aging. Circulation Research, 123,	849–867.

Vasa,	M.,	 Fichtlscherer,	 S.,	Aicher,	A.,	Adler,	K.,	Urbich,	C.,	Martin,	H.,	
Zeiher,	 A.	M.,	 &	Dimmeler,	 S.	 (2001).	Number	 and	migratory	 ac-
tivity of circulating endothelial progenitor cells inversely correlate 

with risk factors for coronary artery disease. Circulation Research, 

89,	E1–E7.
Vasu,	 S.,	 Zhou,	 J.,	 Chen,	 J.,	 Johnston,	 P.	 V.,	 &	 Kim,	 D.	 H.	 (2021).	

Biomaterials-based	 approaches	 for	 cardiac	 regeneration.	 Korean 

Circulation Journal, 51,	943–960.
Vemparala,	K.,	Roy,	A.,	Bahl,	V.	K.,	Prabhakaran,	D.,	Nath,	N.,	Sinha,	S.,	

Nandi,	P.,	Pandey,	R.	M.,	Reddy,	K.	S.,	Manhapra,	A.,	&	Lakshmy,	
R.	 (2013).	Early	accelerated	 senescence	of	 circulating	endothelial	
progenitor cells in premature coronary artery disease patients in 

a	 developing	 country–a	 case	 control	 study.	 BMC Cardiovascular 

Disorders, 13, 104.

Villa-Bellosta,	 R.	 (2020).	 Redox	 theory	 in	 progeria.	 Aging, 12, 

20934–20935.
Wang,	K.,	Zhang,	T.,	Dong,	Q.,	Nice,	E.	C.,	Huang,	C.,	&	Wei,	Y.	 (2013).	

Redox	homeostasis:	The	linchpin	in	stem	cell	self-renewal	and	dif-
ferentiation. Cell Death & Disease, 4, e537.

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



    |  29 of 30ALLEMANN et al.

Wang,	L.,	Zhang,	X.,	Xiong,	X.,	Zhu,	H.,	Chen,	R.,	Zhang,	S.,	Chen,	G.,	&	
Jian,	Z.	(2022).	Nrf2	regulates	oxidative	stress	and	its	role	in	cere-
bral ischemic stroke. Antioxidants, 11, 2377.

Wang,	R.,	Liu,	L.,	Liu,	H.,	Wu,	K.,	Liu,	Y.,	Bai,	L.,	Wang,	Q.,	Qi,	B.,	Qi,	B.,	&	
Zhang,	L.	 (2019).	Reduced	NRF2	expression	suppresses	endothe-
lial progenitor cell function and induces senescence during aging. 

Aging, 11,	7021–7035.
Wang,	R.	Y.,	Liu,	L.	H.,	Liu,	H.,	Wu,	K.	F.,	An,	J.,	Wang,	Q.,	Liu,	Y.,	Bai,	

L.	J.,	Qi,	B.	M.,	Qi,	B.	L.,	&	Zhang,	L.	(2018).	Nrf2	protects	against	
diabetic dysfunction of endothelial progenitor cells via regulating 

cell senescence. International Journal of Molecular Medicine, 42, 

1327–1340.
Wang,	T.,	Chen,	K.,	Zeng,	X.,	Yang,	J.,	Wu,	Y.,	Shi,	X.,	Qin,	B.,	Zeng,	L.,	

Esteban,	M.	A.,	Pan,	G.,	&	Pei,	D.	(2011).	The	histone	demethylases	
Jhdm1a/1b	enhance	somatic	cell	reprogramming	in	a	vitamin-C-de-
pendent manner. Cell Stem Cell, 9,	575–587.

Wang,	Y.	B.,	Ma,	S.,	Wang,	Q.,	Hu,	W.	X.,	Wang,	D.	J.,	Li,	X.	J.,	Su,	T.,	Qin,	
X.,	Zhang,	X.	T.,	Ma,	K.,	Chen,	J.	W.,	Xiong,	L.	Z.,	&	Cao,	F.	(2014).	
Effects of cannabinoid receptor type 2 on endogenous myocardial 

regeneration by activating cardiac progenitor cells in mouse in-
farcted heart. Science China. Life Sciences, 57,	201–208.

Wei,	Y.,	Gong,	J.,	Xu,	Z.,	Thimmulappa,	R.	K.,	Mitchell,	K.	L.,	Welsbie,	D.	S.,	
Biswal,	S.,	&	Duh,	E.	J.	(2015).	Nrf2	in	ischemic	neurons	promotes	
retinal	vascular	regeneration	through	regulation	of	semaphorin	6A.	
Proceedings of the National Academy of Sciences, 112,	E6927–E6936.

Westermeier,	F.,	Riquelme,	J.	A.,	Pavez,	M.,	Garrido,	V.,	Díaz,	A.,	Verdejo,	
H.	 E.,	 Castro,	 P.	 F.,	 García,	 L.,	 &	 Lavandero,	 S.	 (2016).	 New	mo-
lecular insights of insulin in diabetic cardiomyopathy. Frontiers in 

Physiology, 7, 125.

Wiley,	C.	D.,	&	Campisi,	 J.	 (2021).	The	metabolic	 roots	of	 senescence:	
Mechanisms and opportunities for intervention. Nature Metabolism, 

3,	1290–1301.
Wood,	 W.	 A.,	 Krishnamurthy,	 J.,	 Mitin,	 N.,	 Torrice,	 C.,	 Parker,	 J.	 S.,	

Snavely,	A.	C.,	Shea,	T.	C.,	Serody,	J.	S.,	&	Sharpless,	N.	E.	 (2016).	
Chemotherapy	and	stem	cell	transplantation	increase	p16INK4a ex-
pression,	a	biomarker	of	T-cell	aging.	EBioMedicine, 11,	227–238.

Wu,	T.	C.,	Chen,	J.	S.,	Wang,	C.	H.,	Huang,	P.	H.,	Lin,	F.	Y.,	Lin,	L.	Y.,	Lin,	S.	
J.,	&	Chen,	J.	W.	(2019).	Activation	of	heme	oxygenase-1	by	Ginkgo 

biloba extract differentially modulates endothelial and smooth 

muscle-like	progenitor	cells	for	vascular	repair.	Scientific Reports, 9, 

17316.
Wu,	X.,	Wei,	J.,	Yi,	Y.,	Gong,	Q.,	&	Gao,	J.	(2022).	Activation	of	Nrf2	sig-

naling:	 A	 key	molecular	mechanism	 of	 protection	 against	 cardio-
vascular diseases by natural products. Frontiers in Pharmacology, 13, 

1057918.
Wu,	Y.,	Tang,	L.,	Huang,	H.,	Yu,	Q.,	Hu,	B.,	Wang,	G.,	Ge,	F.,	Yin,	T.,	Li,	S.,	&	

Yu,	X.	(2023).	Phosphoglycerate	dehydrogenase	activates	PKM2	to	
phosphorylate histone H3T11 and attenuate cellular senescence. 

Nature Communications, 14, 1323.

Wybranowski,	T.,	Ziomkowska,	B.,	Cyrankiewicz,	M.,	Bosek,	M.,	Pyskir,	
J.,	Napiórkowska,	M.,	&	Kruszewski,	S.	(2022).	A	study	of	the	oxi-
dative	processes	 in	human	plasma	by	 time-resolved	 fluorescence	
spectroscopy. Scientific Reports, 12,	9012.

Xiang,	Q.,	Tian,	F.,	Xu,	J.,	du,	X.,	Zhang,	S.,	&	Liu,	L.	(2022).	New	insight	
into	 dyslipidemia-induced	 cellular	 senescence	 in	 atherosclerosis.	
Biological Reviews, 97,	1844–1867.

Xie,	S.,	Xu,	S.	C.,	Deng,	W.,	&	Tang,	Q.	 (2023).	Metabolic	 landscape	 in	
cardiac aging: Insights into molecular biology and therapeutic impli-
cations. Signal Transduction and Targeted Therapy, 8, 114.

Xu,	 M.,	 Pirtskhalava,	 T.,	 Farr,	 J.	 N.,	 Weigand,	 B.	 M.,	 Palmer,	 A.	 K.,	
Weivoda,	M.	M.,	 Inman,	 C.	 L.,	Ogrodnik,	M.	 B.,	 Hachfeld,	 C.	M.,	
Fraser,	D.	G.,	Onken,	J.	L.,	Johnson,	K.	O.,	Verzosa,	G.	C.,	Langhi,	L.	
G.	P.,	Weigl,	M.,	Giorgadze,	N.,	LeBrasseur,	N.	K.,	Miller,	J.	D.,	Jurk,	
D.,	…	Kirkland,	 J.	 L.	 (2018).	 Senolytics	 improve	 physical	 function	
and increase lifespan in old age. Nature Medicine, 24,	1246–1256.

Yamakawa,	 H.,	 &	 Ieda,	 M.	 (2021).	 Cardiac	 regeneration	 by	 direct	 re-
programming in this decade and beyond. Inflammation and 

Regeneration, 41, 20.

Yang,	H.	H.,	Chen,	Y.,	Gao,	C.	Y.,	Cui,	Z.	T.,	&	Yao,	J.	M.	(2017).	Protective	
effects	 of	microRNA-126	 on	 human	 cardiac	microvascular	 endo-
thelial	cells	against	hypoxia/reoxygenation-induced	 injury	and	 in-
flammatory	response	by	activating	PI3K/Akt/eNOS	signaling	path-
way. Cellular Physiology and Biochemistry, 42,	506–518.

Yang,	 J.,	 Zhang,	 Y.,	Na,	 X.,	 &	 Zhao,	A.	 (2022).	β-Carotene	 supplemen-
tation	and	risk	of	cardiovascular	disease:	A	systematic	review	and	
meta-analysis	of	randomized	controlled	trials.	Nutrients, 14,	1284.

Yao,	Y.,	Ding,	 J.,	Wang,	Z.,	Zhang,	H.,	Xie,	 J.,	Wang,	Y.,	Hong,	L.,	Mao,	
Z.,	Gao,	J.,	&	Gao,	C.	(2020).	ROS-responsive	polyurethane	fibrous	
patches	loaded	with	methylprednisolone	(MP)	for	restoring	struc-
tures and functions of infarcted myocardium in vivo. Biomaterials, 

232,	119726.
Ye,	S.,	Zhao,	T.,	Zhang,	W.,	Tang,	Z.,	Gao,	C.,	Ma,	Z.,	Xiong,	J.	W.,	Peng,	J.,	

Tan,	W.	Q.,	&	Chen,	J.	(2020).	p53	isoform	Δ113p53	promotes	ze-
brafish heart regeneration by maintaining redox homeostasis. Cell 

Death & Disease, 11,	568.
Ye,	Y.,	Li,	J.,	&	Yuan,	Z.	(2013).	Effect	of	antioxidant	vitamin	supplemen-

tation	on	cardiovascular	outcomes:	A	meta-analysis	of	randomized	
controlled trials. PLoS One, 8,	e56803.

Ying,	Z.,	Xiang,	G.,	Zheng,	L.,	Tang,	H.,	Duan,	L.,	Lin,	X.,	Zhao,	Q.,	Chen,	
K.,	Wu,	Y.,	Xing,	G.,	Lv,	Y.,	Li,	L.,	Yang,	L.,	Bao,	F.,	Long,	Q.,	Zhou,	Y.,	
He,	X.,	Wang,	Y.,	Gao,	M.,	…	Liu,	X.	 (2018).	Short-term	mitochon-
drial permeability transition pore opening modulates histone lysine 

methylation at the early phase of somatic cell reprogramming. Cell 

Metabolism, 28,	935–945.
Yokoyama,	R.,	Ii,	M.,	Masuda,	M.,	Tabata,	Y.,	Hoshiga,	M.,	Ishizaka,	N.,	&	

Asahi,	M.	(2019).	Cardiac	regeneration	by	statin-polymer	nanopar-
ticle-loaded	adipose-derived	stem	cell	therapy	in	myocardial	infarc-
tion. Stem Cells Translational Medicine, 8,	1055–1067.

Zee,	R.	S.,	Yoo,	C.	B.,	Pimentel,	D.	R.,	Perlman,	D.	H.,	Burgoyne,	J.	R.,	Hou,	
X.,	McComb,	M.	 E.,	 Costello,	 C.	 E.,	 Cohen,	 R.	 A.,	 &	 Bachschmid,	
M.	M.	 (2010).	 Redox	 regulation	 of	 sirtuin-1	 by	 S-glutathiolation.	
Antioxidants & Redox Signaling, 13,	1023–1032.

Zeng,	Y.	C.,	Peng,	L.	S.,	Zou,	L.,	Huang,	S.	F.,	Xie,	Y.,	Mu,	G.	P.,	Zeng,	X.	
H.,	Zhou,	X.	L.,	&	Zeng,	Y.	C.	(2017).	Protective	effect	and	mecha-
nism	of	lycopene	on	endothelial	progenitor	cells	(EPCs)	rom	type	2	
diabetes mellitus rats. Biomedicine & Pharmacotherapy, 92,	86–94.

Zhang,	F.	X.,	Chen,	M.	L.,	Shan,	Q.	J.,	Zou,	J.	G.,	Chen,	C.,	Yang,	B.,	Xu,	
D.	 J.,	 Jin,	Y.,	&	Cao,	K.	 J.	 (2007).	Hypoxia	 reoxygenation	 induces	
premature	 senescence	 in	 neonatal	 SD	 rat	 cardiomyocytes.	 Acta 

Pharmacologica Sinica, 28,	44–51.
Zhang,	 J.,	 He,	 Z.,	 Fedorova,	 J.,	 Logan,	 C.,	 Bates,	 L.,	 Davitt,	 K.,	 le,	 V.,	

Murphy,	J.,	Li,	M.,	Wang,	M.,	Lakatta,	E.	G.,	Ren,	D.,	&	Li,	J.	(2021).	
Alterations	 in	 mitochondrial	 dynamics	 with	 age-related	 Sirtuin1/
Sirtuin3	deficiency	 impair	 cardiomyocyte	 contractility.	Aging Cell, 

20,	e13419.
Zhang,	L.,	Wang,	Y.,	Li,	Y.,	Li,	L.,	Xu,	S.,	Feng,	X.,	&	Liu,	S.	(2018).	Hydrogen	

sulfide	(H2S)-releasing	compounds:	Therapeutic	potential	in	cardio-
vascular diseases. Frontiers in Pharmacology, 9,	1066.

Zhang,	W.,	Zhang,	S.,	Yan,	P.,	Ren,	J.,	Song,	M.,	Li,	J.,	Lei,	J.,	Pan,	H.,	Wang,	
S.,	Ma,	X.,	Ma,	S.,	Li,	H.,	Sun,	F.,	Wan,	H.,	Li,	W.,	Chan,	P.,	Zhou,	Q.,	
Liu,	G.	H.,	Tang,	F.,	&	Qu,	J.	(2020).	A	single-cell	transcriptomic	land-
scape of primate arterial aging. Nature Communications, 11, 2202.

Zhang,	Y.,	Murugesan,	P.,	Huang,	K.,	&	Cai,	H.	(2020).	NADPH	oxidases	
and	oxidase	crosstalk	in	cardiovascular	diseases:	Novel	therapeutic	
targets. Nature Reviews. Cardiology, 17,	170–194.

Zhou,	G.,	Meng,	S.,	Li,	Y.,	Ghebre,	Y.	T.,	&	Cooke,	 J.	P.	 (2016).	Optimal	
ROS	signaling	is	critical	for	nuclear	reprogramming.	Cell Reports, 15, 

919–925.
Zhou,	J.,	Liu,	W.,	Zhao,	X.,	Xian,	Y.,	Wu,	W.,	Zhang,	X.,	Zhao,	N.,	Xu,	F.	

J.,	&	Wang,	C.	 (2021).	Natural	melanin/alginate	hydrogels	achieve	

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



30 of 30  |     ALLEMANN et al.

cardiac	repair	through	ROS	scavenging	and	macrophage	polariza-
tion. Advancement of Science, 8, 2100505.

Zhou,	X.,	Zhang,	C.,	Wu,	X.,	Hu,	X.,	Zhang,	Y.,	Wang,	X.,	Zheng,	L.,	Gao,	
P.,	 du,	 J.,	Zheng,	W.,	 Shang,	H.,	Hu,	K.,	 Jiang,	Z.,	Nie,	Y.,	Hu,	S.,	
Xiao,	R.	P.,	Zhu,	X.,	&	Xiong,	J.	W.	(2022).	Dusp6	deficiency	atten-
uates	neutrophil-mediated	cardiac	damage	in	the	acute	inflamma-
tory phase of myocardial infarction. Nature Communications, 13, 

6672.
Zhu,	 S.,	 Liu,	X.,	 Li,	 Y.,	Goldschmidt-Clermont,	 P.	 J.,	&	Dong,	C.	 (2007).	

Aging	 in	 the	 atherosclerosis	milieu	may	 accelerate	 the	 consump-
tion of bone marrow endothelial progenitor cells. Arteriosclerosis, 

Thrombosis, and Vascular Biology, 27,	113–119.
Zhu,	Y.,	Tchkonia,	T.,	Pirtskhalava,	T.,	Gower,	A.	C.,	Ding,	H.,	Giorgadze,	

N.,	Palmer,	A.	K.,	Ikeno,	Y.,	Hubbard,	G.	B.,	Lenburg,	M.,	O'Hara,	S.	P.,	

LaRusso,	N.	F.,	Miller,	J.	D.,	Roos,	C.	M.,	Verzosa,	G.	C.,	LeBrasseur,	
N.	K.,	Wren,	J.	D.,	Farr,	J.	N.,	Khosla,	S.,	…	Kirkland,	J.	L.	(2015).	The	
Achilles'	heel	of	 senescent	cells:	From	transcriptome	 to	senolytic	
drugs. Aging Cell, 144,	644–658.

How to cite this article: Allemann,	M.	S.,	Lee,	P.,	Beer,	J.	H.,	&	
Saeedi	Saravi,	S.	S.	(2023).	Targeting	the	redox	system	for	
cardiovascular regeneration in aging. Aging Cell, 22, e14020. 

https://doi.org/10.1111/acel.14020

 1
4
7
4
9
7
2
6
, 2

0
2
3
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/acel.1

4
0
2
0
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se


	Targeting the redox system for cardiovascular regeneration in aging
	Abstract
	1|CARDIOVASCULAR AGING AND DISRUPTED REGENERATIVE CAPACITY
	2|CARDIOVASCULAR REGENERATION: CURRENT STRATEGIES AND PITFALLS
	3|REDOX SYSTEM: ORCHESTRA CONDUCTOR OF INTRINSIC CARDIOVASCULAR REGENERATION
	4|H2O2 AND OTHER ROS
	5|ANTIOXIDANTS
	5.1|Nrf2
	5.1.1|In EPCs
	5.1.2|In CPCs

	5.2|HIF-1α
	5.2.1|In EPCs
	5.2.2|In CPCs


	6|REDOX HOMEOSTASIS: VITAL FOR CELL REPROGRAMMING TO CARDIOVASCULAR LINEAGES
	7|CHEMICAL ENTITIES TARGETING REDOX SYSTEM FOR CARDIOVASCULAR REGENERATION
	7.1|Nrf2 inducers
	7.2|HO-1 inducers
	7.3|H2S-releasing compounds
	7.4|Statins
	7.5|Other redox-regulating compounds with regenerative potential
	7.6|Senolytics
	7.7|Biomaterials modulating redox homeostasis for cardiovascular regeneration

	8|CONCLUDING REMARKS AND FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


