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Editorial	on	the	Research	Topic
Endocrine	Frailty	in	the	Elderly

Geriatric	 Endocrinology	 represents	 a	 challenge	 for	 each	 of	 the	 two	 specialists
involved.	Accordingly,	malpractice	is	common	since	the	change	of	the	hormone
balance	with	aging	and	the	presence	of	comorbidities.	Frailty	is	a	multifactorial
clinical	 entity	with	 a	 complex	physiopathology,	 characterized	by	 alterations	 of
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several	functional	pathways	from	an	endocrinological	point	of	view.	The	present
issue	of	Frontiers	 in	Endocrinology	focuses	on	the	most	recent	advances	in	the
field	 of	 endocrinology	 of	 aging,	 particularly	 referring	 to	 endocrine-related
frailties.	The	aim	is	to	evaluate	the	main	endocrinological	changes	of	the	elderly
and	their	systemic	clinical	relapses.	The	structure	of	the	special	issue	includes	11
reviews	and	two	original	articles,	dealing	with	the	main	chapters,	and	hot	topics
of	geriatric	endocrinology.

Longo	 et	 al.	 deeply	 discuss	 the	 clinical	 management	 of	 type	 2	 diabetes,
which	 represents	 a	 real	 challenge	 for	 the	 physician.	 They	 also	 undertake	 the
management	of	glycemic	goals	and	antihyperglycemic	treatments	in	accordance
to	 the	 medical	 history	 and	 comorbidities,	 giving	 preference	 to	 drugs	 that	 are
associated	 with	 low	 risk	 of	 hypoglycemia	 (i.e.,	 metformin,	 pioglitazone,
dipeptidyl-peptidase-4	 inhibitors,	 glucagon-like	 peptide	 1	 receptor	 agonists).
They	 conclude	 that	 insulin	 secretagogue	 agents	 need	 caution	 because	 of	 their
significant	 hypoglycemic	 risk.	 When	 used,	 short-acting	 sulfonylureas	 (e.g.,
gliclazide)	or	glinides	(e.g.,	repaglinide)	should	be	preferred.

Hypothyroidism	in	the	elderly	is	another	debated	issue	that	impacts	on	many
aspects	 of	 cognitive	 impairment	 and	 on	 surgical	 outcomes.	 Calsolaro	 et	 al.
summarize	the	recommendations	for	a	correct	diagnostic	workup	and	therapeutic
approach	 to	older	people	with	 increased	TSH	values,	 especially	with	 regard	 to
the	 presence	 of	 frailty,	 comorbidities,	 and	 poly-therapy.	 Vacante	 et	 al.	 report
evidence	 coming	 from	 few	 randomized	 clinical	 trials	 investigating	 the
association	 between	 non-thyroidal	 illness	 (or	 low-T3	 syndrome)	 and	 adverse
surgical	 outcomes.	 They	 recommend	 to	 postpone	 elective	 surgery	 in	 elderly
patients	 with	 hypothyroidism	 until	 the	 euthyroid	 state	 is	 achieved.	 If	 patients
need	 urgent	 or	 emergent	 surgery,	 it	 is	 recommended	 to	 proceed	 with	 surgery
only	 in	 case	 of	 mild	 or	 moderate	 hypothyroidism.	 In	 this	 setting,	 a	 strong
association	between	T3/T4	ratio	 reduction	 recently	emerged	as	surrogate	 index
of	frailty	and	independent	marker	of	survival	(1).

Adrenal	function	in	the	elderly	is	a	controversial	 issue	for	clinicians.	In	the
presence	of	 chronically	 increased	glucocorticoid	 levels,	 normal	 stress	 response
in	the	elderly	is	impaired,	leading	to	other	age-related	changes,	including	loss	of
muscle	mass,	hypertension,	osteopenia,	visceral	obesity,	and	diabetes.	Yiallouris
et	 al.	 discuss	 on	 the	 complexity	 of	 the	 adrenal	 hormone	 changes	 observed
throughout	the	normal	aging	process,	 including	surgical	procedures.	In	contrast
to	 the	 increase	 in	 glucocorticoid	 levels,	 other	 adrenocortical	 hormones,
particularly	 serum	 aldosterone	 and	 DHEA,	 show	 significant	 decreases	 in	 the
elderly.	 Gorini	 et	 al.	 provide	 robust	 evidence	 that	 aldosterone	 and	 the
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mineralocorticoid	 receptor	 (MR)	dysregulation	may	play	 a	 relevant	 role	 in	 the
control	 of	 cardiovascular	 and	metabolic	 functions	 in	 the	 elderly	 by	 promoting
vasoconstriction	 and	 acting	 as	 potent	 pro-fibrotic	 agents	 in	 cardiovascular
remodeling.	 Also,	 MR	 contributes	 to	 increase	 blood	 pressure	 with	 aging	 by
regulating	 myogenic	 tone,	 vasoconstriction,	 and	 vascular	 oxidative	 stress.	 In
addition,	dysregulation	of	MR	signaling	is	associated	with	hypertension,	obesity
and	diabetes,	 representing	 an	 important	 cause	of	 increased	 cardiovascular	 risk.
Plasma	 aldosterone	 concentrations	 decrease	 in	 the	 elderly	 as	 well	 as	 skeletal
muscle	content.	Interestingly,	in	a	human	model	of	aldosterone	excess	[primary
hyperaldosteronism	(PA)],	Kwak	et	al.	demonstrate	that	skeletal	muscle	mass	of
women	with	PA	was	lower	than	controls,	suggesting	that	excess	of	aldosterone
may	exert	adverse	effects	on	skeletal	muscle	metabolism.	The	clinical	use	of	MR
antagonists	 is	 limited	 by	 the	 adverse	 effects	 induced	 by	MR	 blockade	 in	 the
kidney,	 rising	 the	 risk	 of	 hyperkalemia	 in	 older	 patients	 with	 reduced	 renal
function.

Musculoskeletal	 aging	 is	 a	major	public	health	concern	due	 to	high	 risk	of
falls,	 loss	 of	 autonomy,	 and	 institutionalization	 with	 small	 health	 outcomes.
Bone	 mineral	 content	 is	 closely	 related	 with	 muscle	 mass.	 Several	 evidence
suggest	 that	 osteoporosis	 and	 sarcopenia	 share	 common	 pathophysiological
factors.	 Furthermore,	 the	 correlation	 between	 low	 bone	 mineral	 density	 and
sarcopenia	 in	both	men	and	women	has	been	showed.	Accordingly,	sarcopenia
and	osteoporosis,	which	are	 typical	 features	of	aging,	are	often	associated	with
each	other	and	with	the	frailty	syndrome.	Greco	et	al.	investigated	the	interplay
between	 frailty	 syndrome,	 typical	of	 the	older	people,	 and	 the	 reduction	 in	 the
quality	of	life	and	mobility.	By	contrast,	Vitale	et	al.	discussed	the	potential	role
of	 the	 IGF-1	 system	 in	 the	 modulation	 of	 longevity,	 hypothesizing	 that	 the
endocrine	 and	metabolic	 adaptation	 observed	 in	 centenarians	 and	 in	mammals
during	caloric	restriction	may	be	a	physiological	strategy	for	extending	lifespan
through	a	slower	cell	growth/metabolism,	a	better	physiologic	reserve	capacity,	a
shift	 of	 cellular	 metabolism	 from	 cell	 proliferation	 to	 repair	 activities	 and	 a
decrease	in	accumulation	of	senescent	cells.	In	line	with	this	clinical	evidence,	c-
Kit,	 a	 type	 III	 tyrosine	 kinase	 receptor,	 is	 involved	 in	 multiple	 intracellular
signaling	 whereby	 it	 is	 mainly	 considered	 a	 stem	 cell	 factor	 receptor,
participating	 in	 vital	 functions	 of	 the	 mammalian	 body,	 including	 the	 human.
Marino	et	al.	found	that	c-kit	haploinsufficiency	in	c-kit-deficient	mice	causes	a
worsening	of	myocardial	 repair	after	 injury	and	accelerates	cardiac	aging,	 thus
suggesting	 that	 the	 adult	 myocardium	 relies	 on	 c-kit	 expression	 to	 regenerate
after	injury	and	to	counteract	aging	effects	on	cardiac	structure	and	function.
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Sexual	 and	 reproductive	 functions	 should	 be	 considered	 as	 complimentary
issues	 for	 healthy	 aging.	 It	 is	 known	 that	 older	 people	 are	 interested	 or	 still
engaged	in	sexual	activities	independently	of	gender.	The	age-related	decline	of
testosterone	 often	 determines	 unresponsiveness	 to	 erectogenic	 drugs.	 Meta-
analytic	 data	 addressed	 to	 phosphodiesterase	 type-5	 inhibitors	 (PDE5i)	 a
protective	 role	 on	 the	 cardiovascular	 health	 in	 patients	 with	 decreased	 left
ventricular	ejection	fraction	so	that	the	addition	of	testosterone	to	a	PDE5i	may
represent	 a	 successful	 strategy	 to	 prevent	 male	 sexual	 dysfunctions	 in	 the
presence	 of	 reduced	 testosterone	 levels,	 as	 suggested	 by	 Aversa	 et	 al.	 By
contrast,	psychosocial	factors	play	a	critical	role	in	sexual	functioning	of	elderly
women,	 but	 the	 anatomical	 and	 hormonal	 integrity	 of	 the	 urogenital	 system
importantly	 affects	 many	 aspects	 of	 postmenopausal	 women's	 health	 as	 well,
including	 the	 sexual	 function.	 A	 proper	 assessment	 of	 this	 system	 should
encompass	 genital	 symptoms	 (dryness,	 burning,	 itching,	 irritation,	 bleeding),
sexual	 symptoms	 (dyspareunia	 and	 other	 sexual	 dysfunctions)	 and	 urinary
symptoms	 (dysuria,	 frequency,	urgency,	 recurrent	urinary	 infections).	Nappi	 et
al.	recommends	to	fully	evaluate	all	these	aspects	to	enhance	physical,	emotional
and	mental	well-being	 in	 elderly	 post-menopausal	women	desiring	 sexual	 life.
Finally,	Gallo	et	al.	provide	evidence	addressing	to	advanced	age	a	negative	role
for	 successful	 reproduction	 also	 in	 the	male	 gender,	 by	 reporting	 that	 in	 their
Assisted	Reproduction	Center,	male	age	>43	years-old	doubles	the	probability	of
obtaining	poor	quality	embryos	compared	to	younger	men.

The	development	of	 neuroimaging	has	opened	new	perspectives	 in	 clinical
and	 basic	 research	 and	 has	modified	 the	 concept	 of	 brain	 aging.	 Tigano	 et	 al.
suggest	that	in	the	near	future,	neuroimaging	will	play	an	increasingly	important
role	 in	 the	 definition	 of	 the	 individual's	 brain	 aging	 in	 every	 phase	 of	 the
physiological	 and	 pathological	 process	 and	 discuss	 ethical	 and	 legal	 aspects
related	 to	 precocious	 diagnosis	 of	 brain	 degenerative	 diseases	 with	 regard	 to
social	and	clinical	implications.

AUTHOR	CONTRIBUTIONS

All	authors	listed	have	made	a	substantial,	direct	and	intellectual	contribution	to
this	Editorial	Article,	and	approved	it	for	publication.

REFERENCES

1.	 Pasqualetti	 G,	 Calsolaro	 V,	 Bernardini	 S,	 Linsalata	 G,	 Bigazzi	 R,	 Caraccio	 N,	 et	 al.	 Degree	 of
peripheral	 thyroxin	deiodination,	frailty,	and	long-term	survival	 in	hospitalized	older	patients.	J	Clin

https://doi.org/10.3389/fendo.2019.00225
https://doi.org/10.3389/fendo.2019.00561
https://doi.org/10.3389/fendo.2019.00035
https://doi.org/10.3389/fendo.2019.00217


Endocrinol	Metab.	(2018)	103:1867–76.	doi:	10.1210/jc.2017-02149

Conflict	 of	 Interest	 Statement:	 The	 authors	 declare	 that	 the	 research	 was
conducted	in	the	absence	of	any	commercial	or	financial	relationships	that	could
be	construed	as	a	potential	conflict	of	interest.
Copyright	 ©	 2019	 Aversa,	 Monzani	 and	 La	 Vignera.	 This	 is	 an	 open-access
article	distributed	under	the	terms	of	the	Creative	Commons	Attribution	License
(CC	 BY).	 The	 use,	 distribution	 or	 reproduction	 in	 other	 forums	 is	 permitted,
provided	the	original	author(s)	and	the	copyright	owner(s)	are	credited	and	that
the	 original	 publication	 in	 this	 journal	 is	 cited,	 in	 accordance	 with	 accepted
academic	practice.	No	use,	distribution	or	reproduction	is	permitted	which	does
not	comply	with	these	terms.

https://doi.org/10.1210/jc.2017-02149
http://creativecommons.org/licenses/by/4.0/


REVIEW
published:	01	February	2019

doi:	10.3389/fendo.2019.00027

ROLE	of	IGF-1	System	in	the	Modulation	of
Longevity:	Controversies	and	New	Insights
From	a	Centenarians'	Perspective

Giovanni	Vitale1,2*,	Giuseppe	Pellegrino3,	Maria	Vollery4	and	Leo	J.
Hofland5

1 Laboratorio	Sperimentale	di	Ricerche	di	Neuroendocrinologia	Geriatrica	ed	Oncologica,	Istituto
Auxologico	Italiano	IRCCS,	Milan,	Italy
2 Department	of	Clinical	Sciences	and	Community	Health,	University	of	Milan,	Milan,	Italy
3 Faculty	of	Medicine,	University	of	Campania	“Luigi	Vanvitelli”,	Naples,	Italy
4 ASP	Redaelli	Golgi,	Milan,	Italy
5 Division	Endocrinology,	Department	of	Internal	Medicine,	Erasmus	Medical	Center,	Rotterdam,
Netherlands

Edited	by:
Antonio	Aversa,	Università	degli	Studi	Magna	Græcia	di	Catanzaro,	Italy

Reviewed	by:
Giuseppe	Pasqualetti,	University	of	Pisa,	Italy
Marian	Beekman,	Leiden	University	Medical	Center,	Netherlands

*	Correspondence:	Giovanni	Vitale,	giovanni.vitale@unimi.it

Specialty	section:	This	article	was	submitted	to	Endocrinology	of	Aging,	a	section	of	the	journal
Frontiers	in	Endocrinology

Received:	21	October	2018
Accepted:	15	January	2019
Published:	01	February	2019

Citation:	Vitale	G,	Pellegrino	G,	Vollery	M	and	Hofland	LJ	(2019)	ROLE	of	IGF-1	System	in	the
Modulation	of	Longevity:	Controversies	and	New	Insights	From	a	Centenarians'	Perspective.
Front.	Endocrinol.	10:27.	doi:	10.3389/fendo.2019.00027

https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2019.00027
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2019.00027&domain=pdf&date_stamp=2019-02-01
https://www.frontiersin.org/articles/10.3389/fendo.2019.00027/full
http://loop.frontiersin.org/people/30562/overview
http://loop.frontiersin.org/people/31593/overview
http://loop.frontiersin.org/people/42679/overview
http://loop.frontiersin.org/people/141948/overview
http://loop.frontiersin.org/people/144139/overview
mailto:giovanni.vitale@unimi.it


Human	 aging	 is	 currently	 defined	 as	 a	 physiological	 decline	 of	 biological
functions	 in	 the	 body	 with	 a	 continual	 adaptation	 to	 internal	 and	 external
damaging.	 The	 endocrine	 system	 plays	 a	 major	 role	 in	 orchestrating	 cellular
interactions,	metabolism,	growth,	and	aging.	Several	in	vivo	studies	from	worms
to	mice	 showed	 that	 downregulated	 activity	 of	 the	 GH/IGF-1/insulin	 pathway
could	 be	 beneficial	 for	 the	 extension	 of	 human	 life	 span,	 whereas	 results	 are
contradictory	in	humans.	In	the	present	review,	we	discuss	the	potential	role	of
the	 IGF-1	system	 in	modulation	of	 longevity,	hypothesizing	 that	 the	endocrine
and	 metabolic	 adaptation	 observed	 in	 centenarians	 and	 in	 mammals	 during
caloric	restriction	may	be	a	physiological	strategy	for	extending	lifespan	through
a	slower	cell	growing/metabolism,	a	better	physiologic	reserve	capacity,	a	shift
of	cellular	metabolism	from	cell	proliferation	to	repair	activities	and	a	decrease
in	accumulation	of	senescent	cells.	Therefore,	understanding	of	the	link	between
IGF-1/insulin	 system	 and	 longevity	 may	 have	 future	 clinical	 applications	 in
promoting	healthy	aging	and	in	Rehabilitation	Medicine.

Keywords:	IGF-1,	insulin,	longevity,	centenarians,	caloric	restriction,	aging,
rehabilitation	medicine

INTRODUCTION

Aging	 is	defined	as	a	physiological	decline	of	biological	 functions	 in	 the	body
with	 a	 progressive	 decline	 or	 loss	 of	 adaptation	 to	 internal	 and	 external
damaging.	 In	humans	 the	aging	phenotype	 is	extremely	heterogeneous	and	can
be	 described	 as	 a	 complex	 mosaic	 resulting	 from	 the	 interaction	 of	 several
stochastic	 and	 environmental	 events,	 genetic,	 and	 epigenetic	 alterations
accumulated	 throughout	 the	 lifetime.	 Despite	 its	 enormous	 complexity,	 the
molecular	 basis	 of	 aging	 is	 limited	 to	 few	 highly	 evolutionarily	 conserved
biological	mechanisms	responsible	for	body	maintenance	and	repair	(1).

During	the	last	3	decades	one	of	the	most	discussed	topics	in	gerontology	is
the	 role	 of	 the	 growth	 hormone	 (GH)/insulin-like	 growth	 factor-1	 (IGF-
1)/insulin	system	in	the	regulation	of	longevity.	Accumulating	evidence	suggests
that	 this	 pathway	 plays	 an	 essential	 role	 in	 the	 pathogenesis	 of	 several	 age-
related	 diseases	 including	 cancer,	 dementia,	 cardiovascular,	 and	 metabolic
diseases	(2–4).

In	animal	models	it	was	shown	that	down-regulation	of	the	GH/IGF-1/insulin
system	 significantly	 prolongs	 the	 lifespan.	 However,	 in	 humans	 data	 are
contradictory	(5,	6).



This	review	describes	the	latest	advances	in	the	research	of	the	IGF-1	system
and	 modulation	 of	 longevity,	 hypothesizing	 that	 the	 endocrine	 and	 metabolic
adaptation	 observed	 in	 centenarians	 and	 in	mammals	 during	 caloric	 restriction
may	 be	 a	 physiological	 strategy	 for	 extending	 lifespan	 through	 a	 slower	 cell
growing/metabolism,	 a	 better	 control	 in	 signal	 transmission	 and	 physiologic
reserve	capacity	and	a	decrease	in	accumulation	of	senescent	cells.	A	review	of
the	 literature	 was	 conducted	 using	 PubMed	 database	 with	 the	 following
keywords:	 “IGF-1”	 or	 “IGF-I”	 and	 “longevity.”	 The	 search	 included	 articles
published	in	the	English	language	between	January	2008	and	August	2018.

IGF-1	SYSTEM	AND	LONGEVITY	IN	ANIMAL	MODELS

IGF-1	system	has	several	pleiotropic	effects	on	biological	aging	(Figure	1).	IGF-
1	 plays	 a	 relevant	 role	 in	 fetal	 development,	 growth	 during	 childhood	 and
adolescence,	 and	 adult	 tissue	 homeostasis.	 In	 addition,	 IGF-1	 seems	 to	 have
atheroprotective	 actions,	 neural	 protective,	 and	 insulin-like	 effects	 (at	 high
concentrations)	 and	 to	 regulate	 skeletal	 metabolism	 and	 muscle	 regeneration.
Nevertheless,	 IGF-1	 is	 a	 main	 risk	 factor	 in	 several	 tumors	 due	 to	 its	 potent
proliferative	activity,	mainly	through	the	modulation	of	cell	cycle,	apoptosis,	and
cell	 survival	 (7–9).	Most	 of	 these	 effects	 are	mediated	 through	 the	 interaction
with	 insulin	 receptor	 substrate	 (IRS)-1	 and-2	 and	 the	 modulation	 of	 the
PI3K/AKT/	mammalian	target	of	rapamycin	(mTOR)	pathway	(Figure	2).

FIGURE	1.	Pleiotropic	effects	of	IGF-1	on	health	status.



FIGURE	2.	Schematic	and	simplified	representation	of	the	several	components	of	the	IGF-
1/PI3K/AKT/mTOR	pathway	discussed	in	this	review.	IGF-1	increases	the	activity	of	AKT
protein	with	relevant	effects	on	cell	survival	and	proliferation,	glucose	metabolism	and	protein
synthesis.

Several	 preclinical	 studies	 reported	 that	 mutation	 in	 genes	 controlling	 the
GH/IGF-1/insulin	 signaling	pathway	can	 significantly	 increase	 lifespan	 in	both
invertebrate	and	vertebrate	animal	models	(5,	6).

Invertebrate	Models
In	 invertebrates,	 the	 insulin/IGF-like	 cascade	 is	 regulated	 by	 several	 peptides,
able	to	interact	with	a	single,	common	insulin/IGF-1-like	receptor.

In	 the	 nematode	 Caenorhabditis	 elegans	 the	 insulin/IGF-like	 pathway
consists	of	several	proteins	encoded	by	the	genes	daf-2	(insulin/IGF-1	receptor-
like	protein),	age-1	(encoding	the	catalytic	subunit	of	PI3K),	akt-1,	akt-2,	pdk-1,
sgk-1	 (serine-threonine	 kinases),	 daf-16	 (forkhead	 transcription	 factor	 and	 the
major	 target	 of	 insulin-like	 signaling	 in	 Caenorhabditis	 elegans),	 skn-1
(oxidative-stress-responsive	 transcription	 factor)	 and	 daf-18	 (PTEN,	 a
phosphatase,	involved	in	inhibition	of	the	AKT	signaling	pathway).	The	reduced
activity	 of	 daf-2,	 age-1,	 akt-1,	 akt-2,	 pdk-1,	 sgk-1	 genes	 were	 shown	 to
downregulate	this	pathway,	and	the	animals	with	these	mutations	were	reported
to	age	more	slowly	and	to	have	an	increased	lifespan	up	to	300%.	In	contrast,	the
stimulation	of	the	insulin/IGF-like	pathway	decreases	the	lifespan	of	nematodes
(10,	11).

In	 the	 fruit	 fly	 Drosophila	 melanogaster	 the	 insulin/IGF-like	 signaling
consists	of	 the	dINR	(Insulin	 /IGF-1	receptor-like	protein),	 the	 insulin	receptor
substrate	CHICO,	 the	PI3K	Dp110/p60,	and	 the	PI3K	 target	PKB	(akt-1).	The
flies	with	mutation	in	these	genes	were	reported	to	have	significantly	increased



longevity	(12,	13).
Surprisingly,	 the	 same	 molecular	 mechanisms	 in	 different	 tissues	 do	 not

influence	 aging	 equally.	 Several	 studies	 in	 nematodes	 and	 fruit	 flies	 have
suggested	that	reduced	insulin/IGF-like	signaling	in	nervous	and	adipose	tissues
has	 the	major	role	 in	regulation	of	 longevity	(14,	15).	Although	in	 invertebrate
models	it	was	shown	that	this	cascade	is	relevant	in	the	modulation	of	lifespan,
the	 influence	of	 insulin/IGF-like	signaling	on	 longevity	 is	much	more	complex
in	vertebrates,	since	they	have	functionally	specific	 insulin	and	IGF	molecules,
IGF	 binding	 proteins	 (IGFBPs),	 IGFBP	 proteases,	GH,	multiple	 receptors	 and
several	 mechanisms	 of	 intracellular	 signaling	 with	 different	 tissue	 specific
expression	(16).

Vertebrate	Models
Several	GH/IGF-1	mutant	mice	have	been	developed	with	different	targets.	The
most	relevant	models	are	described	below.

Snell	and	Ames	Mice
Snell	 and	Ames	mice	 are	 two	mouse	 strains	 with	mutations	 in	 the	 PIT-1	 and
PROP-1	genes,	respectively	(17,	18).	Since	both	PIT-1	and	PROP-1	proteins	are
required	for	the	differentiation	of	pituitary	cells	that	produce	GH,	prolactin	and
TSH,	 both	 types	 of	 homozygous	 mutant	 mice	 lack	 all	 three	 hormones	 (18).
These	 models	 have	 shown	 remarkable	 extension	 of	 longevity	 (42–70%	 more
than	 wild	 type	 mice),	 enhanced	 insulin	 sensitivity	 and	 lower	 tumor	 incidence
(19,	20).	When	Ames	dwarfs	were	exposed	 to	caloric	 restriction,	 their	 lifespan
increased	even	further	(21).	Although	these	animals	lack	three	hormones,	it	has
been	 demonstrated	 that	 lifespan	 extension	 is	 mainly	 influenced	 by	 the	 GH
deficiency	(22).

Lit/lit	Mice
Lit/lit	mice	are	GH-deficient,	carrying	a	mutation	in	the	gene	which	encodes	the
GH-releasing	hormone	receptor	(GHRHR).	These	animals	were	dwarfs,	showed
increased	adiposity,	lower	tumor	incidence	and	a	lifespan	increased	by	23–25%
(19).

GH-Releasing	Hormone-Knockout	(GHRH-KO)	Mice
GH-releasing	hormone-knockout	 (GHRH-KO)	mice	 live	43%	 (in	 females)	 and
51%	 (in	 males)	 longer	 than	 wild-type	 animals	 and	 share	 many	 phenotypic
characteristics	 with	 Ames	 dwarf	 mice,	 such	 as	 enhanced	 insulin	 sensitivity,



reduction	 in	 plasma	 triglyceride	 and	 cholesterol	 levels,	 increase	 in	 adiposity,
plasma	leptin,	and	adiponectin	levels	(23).

The	GH-Receptor-Knockout	(GHR-KO)	Mice
The	GH-receptor-knockout	(GHR-KO)	mice	has	elevated	serum	GH	levels	and
very	 low	 IGF-1	 levels.	 Also	 this	 strain	 of	mice	 was	 reported	 to	 live	 38–55%
longer	than	wild-type	(24)	and	showed	attenuation	in	oxidative	stress,	as	well	as
a	lower	and	delayed	onset	of	fatal	tumors	(25).	Similar	results	were	observed	in
df/KO	mice,	crossing	GHR-KO	mice	and	Ames	dwarfs,	that	lacked	both	GH	and
GH	receptor	and	maintained	extended	 longevity	 (26).	Unlike	wild	siblings	and
Ames	dwarf	mice,	caloric	restriction	did	not	further	enhance	longevity	of	GHR-
KO	mice,	suggesting	that	the	GH/IGF-1	axis	and	caloric	restriction	might	have
similar	or	partly	overlapping	mechanisms	for	lifespan	prolongation	(27).

GH	Receptor	Antagonism	(GHA)
Not	all	animal	models	with	suppression	of	GH/IGF-1	system	exhibit	an	increase
in	lifespan.	The	GHA	mouse	strain	is	one	such	example.	GHA,	generated	by	the
substitution	of	one	amino	acid	(Gly199	Arg	 in	bovine	GH),	 is	able	 to	bind	 the
GH	 receptor	 with	 the	 same	 affinity	 as	 GH,	 but	 does	 not	 cause	 intracellular
signaling.	The	lifespan	of	GHA	mice	was	not	significantly	increased	(28).

IGF-1R+/−	Mice
While	most	of	the	IGF-1	receptor	null	mice	(IGF-1R−/−)	die	at	birth,	the	animals
heterozygous	for	a	mutated	allele	of	the	IGF-1	receptor	(IGF-1R+/−)	showed	very
low	serum	IGF-1	levels,	about	10%	smaller	size	and	a	33%	increased	lifespan	in
females	and	16%	in	males.	However,	in	this	study	the	wild-type	controls	lived	to
only	 19	months	 of	 age,	 compromising	 the	 interpretation	 of	 results	 (29).	More
recent	studies	evaluating	the	lifespan	in	another	IGF-1R+/−	line	exhibited	a	mild
5–10%	 increase	 in	 lifespan,	 but	 only	 in	 females	 (30,	 31).	 In	 addition,	 the
underlying	background	strain	seems	to	influence	the	degree	of	life	extension	in
several	murine	models	(32).

A	Brain-Specific	IGF1-R+/−

A	brain-specific	IGF1-R+/−	mutant	lived	9%	longer	than	wild-type,	underling	the
relevant	role	of	the	neural	system	in	the	modulation	of	longevity	(33).

Liver-Specific	IGF-1-Disrupted	Mice	(LI-IGF-1−/−	Mice)
Liver-specific	 IGF-1-disrupted	 mice	 (LI-IGF-1−/−	 mice)	 have	 very	 low	 serum



IGF-1	 levels	and	high	 serum	GH	 levels	due	 to	 inactivation	of	 the	 IGF-1	gene.
LI-IGF-1−/−	 mice	 exhibited	 markedly	 decreased	 adiposity	 and	 as	 a	 result	 had
25%	lower	weight	than	wild-type	mice.	Only	female	LI-IGF-1−/−	mice	showed	a
16%	increase	in	lifespan	compared	to	that	observed	in	control	mice	(34).

Pappa−/−	Mice
Pappa−/−	mice	are	the	knockout	for	the	pregnancy	associated	plasma	A	(PAPPA)
gene,	 a	 specific	 protease	 for	 IGF	 binding	 proteins.	 The	mean	 lifespan	 of	 this
mouse	 strain	 was	 38%	 longer	 compared	 to	 wild	 type	 controls.	 Pappa−/−	 mice
were	 dwarfs,	 but	 their	 serum	 glucose,	 insulin,	 IGF-1	 and	GH	 levels	 were	 not
different	from	those	of	wild-type	controls,	suggesting	that	PAPPA	acts	mostly	at
autocrine	 or	 paracrine	 level	 and	 providing	 evidence	 for	 the	 role	 of	 local
availability	 of	 IGF-1	 in	 the	 modulation	 of	 longevity.	 In	 addition	 to	 extended
longevity,	 Pappa−/−	 mice	 showed	 a	 lower	 incidence	 of	 tumor	 development,	 as
well	as	age	related	degenerative	lesions	(35,	36).

IRS	Disrupted	Mice
IRS-1	and	-2	are	important	mediators	for	insulin,	as	well	as	for	IGF-1	signaling.
IRS1−/−	mice	were	insulin-resistant,	with	a	defect	in	insulin	signaling	mainly	in
muscle	tissue,	about	30%	smaller	in	size	than	the	wild-type	and	only	in	females
the	lifespan	was	18%	longer	compared	with	wild-type	animals	(37).	IRS2−/−	mice
were	 also	 insulin-resistant,	 but	 unlike	 IRS1−/−	 mice,	 they	 exhibited	 defects	 in
insulin	 signaling	 in	 more	 tissues,	 including	 the	 liver,	 the	 adipose	 tissues,	 and
skeletal	 muscles.	 These	 mice	 developed	 diabetes,	 and	 had	 a	 much	 shorter
lifespan	 than	 wild-type	 and	 IRS2+/−	 mice.	 IRS2+/−	 mice	 had	 improved	 insulin
sensitivity	 and	 an	 increased	 lifespan	 (+18%)	 compared	 to	 wild-type	 mice.	 In
addition,	 brain	 specific	 IRS2+/−	 and	 IRS2−/−	 mice	 were	 reported	 to	 be	 insulin
resistant,	and	lived	18	and	14%	longer	than	wild-type	controls,	respectively	(38).

KLOTHO	Modified	Mice
Protein	KLOTHO	 inhibits	 insulin	 and	 IGF-1	 signaling,	 possibly	 by	 disrupting
receptor/ligand	 interaction.	 Mice	 overexpressing	 KLOTHO	 were	 reported	 to
have	normal	size,	and	males	developed	insulin	resistance,	while	lifespan	in	both
males	and	females	was	significantly	increased	(+18	and	+30%,	respectively)	(39,
40).

P66shc	Disrupted	Mice	(P66shc−/−	Mice)
P66shc	 is	 a	 protein	mediating	 IGF-1	 post-receptor	 signaling	 by	 activating	 the



MAPK	pathway.	 P66shc−/−	mice	 had	 normal	 phenotype,	 but	 lived	 28%	 longer
than	wild-type	controls	(41).	However,	these	data	were	not	confirmed	in	a	recent
study	(42).

The	 role	 of	 GH/IGF-1/insulin	 signaling	 in	 aging	 and	 longevity	 has	 been
deeply	 studied	 through	 all	 these	 animal	 models.	 While	 in	 invertebrates	 the
impact	of	downregulation	in	the	IGF-1/insulin	pathway	on	lifespan	resulted	to	be
clear	 and	 considerable,	 in	 murine	 models	 this	 effect	 was	 attenuated	 and	 not
reproducible	 in	 some	 cases,	 such	 as	 in	 the	 IGF-1R+/−	 and	 P66shc−/−	 mice.
However,	 most	 of	 these	 models	 showed	 the	 presence	 of	 some	 commonalities
among	the	long-lived	mice,	such	as	reduced	circulating	IGF-1	and	insulin	levels
and	 increased	 insulin	 sensitivity,	 which	 likely	 contribute	 to	 reduce	 tumor
incidence,	 to	 improve	 stress	 resistance	 and	 to	 extend	 the	 lifespan.	 Genetic
alterations	able	to	disrupt	IGF-1	system	can	keep	the	animals	healthier	for	longer
periods	and	can	postpone	or	alleviate	some	age-related	diseases.	In	this	process
nervous	and	adipose	tissues	seem	to	have	a	relevant	role.

Additionally,	more	data	are	needed	 to	determine	 the	best	 time	point	during
the	 lifetime	 for	 intervention	 in	 suppressing	 IGF-1	 system	 to	 obtain	 beneficial
effects	 on	 lifespan.	 In	 igff/f	 C57Bl/6	 mice	 deficiency	 in	 circulating	 IGF-1,
starting	at	5	months	of	age	or	earlier,	increased	lifespan	by	15%	only	in	females,
with	a	reduction	in	the	number	of	organs	exhibiting	disease	pathology	at	the	end
of	 life	 compared	 to	 control	 group.	 Moreover,	 late-life	 IGF-1	 deficiency	 (15
months)	reduced	cancer	risk	but	had	no	beneficial	effects	on	lifespan	(43).	These
data	underline	the	importance	of	IGF-1	deficiency	when	started	early	in	life	for
increasing	 longevity.	On	 the	other	hand,	Mao	et	 al.	 (44)	 recently	 reported	 that
late	 treatment	 of	 18-months	 old	 CB6F1	 mice	 with	 an	 anti-IGF-1	 receptor
monoclonal	antibody	prolonged	lifespan	by	9%	in	females	and	improved	several
aspects	of	healthspan.

IGF-1	SYSTEM	IN	LONG-LIVED	INDIVIDUALS

Centenarians	 are	 considered	 the	 best	 human	 model	 to	 study	 biological
determinants	 of	 longevity	 having	 reached	 the	 very	 extremes	 of	 the	 human
lifespan	(45).

Several	studies	compared	circulating	insulin	and	IGF-1	levels	in	centenarians
with	those	of	younger	controls	(46).

Metabolic	age-dependent	remodeling	is	a	physiological	process	occurring	in
the	whole	population.	Aging	 is	 frequently	associated	with	a	decline	 in	glucose
tolerance	 secondary	 to	 an	 increased	 insulin	 resistance	 (47),	 but	 an	 exception



occurs	 in	 long-lived	 people.	 Paolisso	 et	 al.	 (48)	 found	 that	 insulin	 resistance
increased	 with	 aging	 and	 declined	 in	 subjects	 older	 than	 90	 years	 living	 in
Southern	 Italy.	 Indeed,	 long-lived	 subjects	 showed	 a	 higher	 insulin	 sensitivity
and	 a	 better	 preservation	 of	 beta-cell	 function	 than	 younger	 subjects.	 Such
difference	 was	 also	 independent	 of	 the	 main	 anthropometric	 and	 metabolic
confounders.	 Centenarians	 had	 a	 lower	 2-h	 plasma	 glucose	 concentration	 than
that	 aged	 subjects	 (mean	 age	 78	 years)	 during	 oral	 glucose	 tolerance	 test.	 In
centenarians	 insulin-mediated	glucose	uptake	was	greater	 than	 in	aged	controls
during	euglycemic	glucose	clamp,	supporting	a	preserved	glucose	tolerance	and
insulin	 action	 in	 this	 long-lived	 group	 (49,	 50).	 Similar	 results,	 supporting	 a
better	insulin	sensitivity,	were	observed	in	other	long-lived	populations	(51,	52).

Furthermore,	centenarians	showed	a	preserved	insulin	action	not	only	on	the
glucose	 metabolism	 but	 also	 on	 adipose	 tissue.	 In	 fact,	 insulin	 infusion	 is
normally	associated	with	inhibition	of	lipolysis	and	thus	to	a	significant	decline
in	 plasma	 free	 fatty	 acid	 and	 triglyceride	 concentrations.	 In	 centenarians	 the
inhibitory	activity	of	insulin	on	lipolysis	was	stronger	than	that	of	controls	(mean
age	78	years)	(50).	It	is	noteworthy	that	centenarians	compared	to	aged	controls
have	also	a	lower	sympathetic	tone	which	might	be	due	to	a	better	insulin	action
and	thus,	to	a	low	fasting	plasma	insulin	levels	(53,	54).

Data	on	IGF-1	system	in	relation	to	longevity	are	still	controversial	in	long-
lived	 subjects	 (46).	 Paolisso	 et	 al.	 (55)	 described	 an	 increased	 plasma	 IGF-
1/IGFBP-3	 ratio	 in	 healthy	 centenarians	 compared	 to	 elderly	 subjects.	 They
hypothesized	 that	 this	 elevated	 ratio	 was	 indicative	 of	 a	 higher	 IGF-1
bioavailability	which	contributed	to	the	improved	insulin	action	in	centenarians.
In	contrast,	Bonafè	et	al.	(56)	reported	that	subjects	with	at	least	an	A	allele	of
the	IGF-1	receptor	gene	(G/A,	codon	1013)	had	low	levels	of	free	plasma	IGF-1
and	were	more	represented	among	long-lived	people.	Arai	et	al.	 (57)	described
relatively	low	levels	of	serum	IGF-1	in	a	population	of	Japanese	centenarians.	In
this	population	 the	 lowest	 tertiles	of	both	 IGF-1	and	 IGFBP-3	were	associated
with	increased	mortality	(58).

These	conflicting	results	probably	reflect	 the	complexity	of	 the	IGF-system
and	 ethnic	 differences	 in	 enrolled	 populations.	 In	 addition,	 centenarians	 have
often	been	compared	to	a	control	group	of	younger	subjects.	Therefore,	in	most
of	 these	 studies	 it	 was	 not	 possible	 to	 conclude	 if	 IGF-1	 differences	 between
both	groups	were	related	to	a	different	lifespan	or	reflected	a	physiological	age-
dependent	 IGF-1	 decline.	 Indeed,	 there	 are	 several	 limitations	 to	 study
centenarians:	 (1)	 low	 prevalence	 (1	 centenarian	 per	 5–10.000	 inhabitants),	 (2)
presence	of	frailty	due	to	extreme	age	(almost	95%	of	centenarians	have	at	least



1	frailty	criterion),	(3)	lack	of	a	control	group	of	the	same	age	(45,	59).	Due	to
these	 limitations,	 this	 human	 model	 is	 unsuitable	 to	 study	 age-dependent
variables	that	may	be	involved	in	the	modulation	of	the	lifespan.

Centenarians'	offspring	represent	another	interesting	model	to	define	relevant
factors	 involved	 in	 human	 longevity	 and	 healthy	 aging.	 A	 concordant	 set	 of
observations	 in	 different	 countries	 suggest	 that	 centenarian's	 offspring	 are
healthier	 than	 members	 of	 the	 same	 demographic	 cohorts	 (51,	 60,	 61)	 and
biologically	(epigenetically)	younger	than	their	chronological	age	(62).	Overall,
these	 studies	 indicate	 that	 relatives	 of	 centenarians	 have	 a	 high	probability	 for
living	 longer	 and	 in	 good	 health	 (60,	 63).	 In	 addition,	 studying	 centenarians'
offspring	 has	 the	 relevant	 advantage	 of	 the	 availability	 of	 an	 appropriate
demographically	 matched	 control	 group,	 consisting	 in	 age-matched	 offspring
having	 both	 parents	 born	 in	 the	 same	 birth	 cohort	 of	 centenarians,	 but	 dead
before	 the	 threshold	age	over	which	subjects	were	classified	“long-lived.”	This
strategy	is	crucial	for	avoiding	cohort	effects.	Therefore,	centenarians'	offspring
model	can	overcome	some	limitations	that	are	found	in	the	study	of	centenarians
(rarity,	frailty	and	lack	of	an	appropriate	control)	(60).

In	 few	 studies	 the	 IGF-1/insulin	 system	 has	 been	 characterized	 in
centenarians'	offspring	and	an	appropriate	matched	control	group.

We	have	evaluated	circulating	IGF-1	bioactivity,	measured	by	an	innovative
IGF-1	Kinase	Receptor	Activation	(KIRA)	Assay	in	centenarians,	centenarians'
offspring	 and	 offspring	 matched-controls.	 Centenarians	 and	 centenarians'
offspring	 had	 relatively	 lower	 circulating	 IGF-1	 bioactivity	 compared	 to
controls.	Interestingly	IGF-1	bioactivity	in	centenarians'	offspring	was	inversely
associated	to	insulin	sensitivity	(51).

Suh	 et	 al.	 (64)	 evaluated	 serum	 IGF-1	 levels	 in	 Ashkenazi	 Jewish
centenarians'	 offspring	 and	 in	 age-matched	 controls.	 Female	 centenarians'
offspring	had	35%	higher	serum	IGF-1	levels	than	that	controls.	This	difference
may	 represent	 a	 compensatory	 response	 to	 reduced	 IGF-1	 receptor	 signaling.
Indeed,	 female	 offspring	 showed	 shorter	 stature	 than	 controls.	 In	 addition,	 an
overrepresentation	 of	 heterozygous	 mutations	 in	 the	 IGF-1	 receptor	 gene
together	with	 relatively	 high	 serum	 IGF-1	 levels	 and	weakened	 activity	 of	 the
IGF-1	receptor	has	been	described	in	Ashkenazi	Jewish	centenarians	compared
to	controls	without	familial	longevity.

In	 order	 to	 study	 longevity,	 other	 authors	 characterized	 these	 pathways	 in
nonagenarian	 siblings	 and	 their	 offspring.	 In	 the	Leiden	Longevity	Study,	 421
families	were	recruited	consisting	of	at	least	two	long-lived	Caucasian	siblings,
their	 offspring	 and	 partners	 of	 the	 offspring	 as	 control.	 In	 these	 populations



serum	 glucose,	 insulin	 and	 triglycerides	 were	 the	 best	 biomarker	 of	 healthy
aging	 (glucose	 and	 insulin	 low	 levels	 were	 considered	 healthy)	 (65).
Nonagenarians	 in	 the	 lowest	 circulating	 IGF-1/IGFBP-3	 ratio	 were	 associated
with	a	better	survival	(66).	The	offspring	of	familial	nonagenarians	exhibited	a
better	 insulin	 sensitivity	 compared	 to	 their	 partner,	 while	 similar	 non-fasted
serum	 levels	of	 IGF-1	and	 IGFBP-3	were	observed	between	both	groups	 (67).
Interestingly,	 24-h	 total	 GH	 secretion	 was	 28%	 lower	 in	 offspring	 compared
with	controls	(68).

Another	 approach	 adopted	 to	 study	 longevity	 in	 humans	 consists	 in	 the
selection	 of	 familial	 components	 of	 exceptional	 longevity	 and	 healthy	 aging,
based	on	strict	criteria,	such	as	the	Family	Longevity	Selection	Score	adopted	in
Long	Life	Family	Study.	These	families	enriched	for	exceptional	life	expectancy
were	 compared	 to	 controls	 without	 family	 history	 of	 longevity	 (69).	 In	 this
population	circulating	IGF-1	levels	resulted	to	be	a	valid	age-related	biomarker
(70).

In	support	of	the	potential	role	of	the	GH/IGF-1/insulin	system	in	the	human
longevity,	there	are	many	genetic	studies.	Indeed,	several	genetic	loci	have	been
identified	 to	 be	 associated	 with	 circulating	 IGF-1	 and	 IGFBP-3	 levels	 and
potentially	 able	 to	 affect	 aging	 (71).	 A	 genome-wide	 association	 analysis
performed	 in	 nonagenarians	 and	 a	 population	 of	 subjects	 <60	 years	 of	 age,
showed	 a	 clear	 association	 between	 genetic	 variation	 of	 genes	 involved	 in
insulin/IGF-1	pathway	and	human	longevity	(72).	In	a	prospective	study	of	older
people,	 females	with	 a	 genetic	 profile	 suggestive	 of	 a	 decreased	 insulin/IGF-1
signaling	activity,	exhibited	a	 longer	survival	(73).	In	four	 independent	cohorts
of	 long-lived	 individuals	 it	 has	 been	 recently	 described	 a	 linear	 increased
prevalence	of	GH	 receptor	 exon	3	 deletion	 (d3-GHR)	homozygosity	with	 age.
The	 presence	 of	 d3/d3	 genotype	 increased	 life	 expectancy	 by	 about	 10	 years
(74).

IGF-1	SYSTEM	AND	CALORIC	RESTRICTION

One	 of	 the	 most	 robust	 striking	 observations	 in	 the	 biology	 of	 aging	 is	 the
capability	of	 caloric	 restriction	 to	prevent	or	delay	 several	 age-related	diseases
and	to	increase	lifespan	in	mammals	(75–78).	The	biological	mechanisms	of	this
phenomenon	 are	 not	 completely	 clear,	 but	 it	 has	 been	 suggested	 a	 potential
involvement	of	relevant	alterations	in	energy	metabolism,	endocrine	system	and
oxidative	damage.

Caloric	restriction	instigates	numerous	hormonal	changes.	In	rodents	caloric



restriction	without	malnutrition	suppressed	circulating	 IGF-1	and	 insulin	 levels
in	 proportion	 to	 the	 level	 of	 restriction,	 increased	 insulin	 sensitivity	 and
resistance	 to	 stress	 and	 toxicity,	 and	 reduced	 the	 cancer	 risk	 (79,	 80).
Interestingly,	 most	 of	 these	 characteristics	 observed	 in	 wild	 type	 mice	 during
caloric	 restriction	 resemble	 those	 reported	 in	 mice	 that	 are	 long-lived	 due	 to
genetic	disruption	of	the	GH/IGF-1/insulin	signaling,	as	previously	described.	In
humans,	 randomized	 clinical	 trials	 showed	 that	 caloric	 restriction	 does	 not
attenuate	serum	IGF-1	levels	unless	protein	intake	is	reduced	(81,	82).	However,
a	 recent	 meta-analysis,	 evaluating	 the	 effect	 of	 dietary	 restriction	 on	 well-
recognized	biomarkers	of	healthy	aging,	showed	a	decrease	in	circulating	IGF-1
levels	 in	 humans	 (83).	 In	 addition,	 during	 caloric	 restriction	 skeletal	 muscle
transcriptional	 profile	 showed	 a	 suppression	 of	 local	 insulin/IGF-1	 pathway
inducing	a	younger	transcription	profile	(84).

Other	 circulating	 hormonal	 changes,	 such	 as	 decreased	 insulin,	 thyroid
hormones	 and	 leptin	 levels,	 and	 increased	 adiponectin	 levels	 and	 insulin
sensitivity	have	been	observed	during	dietary	restriction	(85,	86).	This	hormonal
adaptation	 may	 have	 a	 relevant	 role	 in	 extension	 of	 lifespan	 through	 several
mechanisms:

1)	Reducing	metabolic	rate,	cell	proliferation,	and	oxidative	stress.	In	fact,	IGF-
1	is	a	potent	growth	factor	and	thyroid	hormone	is	a	potent	stimulator	of	basal
metabolic	rate	and	oxidative	metabolism.	In	addition,	transcriptional	patterns
suggest	that	chronic	moderate	caloric	restriction	in	adult	individuals	retards
the	aging	process	by	shifting	cellular	metabolism	from	growth	to	maintenance
and	repair	activities	(84).

2)	Decreasing	the	accumulation	of	senescent	cells.	Cellular	senescence	has	been
demonstrated	to	be	a	key	mediator	of	aging	(87).	Over	time	protein
homeostasis	declines	and	damage	accumulates.	Interestingly,	it	is	possible	to
delay	several	age-related	diseases	through	attenuating	the	accumulation	of
senescent	cells	(88,	89).	Normally	the	mTOR	pathway	is	activated	by	several
signals,	including	nutrients,	IGF-1	and	insulin	(Figure	2).	The	down-
regulation	of	this	pathway,	reported	after	caloric	restriction,	increased
lifespan	in	several	organisms.	This	effect	seems	to	be	secondary	to	an	up-
regulation	of	autophagy,	a	cytoprotective	self-digestive	process.	In	fact,
autophagy	is	a	cellular	recycling	process	that	can	remove	aged	or	damaged
cellular	components	preventing	the	accumulation	of	senescent	cells	(90,	91).

3)	Counteracting	inflammaging.	In	both	animals	and	humans	dietary
intervention	can	delay	the	aging	process	by	attenuating	low-grade
inflammatory	status	(83,	92).	The	mechanisms	underlying	the	anti-



inflammatory	activity	of	dietary	restriction	are	not	well-defined.	It	has	been
hypothesized	that	this	effect	is	due	to	the	reduction	in	fat	mass	and	pro-
inflammatory	adipokines,	and	to	an	improvement	of	intestinal	barrier
integrity	observed	during	dietary	intervention	(93,	94).

Interestingly,	 the	 endocrine	 biochemical	 profile	 observed	 in	 subjects	 during
caloric	 restriction	 is	 comparable	 to	 that	 reported	 in	 centenarians,	 supporting	 a
potential	role	of	the	endocrine	system	in	the	modulation	of	lifespan.	In	addition
to	an	increase	in	insulin	sensitivity	and	a	decrease	in	plasma/serum	IGF-1	levels,
several	 studies	 showed	 an	 increase	 in	 circulating	 adiponectin	 levels	 and	 a
reduction	in	circulating	leptin	and	thyroid	hormones	levels	in	long-lived	people
compared	to	younger	subjects	(Table	1).

Table	1.	Endocrine	biochemical	profile	observed	after	caloric	restriction	and	in	centenarians
compared	to	younger	subjects.

Adipose	tissue	is	an	endocrine	organ	producing	several	cytokines	involved	in
relevant	 processes,	 such	 as	 the	 energy	 metabolism,	 lipid,	 and	 glucose
homeostasis	 and	modulation	of	 inflammatory	 response.	Visceral	 adipose	 tissue
has	 a	 main	 role	 in	 the	 development	 of	 metabolic	 diseases	 (95).	 Aging	 is
associated	with	 an	 increase	 in	 fat	mass	 and	 a	 redistribution	 of	 adipose	 tissue,
characterized	by	loss	of	peripheral	subcutaneous	fat	and	accumulation	of	visceral
fat.	 In	 elderly,	 alterations	 in	 the	 secretion,	 synthesis	 and	 function	 of	 the
adipokines	have	been	described,	probably	due	 to	an	unbalance	 in	 the	 function,
proliferation,	 size,	 and	number	of	 adipose	cells	 (86).	Adiponectin	 is	 an	 insulin
sensitizing,	 anti-inflammatory	 and	 anti-atherogenic	 cytokine.	 Adiponectin
circulates	in	the	blood	in	several	forms:	trimer,	hexamer,	high	molecular	weight
(HMW)	 multimer,	 and	 globular	 adiponectin	 (a	 proteolytically	 cleaved	 form).



The	HMW	multimer	 is	 believed	 to	 be	 the	more	 active	 form	 of	 adiponectin	 at
protecting	against	insulin	resistance	and	diabetes	(96).	Circulating	adiponectin	is
independently	 and	 negatively	 related	 to	 facets	 of	 the	 metabolic	 syndrome,
including	 insulin	 resistance,	 body	 weight,	 blood	 pressure,	 and	 serum	 lipids.
Leptin	 is	 mainly	 produced	 in	 the	 subcutaneous	 and	 to	 a	 lesser	 extent	 in	 the
visceral	 white	 adipose	 tissue.	 This	 cytokine	 regulates	 food	 intake,	 energy
expenditure	 and	 atherogenesis.	 Leptin	 boosts	weight	 loss	 by	 reducing	 appetite
and	stimulating	metabolic	rate	and	has	pro-inflammatory	properties	(97).

Several	 studies	 reported	 that	 centenarians	 have	 higher	 plasma	 adiponectin
and	lower	leptin	concentrations	than	younger	controls	(53,	98–102).	All	forms	of
adiponectin	were	significantly	increased	in	centenarians,	but	the	HMW	multimer
was	markedly	higher	 (99).	 In	 centenarians	 the	 high	 adiponectin	 concentrations
resulted	 to	 be	 independent	 of	 BMI,	 renal	 or	 cardiovascular	 function	 and	were
associated	 with	 a	 favorable	 metabolic	 phenotype	 (higher	 HDL-C,	 lower
hemoglobin	 A1c,	 insulin,	 HOMA-IR	 and	 triglycerides)	 (98,	 99).	 Increased
adiponectin	levels	were	also	detected	in	the	offspring	of	the	long-lived	subjects
(older	than	95	years)	(103).

A	decrease	in	thyroid	hormones	levels	seems	to	be	peculiar	in	centenarians.
Mariotti	et	al.	(104)	reported	that	healthy	centenarians	had	lower	serum	TSH	and
FT3	 levels	 and	 higher	 serum	 rT3	 levels	 compared	with	 that	 observed	 in	 other
control	groups.	In	another	Italian	population	of	centenarians	total	T4	values	were
lower	than	normal	range	in	60%	of	examined	subjects	(105).	Baranowska	et	al.
reported	 that	 serum	 T3	 levels	 in	 centenarians	 were	 lower	 compared	 with	 that
observed	 in	 early	 elderly	 and	 young	 women	 (52).	 We	 have	 recently
characterized	thyroid	function	profile	in	an	Italian	cohort	of	672	subjects	(range
52–113	years	old).	An	age-dependent	decrease	 in	FT3	level	and	FT3/FT4	ratio
has	been	observed,	while	FT4	and	TSH	increased	with	aging	(106).	In	Chinese
centenarians'	 families	 a	 decline	 in	 thyroid	 function	 (high	 TSH	 and	 low	 FT3
concentrations)	appears	to	be	associated	with	age,	and	this	phenotype	is	heritable
(107).	 Corsonello	 et	 al.	 (108)	 found	 in	 relatives	 of	 centenarians	 (offspring	 or
nieces/nephews)	 lower	 comorbidities,	 FT3,	 FT4,	 and	 TSH	 levels	 than	 age-
matched	 controls	 who	 were	 not	 relatives	 of	 centenarians.	 In	 another	 Italian
population	 lower	plasma	 level	of	FT4	were	observed	 in	centenarians'	offspring
compared	to	age-matched	controls	(60).

In	general,	centenarians	are	lean	(109)	and	follow	healthy	nutritional	habits
but	without	 a	 calorie-restricted	 diet	 (110).	 Similarly	 to	 subjects	 during	 caloric
restriction,	 a	 slower	 cell	 growing/metabolism,	 a	 better	 control	 in	 signal
transmission	 and	 an	 enhanced	 autophagy	 have	 been	 observed	 in	 centenarians.



Through	 a	 genome-wide	 DNA	 methylation	 analysis	 in	 centenarians	 and	 their
offspring,	 we	 have	 identified	 epigenetically	 modulated	 genes	 and	 pathways
potentially	 involved	 in	 the	process	of	 aging	and	 longevity.	Our	 results	 suggest
that	 a	 better	 preservation	 of	 DNA	 methylation	 status,	 a	 slower	 cell
growing/metabolism	 and	 a	 better	 control	 in	 signal	 transmission	 through
epigenetic	mechanisms	characterized	these	populations	(111).	Centenarians	have
a	preserved	bioenergetic	function	through	a	mitochondrial	hypertrophy	that	can
recompense	for	functional	defects	(112).	In	addition,	healthy	centenarians	have
high	levels	of	autophagy,	as	indicated	by	higher	serum	beclin-1	levels	compared
with	both	young	patients	with	myocardial	infarction	and	healthy	controls	(113).
An	increase	in	autophagic	activity	has	been	also	observed	in	subjects	belonging
to	families	with	exceptional	longevity	(114).

A	 relevant	divergence	occurs	 concerning	 the	 inflammatory	 status,	which	 is
attenuated	in	subjects	after	caloric	restriction	(115,	116)	and	high	in	centenarians
(117–119).	With	aging	a	state	of	low-grade	and	chronic	inflammatory	condition
(called	inflammaging)	and	an	increased	prevalence	of	several	diseases	have	been
observed,	 such	 as	 cardiovascular	 disease,	 atherosclerosis,	 tumors,	 cognitive
impairment,	 osteoarthritis,	 and	 diabetes	 (120,	 121).	 Therefore,	 attenuation	 of
chronic	 inflammatory	 status	 after	 caloric	 restriction	 represents	 a	 beneficial
effect.	Centenarians	show	signs	of	inflammaging	but	at	the	same	time	seem	to	be
spared	 from	 its	 deleterious	 consequences.	 This	 apparent	 paradox	 can	 be
explained	by	the	fact	that	centenarians	possess	a	complex	and	peculiar	balancing
between	pro-inflammatory	and	anti-inflammatory	factors,	 resulting	in	a	slower,
more	 limited	 and	 balanced	 development	 of	 inflammaging,	 in	 comparison	with
elderly,	 who	 are	 characterized	 by	 an	 inappropriate	 response	 to	 counteract
chronic	inflammation	(120,	121).

These	 findings	 suggests	 common	 mechanisms	 to	 increase	 lifespan	 and	 to
delay	age-related	diseases	adopted	in	centenarians	and	in	mammals	following	a
calorie-restricted	diet.

AUTHOR'S	OPINION

Preclinical	 models	 have	 provided	 a	 great	 insight	 into	 the	 aging	 process	 with
consistent	 data	 considering	 the	 role	 of	 the	 GH/IGF-1/insulin	 system	 in	 the
modulation	of	lifespan.	While	it	is	well	known	that	enhanced	insulin	sensitivity
and	low	insulin	levels	are	associated	with	an	improved	survival,	there	are	several
evidences	 showing	 that	 attenuation	 of	 the	GH/IGF-1	 axis	may	 have	 beneficial
effects	in	extending	lifespan	in	humans.	However,	it	is	still	unknown	which	are



the	 optimal	 IGF-1	 levels	 during	 life	 to	 live	 longer	 and	 healthier.	 In	 addition,
IGF-1	receptor	sensitivity	and	activation	of	the	post-receptor	pathway	were	not
evaluated	in	the	majority	of	the	study	enrolling	long-lived	subjects.	Therefore,	it
is	not	possible	to	define	the	real	activation	status	of	the	IGF-1	receptor	signaling
through	the	mere	dosage	of	circulating	IGF-1	levels.	This	renders	more	difficult
the	 identification	 of	 pharmacological	 or	 environmental	 strategies	 targeting	 this
system	 for	 extending	 lifespan	 and	 promoting	 healthy	 aging.	 A	 comprehensive
understanding	 of	 these	 aspects	 remains	 a	 major	 challenge	 for	 uncovering
interventions	 to	 slow	 human	 aging	 and	 to	 adopt	 in	 Rehabilitation	 Medicine.
Future	studies	should	evaluate	the	functional	status	of	IGF-1	receptor	signaling,
also	 through	 transcriptional	 profiling	 and	 functional	 network	 analyses
concerning	IGF-1	regulated	genes,	in	long-lived	subjects.

CONCLUSIONS

Striking	similarities	have	been	described	concerning	endocrine	profile	between
centenarians	 and	 subjects	 after	 a	 calorie-restricted	 diet.	 The	 endocrine	 and
metabolic	adaptation	observed	in	both	models	may	be	a	physiological	strategy	to
increase	 life	 span	 through	 a	 slower	 cell	 growing/metabolism,	 a	 slower	 loss	 of
physiologic	 reserve	 capacity,	 a	 shift	 of	 cellular	 metabolism	 from	 cell
proliferation	 to	 repair	 activities	 and	 a	 decrease	 in	 accumulation	 of	 senescent
cells.	 These	 mechanisms	 seem	 to	 be,	 at	 least	 in	 part,	 mediated	 through	 the
modulation	of	the	GH/IGF-1/insulin	system.

AUTHOR	CONTRIBUTIONS

GP	 and	MV	 researched	 all	 the	 data	 from	 available	 scientific	 literature	 on	 the
PUBMED	database.	GV	 interpreted	all	 data,	 organized,	wrote,	 and	 revised	 the
whole	manuscript,	and	also	conceptualized	and	drew	all	 the	figures	assembling
the	final	formatted	review.	LH	organized	and	revised	the	whole	manuscript.

REFERENCES

1.	 Franceschi	C,	Valensin	 S,	Bonafè	M,	Paolisso	G,	Yashin	AI,	Monti	D,	 et	 al.	 The	 network	 and	 the
remodeling	 theories	 of	 aging:	 historical	 background	 and	 new	 perspectives.	 Exp	 Gerontol.	 (2000)
35:879–96.	doi:	10.1016/S0531-5565(00)00172-8

2.	Bartke	A,	Darcy	J.	GH	and	ageing:	Pitfalls	and	new	insights.	Best	Pract	Res	Clin	Endocrinol	Metab.
(2017)	31:113–25.	doi:	10.1016/j.beem.2017.02.005

3.	 Vitale	 G,	 Salvioli	 S,	 Franceschi	 C.	 Oxidative	 stress	 and	 the	 ageing	 endocrine	 system.	 Nat	 Rev
Endocrinol.	(2013)	9:228–40.	doi:	10.1038/nrendo.2013.29

https://doi.org/10.1016/S0531-5565(00)00172-8
https://doi.org/10.1016/j.beem.2017.02.005
https://doi.org/10.1038/nrendo.2013.29


4.	Vitale	G,	Cesari	M,	Mari	D.	Aging	of	the	endocrine	system	and	its	potential	impact	on	sarcopenia.	Eur
J	Intern	Med.	(2016)	35:10–15.	doi:	10.1016/j.ejim.2016.07.017

5.	 Reddy	 SSK,	 Chaiban	 JT.	 The	 Endocrinology	 of	 aging:	 a	 key	 to	 longevity	 “Great	 Expectations”.
Endocr	Pract.	(2017)	23:1107–16.	doi:	10.4158/EP171793.RA

6.	 Junnila	 RK,	 List	 EO,	 Berryman	DE,	Murrey	 JW,	 Kopchick	 JJ.	 The	 GH/IGF-1	 axis	 in	 ageing	 and
longevity.	Nat	Rev	Endocrinol.	(2013)	9:366–76.	doi:	10.1038/nrendo.2013.67

7.	Yakar	S,	Adamo	ML.	Insulin-like	growth	factor	1	physiology:	lessons	from	mouse	models.	Endocrinol
Metab	Clin	North	Am.	(2012)	41:231–47.	doi:	10.1016/j.ecl.2012.04.008

8.	 Higashi	 Y,	 Sukhanov	 S,	 Anwar	 A,	 Shai	 SY,	 Delafontaine	 P.	 IGF-1,	 oxidative	 stress	 and
atheroprotection.	Trends	Endocrinol	Metab.	(2010)	21:245–54.	doi:	10.1016/j.tem.2009.12.005

9.	 Belfiore	 A,	 Malaguarnera	 R,	 Vella	 V,	 Lawrence	MC,	 Sciacca	 L,	 Frasca	 F,	 et	 al.	 Insulin	 receptor
isoforms	 in	 physiology	 and	 disease:	 an	 updated	 view.	 Endocr	 Rev.	 (2017)	 38:379–431.	 doi:
10.1210/er.2017-00073

10.	Kenyon	C,	Chang	J,	Gensch	E,	Rudner	A,	Tabtiang	R	A	C..	elegans	mutant	that	lives	twice	as	long	as
wild	type.	Nature	(1993)	366:461–4.	doi:	10.1038/366461a0

11.	Kimura	KD,	Tissenbaum	HA,	Liu	Y,	Ruvkun	G.	Daf-2,	 an	 insulin	 receptor-like	gene	 that	 regulates
longevity	 and	 diapause	 in	 Caenorhabditis	 elegans.	 Science	 (1997)	 277:942–6.	 doi:
10.1126/science.277.5328.942

12.	Tatar	M,	Kopelman	A,	Epstein	D,	Tu	MP,	Yin	CM,	Garofalo	RS,	et	al.	A	mutant	Drosophila	insulin
receptor	 homolog	 that	 extends	 life-span	 and	 impairs	 neuroendocrine	 function.	 Science	 (2001)
292:107–10.	doi:	10.1126/science.1057987

13.	Clancy	DJ,	Gems	D,	Harshman	LG,	Oldham	S,	Stocker	H,	Hafen	E,	et	al.	Extension	of	 life-span	by
loss	 of	 CHICO,	 a	 Drosophila	 insulin	 receptor	 substrate	 protein.	 Science	 (2001)	 292:104–6.	 doi:
10.1126/science.1057991

14.	Libina	N,	Berman	JR,	Kenyon	C.	Tissue-specific	activities	of	C.	elegans	DAF-16	in	the	regulation	of
lifespan.	Cell	(2003)115:489–502.	doi:	10.1016/S0092-8674(03)00889-4

15.	Broughton	S,	Partridge	L.	Insulin/IGF-like	signalling,	the	central	nervous	system	and	aging.	Biochem
J.	(2009)	418:1–12.	doi:	10.1042/BJ20082102

16.	 Reindl	 KM,	 Sheridan	MA.	 Peripheral	 regulation	 of	 the	 growth	 hormone-insulin-like	 growth	 factor
system	in	fish	and	other	vertebrates.	Comp	Biochem	Physiol	A	Mol	Integr	Physiol.	(2012)	163:231–45.
doi:	10.1016/j.cbpa.2012.08.003

17.	Snell	GD.	Dwarf,	a	new	mendelian	recessive	character	of	the	house	mouse.	Proc	Natl	Acad	Sci	USA.
(1929)	15:733–4.	doi:	10.1073/pnas.15.9.733

18.	Berryman	D,	Christiansen	JS,	Johannsson	G,	Thorner	MO,	Kopchick	JJ.	Role	of	the	GH/IGF-1	axis	in
lifespan	and	healthspan:	lessons	from	animal	models.	Growth	Horm	IGF	Res.	(2008)	18:455–71.	doi:
10.1016/j.ghir.2008.05.005

19.	Flurkey	K,	Papaconstantinou	J,	Miller	RA,	Harrison	DE.	Lifespan	extension	and	delayed	immune	and
collagen	aging	in	mutant	mice	with	defects	in	growth	hormone	production.	Proc	Natl	Acad	Sci	USA.
(2001)	98:6736–41.	doi:	10.1073/pnas.111158898

20.	Brown-Borg	HM,	Borg	KE,	Meliska	CJ,	Bartke	A.	Dwarf	mice	and	the	ageing	process.	Nature	(1996)
384:33.	doi:	10.1038/384033a0

21.	Bartke	A,	Wright	JC,	Mattison	JA,	Ingram	DK,	Miller	RA,	Roth	GS.	Extending	the	lifespan	of	long-
lived	mice.	Nature	(2001)	414:412.	doi:	10.1038/35106646

22.	 Panici	 JA,	Harper	 JM,	Miller	RA,	Bartke	A,	Spong	A,	Masternak	MM.	Early	 life	 growth	 hormone
treatment	shortens	longevity	and	decreases	cellular	stress	resistance	in	long-lived	mutant	mice.	FASEB
J.	(2010)	24:5073–9.	doi:	10.1096/fj.10-163253

23.	Sun	LY,	Spong	A,	Swindell	WR,	Fang	Y,	Hill	C,	Huber	JA,	et	al.	Growth	hormone-releasing	hormone
disruption	extends	lifespan	and	regulates	response	to	caloric	restriction	in	mice.	Elife	(2013)	2:e01098.

https://doi.org/10.1016/j.ejim.2016.07.017
https://doi.org/10.4158/EP171793.RA
https://doi.org/10.1038/nrendo.2013.67
https://doi.org/10.1016/j.ecl.2012.04.008
https://doi.org/10.1016/j.tem.2009.12.005
https://doi.org/10.1210/er.2017-00073
https://doi.org/10.1038/366461a0
https://doi.org/10.1126/science.277.5328.942
https://doi.org/10.1126/science.1057987
https://doi.org/10.1126/science.1057991
https://doi.org/10.1016/S0092-8674(03)00889-4
https://doi.org/10.1042/BJ20082102
https://doi.org/10.1016/j.cbpa.2012.08.003
https://doi.org/10.1073/pnas.15.9.733
https://doi.org/10.1016/j.ghir.2008.05.005
https://doi.org/10.1073/pnas.111158898
https://doi.org/10.1038/384033a0
https://doi.org/10.1038/35106646
https://doi.org/10.1096/fj.10-163253


doi:	10.7554/eLife.01098
24.	Coschigano	KT,	Clemmons	D,	Bellush	LL,	Kopchick	 JJ.	Assessment	of	growth	parameters	 and	 life

span	 of	 GHR/BP	 gene-disrupted	 mice.	 Endocrinology	 (2000)	 141:2608–13.	 doi:
10.1210/endo.141.7.7586

25.	Ikeno	Y,	Hubbard	GB,	Lee	S,	Cortez	LA,	Lew	CM,	Webb	CR,	et	al.	Reduced	incidence	and	delayed
occurrence	of	fatal	neoplastic	diseases	in	growth	hormone	receptor/binding	protein	knockout	mice.	J
Gerontol	A	Biol	Sci	Med	Sci.	(2009)	64:522–9.	doi:	10.1093/gerona/glp017

26.	Gesing	A,	Wiesenborn	D,	Do	A,	Menon	V,	Schneider	A,	Victoria	B,	et	al.	A	long-lived	mouse	lacking
both	growth	hormone	and	growth	hormone	receptor:	a	new	animal	model	for	aging	studies.	J	Gerontol
A	Biol	Sci	Med	Sci.	(2017)	72:1054–61.	doi:	10.1093/gerona/glw193

27.	Bonkowski	MS,	Rocha	JS,	Masternak	MM,	Al	Regaiey	KA,	Bartke	A.	Targeted	disruption	of	growth
hormone	receptor	interferes	with	the	beneficial	actions	of	calorie	restriction.	Proc	Natl	Acad	Sci	USA.
(2006)	103:7901–5.	doi:	10.1073/pnas.0600161103

28.	 Coschigano	 KT,	 Holland	 AN,	 Riders	 ME,	 List	 EO,	 Flyvbjerg	 A,	 Kopchick	 JJ.	 Deletion,	 but	 not
antagonism,	 of	 the	 mouse	 growth	 hormone	 receptor	 results	 in	 severely	 decreased	 body	 weights,
insulin,	 and	 insulin-like	 growth	 factor	 I	 levels	 and	 increased	 life	 span.	 Endocrinology	 (2003)
144:3799–810.	doi:	10.1210/en.2003-0374

29.	Holzenberger	M,	Dupont	J,	Ducos	B,	Leneuve	P,	Géloën	A,	Even	PC,	et	al.	IGF-1	receptor	regulates
lifespan	 and	 resistance	 to	 oxidative	 stress	 in	 mice.	 Nature	 (2003)	 421:182–7.	 doi:
10.1038/nature01298

30.	Bokov	AF,	Garg	N,	Ikeno	Y,	Thakur	S,	Musi	N,	DeFronzo	RA,	et	al.	Does	reduced	IGF-1R	signaling
in	Igf1r+/−	mice	alter	aging?	Plos	ONE	(2011)	6:e26891.	doi:	10.1371/journal.pone.0026891

31.	Xu	 J,	Gontier	G,	 Chaker	 Z,	 Lacube	 P,	Dupont	 J,	Holzenberger	M.	 Longevity	 effect	 of	 IGF-1R+/−
mutation	 depends	 on	 genetic	 background-specific	 receptor	 activation.	Aging	 Cell	 (2014)	 13:19–28.
doi:	10.1111/acel.12145

32.	Mulvey	L,	Sinclair	A,	Selman	C.	Lifespan	modulation	in	mice	and	the	confounding	effects	of	genetic
background.	J	Genet	Genomics	(2014)	41:497–503.	doi:	10.1016/j.jgg.2014.06.002

33.	 Kappeler	 L,	 De	Magalhaes	 Filho	 C,	 Dupont	 J,	 Leneuve	 P,	 Cervera	 P,	 Périn	 L,	 et	 al.	 Brain	 IGF-1
receptors	control	mammalian	growth	and	 lifespan	 through	a	neuroendocrine	mechanism.	PLoS	Biol.
(2008)	6:e254.	doi:	10.1371/journal.pbio.0060254tt

34.	 Svensson	 J,	 Sjögren	 K,	 Fäldt	 J,	 Andersson	 N,	 Isaksson	 O,	 Jansson	 JO,	 et	 al.	 Liver-derived	 IGF-1
regulates	mean	life	span	in	mice.	PLoS	ONE	(2011)	6:e22640.	doi:	10.1371/journal.pone.0022640

35.	Conover	CA,	Bale	LK.	Loss	of	pregnancy-associated	plasma	protein	A	extends	lifespan	in	mice.	Aging
Cell	(2007)	6:727–9.	doi:	10.1111/j.1474-9726.2007.00328.x

36.	Conover	CA.	Role	of	PAPP-A	in	aging	and	age-related	disease.	Exp	Gerontol.	(2013)	48:612–3.	doi:
10.1016/j.exger.2012.06.017

37.	 Selman	 C,	 Lingard	 S,	 Choudhury	 AI,	 Batterham	 RL,	 Claret	 M,	 Clements	 M,	 et	 al.	 Evidence	 for
lifespan	 extension	 and	 delayed	 age-related	 biomarkers	 in	 insulin	 receptor	 substrate	 1	 null	 mice.
FASEB	J.	(2008)	22:807–18.	doi:	10.1096/fj.07-9261com

38.	 Taguchi	 A,	 Wartschow	 LM,	 White	 MF.	 Brain	 IRS2	 signaling	 coordinates	 life	 span	 and	 nutrient
homeostasis.	Science	(2000)	317:369–72.	doi:	10.1126/science.1142179

39.	Kuro	M,	Matsumura	Y,	Aizawa	H,	Kawaguchi	H,	Suga	T,	Utsugu	T,	 et	 al.	Mutation	 of	 the	mouse
Klotho	gene	leads	to	a	syndrome	resembling	ageing.	Nature	(1997)	390:45–51.	doi:	10.1038/36285

40.	Kurosu	H,	Yamamoto	M,	Clark	JD,	Pastor	JV,	Nandi	A,	Gurnani	P,	et	al.	Suppression	of	aging	in	mice
by	the	hormone	Klotho.	Science	(2005)	309:1829–33.	doi:	10.1126/science.1112766

41.	Migliaccio	E,	Giorgio	M,	Mele	S,	Pelicci	G,	Reboldi	P,	Pandolfi	PP,	et	al.	The	p66	Shc	adaptor	protein
controls	 oxidative	 stress	 response	 and	 life	 span	 in	 mammals.	 Nature	 (1999)	 402:309–13.	 doi:
10.1038/46311

https://doi.org/10.7554/eLife.01098
https://doi.org/10.1210/endo.141.7.7586
https://doi.org/10.1093/gerona/glp017
https://doi.org/10.1093/gerona/glw193
https://doi.org/10.1073/pnas.0600161103
https://doi.org/10.1210/en.2003-0374
https://doi.org/10.1038/nature01298
https://doi.org/10.1371/journal.pone.0026891
https://doi.org/10.1111/acel.12145
https://doi.org/10.1016/j.jgg.2014.06.002
https://doi.org/10.1371/journal.pbio.0060254tt
https://doi.org/10.1371/journal.pone.0022640
https://doi.org/10.1111/j.1474-9726.2007.00328.x
https://doi.org/10.1016/j.exger.2012.06.017
https://doi.org/10.1096/fj.07-9261com
https://doi.org/10.1126/science.1142179
https://doi.org/10.1038/36285
https://doi.org/10.1126/science.1112766
https://doi.org/10.1038/46311


42.	Ramsey	JJ,	Tran	D,	Giorgio	M,	Griffey	SM,	Koehne	A,	Laing	ST,	et	al.	The	influence	of	Shc	proteins
on	life	span	in	mice.	J	Gerontol	A	Biol	Sci	Med	Sci.	(2014)	69:1177–85.	doi:	10.1093/gerona/glt198

43.	Ashpole	NM,	Logan	S,	Yabluchanskiy	A,	Mitschelen	MC,	Yan	H,	Farley	JA,	et	al.	IGF-1	has	sexually
dimorphic,	 pleiotropic,	 and	 time-dependent	 effects	 on	 healthspan,	 pathology,	 and	 lifespan.
Geroscience	(2017)	39:129–45.	doi:	10.1007/s11357-017-9971-0

44.	Mao	K,	Quipildor	GF,	Tabrizian	T,	Novaj	A,	Guan	F,	Walters	RO,	et	al.	Late-life	targeting	of	the	IGF-
1	 receptor	 improves	 healthspan	 and	 lifespan	 in	 female	 mice.	 Nat	 Commun.	 (2018)	 9:2394.	 doi:
10.1038/s41467-018-04805-5

45.	Franceschi	C,	Passarino	G,	Mari	D,	Monti	D.	Centenarians	as	a	21st	century	healthy	aging	model:	a
legacy	of	humanity	and	the	need	for	a	world-wide	consortium	(WWC100+).	Mech	Ageing	Dev.	(2017)
165(Pt.	B):55–8.	doi:	10.1016/j.mad.2017.06.002

46.	Vitale	G,	Barbieri	M,	Kamenetskaya	M,	Paolisso	G.	GH/IGF-I/insulin	system	in	centenarians.	Mech
Ageing	Dev.	(2017)	165:107–114.	doi:	10.1016/j.mad.2016.12.001

47.	Ferrannini	E,	Vichi	S,	Beck-Nielsen	H,	Laasko	M,	Paolisso	G,	Smith	U.	For	European	Group	for	the
Study	 of	 Insulin	 Resistance	 (EGIR).	 Insulin	 action	 and	 age.	 Diabetes	 (1996)	 45:947–53.	 doi:
10.2337/diab.45.7.947

48.	Paolisso	G,	Barbieri	M,	Rizzo	MR,	Carella	C,	Rotondi	M,	Bonafè	M,	et	al.	Low	insulin	resistance	and
preserved	beta-cell	function	contribute	to	human	longevity	but	are	not	associated	with	TH-INS	genes.
Exp	Gerontol.	(2001)	37:149–56.	doi:	10.1016/S0531-5565(01)00148-6

49.	 Paolisso	 G,	 Gambardella	 A,	 Ammendola	 S,	 D'Amore	 A,	 Balbi	 V,	 Varricchio	 M,	 et	 al.	 Glucose
tolerance	 and	 insulin	 action	 in	 healty	 centenarians.	 Am	 J	 Physiol.	 (1996)	 270:E890–4.	 doi:
10.1152/ajpendo.1996.270.5.E890

50.	Paolisso	G,	Gambardella	A,	Ammendola	S,	Tagliamonte	MR,	Rizzo	MR,	Capurso	A,	et	al.	Preserved
antilipolytic	 insulin	 action	 is	 associated	 with	 a	 less	 atherogenic	 plasma	 lipid	 profile	 in	 healthy
centenarians.	J	Am	Geriatr	Soc.	(1997)	45:1504–9.	doi:	10.1111/j.1532-5415.1997.tb03203.x

51.	 Vitale	 G,	 Brugts	 M,	 Ogliari	 G,	 Castaldi	 D,	 Fatti	 L,	 Varewijck	 A,	 et	 al.	 Low	 circulating	 IGF-I
bioactivity	 is	 associated	 with	 human	 longevity:	 findings	 in	 centenarians'	 offspring.	 Aging	 (2012)
4:580–89.	doi:	10.18632/aging.100484

52.	 Baranowska	 B,	 Wolinska-Witort	 E,	 Bik	 W,	 Baranowska-Bik	 A,	 Martynska	 L,	 Broczek	 K,	 et	 al.
Evaluation	 of	 neuroendocrine	 status	 in	 longevity.	 Neurobiol	 Aging	 (2007)	 28:774–83.	 doi:
10.1016/j.neurobiolaging.2006.03.014

53.	Paolisso	G,	Manzella	D,	Barbieri	M,	Rizzo	MR,	Gambardella	A,	Varricchio	M.	Baseline	 heart	 rate
variability	 in	 healthy	 centenarians:	 differences	 vs.	 aged	 subject.	Clin.	 Sci.	 (1999)	 97:579–84.	 doi:
10.1042/cs0970579

54.	Paolisso	G,	Tagliamonte	MR,	Rizzo	MR,	Carella	C,	Gambardella	A,	Barbieri	M,	et	al.	Low	plasma
Insulin	like	growth	factor-1	concentrations	predict	worsening	of	insulin	mediated	glucose	uptake	in	the
elderly.	J.	Am.	Geriatr.	Soc.	(1999)	47:1312–8.	doi:	10.1111/j.1532-5415.1999.tb07431.x

55.	Paolisso	G,	Ammendola	S,	Del	Buono	A,	Gambardella	A,	Riondino	M,	Tagliamonte	MR,	et	al.	Serum
levels	 of	 insulin-like	 growth	 factor-I	 (IGF-I)	 and	 IGF-binding	 protein-3	 in	 healthy	 centenarians:
relationship	with	plasma	leptin	and	lipid	concentrations,	insulin	action,	and	cognitive	function.	J	Clin
Endocrinol	Metab.	(1997)	82:2204–9.	doi:	10.1210/jcem.82.7.4087

56.	Bonafè	M,	Barbieri	M,	Marchegiani	F,	Olivieri	F,	Ragno	E,	Giampieri	C,	et	al.	Polymorphic	variants
of	 insulin-like	 growth	 factor	 I	 (IGF-I)	 receptor	 and	 phosphoinositide	 3-kinase	 genes	 affect	 IGF-I
plasma	 levels	 and	 human	 longevity:	 cues	 for	 an	 evolutionarily	 conserved	 mechanism	 of	 life	 span
control.	J	Clin	Endocrinol	Metab.	(2003)	88:3299–304.	doi:	10.1210/jc.2002-021810

57.	Arai	Y,	Hirose	N,	Yamamura	K,	Shimizu	K,	Takayama	M,	Ebihara	Y,	et	al.	Serum	insulin-like	growth
factor-1	in	centenarians:	implications	of	IGF-1	as	a	rapid	turnover	protein.	J	Gerontol	A	Biol	Sci	Med
Sci.	(2001)	56:M79–82.	doi:	10.1093/gerona/56.2.M79

https://doi.org/10.1093/gerona/glt198
https://doi.org/10.1007/s11357-017-9971-0
https://doi.org/10.1038/s41467-018-04805-5
https://doi.org/10.1016/j.mad.2017.06.002
https://doi.org/10.1016/j.mad.2016.12.001
https://doi.org/10.2337/diab.45.7.947
https://doi.org/10.1016/S0531-5565(01)00148-6
https://doi.org/10.1152/ajpendo.1996.270.5.E890
https://doi.org/10.1111/j.1532-5415.1997.tb03203.x
https://doi.org/10.18632/aging.100484
https://doi.org/10.1016/j.neurobiolaging.2006.03.014
https://doi.org/10.1042/cs0970579
https://doi.org/10.1111/j.1532-5415.1999.tb07431.x
https://doi.org/10.1210/jcem.82.7.4087
https://doi.org/10.1210/jc.2002-021810
https://doi.org/10.1093/gerona/56.2.M79


58.	 Arai	 Y,	 Takayama	M,	 Gondo	Y,	 Inagaki	 H,	 Yamamura	 K,	 Nakazawa	 S,	 et	 al.	 Adipose	 endocrine
function,	 insulin-like	 growth	 factor-1	 axis,	 and	 exceptional	 survival	 beyond	 100	 years	 of	 age.	 J
Gerontol	A	Biol	Sci	Med	Sci.	(2008)	63:1209–18.	doi:	10.1093/gerona/63.11.1209

59.	Herr	M,	Jeune	B,	Fors	S,	Andersen-Ranberg	K,	Ankri	J,	Arai	Y,	et	al.	Frailty	and	associated	factors
among	 centenarians	 in	 the	 5-COOP	 countries.	 Gerontology	 (2018)	 64:521–31.	 doi:
10.1159/000489955

60.	Bucci	L,	Ostan	R,	Cevenini	E,	Pini	E,	Scurti	M,	Vitale	G,	et	al.	Centenarians'	offspring	as	a	model	of
healthy	 aging:	 a	 reappraisal	 of	 the	 data	 on	 Italian	 subjects	 and	 a	 comprehensive	 overview.	 Aging
(Albany.	NY).	(2016)	8:1–11.	doi:	10.18632/aging.100912

61.	Gueresi	P,	Miglio	R,	Monti	D,	Mari	D,	Sansoni	P,	Caruso	C,	et	al.	Does	the	longevity	of	one	or	both
parents	 influence	 the	 health	 status	 of	 their	 offspring?	 Exp	 Gerontol.	 (2013)	 48:395–400.	 doi:
10.1016/j.exger.2013.02.004

62.	Horvath	 S,	 Pirazzini	 C,	 Bacalini	MG,	Gentilini	D,	Di	 Blasio	AM,	Delledonne	M,	 et	 al.	 Decreased
epigenetic	 age	 of	 PBMCs	 from	 Italian	 semi-supercentenarians	 and	 their	 offspring.	 Aging	 (2015)
7:1159–70.	doi:	10.18632/aging.100861

63.	 Caselli	 G,	 Pozzi	 L,	 Vaupel	 JW,	 Deiana	 L,	 Pes	 G,	 Carru	 C,	 et	 al.	 Family	 clustering	 in	 Sardinian
longevity:	 a	 genealogical	 approach.	 Exp	 Gerontol.	 (2006)	 41:727–36.	 doi:
10.1016/j.exger.2006.05.009

64.	Suh	Y,	Atzmon	G,	Cho	MO,	Hwang	D,	Liu	B,	Leahy	DJ,	et	al.	Functionally	significant	 insulin-like
growth	factor	I	receptor	mutations	in	centenarians.	Proc	Natl	Acad	Sci	USA.	(2008)	105:3438–42.	doi:
10.1073/pnas.0705467105

65.	Deelen	J,	van	den	Akker	EB,	Trompet	S,	van	Heemst	D,	Mooijaart	SP,	Slagboom	PE,	Beekman	M.
Employing	 biomarkers	 of	 healthy	 ageing	 for	 leveraging	 genetic	 studies	 into	 human	 longevity.	Exp
Gerontol.	(2016)	82:166–74.	doi:	10.1016/j.exger.2016.06.013

66.	van	der	Spoel	E,	Rozing	MP,	Houwing-Duistermaat	JJ,	Slagboom	PE,	Beekman	M,	de	Craen	AJ,	et	al.
Association	analysis	of	insulin-like	growth	factor-1	axis	parameters	with	survival	and	functional	status
in	nonagenarians	of	the	Leiden	Longevity	Study.	Aging	(2015)	7:956–63.	doi:	10.18632/aging.100841

67.	 Rozing	 MP,	Westendorp	 RG,	 Frölich	 M,	 de	 Craen	 AJ,	 Beekman	M,	 Heijmans	 BT,	 et	 al.	 Human
insulin/IGF-1	 and	 familial	 longevity	 at	 middle	 age.	 Aging	 (2009)	 1:714–22.	 doi:
10.18632/aging.100071

68.	van	der	Spoel	E,	Jansen	SW,	Akintola	AA,	Ballieux	BE,	Cobbaert	CM,	Slagboom	PE,	et	al.	Growth
hormone	 secretion	 is	 diminished	 and	 tightly	 controlled	 in	 humans	 enriched	 for	 familial	 longevity.
Aging	Cell	(2016)	15:1126–31.	doi:	10.1111/acel.12519

69.	Sebastiani	P,	Sun	FX,	Andersen	SL,	Lee	JH,	Wojczynski	MK,	Sanders	JL,	et	al.	Families	enriched	for
exceptional	longevity	also	have	increased	health-span:	findings	from	the	long	life	family	study.	Front
Public	Health	(2013)	1:38.	doi:	10.3389/fpubh.2013.00038

70.	Sebastiani	P,	Thyagarajan	B,	Sun	F,	Honig	LS,	Schupf	N,	Cosentino	S,	et	al.	Age	and	sex	distributions
of	age-related	biomarker	values	in	healthy	older	adults	from	the	long	life	family	study.	J	Am	Geriatr
Soc.	(2016)	64:e189–94.	doi:	10.1111/jgs.14522

71.	 Teumer	 A,	 Qi	 Q,	 Nethander	M,	 Aschard	 H,	 Bandinelli	 S,	 Beekman	M,	 et	 al.	 Genomewide	 meta-
analysis	 identifies	 loci	 associated	with	 IGF-I	 and	 IGFBP-3	 levels	with	 impact	 on	 age-related	 traits.
Aging	Cell	(2016)	15:811–24.	doi:	10.1111/acel.12490

72.	Deelen	J,	Uh	HW,	Monajemi	R,	van	Heemst	D,	Thijssen	PE,	Böhringer	S,	et	al.	Gene	set	analysis	of
GWAS	data	for	human	longevity	highlights	the	relevance	of	the	insulin/IGF-1	signaling	and	telomere
maintenance	pathways.	Age	(2013)	35:235–49.	doi:	10.1007/s11357-011-9340-3

73.	 van	 Heemst	 D,	 Beekman	M,	Mooijaart	 SP,	 Heijmans	 BT,	 Brandt	 BW,	 Zwaan	 BJ,	 et	 al.	 Reduced
insulin/IGF-1	 signalling	 and	 human	 longevity.	 Aging	 Cell	 (2005)	 4:79–85.	 doi:	 10.1111/j.1474-
9728.2005.00148.x

https://doi.org/10.1093/gerona/63.11.1209
https://doi.org/10.1159/000489955
https://doi.org/10.18632/aging.100912
https://doi.org/10.1016/j.exger.2013.02.004
https://doi.org/10.18632/aging.100861
https://doi.org/10.1016/j.exger.2006.05.009
https://doi.org/10.1073/pnas.0705467105
https://doi.org/10.1016/j.exger.2016.06.013
https://doi.org/10.18632/aging.100841
https://doi.org/10.18632/aging.100071
https://doi.org/10.1111/acel.12519
https://doi.org/10.3389/fpubh.2013.00038
https://doi.org/10.1111/jgs.14522
https://doi.org/10.1111/acel.12490
https://doi.org/10.1007/s11357-011-9340-3
https://doi.org/10.1111/j.1474-9728.2005.00148.x


74.	Ben-Avraham	D,	Govindaraju	DR,	Budagov	T,	Fradin	D,	Durda	P,	Liu	B,	et	al.	The	GH	receptor	exon
3	deletion	is	a	marker	of	male-specific	exceptional	longevity	associated	with	increased	GH	sensitivity
and	taller	stature.	Sci	Adv.	(2017)	3:e1602025.	doi:	10.1126/sciadv.1602025

75.	McKiernan	SH,	Colman	RJ,	Lopez	M,	Beasley	TM,	Aiken	JM,	Anderson	RM,	et	al.	Caloric	restriction
delays	 aging-induced	 cellular	 phenotypes	 in	 rhesus	 monkey	 skeletal	 muscle.	Exp	 Gerontol.	 (2011)
46:23–9.	doi:	10.1016/j.exger.2010.09.011

76.	 Colman	 RJ,	 Anderson	 RM,	 Johnson	 SC,	 Kastman	 EK,	 Kosmatka	 KJ,	 Beasley	 TM,	 et	 al.	 Calorie
restriction	 delays	 disease	 onset	 and	 mortality	 in	 rhesus	 monkeys.	 Science	 (2009)	 325:201–4.	 doi:
10.1126/science.1173635

77.	Willcox	DC,	Willcox	BJ,	Todoriki	H,	Curb	JD,	Suzuki	M.	Caloric	 restriction	and	human	 longevity:
what	 can	we	 learn	 from	 the	Okinawans?	Biogerontology	 (2006)	7:173–7.	 doi:	 10.1007/s10522-006-
9008-z

78.	Mattison	 JA,	Roth	GS,	Beasley	TM,	Tilmont	EM,	Handy	AM,	Herbert	RL,	 et	 al.	 Impact	of	 caloric
restriction	on	health	and	survival	in	rhesus	monkeys	from	the	NIA	study.	Nature	(2012)	489:318–21.
doi:	10.1038/nature11432

79.	Dunn	SE,	Kari	FW,	French	 J,	Leininger	 JR,	Travlos	G,	Wilson	R,	 et	 al.	Dietary	 restriction	 reduces
insulin-like	 growth	 factor	 I	 levels,	 which	 modulates	 apoptosis,	 cell	 proliferation,	 and	 tumor
progression	in	p53-deficient	mice.	Cancer	Res.	(1997)	57:4667–72.

80.	Berrigan	D,	 Perkins	 SN,	Haines	DC,	Hursting	 SD.	Adult-onset	 calorie	 restriction	 and	 fasting	 delay
spontaneous	 tumorigenesis	 in	 p53-deficient	 mice.	 Carcinogenesis	 (2002)	 23:817–22.	 doi:
10.1093/carcin/23.5.817

81.	Redman	LM,	Veldhuis	JD,	Rood	J,	Smith	SR,	Williamson	D,	Ravussin	E,	et	al.	The	effect	of	caloric
restriction	interventions	on	growth	hormone	secretion	in	nonobese	men	and	women.	Aging	Cell	(2010)
9:32–9.	doi:	10.1111/j.1474-9726.2009.00530.x

82.	Fontana	L,	Villareal	DT,	Das	SK,	Smith	SR,	Meydani	SN,	Pittas	AG,	et	al.	Effects	of	2-year	calorie
restriction	 on	 circulating	 levels	 of	 IGF-1,	 IGF-binding	 proteins	 and	 cortisol	 in	 nonobese	 men	 and
women:	a	randomized	clinical	trial.	Aging	Cell	(2016)	15:22–7.	doi:	10.1111/acel.12400

83.	 Lettieri-Barbato	 D,	 Giovannetti	 E,	 Aquilano	 K.	 Effects	 of	 dietary	 restriction	 on	 adipose	 mass	 and
biomarkers	of	healthy	aging	in	human.	Aging	(2016)	8:3341–55.	doi:	10.18632/aging.101122

84.	Mercken	EM,	Crosby	SD,	Lamming	DW,	JeBailey	L,	Krzysik-Walker	S,	Villareal	DT,	et	al.	Calorie
restriction	 in	 humans	 inhibits	 the	 PI3K/AKT	 pathway	 and	 induces	 a	 younger	 transcription	 profile.
Aging	Cell	(2013)	12:645–51.	doi:	10.1111/acel.12088

85.	Arai	Y,	Kojima	T,	Takayama	M,	Hirose	N.	The	metabolic	syndrome,	IGF-1,	and	insulin	action.	Mol
Cell	Endocrinol.	(2009)	299:124–8.	doi:	10.1016/j.mce.2008.07.002

86.	Redman	LM,	Ravussin	E.	Endocrine	alterations	in	response	to	calorie	restriction	in	humans.	Mol	Cell
Endocrinol.	(2009)	299:129–36.	doi:	10.1016/j.mce.2008.10.014

87.	 Franceschi	 C,	 Garagnani	 P,	 Vitale	 G,	 Capri	M,	 Salvioli	 S.	 Inflammaging	 and	 'Garb-aging'.	Trends
Endocrinol	Metab.	(2017)	28:199–212.	doi:	10.1016/j.tem.2016.09.005

88.	Qian	M,	Liu	B.	Pharmaceutical	Intervention	of	Aging.	Adv	Exp	Med	Biol.	 (2018)	1086:235–54.	doi:
10.1007/978-981-13-1117-8_15

89.	Baker	DJ,	Wijshake	T,	Tchkonia	T,	LeBrasseur	NK,	Childs	BG,	van	de	Sluis	B,	et	al.	Clearance	of
p16Ink4a-positive	senescent	cells	delays	ageing-associated	disorders.	Nature	 (2011)	479:232–6.	doi:
10.1038/nature10600

90.	Derous	D,	Mitchell	SE,	Wang	L,	Green	CL,	Wang	Y,	Chen	L,	et	al.	The	effects	of	graded	levels	of
calorie	restriction:	XI.	Evaluation	of	the	main	hypotheses	underpinning	the	life	extension	effects	of	CR
using	the	hepatic	transcriptome.	Aging	(2017)	9:1770–824.	doi:	10.18632/aging.101269

91.	 Madeo	 F,	 Tavernarakis	 N,	 Kroemer	 G.	 Can	 autophagy	 promote	 longevity?	 Nat	 Cell	 Biol.	 (2010)
12:842–6.	doi:	10.1038/ncb0910-842

https://doi.org/10.1126/sciadv.1602025
https://doi.org/10.1016/j.exger.2010.09.011
https://doi.org/10.1126/science.1173635
https://doi.org/10.1007/s10522-006-9008-z
https://doi.org/10.1038/nature11432
https://doi.org/10.1093/carcin/23.5.817
https://doi.org/10.1111/j.1474-9726.2009.00530.x
https://doi.org/10.1111/acel.12400
https://doi.org/10.18632/aging.101122
https://doi.org/10.1111/acel.12088
https://doi.org/10.1016/j.mce.2008.07.002
https://doi.org/10.1016/j.mce.2008.10.014
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1007/978-981-13-1117-8_15
https://doi.org/10.1038/nature10600
https://doi.org/10.18632/aging.101269
https://doi.org/10.1038/ncb0910-842


92.	Cevenini	E,	Monti	D,	Franceschi	C.	Inflamm-ageing.	Curr	Opin	Clin	Nutr	Metab	Care.	(2013)	16:14–
20.	doi:	10.1097/MCO.0b013e32835ada13

93.	Meydani	SN,	Das	SK,	Pieper	CF,	Lewis	MR,	Klein	S,	Dixit	VD,	et	al.	Long-term	moderate	calorie
restriction	inhibits	 inflammation	without	 impairing	cell-mediated	immunity:	a	randomized	controlled
trial	in	non-obese	humans.	Aging	(2016)	8:1416–31.	doi:	10.18632/aging.100994

94.	Ott	B,	Skurk	T,	Hastreiter	L,	Lagkouvardos	I,	Fischer	S,	Büttner	J,	et	al.	Effect	of	caloric	restriction	on
gut	 permeability,	 inflammation	 markers,	 and	 fecal	 microbiota	 in	 obese	 women.	 Sci	 Rep.	 (2017)
7:11955.	doi:	10.1038/s41598-017-12109-9

95.	 Unamuno	 X,	 Gómez-Ambrosi	 J,	 Rodríguez	 A,	 Becerril	 S,	 Frühbeck	 G,	 Catalán	 V.	 Adipokine
dysregulation	and	adipose	tissue	inflammation	in	human	obesity.	Eur	J	Clin	Invest.	(2018)	48:e12997.
doi:	10.1111/eci.12997

96.	Liu	M,	Liu	F.	Regulation	of	adiponectin	multimerization,	signaling	and	function.	Best	Pract	Res	Clin
Endocrinol	Metab.	(2014)	28:25–31.	doi:	10.1016/j.beem.2013.06.003

97.	Balaskó	M,	Soós	S,	Székely	M,	Pétervári	E.	Leptin	and	aging:	Review	and	questions	with	particular
emphasis	 on	 its	 role	 in	 the	 central	 regulation	 of	 energy	 balance.	 J	 Chem	 Neuroanat.	 (2014)	 61–
62:248–55.	doi:	10.1016/j.jchemneu.2014.08.006

98.	 Arai	 Y,	 Nakazawa	 S,	 Kojima	 T,	 Takayama	 M,	 Abihara	 Y,	 Shimizu	 K,	 et	 al.	 High	 adiponectin
concentration	and	 its	 role	for	 longevity	 in	female	centenarians.	Geriatr	Gerontol	 Int.	 (2006)	6:32–9.
doi:	10.1111/j.1447-0594.2006.00304.x

99.	 Bik	 W,	 Baranowska-Bik	 A,	 Wolinska-Witort	 E,	 Kalisz	 M,	 Broczek	 K,	 Mossakowska	 M,	 et	 al.
Assessment	 of	 adiponectin	 and	 its	 isoforms	 in	Polish	 centenarians.	Exp	Gerontol.	 (2013)	 48:401–7.
doi:	10.1016/j.exger.2013.01.015

100.	Meazza	C,	Vitale	G,	Pagani	S,	Castaldi	D,	Ogliari	G,	Mari	D,	et	al.	Common	adipokine	 features	of
neonates	 and	 centenarians.	 J	 Pediatr	 Endocrinol	 Metab.	 (2011)	 24:953–7.	 doi:
10.1515/JPEM.2011.373

101.	 Baranowska	 B,	 Bik	W,	 Baranowska-Bik	 A,	Wolinska-Witort	 E,	 Szybinska	 A,	Martynska	 L,	 et	 al.
Neuroendocrine	control	of	metabolic	homeostasis	in	Polish	centenarians.	J	Physiol	Pharmacol.	(2006)
57	(Suppl.	6):55–61.

102.	Miura	Y,	Hashii	N,	 Tsumoto	H,	 Takakura	D,	Ohta	Y,	Abe	Y,	 et	 al.	 Change	 in	N-glycosylation	 of
plasma	 proteins	 in	 Japanese	 semisupercentenarians.	 PLoS	 ONE	 (2015)	 10:e0142645.	 doi:
10.1371/journal.pone.0142645

103.	Atzmon	G,	Pollin	TI,	Crandall	J,	Tanner	K,	Schechter	CB,	Scherer	PE,	et	al.	Adiponectin	levels	and
genotype:	a	potential	regulator	of	life	span	in	humans.	J	Gerontol	A	Biol	Sci	Med	Sci.	(2008)	63:447–
53.	doi:	10.1093/gerona/63.5.447

104.	Mariotti	S,	Barbesino	G,	Caturegli	P,	Bartalena	L,	Sansoni	P,	Fagnoni	F,	et	al.	Complex	alteration	of
thyroid	 function	 in	 healthy	 centenarians.	 J	 Clin.	 Endocrinol	 Metab.	 (1993)	 77:1130–4.	 doi:
10.1210/jcem.77.5.8077303

105.	Maugeri	D,	Russo	MS,	Di	Stefano	F,	Receputo	G,	Rosso	D,	Rapisarda	R,	et	al.	Thyroid	function	 in
healthy	centenarians.	Arch	Gerontol	Geriatr.	(1997)	25:211–7.	doi:	10.1016/S0167-4943(97)00012-5

106.	Ostan	R,	Monti	D,	Mari	D,	Arosio	B,	Gentilini	D,	Ferri	E,	et	al.	Heterogeneity	of	thyroid	function	and
impact	 of	 peripheral	 thyroxine	 deiodination	 in	 centenarians	 and	 semi-supercentenarians:	 association
with	 functional	 status	 and	 mortality.	 J	 Gerontol	 A	 Biol	 Sci	 Med	 Sci.	 (2018).	 doi:
10.1093/gerona/gly194.	[Epub	ahead	of	print].

107.	He	Y,	Chen	X,	Yan	D,	Xiao	F,	Liu	Y,	Lin	R,	 et	 al.	 Thyroid	 function	 decreases	with	 age	 and	may
contribute	 to	 longevity	 in	 chinese	 centenarians'	 families.	 JAGS	 (2015)	 63:1474–6.	 doi:
10.1111/jgs.13553

108.	 Corsonello	 A,	 Montesanto	 A,	 Berardelli	 M,	 De	 Rango	 F,	 Dato	 S,	 Mari	 V,	 et	 al.	 A	 cross-section
analysis	of	FT3	age-related	changes	in	a	group	of	old	and	oldest-old	subjects,	including	centenarians'

https://doi.org/10.1097/MCO.0b013e32835ada13
https://doi.org/10.18632/aging.100994
https://doi.org/10.1038/s41598-017-12109-9
https://doi.org/10.1111/eci.12997
https://doi.org/10.1016/j.beem.2013.06.003
https://doi.org/10.1016/j.jchemneu.2014.08.006
https://doi.org/10.1111/j.1447-0594.2006.00304.x
https://doi.org/10.1016/j.exger.2013.01.015
https://doi.org/10.1515/JPEM.2011.373
https://doi.org/10.1371/journal.pone.0142645
https://doi.org/10.1093/gerona/63.5.447
https://doi.org/10.1210/jcem.77.5.8077303
https://doi.org/10.1016/S0167-4943(97)00012-5
https://doi.org/10.1093/gerona/gly194
https://doi.org/10.1111/jgs.13553


relatives,	 shows	 that	 a	 down-regulated	 thyroid	 function	 has	 a	 familial	 component	 and	 is	 related	 to
longevity.	Age	Ageing	(2010)	39:723–7.	doi:	10.1093/ageing/afq116

109.	 Pereira	 da	 Silva	 A,	 Matos	 A,	 Valente	 A,	 Gil	 Â,	 Alonso	 I,	 Ribeiro	 R,	 et	 al.	 Body	 composition
assessment	 and	 nutritional	 status	 evaluation	 in	 men	 and	 women	 portuguese	 centenarians.	 J	 Nutr
Health	Aging	(2016)	20:256–66.	doi:	10.1007/s12603-015-0566-0

110.	Franceschi	C,	Ostan	R,	Santoro	A.	Nutrition	and	inflammation:	are	centenarians	similar	to	individuals
on	 calorie-restricted	 diets?	 Annu	 Rev	 Nutr.	 (2018)	 38:329–56.	 doi:	 10.1146/annurev-nutr-082117-
051637

111.	Gentilini	D,	Mari	D,	Castaldi	D,	Remondini	D,	Ogliari	G,	Ostan	R,	et	al.	Role	of	epigenetics	in	human
aging	 and	 longevity:	 genome-wide	 DNA	 methylation	 profile	 in	 centenarians	 and	 centenarians'
offspring.	Age	(2013)	35:1961–73.	doi:	10.1007/s11357-012-9463-1

112.	Sgarbi	G,	Matarrese	P,	Pinti	M,	Lanzarini	C,	Ascione	B,	Gibellini	L,	et	al.	Mitochondria	hyperfusion
and	 elevated	 autophagic	 activity	 are	 key	 mechanisms	 for	 cellular	 bioenergetic	 preservation	 in
centenarians.	Aging	(2014)	6:296–310.	doi:	10.18632/aging.100654

113.	Emanuele	E,	Minoretti	P,	Sanchis-Gomar	F,	Pareja-Galeano	H,	Yilmaz	Y,	Garatachea	N,	et	 al.	Can
enhanced	autophagy	be	associated	with	human	 longevity?	Serum	levels	of	 the	autophagy	biomarker
beclin-1	 are	 increased	 in	 healthy	 centenarians.	 Rejuvenation	 Res.	 (2014)	 17:518–24.	 doi:
10.1089/rej.2014.1607

114.	 Raz	 Y,	 Guerrero-Ros	 I,	 Maier	 A,	 Slagboom	 PE,	 Atzmon	 G,	 Barzilai	 N,	 et	 al.	 Activation-induced
autophagy	is	preserved	in	CD4+	T-cells	in	familial	longevity.	J	Gerontol	A	Biol	Sci	Med	Sci.	(2017)
72:1201–6.	doi:	10.1093/gerona/glx020

115.	Fontana	L,	Villareal	DT,	Weiss	EP,	Racette	SB,	Steger-May	K,	et	al.	Calorie	restriction	or	exercise:
effects	on	coronary	heart	disease	risk	factors.	A	randomized,	controlled	trial.	Am	J	Physiol	Endocrinol
Metab.	(2007)	293:E197–202.	doi:	10.1152/ajpendo.00102.2007

116.	Ravussin	E,	Redman	LM,	Rochon	J,	Das	SK,	Fontana	L,	et	al.	A	2-year	randomized	controlled	trial	of
human	caloric	restriction:	feasibility	and	effects	on	predictors	of	health	span	and	longevity.	J	Gerontol
A	Biol	Sci	Med	Sci.	(2015)	70:1097–104.	doi:	10.1093/gerona/glv057

117.	Bruunsgaard	H,	Andersen-Ranberg	K,	Jeune	B,	Pedersen	AN,	Skinhoj	P,	Pedersen	BK.	A	high	plasma
concentration	of	TNF-α	is	associated	with	dementia	 in	centenarians.	J	Gerontol	A	Biol	Sci	Med	Sci.
(1999)	54:M357–64.	doi:	10.1093/gerona/54.7.M357

118.	Gangemi	S,	Basile	G,	Merendino	RA,	Minciullo	PL,	Novick	D,	et	al.	Increased	circulating	interleukin-
18	 levels	 in	 centenarians	 with	 no	 signs	 of	 vascular	 disease:	 another	 paradox	 of	 longevity?	 Exp
Gerontol.	(2003)	38:669–72.	doi:	10.1016/S0531-5565(03)00061-5

119.	Gerli	R,	Monti	D,	Bistoni	O,	Mazzone	AM,	Peri	G,	et	al.	Chemokines,	 sTNF-Rs	and	sCD30	serum
levels	 in	 healthy	 aged	 people	 and	 centenarians.	 Mech.	 Ageing	 Dev.	 (2000)	 121:37–46.	 doi:
10.1016/S0047-6374(00)00195-0

120.	 Franceschi	 C,	 Capri	 M,	 Monti	 D,	 Giunta	 S,	 Olivieri	 F,	 Sevini	 F,	 et	 al.	 Inflammaging	 and	 anti-
inflammaging:	a	systemic	perspective	on	aging	and	longevity	emerged	from	studies	in	humans.	Mech
Ageing	Dev.	(2007)	128:92–105.	doi:	10.1016/j.mad.2006.11.016

121.	 Salvioli	 S,	Monti	 D,	 Lanzarini	 C,	 Conte	M,	 Pirazzini	 C,	 Bacalini	MG,	 et	 al.	 Immune	 system,	 cell
senescence,	aging	and	longevity–inflamm-aging	reappraised.	Curr	Pharm	Des.	(2013)	19:1675–9.	doi:
10.2174/1381612811319090015

Conflict	 of	 Interest	 Statement:	 The	 authors	 declare	 that	 the	 research	 was
conducted	in	the	absence	of	any	commercial	or	financial	relationships	that	could
be	construed	as	a	potential	conflict	of	interest.

https://doi.org/10.1093/ageing/afq116
https://doi.org/10.1007/s12603-015-0566-0
https://doi.org/10.1146/annurev-nutr-082117-051637
https://doi.org/10.1007/s11357-012-9463-1
https://doi.org/10.18632/aging.100654
https://doi.org/10.1089/rej.2014.1607
https://doi.org/10.1093/gerona/glx020
https://doi.org/10.1152/ajpendo.00102.2007
https://doi.org/10.1093/gerona/glv057
https://doi.org/10.1093/gerona/54.7.M357
https://doi.org/10.1016/S0531-5565(03)00061-5
https://doi.org/10.1016/S0047-6374(00)00195-0
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.2174/1381612811319090015


Copyright	 ©	 2019	 Vitale,	 Pellegrino,	 Vollery	 and	 Hofland.	 This	 is	 an	 open-
access	article	distributed	under	the	terms	of	the	Creative	Commons	Attribution
License	 (CC	 BY).	 The	 use,	 distribution	 or	 reproduction	 in	 other	 forums	 is
permitted,	 provided	 the	 original	 author(s)	 and	 the	 copyright	 owner(s)	 are
credited	and	that	the	original	publication	in	this	journal	is	cited,	in	accordance
with	 accepted	 academic	 practice.	 No	 use,	 distribution	 or	 reproduction	 is
permitted	which	does	not	comply	with	these	terms.

http://creativecommons.org/licenses/by/4.0/


REVIEW
published:	07	February	2019

doi:	10.3389/fendo.2019.00054

Adrenal	Aging	and	Its	Implications	on	Stress
Responsiveness	in	Humans

Andreas	Yiallouris1,2,	Constantinos	Tsioutis1,3,	Eirini	Agapidaki1,
Maria	Zafeiri3,4,	Aris	P.	Agouridis1,	Dimitrios	Ntourakis1	and
Elizabeth	O.	Johnson1,2*

1 School	of	Medicine,	European	University	Cyprus,	Nicosia,	Cyprus
2 Laboratory	of	Education	&	Research	Neuroscience,	Department	of	Anatomy,	School	of
Medicine,	National	and	Kapodistrian	University	Athens,	Athens,	Greece
3 Society	of	Junior	Doctors,	Athens,	Greece
4 Diabetes	and	Obesity	Center,	Konstantopouleio	Hospital,	Athens,	Greece

Edited	by:
Sandro	La	Vignera,	Università	degli	Studi	di	Catania,	Italy

Reviewed	by:
Antonio	Aversa,	Università	degli	studi	Magna	Græcia	di	Catanzaro,	Italy
Romesh	Khardori,	Eastern	Virginia	Medical	School,	United	States
Claudio	Acuña-Castillo,	Universidad	de	Santiago	de	Chile,	Chile

*	Correspondence:	Elizabeth	O.	Johnson,	e.johnson@euc.ac.cy

Specialty	section:	This	article	was	submitted	to	Endocrinology	of	Aging,	a	section	of	the	journal
Frontiers	in	Endocrinology

Received:	05	November	2018
Accepted:	21	January	2019
Published:	07	February	2019

Citation:	Yiallouris	A,	Tsioutis	C,	Agapidaki	E,	Zafeiri	M,	Agouridis	AP,	Ntourakis	D	and	Johnson
EO	(2019)	Adrenal	Aging	and	Its	Implications	on	Stress	Responsiveness	in	Humans.	Front.
Endocrinol.	10:54.	doi:	10.3389/fendo.2019.00054

Normal	 aging	 results	 in	 subtle	 changes	 both	 in	 ACTH	 and	 cortisol	 secretion.

https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2019.00054
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2019.00054&domain=pdf&date_stamp=2019-02-07
https://www.frontiersin.org/articles/10.3389/fendo.2019.00054/full
http://loop.frontiersin.org/people/638570/overview
http://loop.frontiersin.org/people/360159/overview
http://loop.frontiersin.org/people/42679/overview
http://loop.frontiersin.org/people/49483/overview
http://loop.frontiersin.org/people/143573/overview
mailto:e.johnson@euc.ac.cy


Most	notable	 is	 the	general	 increase	 in	mean	daily	 serum	cortisol	 levels	 in	 the
elderly,	without	a	noteworthy	alteration	in	the	normal	circadian	rhythm	pattern.
Glucocorticoid	 excess	 seen	 in	 the	 elderly	 population	 can	 have	 serious
consequences	in	both	the	structural	and	functional	integrity	of	various	key	areas
in	 the	 brain,	 including	 the	 hippocampus,	 amygdala,	 prefrontal	 cortex,	 with
consequent	impairment	in	normal	memory,	cognitive	function,	and	sleep	cycles.
The	chronically	elevated	glucocorticoid	levels	also	impinge	on	the	normal	stress
response	 in	 the	elderly,	 leading	 to	an	 impaired	ability	 to	recover	from	stressful
stimuli.	In	addition	to	the	effects	on	the	brain,	glucocorticoid	excess	is	associated
with	 other	 age-related	 changes,	 including	 loss	 of	 muscle	 mass,	 hypertension,
osteopenia,	 visceral	 obesity,	 and	 diabetes,	 among	 others.	 In	 contrast	 to	 the
increase	 in	 glucocorticoid	 levels,	 other	 adrenocortical	 hormones,	 particularly
serum	aldosterone	and	DHEA	(the	precursor	to	androgens	and	estrogens)	show
significant	 decreases	 in	 the	 elderly.	 The	 underlying	 mechanisms	 for	 their
decrease	remain	unclear.	While	the	adrenomedullary	hormone,	norephinephrine,
shows	an	increase	in	plasma	levels,	associated	with	a	decrease	in	clearance,	no
notable	 changes	 observed	 in	 plasma	 epinephrine	 levels	 in	 the	 elderly.	 The
multiplicity	 and	 complexity	 of	 the	 adrenal	 hormone	 changes	 observed
throughout	 the	 normal	 aging	 process,	 suggests	 that	 age-related	 alterations	 in
cellular	 growth,	 differentiation,	 and	 senescence	 specific	 to	 the	 adrenal	 gland
must	also	be	considered.

Keywords:	senescence,	adrenal	cortex,	stress,	HPA	axis,	glucocorticoids

INTRODUCTION

Normal	 aging	 is	 associated	 with	 multi	 endocrine	 changes,	 including	 those
associated	with	changes	in	 the	structure	and	function	of	 the	adrenal	gland.	The
various	morphological	changes	of	the	adrenal	gland	that	occur	during	aging	are
associated	 with	 alterations	 in	 hormonal	 output,	 such	 as	 a	 gradual	 sustained,
increase	in	glucocorticoid	secretion	and	decline	in	adrenal	androgen	levels.	The
increase	 in	 circulating	 levels	 of	 cortisol	 in	 aging	 individuals	 is	 of	 particular
interest	due	to	the	impact	of	cortisol	on	several	systems,	including	cognition,	and
the	inherent	relationship	of	chronic	stress,	elevated	cortisol,	and	aging.

Stress	 is	 a	 constant	 factor	 in	 modern	 life.	 The	 stress	 response	 in	 healthy
organisms	 is	 aimed	 at	 maintaining	 the	 balance	 of	 biological	 functions,	 or
homeostasis,	 when	 faced	 with	 physiological	 or	 psychological	 challenges,	 that
may	 be	 real	 or	 even	 perceived.	 The	 normal	 stress	 response	 entails	 a	 tight
orchestration	of	several	adaptive	response	cascades	of	the	central	nervous	system



and	the	neuroendocrine	systems	that	are	targeted	at	facilitating	homeostasis	and
ultimately,	survival.	An	integral	part	of	 the	response	entails	activation	of	stress
neural	circuits,	which	link	brain	regions	responsible	for	basic	sensory	and	motor
functions	 for	 perception	 and	 motor	 response	 to	 the	 stressful	 challenge,
respectively,	as	well	as	more	intricate	autonomic,	neuroendocrine,	cognitive,	and
behavioral	activities.	While	activation	of	these	neural	circuits	is	considered	part
of	 the	normal	 stress	 response,	 chronic	 stress	may	deregulate	 these	 circuits	 and
responses,	resulting	in	impaired	function	of	these	systems.

The	 stress	 response	 system	 is	 comprised	 of	 central	 and	 peripheral
components.	 Of	 these,	 the	 hypothalmic-pituitary-adrenal	 (HPA)	 axis	 has	 been
defined	as	a	primary	player	 in	 the	stress	 response.	The	HPA	axis	has	been	 the
subject	of	 intense	basic	and	clinical	 research	 in	 the	attempt	 to	understand	why
the	primary	adrenal	hormonal	output,	glucocorticoids,	 is	critical	 for	 life.	While
the	stress	system	has	been	widely	studied,	the	magnitude,	and	complexity	of	the
various	 interactions	 between	 the	 its	 primary	 components	 remain	 elusive	 (1).
Nerve	 cells	 in	 the	 lateral	 paraventricular	 nucleus	 (PVN),	 which	 secrete
corticotropin-releasing	hormone	(CRH)	project	 toward	 the	hindbrain	 to	 regions
responsible	 for	 arousal	 and	 sympathetic	 function.	 In	 return,	 the	 PVN	 receives
catecholaminergic	 fibers	 through	 an	 ascending	 noradrenergic	 bundle	 from	 the
locus	ceruleus	and	central	sympathetic	system.	Upon	activation,	CRH	is	released
into	the	hypophyseal	portal	system,	which	serves	as	a	conduit	between	the	PVN
and	 the	 CRH	 neurons	 with	 the	 pituitary,	 subsequently	 stimulating
adrenocorticotropic	 hormone	 (ACTH),	 and	 endorphin	 release	 by	 the	 pro-
opiomelanocortin	(POMC)	neurons	of	the	arcuate	nucleus.	While	the	release	of
CRH	 and	 the	 subsequent	 stimulation	 of	 brainstem	 arousal	 and	 sympathetic
centers	 is	 part	 of	 a	 positive,	 reverberating	 feedback	 loop,	 the	 release	 of
endorphins	and	ACTH	is	part	of	a	negative	feedback	 loop	 that	exert	 inhibitory
effects	 on	 CRH	 secretion.	 ACTH	 release	 into	 the	 bloodstream	 acts	 on	 the
adrenal	 cortex	 resulting	 in	 the	 release	 of	 cortisol.	 Cortisol,	 in	 turn,	 exerts
negative	 feedback,	 both	 at	 the	 level	 of	 the	pituitary	 and	 the	hypothalamus	 (1).
Both	the	acute	and	chronic	activation	of	the	components	of	the	stress	system	and
HPA	axis	 is	associated	with	direct	consequences	on	 the	activity	and	functional
integrity	 and	 of	 other	 physiological	 systems,	 including	 those	 responsible	 for
reproduction,	 growth,	 and	 immunity,	 which	 are	 mostly	 attributed	 to	 the
interaction	of	adrenal	hormones	with	other	physiologic	systems	(1).

The	wealth	of	the	available	evidence	strongly	suggests	that	chronic	stress	can
accelerate	 aging	 (2).	 In	 addition,	 however,	 there	 is	 general	 support	 that	 the
ability	 to	 terminate	 the	 stress	 response	 systems	 in	 the	 elderly	 population	 is



impaired	 (3).	 It	 is	not	 clear	whether	 structural	 and	 functional	 alterations	 in	 the
aging	 brain,	 with	 a	 commitment	 decrease	 glucocorticoid-mediated	 feedback
inhibition	 contribute	 to	 the	 cortisol	 hypersecretion	 observed	 in	 the	 elderly,	 or
whether	this	is	related	to	functional	changes	within	the	adrenal	gland	itself.	The
aim	of	this	review	is	to	address	adrenal	aging	with	particular	focus	on	alterations
in	adrenal	cortisol	production	and	its	implications	on	stress	responsiveness	in	the
elderly.

Adrenals,	Aging,	and	Stress

Aging	and	Stress
Aging	 or	 senescence	 has	 served	 as	 a	 focus	 for	 research	 for	 several	 decades.
While	life	expectancy	has	increased	significantly,	with	the	age	group	consisting
of	individuals	over	the	age	of	85	years	being	the	fastest	growing	age	group,	our
understanding	of	the	aging	process	remains	unknown.	Upon	critical	examination
of	 numerous	 theories	 proposed	 to	 explain	 the	 aging	 process,	 two	 categories
emerge	 that	 are	 not	mutually	 exclusive:	 (1)	 those	 that	 are	 based	on	 the	 notion
that	aging	is	programmed;	and	(2)	those	that	are	based	on	the	idea	that	aging	is
related	 to	 the	 accumulation	 of	 damage	 at	 a	 wide	 gamma	 of	 targets	 and	 from
various	sources	(4).	The	cellular	senescence/telomere	theory	supports	the	idea	of
a	 biological	 clock	 and	 suggests	 that	 there	 is	 a	 limited	 replicative	 life	 span	 of
normal	cells	(5).	Cell	senescence	may	be	triggered	in	response	to	stress	through
different	mechanisms,	including	mutations	in	signaling,	DNA	damage	from	free
radicals,	 or	 replication	 (6).	Replicative	 senescence	 comes	 from	 the	 spoilage	of
telomeres,	resulting	after	each	cell	division,	n	and	can	be	reversed	via	activation
of	telomerase,	an	enzyme	that	helps	regenerate	 telomeres	(7).	In	stress-induced
senescence,	 the	 hypothesis	 is	 that	 DNA	 undergoes	 alterations	 due	 to	 extrinsic
stressors	and	intrinsic	processes,	via	mutations	on	the	repair	enzymes	as	a	result
of	 the	 dys-functioning	 and	 further	 aging	 (7,	 8).	 The	 gene	 regulation	 theory	 of
aging	supports	the	notion	that	genes	are	responsible	for	life	and	death	(9).	This
theory	has	been	supported	by	findings	showing	that	some	genes	are	responsible
for	longevity	by	decreasing	insulin-like	signaling,	and	that	the	life-span	could	be
regulated,	in	part,	by	gene	expression,	similarly	to	sirtuin,	a	family	of	anti-aging
genes	 (9).	Other	 theories,	 such	 as	 the	 immunological	 theory,	 supports	 the	 idea
that	 there	 is	deterioration	of	 the	normal	 function	of	 the	 immune	 system	across
aging,	with	 subsequent	 increased	vulnerability	 to	 infectious	diseases	 and	death
(10,	11).	The	stress	theory	of	aging,	sometimes	referred	to	as	hormonal	theory,
supports	 the	 notion	 that	 the	 cumulative	 effects	 of	 stress	 and	 stressful
environments	 causes	 disrupts	 normal	 cellular	 function,	 cause	 cellular	 damage,



which	 eventually	 is	 expressed	 in	 system	 dysfunction	 and	 aging	 (12).	 The
frequency	 of	 stress-related	 conditions	 and	 diseases,	 such	 as	 anxiety	 disorders,
insulin	 resistance,	 hypertension,	 coronary	 heart	 disease,	 depression,
cerebrovascular	 disease,	 and	 others,	 radically	 increase	 throughout	 the	 lifespan.
Additionally,	individual	differences	in	vulnerability	and	resistance	to	stress	and
stress-related	 pathologies	may	 be	 attributed	 in	 part	 to	 the	 heterogeneity	 of	 the
aging	process	(13).	Primary	signaling	pathways	that	respond	to	stress	include	the
insulin/IGF,	TOR,	 and	 sirtuin	 networks	 (14).	Changes	 in	 the	 nutrient	 grade	 or
the	 number	 of	 stress	 stimuli	 result	 in	 alterations	 in	 these	 signaling	 pathways,
which	 alter	 their	 mitochondrial	 function	 and	 metabolic	 activity,	 via	 genome
proteostasis	 and	maintenance	 circuits.	 The	 network	 integration	 and	 activity	 of
both	the	stress	response	system,	as	well	as	the	maintenance	circuitry,	which	are
aimed	 to	 augment	 endurance,	 develop	 during	 the	 early	 developmental	 period.
The	available	evidence	suggests	that	decreased	responsiveness	and	integration	of
the	various	components	of	the	stress	response,	can	contribute	to	both	aging	and
age-related	 diseases.	 An	 important	 insight	 in	 current	 aging	 research	 is	 that
decreased	 function	 throughout	 aging	may	not	be	permanent.	Rather,	 it	 appears
that	age-related	decline	can	be	stunted	and	the	lifespan	increased,	by	increasing
the	resistance	to	stress-related	processes	via	conserved	signaling	pathways	(15).

Adrenal	Glands:	Structure	and	Function
The	adrenal	gland	or	suprarenal	gland	weighs	about	5	g	consists	of	two	distinct
structures,	 both	 anatomically	 and	 chemically:	 an	 inner	 region,	 or	medulla,	 that
contains	 catecholamine-producing	 chromaffin	 cells	 and	 an	 outer	 region,	 or
cortex,	 that	 is	 important	 for	 synthesizing	 life-sustaining	 steroids.	The	medulla,
which	 produces	 catecholamines	 receives	 sympathetic	 innervation,	 while	 the
cortex,	 which	 produces	 life-sustaining	 steroids	 is	 regulated	 by	 the	 pituitary
hormones	(16).

The	cortex	is	divided	into	three	zones;	zona	reticularis	(amounting	up	to	7%
of	the	gland	mass),	zona	glomerulosa	(15%),	and	zona	fasciculata	(50%),	where
each	 of	 the	 zones	 secrete	 different	 hormones	 (Table	 1)	 (Figure	 1).	 All
adrenocortical	 cells	 contain	 excessive	 quantities	 of	 lipids,	 mainly	 in	 the	 outer
part	 of	 the	 zona	 fasciculata.	 The	 two	 inner	 zones	 (zona	 fasciculata	 and	 zona
reticularis)	 produce	 cortisol	 and	 sex	 hormones,	 including
dehydroepiandrosterone	 (DHEA).	 Cortisol	 and	 its	 derivatives	 are	 known	 as
glucocorticoids	due	to	their	function	to	stimulate	gluconeogenesis,	raising	blood
pressure,	and	regulate	inflammation.	Due	to	its	latter	property,	it	is	often	given	to
patients	with	 systematic	 inflammatory	conditions	 (e,g.,	 autoimmune	disorders),



as	 well	 as	 to	 transplant	 patients.	 The	 outer	 cortical	 zone,	 zona	 glomerulosa,
produces	 aldosterone	 in	 response	 to	 the	 renin-angiotensin	 system,	 which
regulates	 body	water,	 and	 salt.	All	 zones	 secrete	 corticosterone,	 but	 the	 actual
mechanisms	 forming	 cortisol	 and	 sex-related	 hormones	 are	 found	 in	 the	 two
inner	zones,	whereas	zona	glomerulosa	has	limited	aldosterone	synthesis	(24).

Table	1.	Hormones	of	the	adrenal	glands.

FIGURE	1.	Schematic	of	components	of	the	primary	adrenal	axis	and	main	hormones
produced	in	adrenal	cortex	and	adrenal	medulla.

The	 centrally-located	 medulla,	 which	 constitutes	 28%	 of	 the	 gland,	 is
surrounded	by	 the	adrenal	cortex,	and	made	up	of	 interlacing	cords	of	densely
innervated	 granule-containing	 cells	 adjacent	 to	 venous	 sinuses.	 The	 cells
comprizing	 the	 medulla	 are	 derived	 from	 the	 nervous	 system	 and	 produce
catecholamines	 (adrenaline,	 noradrenaline,	 and	 dopamine).	 Stimulation	 of
hormone	 secretion,	 leads	 to	 release	 of	 the	 hormones	 into	 the	 circulation	 via
exocytosis	 (25).	 The	medulla	 of	 the	 adrenal	 gland	 is	 considered	 an	 important
component	 of	 the	 sympathetic	 nervous	 system,	 and	 houses	 two	 primary	 cell
types,	 the	 adrenalin-secreting	 type	 [90%	 of	 cells],	 and	 the	 noradrenaline-
secreting	 type	 (10%),	 (13,	 16)	 along	 with	 small	 numbers	 of	 sympathetic
ganglion	 cells.	While	 not	 essential	 to	 life,	 the	 medulla	 significantly	 helps	 the



organism	 to	 cope	 with	 stress	 through	 adrenalin	 and	 noradrenalin	 secretion,
which	 increase	 the	 heart	 rate,	 convert	 glycogen	 to	 glucose	 in	 the	 liver,	 among
others	(26).

Adrenal	Stress	Response:	HPA	Axis	Activation
Exposure	 to	a	stressful	stimulus	results	 in	activation	of	both	 the	hypothalamic-
pituitary-adrenal	 (HPA)	 axis	 and	 the	 arousal/sympathetic	 system,	 which
comprise	 primary	 components,	 the	 central	 and	 peripheral	 parts,	 of	 the	 stress
system.	 Of	 the	 variety	 of	 factors	 that	 are	 produced	 and	 released	 in	 the	 stress
response,	 the	 mediators	 of	 the	 HPA	 axis,	 particularly	 the	 glucocorticoids,	 are
critical	 (1).	 Normally,	 after	 exposure	 to	 a	 stressor,	 glucocorticoids	 act	 on	 the
brain	 to	 restore	 physiological,	 and	 behavior	 homeostasis.	 Glucocorticoids
produce	adaptive	responses	by	exerting	effects	on	various	central	and	peripheral
sites,	in	addition	to	exerting	effects	on	wide	span	of	neuronal	activities,	such	as
nerve	 cell	 excitability,	 neuroplasticity,	 neurogenesis,	 neuronal	 death,	 stress
responsiveness,	 and	 behavioral	 responses.	 The	 glucocorticoid,	 namely	 via
cortisol,	 negative-feedback	 loop	 comprises	 a	 critical	 part	 of	 the	 adrenal	 stress
response	as	 it	acts	 to	 terminate	HPA	activation.	The	adrenal	 steroids	appear	 to
exert	 their	 effect	 via	 the	 interaction	 with	 intracellular	 receptors	 that	 show
specific,	 and	 high	 affinity	 ligand	 binding.	 Two	 types	 of	 receptors	 for	 adrenal
steroids	 have	 been	 identified	 in	 the	 brain	 and	 the	 pituitary	 (27).	 Both
glucocorticoid	receptors	have	been	found	in	the	brain	and	have	been	implicated
in	 basal	 and	 stress-associated	 negative	 feedback	 control	 of	 the	HPA	 axis.	 The
type	I,	or	mineralocorticoid	(MR),	receptor	appears	to	mediate,	and	regulate	the
tonic	influences	of	glucocorticoids	on	brain	functions	at	basal	levels.	Activation
of	 the	 type	 II,	 or	 glucocorticoid	 (GR),	 receptor	 plays	 an	 important	 role	 in
blunting	 further	 activity	 of	 the	 stress	 response	 through	 negative	 feedback
suppression	of	the	stress	response.	Changes	in	learning	and	memory,	as	well	as
increased	anxiety	is	associated	with	activation	of	GR.	These	functional	changes
are	 anatomically	 encoded	 within	 distinct	 neural	 regions	 and	 structures.	 The
hippocampus	 (HC)	 and	 prefrontal	 cortex	 (PFC)	 are	 largely	 inhibitory	 of	 the
limbic-HPA	 axis	 activity,	 and	 the	 amygdala	 appears	 to	 activate	 the	 stress
response.	Elevated	levels	of	glucocorticoids	appear	to	impair	synaptic	plasticity
in	the	HC	and	the	acquisition	of	HC-dependent	memories.	GR	and	MR	are	both
abundantly	expressed	in	neurons	of	the	HC,	PFC,	and	amygdala.	MRs	and	GRs
may	have	opposing	functions	in	regulating	hippocampal	synaptic	neuroplasticity
during	 the	 stress-response.	 Activation	 of	 MRs	 may	 be	 a	 prerequisite	 for
hippocampal	plasticity,	while	GRs	may	exert	an	inhibitory	effect	on	plasticity	(1,
28–30).



Adrenal	Gland	Changes	With	Aging
As	physiologic	functions	gradually	decline	during	aging,	a	reduction	in	activity
across	 the	 hypothalamic-pituitary-adrenal	 (HPA)	 axis	 occurs.	The	HPA	axis	 is
fundamental	to	homeostasis,	acting	as	a	regulator	of	stress	response	(31).	During
the	 multifactorial	 process	 of	 aging,	 the	 secretory	 pattern	 of	 the	 adrenals,
especially	 of	 the	 adrenal	 cortex,	 is	 subject	 to	 quantitative	 and	 qualitative
alterations,	and	so	is	the	axis's	negative	feedback	sensitivity	to	the	end	hormones
(32),	 probably	 contributing	 to	 the	 pathogenesis	 of	 age-related	 disorders,
particularly	the	decline	in	cognition	observed	in	older	people	(33).	In	the	aging
population,	 several	 studies	 revealed	 an	 improved	 physical	 and	 cognitive
performance	 during	 higher	 activity	 of	 the	 HPA	 axis,	 compared	 with	 reduced
activity	of	the	axis	(34,	35).

Adrenal	Hormone	Alterations	During	Aging
It	has	been	suggested	that	aging	is	related	to	the	loss	of	balance	between	the	two
fundamental	process,	damage,	and	repair	(36),	as	well	as	tissue/organ	loss	over
time	(37,	38).	This	natural	gradual	deterioration	of	function	is	modulated	by	the
stress	 system	 and	weakening	 of	 the	 normal	 pathways	 of	 repair,	 such	 as	DNA
damage	repair,	mitochondrial	metabolism,	and	proteostasis.	In	humans,	aging	is
characterized	by	an	increase	in	adrenal	glucocorticoid	secretion	and	a	decrease	in
adrenal	androgen	synthesis.	As	aging	occurs,	several	changes	in	hormone	levels
taking	place.

The	 cortisol	 secretion	 pattern	 by	 zona	 fasciculata	 of	 the	 adrenal	 cortex
undergoes	several	modifications	with	age.	Unlike	most	hormones	whose	 levels
diminish	 throughout	 aging,	 mean	 cortisol	 concentrations	 increase	 (39),
displaying	generally	irregular	patterns	and	a	flattened	circadian	profile	(40,	41),
an	 evening	 and	night	 time	higher	 nadir	 (33,	 39),	 and	 an	 attenuated	 awakening
response	with	an	earlier	morning	level	peak	(32).	Additionally	while	aging,	there
is	 diminished	 negative	 feedback	 on	 the	 secretion	 of	 cortisol,	 due	 to	 impaired
sensitivity	of	the	HPA	axis	(33,	42).	This	age-related	attenuation	of	axis	negative
feedback	may	be	associated	with	several	 factors,	such	as	vascular	components,
reduced	 number	 of	 brain	 glucocorticoid	 receptors,	 differences	 of	 cortisol
concentration	 in	 the	 cerebrospinal	 fluid	 (CSF),	 and	 alterations	 of	 cortisol
clearance	in	the	blood	brain	barrier	or	the	CSF	(42).

Increased	cortisol	levels	and	diminished	axis	sensitivity	are	generally	related
with	inferior	cognitive	status,	dementia	of	degenerative	and	vascular	cause	(43),
depression,	 and	 anxiety	 (39).	 Furthermore,	 higher	 urinary	 free	 cortisol
concentrations	 are	 associated	 with	 Alzheimer's	 disease	 (44)	 and	 increased



salivary	 cortisol	 concentrations	 in	 older	 people	 are	 associated	 with	 increased
mortality	 risk,	 higher	 risk	 of	 diabetes	 mellitus,	 and	 hypertension	 (45).
Additionally,	 11-β	 hydroxysteroid	 dehydrogenase,	 which	 acts	 to	 transform
cortisone	 into	 active	 cortisol,	 shows	 increased	 activity	 during	 aging,	 affecting
tissue	cortisol	availability	(46).

Frailty	has	also	been	associated	with	elevated	diurnal	cortisol	levels	(47,	48),
a	 state	 of	 increased	 vulnerability	 of	 the	 aging	 population.	 As	 a	 catabolic
hormone,	higher	cortisol	levels	are	linked	with	characteristic	clinical	features	of
frailty	 such	 as	weight	 loss,	muscle	mass	 reduction,	 and	 anorexia	 (49).	On	 the
contrary,	lower	diurnal	cortisol	levels	are	associated	with	longevity	(50).

Dehydroepiandrosterone	 (DHEA)	 and	 its	 sulfate	 ester	 (DHEAS),	 produced
and	 secreted	 by	 zona	 reticularis	 of	 the	 adrenal	 cortex	 in	 response	 to	 ACTH
stimulation,	decrease	profoundly	during	aging	(39).	Adrenal	secretion	of	DHEA
gradually	declines	over	time	at	a	rate	of	1	±	2%	per	year	(42),	constituting	one	of
the	 biggest	 endocrine	 changes	 found	 in	 human	 aging,	 with	 a	 5-	 to	 10-fold
decrease	 (51)	 resulting	 in	 “adrenopause”	 (52).	 By	 the	 age	 of	 70–80	 years,
DHEAS	are	 about	 30%	of	 peak	 values	 in	women	 and	 20%	 in	men,	 compared
with	people	under	40	years	of	age	(32,	53).	In	peripheral	tissues,	DHEA/DHEAS
convert	 into	 androgens	 and	 oestrogens,	 posing	 a	 significant	 role,	 especially	 in
older	men,	where	<50%	of	these	androgens	are	produced	from	the	testicles	(32).

DHEA/DHEAS	secretion	 is	considered	of	great	 significance	 in	 frailty	 (49).
Higher	 levels	have	been	 linked	with	 improved	health	outcomes	(51),	 improved
psychological	 status	 and	 functional	 abilities,	 muscle	 strength,	 higher	 bone
density,	 anti-inflammatory	 actions	 (54),	 reduced	 risk	 of	 death	 from
cardiovascular	disease	(55),	and	increased	longevity	in	males	(56).	Many	cross-
sectional	 studies	 have	 found	 correlation	 between	 several	 diseases	 (e.g.,
Alzheimer's	disease,	 type	2	diabetes,	and	depression)	and	DHEA-S	levels	(31).
Lower	DHEAS	levels	have	been	associated	with	deficient	mental	health	(39),	as
well	 as	 increased	 cardiovascular	mortality	 and	 cardiovascular	 events	 in	 people
aged	over	50	(54).

The	 reduction	 in	 DHEAS	 levels	 with	 the	 simultaneous	 preservation	 of
plasma	cortisol,	reveal	a	dissociation	of	the	cortical	secretory	pattern,	which	may
be	caused	by	selective	depletion	 in	zona	reticularis	cells	 leading	to	 impairment
of	androgens,	 rather	 than	being	controlled	by	a	hypothalamic	aging	pacemaker
(42,	52).	 In	particular,	 zona	 reticularis	 cells	 seem	 to	be	 susceptible	 to	vascular
injury	 and	 possibly	 to	 the	 intra-adrenal	 gradient	 of	 autocrine	 and	 paracrine
elements,	 leading	 to	 cell	 damage	 (42).	Additionally,	 the	 response	of	DHEA	 to
exogenous	ACTH	administration	is	notably	diminished	with	age	(57).



The	concentration	ratio	of	glucocorticoids	to	DHEAS	is	closely	tied	to	aging,
with	a	gradual	increase.	Cortisol	has	neurotoxic	effects	by	stimulating	neuronal
degeneration	through	increased	susceptibility	to	metabolic	and	vascular	injuries,
reduction	of	dendritic	 length,	and	cell	death	possibly	associated	with	apoptosis
(33).	 On	 the	 other	 hand,	 DHEAS	 enhances	 long-term	 potentiation	 of	 neurons
and	protects	from	structural	damage	and	functional	impairment,	promoting	glial,
and	 neuronal	 survival	 (42).	 Consequently,	 the	 observed	 increase	 in	 the
cortisol/DHEAS	 ratio	 during	 aging,	 leads	 to	 enhanced	 neurotoxicity	 and
probably	 contributes	 to	 the	 occurrence	 of	 age-related	 neurodegenerative
illnesses.

Aldosterone	 secretion	 and	 release	 from	 the	 adrenal	 cortex	 declines	 with
aging	 (58).	 Basal	 levels	 of	 aldosterone	 decrease	 (51,	 59),	 with	 an	 associated
reduction	 in	 renin	 activity.	 This	 characteristic	 age-related	 decline	 in	 plasma
aldosterone	refers	to	men	and	women	as	well	(60).	Despite	the	limited	number	of
studies	 and	 small	 samples	 in	 most	 of	 them,	 the	 common	 observation	 of
decreased	 aldosterone	 secretion	 and	 plasma	 renin	 activity	 in	 elders,	may	 have
significant	 effects	 on	 various	 aspects	 related	 to	 evaluation	 and	 treatment	 of
hypertension	in	old	individuals	(58,	61).

Regarding	 adrenal	medullary	 function,	 basal	 adrenaline	 secretion	decreases
with	 age	 (62).	 Epinephrine	 and	 norepinephrine	 plasma	 concentrations	 become
lower	 or	 don't	 change	 significantly	 with	 advancing	 age	 (63,	 64),	 so	 lower
secretion	from	the	adrenal	medulla	in	older	people	is	not	apparent	from	plasma
concentrations,	mainly	because	of	the	reduced	clearance	of	these	hormones	from
the	circulation	(62).	Additionally,	in	cases	of	acute	stress,	epinephrine	release	is
mainly	 lessened	 in	 older	 people,	 and	 stimulable	 elevation	 in	 serum
catecholamines	 (as	 percentages	 of	 basal	 values)	 also	 decrease	 (65,	 66).	 In	 one
study,	 adrenaline	 production	 from	 the	 medulla	 was	 lower	 by	 40%	 in	 elderly
healthy	men,	compared	to	younger	healthy	men.	Furthermore,	adrenaline	release
in	 response	 to	 stress	 was	 increased	 33–44%	 in	 older	men	 of	 that	 observed	 in
young	controls.	The	exact	mechanisms	responsible	for	the	decrease	in	adrenaline
release	 from	 the	 adrenal	 medulla	 observed	 with	 aging,	 have	 not	 been	 fully
verified.	To	some	extent,	they	are	possibly	related	to	an	age-related	decrease	in
pre-ganglionic	 nerve	 activity,	 reduction	 in	 response	 to	 pre-ganglionic	 nerve
activity	in	the	adrenal	medulla,	or	possibly	depletion	in	adrenaline	synthesis,	and
storage	 to	 the	adrenal	medulla	 (62).	Conclusively,	 current	 evidence	 shows	 that
adrenal	medullary	secretion	and	release	of	epinephrine	are	lower	in	older	people,
both	at	rest	and	during	stress	(67).

The	circadian	rhythm	is	regulated	by	the	hormone	melatonin	which	shows	a



decrease	 in	 levels	 throughout	 aging	 (68).	 The	 decrease	 in	 melatonin
concentrations	has	been	associated	with	increased	incidence	of	disruption	of	the
normal	circadian	rhythm	in	older	adults	(69).	Melatonin	is	also	known	to	have	an
immunomodulatory	 role.	 While	 a	 functional	 restructuring	 of	 activity	 of	 the
immune	system	is	an	integral	part	of	aging,	it	is	not	clear	if	this	is	associated	to
changing	 levels	 of	 melatonin	 (70).	 Additionally,	 as	 a	 potent	 antioxidant,
melatonin	 was	 reported	 augment	 cardiovascular	 function,	 mostly	 by	 its
hypotensive	 effects	 (71).	 This	 notion	 is	 further	 supported	 in	 a	 study	 on
individuals	with	non-insulin	dependent	diabetes	mellitus,	where	supplementation
with	 melatonin	 was	 found	 to	 improve	 antioxidative	 defense	 (72).	 Of	 note,
melatonin	 administration	 improved	 the	 circadian	 rhythm,	 including	 sleep	 and
activity	at	night,	but	produced	no	notable	changes	on	daytime	activity	and	naps
in	Alzheimer	type	of	dementia	(73).	Finally	it	has	been	suggested	that	melatonin
may	serve	to	protect	elderly	from	delirium	when	given	at	low	doses	during	acute
care	(74)	(Figure	2).

FIGURE	2.	Schematic	of	hypothalamic-pituitary-adrenal	axis	showing	increased	cortisol
production	in	the	elderly,	which	may	be	associated	with	decreased	negative	feedback	at	the
hippocampus	related	to	decreased	glucocorticoid	receptor	concentration.

Association	of	Adrenal	Aging	on	Other	Systems
Aging	 involves	 a	 gradual	 decline	 in	 all	 human	 functions,	 including	 adrenal
deterioration.	 Inevitable	 clinical	 sequelae	 include	 alterations	 in	 body
composition,	such	as	loss	of	density	of	bone	minerals,	muscle	mass	loss,	and	fat
mass	 increase.	 These	 changes	 may	 also	 be	 related	 to	 the	 endocrine	 system
adjustment	to	aging	(52).	Specifically	throughout	aging,	the	increase	of	cortisol
levels	 can	 cause	 various	 effects	 on	 multiple	 systems	 and	 adverse	 changes	 in
older	people	 (Figure	3).	As	previously	 stated,	 elevated	cortisol	 availability	has



been	 associated	 with	 significant	 body	 alterations,	 leading	 to	 the	 fundamental
characteristics	 of	 frailty	 and	 other	 functional	 abnormalities	 (49).	 Additionally,
while	 aging,	 the	 activity	 of	 type	 1,	 11β-hydroxysteroid	 dehydrogenase	 is
enhanced	in	various	tissues,	such	as	the	central	nervous	system,	skeletal	muscles,
bones,	and	skin	(46,	75,	76),	leading	to	increased	local	cortisol	formation.	This
may	 be	 clinically	 correlated	 with	 cognitive	 decline,	 sarcopenia,	 osteopenia	 or
osteoporosis,	 and	 skin	 atrophy.	 Some	 of	 the	 most	 prominent	 clinical
manifestations	of	adrenal	aging	and	cortisol	increase	are	briefly	discussed	below.

FIGURE	3.	The	adrenal	axis	and	the	end	effector,	cortisol,	demonstrates	tight	interactions	with
various	other	hormonal	axes,	and	systems,	including	thyroid	axes,	gonadal	axis,	and	immune
system,	among	others.

Visceral	Obesity	and	Loss	of	Muscle	Mass
Certain	 characteristic	 changes	 in	 body	 composition	 are	 observed	 in	 older
persons.	These	 include	a	decline	 in	 total	body	weight,	gradual	 loss	of	 fat	mass
(which	 is	normally	 increasing	until	 the	 age	of	 about	65),	 loss	of	muscle	mass,
and	 accumulation	of	 visceral	 fat	 (60,	 77).	Cumulatively,	 these	 changes	 lead	 to
higher	 total	 body	 fat	 mass	 and	 lower	 total	 lean	 mass.	 Endocrine	 changes
reflected	 in	 these	 alterations	 include	 the	 aforementioned	 increase	 in	 cortisol
levels	 (which	 is	 also	 in	part	 due	 to	 the	 increased	production	of	 cortisol	 by	 the
adipose	tissue),	insulin	resistance,	and	decline	of	serum	testosterone	(32,	78,	79).
Total	muscle	mass	reduces	by	~30%	by	the	age	of	80.	This	is	widely	known	as
sarcopenia,	the	age-associated	loss	of	skeletal	muscle	mass	and	function	(79),	a
phenomenon	 with	 important	 healthcare,	 and	 socioeconomic	 implications.	 In
particular,	 previous	 studies	 have	 associated	 muscle	 loss	 and	 fat	 accumulation
with	increased	urine	cortisol	secretion	(80)	and	have	shown	that	this	decrease	of



muscle	 mass	 and	 strength	 is	 in	 part	 due	 to	 lipid	 infiltration	 of	 the	 muscle,
resulting	in	change	of	muscle	quality	(81).

Diabetes	Mellitus
During	 the	 aging	 process,	 significant	 changes	 of	 glucose	 homeostasis	 include
lower	levels	of	insulin	and	gradually	increased	resistance	to	its	action	(31).	Total
body	composition	changes	that	accompany	aging,	also	promote	susceptibility	of
older	 people	 in	 developing	 diabetes,	 by	 augmenting	 insulin	 resistance.	 As
previously	mentioned,	 increase	 in	 visceral	 fat,	 obesity	 and	 alterations	 in	 fat	 to
lean	 muscle	 mass	 ratio,	 affect	 insulin	 action,	 contributing	 to	 diabetes
pathogenesis	 in	 older	 people	 (82,	 83).	 In	 addition,	 islet	 β-cells	 undergo
quantitative	 and	 qualitative	 dysfunction,	 consequently	 affecting	 insulin
secretion,	which	 is	 independent	 of	 peripheral	 tissue	 resistance	 (84).	 In	 fact,	 in
older	 individuals,	 β-cell	 deterioration	 has	 a	 more	 significant	 role	 in	 the
development	of	diabetes	compared	to	younger	adults	(32).

Cortisol	 as	 a	 catabolic	 hormone	 significantly	 affects	 glucose	 metabolism.
Higher	 cortisol	 concentrations	 are	 associated	 with	 insulin	 resistance	 and
increased	 fasting	 glucose	 (85).	 It	 was	 also	 demonstrated	 that	 the	 risk	 of
developing	diabetes	increases	with	elevated	cortisol	levels	in	older	people	(45).
Furthermore,	a	 flatter	diurnal	 slope	of	cortisol	profile	 (a	pattern	 found	 in	older
adults)	is	related	with	type	2	diabetes	(86).

Osteopenia
One	of	 the	most	apparent	and	 inescapable	effects	of	aging	 is	a	decline	 in	bone
mineral	 density,	 leading	 to	 osteopenia,	 osteoporosis,	 and	 increased	 risk	 of
fractures.	 Bone	 density	 increases	 until	 adulthood,	 followed	 by	 a	 stable	 period
and	 thereafter	 a	 gradual	 age-related	 decline	 (77).	Advancing	 age	 impairs	 bone
structure	 because	 of	 an	 imbalance	 between	 bone	 formation	 caused	 by
osteoblasts,	 and	 bone	 reabsorption	 by	 osteoclasts.	 Excess	 of	 cortisol	 during
aging	 contributes	 to	 the	 inhibition	 of	 bone	 formation,	 through	 stimulation	 of
osteoblast	 and	 osteocyte	 apoptosis	 (87),	 extension	 of	 osteoclast	 survival,	 and
suppression	 of	 new	 osteoblast	 formulation	 (32).	 Bone	 cell	 glucocorticoid
receptors	 seem	 to	 pose	 an	 important	 role	 to	 the	 negative	 impact	 of	 elevated
cortisol	levels	on	bone	metabolism	(88).

Immune	Function
Most	body	systems	and	organs,	including	that	responsible	for	immune	function,
undergo	 slow,	 and	 continuous	 changes	 throughout	 the	 aging	 process	 that



ultimately	 compromises	 their	 normal	 function	 (89).	Among	 the	various	 factors
that	change	throughout	aging	and	serve	critical	roles	in	immunosenescence	are	a
altered	 capacity	 for	 cytotoxicity	 of	 natural	 killer	 cells,	 atrophy	 of	 the	 thymus,
decreased	 neutrophil	 function,	 reduced	 number	 of	 naive	 T	 cells,	 as	 well	 as
decreased	B	cells	antibody	production	(90).	It	is	noteworthy	that	the	HPA	axis	or
stress	axis	has	a	critical	role	in	immune	system	function	modulation.

While	 both	 adrenal	 hormones,	 DHEA	 and	 cortisol,	 modulate	 immune
function,	 they	 have	 opposing	 effects.	 Cortisol	 plays	 an	 important	 role	 in
immunosuppression,	 while	 DHEA	 enhances	 immune	 function	 (89).	 The
immune-enhancement	 properties	 of	 DHEA	 is	 associated	 with	 changes	 in	 its
production,	which	begin	decrease	after	puberty	 reaching	almost	5%	circulating
concentrations	 in	 the	elderly	compared	 to	pre-puberty	 (90).	On	 the	other	hand,
cortisol	 levels	 remain	 unaltered,	 a	 fact	 that	 leads	 to	 an	 imbalance	 between	 the
two	stress	hormones	(89).	The	evidence	suggests	that	DHEA	increases	mitogen-
stimulated	 IL2	 release	 from	CD4+	 cells	 and	 this	 counters	 the	changes	 in	CD8+
produced	 by	 glucocorticoids	 (91).	 This	 suggests	 that	 an	 increase	 in	 the	 ratio
cortisol:DHEA	may	contribute	to	the	decline	in	immune	function	observed	in	the
elderly.	 Thus,	 DHEA	 supplementation	 in	 the	 elderly	 may	 provide	 beneficial
effects	to	immune	function	(92).	In	addition,	stress	management	as	well	as	acute
exercise	 seem	 to	 slow	 immunosenescence	 as	 they	 improve	 the	 cortisol:DHEA
ratio	(93).

There	 is	 ample	 evidence	 showing	 that	 the	 effectors	 of	 the	 HPA	 axis,
particularly	 glucocorticoids,	 can	 influence	 immune	 function,	 and
immunocompetence	 via	 various	 mechanisms	 (1).	 While	 the	 data	 remains
conflicting,	in	general,	the	elevated	levels	of	circulating	cortisol	achieved	during
chronic	stress	or	aging	exert	immunosuppressive	and	anti-inflammatory	effects.
Glucocorticoids	do	not	 always	 suppress	 immune	 function,	 but	 rather	 they	may
act	to	increase	aspects	of	immune	function.	None-the-less,	hypercortisolemia	is
associated	 with	 augmented	 function	 of	 suppressor	 T-cells,	 reduced	 leukocyte
traffic,	 diminished	 normal	 cell-mediated	 immunity,	 decreased	 cytokine
production	 and	 function,	 lymphopenia,	 loss	 of	 normal	 lymph	 node	 mass,	 and
thymic	involution	(94).

Adrenal	Aging	and	Brain	Function	and	Behavior
One	of	the	key	questions	in	neurobiology	is	how	stressful	experiences	across	the
lifespan	alter	 the	aging	process	and	influences	vulnerability	 to	dysregulation	of
the	normal	stress	response.	States	of	stress	induced	by	psychosocial	factors	can
result	in	deleterious	effects	upon	the	well-being	of	individuals	and	predisposing



to	 a	 variety	 of	 disorders.	 Chronologic	 age	 is	 also	 a	 significant	 predictor	 of
chronic	 diseases.	 Psychological	 stress	 appears	 to	 be	 a	 critical	 aspect	 in
promoting	biological	aging	and	earlier	onset	of	age-related	disease.

The	hippocampus	(HC),	prefrontal	cortex	(PFC),	and	amygdala	(AMYG)	are
highly	 interconnected	 key	 brain	 regions	 implicated	 in	 stress.	 Stress	 induces
profound	behavioral	changes	that	are	paralleled	by	structural	and	plastic	changes
in	 these	 areas.	 HC	 serves	 as	 an	 important	 connection	 between	 the	 cortex	 and
hypothalamus,	regulating	in	part,	cortisol	diurnal	rhythm.	The	HC	has	an	overall
inhibitory	 effect	HPA	axis	 activity,	 serves	 as	 a	primary	central	 target	of	 stress
hormones,	and	is	extraordinarily	vulnerable	to	stress.	A	key	function	of	the	PFC
includes	 the	 transient	 storage	 and	 manipulation	 of	 information	 to	 guide
subsequent	 behavior.	 Dysfunction	 of	 the	 PFC	 is	 noteworthy	 in	 several
psychiatric	 disorders.	 The	 dorsolateral	 PFC	 (DLPFC)	 is	 important	 in	 the
conscious	 regulation	 of	 emotion	 to	 reduce	 fear	 responses	 and	 is	 involved	 in
negative	 feedback	 HPA	 axis	 regulation.	 The	 medial	 (m)	 PFC	 has	 been
implicated	in	the	pathogenesis	of	MD	and	SZ	and	influences	HPA	axis	activity.
It	has	a	central	role	in	regulating	emotions,	reward	encoding,	and	goal	directed
learning.	 The	 mPFC	 is	 tightly	 connected	 with	 the	 DLPFC	 and	 limbic	 areas,
particularly	 the	AMYG,	which	has	a	central	 role	 in	 the	detection	of	 threat	and
fear.	 In	 contrast	 to	 the	 HC	 and	 PFC,	 which	 decrease	 in	 volume	 after	 chronic
stress,	the	AMYG	increases,	which	is	associated	with	enhanced	anxiety.	During
emotional	 challange,	 the	 PFC	 exerts	 control	 over	 the	 AMYG;	 successful
emotion	 regulation	 is	 associated	 with	 increased	 PFC	 activity	 and	 decreased
AMYG	activity	(28–30).

Stress	 is	 a	 risk	 factor	 that	 affects	 the	 physical,	mental	 and	 social	 health	 of
individuals	 through	 lifespan	 (95,	 96).	 It	 is	 associated	 with	 aging-related
outcomes	at	cognitive,	emotional,	mental,	and	neurobiological	 level	 (97).	Over
the	past	decades,	there	has	been	an	increased	research	focus	on	stress	and	stress
mechanisms	 worldwide	 due	 to	 the	 aging	 population	 and	 the	 high	 morbidity
associated	 with	 stress-related	 diseases.	 Evidence	 suggests	 that	 there	 is	 an
interplay	 between	 chronic	 stress	 and	 the	 development	 of	 depression,	 anxiety,
insulin	 resistance,	 dementia	 as	 well	 as	 cardiovascular	 diseases	 (97,	 98).
Although	 there	 is	 ample	 evidence	 about	 the	 role	 of	 stress	 in	 chronic	 diseases;
however	 the	 relationship	of	human	biology	and	environmental	 factors	 in	 terms
of	 causality,	 remains	 unclear.	 It	 is	 not	 feasible	 to	 ascertain	 whether	 the
neurobiological	 alterations	 lead	 to	 stress-related	 health	 outcomes	 or	 the
environmental	 stress-related	 factors	 result	 to	 higher	 stress	 levels	 and
neurobiological	 variations.	 In	 other	words,	 cortisol	 levels	 are	 affected	 by	 both



environmental	and	endogenous	factors.
Aging	is	accompanied	with	decrease	of	and	deficiencies	in	autonomy,	health,

and	 social	 status	 which	 entail	 elevated	 stress	 (28).	 There	 is	 a	 heightened
emphasis	of	the	role	of	the	HPA	axis	in	aging	and	its	subsequent	effects	on	the
stress-adaptability,	stress	resistance,	and	stress-related	pathologies	(41).	The	role
of	HPA	 axis	 in	 stress-related	 pathologies	 is	well-established	mainly	 due	 to	 its
sensitivity	 in	both	chronic	and	acute	stress,	 though	neurophysiologic	variations
do	 exist	 among	 individuals	 and	 result	 to	 differences	 in	 aging	 process,
vulnerability,	 resilience,	 and	 stress	 regulation	 (41).	 The	 variations	 of	 the	HPA
axis	 by	 age	 are	 in	 line	 with	 the	 different	 aging	 pathways	 and	 sub-groups
identified	 in	 the	 general	 population	 but	 there	 is	 no	 substantial	 evidence	 to
determine	 the	 consistency	 of	 this	 relationship.	 Some	 researchers	 suggest	 that
older	adults	experience	an	anticipated	decline	in	terms	of	health	status	which	is
accompanied	by	declined	cortisol	levels	(99,	100).	On	the	contrary,	according	to
other	studies	cortisol	levels	increased	by	age	(101,	102)	while	others	support	that
there	is	no	association	between	cortisol	levels	and	aging	(103).	There	is	also	the
case	of	elderly	that	maintain	a	high	level	of	health	status	and	a	normal	HPA	axis
function	but	they	cannot	be	considered	as	a	representative	group	of	the	general
population,	as	well	as	the	elderly	chronic	patients	with	poor	health	status	and	the
most	significant	deterioration	in	HPA	axis	function	(41).

Notwithstanding	the	correlational	and	not	causal	relationship	between	stress,
HPA	 axis	 and	 aging,	 evidence	 revealed	 that	 age-related	 HPA	 axis	 changes
affecting	 the	 health	 outcomes	 of	 older	 adults	 mainly	 via	 the	 diurnal	 cortisol
secretion	 pathway	 (78).	 Elevated	 adrenal	 glucocorticoid	 levels	 associated	with
chronic	 stress	 have	 been	 implicated	 in	 alterations	 in	 spatial	 memory,
hippocampal	 function,	 and	 cognitive	 status,	 in	 general	 (104).	 Negative	 or
traumatic	 experiences	 earlier	 in	 life,	 shape	 the	 diurinal	 pattern	 of	 cortisol	 and
indicate	an	individual's	level	of	exposure	to	chronic	stress	and	subsequently	the
predisposition	 for	 depression,	 anxiety,	 and	 other	 chronic	 diseases	 (41).	 HPA
hyperactivity	 is	 linked	 to	 higher	 anxiety	 levels	 and	 increased	 depressive
symptoms.	 Decreased	 DHEA	 and	 dehydroepiandrosterone	 sulfate	 (DHEA-S)
release	 are	 often	 found	 in	 patients	 with	 major	 depressive	 disorder	 (105,	 106)
while	 increased	 DHEA-S	 is	 associated	 with	 aggressive	 behavior	 (13,	 107).
Furthermore,	 resilience	 constitutes	 a	 case	 in	 point	 of	 the	 interplay	 between
endogenous	and	environmental	stress-related	factors	and	aging	and	thus	it	can	be
used	 to	map	 the	 trajectory	 of	HPA	 axis,	 stress,	 and	 aging	 (108).	Resilience	 is
strongly	 associated	 to	 emotion	 regulation	 and	 social	 resources	 (e.g.,	 social
support)	 which	 in	 turn	 affects	 the	 HPA	 axis	 functioning	 and	 vice	 versa	 (108,



109).	 Higher	 diurinal	 cortisol	 levels	 have	 been	 identified	 in	 people	 with	 low
social	support	and	poor	resilience	which	in	turn	is	associated	with	increased	risk
for	 chronic	 disease	 and	multiple	 bio-psychosocial	 implications	 (41).	A	healthy
aging	of	brain	function	is	closely	related	to	the	quality	of	health	across	the	life-
span	 and	 facilitates	 normal	 behavior	 and	 society	 integration.	 The	 evidence
supports	 that	 the	 early	 prenatal	 environment	 has	 a	 tremendous	 impact	 on	 later
brain	aging.	Moreover,	these	early	environmental	effects	in	addition	to	life-style
and	 genetic	 constructs	 can	 have	 notable	 effects	 on	 age-related	 brain	 disorders.
Therefore,	at	health	policy	context,	 it	 is	 important	 to	develop	interventions	and
programs	with	the	aim	to	strengthen	protective	factors	such	as	social	support	in
older	 adults,	 so	 as	 to	 increase	 emotional	 regulation,	 reinforce	 resilience,	 and
decrease	the	HPA	axis	dysregulation.	Both	the	aging	process,	as	well	as	chronic
stress	 have	 been	 associated	 with	 altered	 brain	 function,	 with	 consequences	 in
cognitive	 and	 emotional	 processing	 and	 an	 increased	 vulnerability	 for	 brain
disorders.	Regionally	specific	changes	in	brain	structure	and	function	associated
with	chronic	stress	and	aging	is	associated	with	increased	depression,	cognitive
changes,	anxiety,	among	others.

Adrenal	Aging:	Response	to	Injury	and	Surgical	Stress
Trauma	and	injury	are	well-known	factors	of	homeostasis	disruption	that	cause
stress	 to	 living	 organisms.	 Surgical	 trauma	 is	 a	 controlled	 and	 standardized
injury	 in	 the	sterile	environment	of	 the	operating	 theater	on	a	patient	 receiving
pharmacologic	 treatment	 for	 pain	 control	 with	 or	 without	 anesthesia.	 Despite
this,	surgery	is	a	major	stressor	causing	an	inflammatory	reaction	with	activation
of	 numerous	 cytokines,	 mobilization	 of	 cellular	 response,	 and	 a	 well-defined
hormonal	response	(1).	The	two	most	studied	systems	controlling	the	injury	and
stress	 response	 are	 the	 HPA	 axis	 and	 the	 sympathetic/parasympathetic
autonomic	 nervous	 system	 (2).	 Mediators,	 such	 as	 pain,	 anxiety,
cholecystokinin,	 angiotensin	 II,	 vasopressin,	 vasoactive	 intestinal	 polypeptide,
catecholamines,	 and	 proinflammatory	 cytokines	 stimulate	 the	 secretion	 of
hypothalamic	 CRH.	 CRH	 stimulates	 the	 release	 of	 ACTH	 from	 the	 anterior
pituitary,	which	 in	 turn	 stimulates	 glucocorticoid	 synthesis	 and	 secretion	 from
the	zona	fasciculata	of	the	adrenal	cortex	(110).	Glucocorticoids	are	synthetized
from	a	cholesterol	moiety	and	they	diffuse	readily	through	the	cell	membranes	to
reach	the	cytosol	glucocorticoid	receptor	of	target	cells	in	almost	every	tissue	of
the	 human	 body.	 Steroid	 receptors	 are	 inactive	 by	 forming	 a	 complex	 with
several	different	molecules	of	heat	shock	proteins.	Binding	of	the	glucocorticoid
molecule	 to	 the	 steroid	 receptor	unbinds	 the	heat	 shock	protein	and	allows	 the
complex	 to	 enter	 the	 nucleus	where	 it	 induces	DNA	 transcription	 and	 protein



synthesis	(111).

Effect	of	Surgery	on	the	HPA	Axis
Researchers	 have	 discovered	 from	 the	 early	 eighties	 that	 surgery	 produces
changes	in	 the	cortisol	circadian	rhythm.	McIntosh	et	al	demonstrated	that	 in	a
small	group	of	10	patients,	 serum	cortisol	 levels	had	 significantly	 increased	 in
the	 second	 postoperative	 day	 after	 upper	 abdominal	 surgery.	 They	 also	 found
that	 this	 increase	was	 influenced	 by	 the	 type	 of	 surgery;	 high	 trauma	 surgery
patients	 had	 two	 times	 greater	 increase	 of	 their	 serum	 cortisol	 levels	 on
postoperative	 day	 two	 in	 comparison	 to	 low	 trauma	 patients	 (112).	 Ten	 years
later,	 Naito	 et	 al	 investigated	 the	 alterations	 of	 the	 HPA	 axis	 in	 patients
undergoing	 major	 upper	 abdominal	 surgeries	 such	 as	 total	 gastrectomy,
pancreatoduodenectomy,	 and	 colectomy.	 All	 patients	 presented	 a	 prompt	 and
marked	 intraoperative	 elevation	 of	 plasma	 CRH,	 ACTH,	 and	 cortisol	 levels.
Interestingly,	both	CRH	and	ACTH	had	a	biphasic	change;	after	this	initial	peak,
they	 decreased	 during	 the	 first	 postoperative	 days	 to	 50%	 of	 the	 preoperative
values	and	returned	to	normal	by	postoperative	day	seven.	Intraoperative	plasma
cortisol	levels	were	more	than	two	times	higher	than	the	preoperative	levels	and
progressively	dropped	down	to	normal	values	by	postoperative	day	seven	(113).
Pooling	results	from	several	studies,	patients	undergoing	major	surgery	present	a
peak	of	serum	cortisol	concentrations	from	30	to	45	μg/dL	(114).	Newer	clinical
studies	compare	laparoscopic	to	open	cholecystectomy	and	laparoscopic	to	open
Niessen	 fundoplication	 procedures.	 Two	 randomized	 controlled	 trials	 and	 one
prospective	study,	report	that	the	laparoscopic	procedures	reduce	the	acute	phase
component	of	surgical	injury	expressed	by	serum	interleukin	6	(IL-6),	C-reactive
protein,	and	prealbumin	but	do	not	attenuate	the	hormonal	response	expressed	by
serum	 cortisol	 levels	 (115–117).	 A	 study	 by	 Siekmann	 et	 al.	 assessing	 the
inflammatory	 response	 of	 patients	 undergoing	 colorectal	 surgery	 similarly
reported	that	the	median	serum	cytokine	concentration	of	IL-6,	IL-8	and	IL-10	at
one	 to	6	h	 after	 surgery	 in	patients	undergoing	open	 surgery	was	higher	when
compared	to	laparoscopic	surgery	(118).	Similarly,	a	randomized	controlled	trial
by	 Veenhof	 et	 al.	 found	 that	 2	 h	 after	 laparoscopic	 colectomy	 HLA-DR
expression	 on	monocytes	was	 significantly	 higher	 and	 IL-6	 level	 increase	was
significantly	 lower	 compared	 to	 open	 colectomy.	 However,	 no	 difference	 in
serum	 cortisol	 levels	 was	 evident	 between	 the	 two	 techniques	 in	 both	 studies
(118,	119).	Given	the	diurnal	variation	of	cortisol	and	the	pulsatile	secretion	of
CRH	and	ACTH	it	should	not	be	surprising	that	studies	not	specifically	aiming
to	investigate	the	HPA	axis	may	be	underpowered	to	demonstrate	differences	in
postoperative	cortisol	 levels	between	open	 to	 laparoscopic	 techniques.	There	 is



sufficient	 evidence	 to	 support	 that	 the	 extent	 of	 surgical	 trauma	 influences	 the
secretion	 of	 CRH,	 ACTH,	 and	 cortisol	 during	 the	 intraoperative	 and	 early
postoperative	period.	Surgery	causes,	from	the	moment	of	the	surgical	incision,	a
marked	 increase	 in	 serum	 CRH,	 ACTH,	 and	 cortisol	 with	 all	 three	 hormones
dropping	to	normal	levels	during	the	early	postoperative	period.

The	HPA	Axis	of	Elderly	Patients	Undergoing	Major	Surgical
Procedures
In	 general,	 basal	 ACTH	 secretion,	 as	 well	 as	 basal	 and	 stimulated,	 cortisol
release	 does	 not	 change	 in	 the	 elderly	 (120).	 Regardless	 of	 age,	 the	 cortisol
levels	 are	 similar	 in	 patients	 with	 acute	 myocardial	 infarction	 and	 ACTH
stimulation	tests	showed	no	difference	in	cortisol	peaks	(121).	Historic	data	from
autopsy	 series	 found	 that	 the	 adenohypophysis	 is	 subjected	 morphological
changes	in	old	age	undergoing	weight	reduction	and	fibrous	shrinkage,	however,
these	changes	do	not	correspond	to	functional	degradation	(122).	Contradictory
data	 come	 from	 a	 Japanese	 retrospective	 study	 of	 96	 patients	 with	 large
symptomatic	 pituitary	 tumors.	 Patients	 over	 70	 years	 of	 age	 suffered	 more
frequently	acute	adrenal	insufficiency	and	severe	hyponatremia	in	comparison	to
younger	 patients	 with	 the	 authors	 suggesting	 that	 the	 HPA	 axis	 functional
reserve	is	reduced	by	old	age	(123).

Old	age	is	not	synonymous	with	incapacity	and	frailty.	Frailty	is	associated
with	 an	 increased	 vulnerability	 to	 stressful	 stimuli,	with	 a	 decreased	 ability	 to
maintain	a	controlled,	normal	response	to	intrinsic	and	environmental	stressors,
and	 decreased	 ability	 to	 maintain	 both	 physiological,	 and	 behavioral
homeostasis.	 Almost	 20–30%	 of	 the	 population	 over	 75	 years	 of	 age	 is
associated	 with	 geriatric	 frailty,	 which	 increases	 notably	 with	 advancing	 age
(124).	 Empirical	 knowledge	 dictates	 that	 older	 patients	 recover	 slower	 after
major	 surgical	 procedures.	 A	 large	 metanalysis	 of	 5,186	 patients	 analyzing
surgical	 outcomes	 following	 pancreaticoduodenectomy	 in	 elderly	 patients
reported	 increased	post-operative	mortality	and	pneumonia	 in	patients	over	 the
age	of	75	years,	and	increased	post-operative	complications	in	patients	over	the
age	 of	 80	 years	 (125).	 Watters	 et	 al	 investigated	 the	 recovery	 of	 strength	 in
patients	 older	 than	 70	 years	 of	 age	 after	major	 abdominal	 surgical	 procedures
when	compared	with	patients	younger	 than	50	years	of	age.	Older	patients	had
lower	 preoperative	 strength,	 lower	 absolute	 postoperative	 strength	 levels,	 less
rapid,	 and	 less	 complete	 recovery	 of	 strength.	 However,	 postoperative	 urine
cortisol	 levels	 were	 similar	 in	 old	 and	 young	 patients	 (126).	 Considering	 the
previous	 studies	 older	 people	 should	 not	 be	 at	 an	 increased	 risk	 of	 adrenal



failure.	 Nevertheless,	 data	 from	 a	 nationwide	 study	 in	 Taiwan	 reports	 that
adrenal	 insufficiency	 has	 an	 incidence	 in	 individuals	 over	 60	 years	 old	 is
92.4/105	of	the	geriatric	population	that	is	six	times	greater	than	that	observed	in
the	 general	 population.	 Most	 of	 these	 patients	 have	 severe	 comorbidities,
infectious	 and	 pulmonary	 diseases,	 fluid	 and	 electrolyte	 disorders,	 and
complicated	 diabetes	 mellitus	 (127).	 Sepsis/SIRS,	 various	 drugs,	 HIV,	 CMV,
and	 systemic	 fungal	 infections	 are	 well-known	 causes	 of	 primary	 adrenal
insufficiency	(114).	A	plausible	explanation	may	be	that	older	patients	may	have
a	 reduced	 HPA	 functional	 capacity	 due	 to	 subclinical	 secondary	 adrenal
insufficiency	from	the	comorbidities	of	old	age	and	not	the	aging	process	of	the
adrenal	glands.

CONCLUSION

Both	 normal	 aging	 and	 chronic	 stress	 appear	 to	 affect	 the	 body	 via	 shared
mechanisms	related	to	glucocorticoid	function.	The	chronicity	of	both	the	aging
process,	particular	 in	 relation	 to	alterations	 in	 the	 structure	and	 function	of	 the
adrenal	 gland,	 and	 stress	 can	 be	 detrimental	 to	 an	 individual's	 general	 well-
being.	 The	 available	 evidence	 supports	 that	 the	 synergy	 of	 aging	 and	 chronic
stress,	 via	 their	 common	 end-point	 effector	 cortisol,	 can	 adversely	 affect	 the
function	 of	 numerous	 vital	 systems,	 leading	 to	 neural	 and	 cognitive	 changes,
osteopenia,	 diabetes	 mellitus,	 visceral	 obesity,	 altered	 immunocompetence,
among	others.

AUTHOR	CONTRIBUTIONS

All	authors	listed	have	made	a	substantial,	direct	and	intellectual	contribution	to
the	work,	and	approved	it	for	publication.

REFERENCES

1.	 Johnson	EO,	Kamilaris	TC,	Chrousos	GP,	Gold	PW.	Mechanisms	of	 stress:	a	dynamic	overview	of
hormonal	 and	 behavioral	 homeostasis.	 Neurosci	 Biobehav	 Rev.	 (1992)	 16:115–30.	 doi:
10.1016/S0149-7634(05)80175-7

2.	Lavretsky	H,	Newhouse	PA.	Stress,	inflammation,	and	aging.	Am	J	Geriatr	Psychiatry	(2012)	20:729–
33.	doi:	10.1097/JGP.0b013e31826573cf

3.	 Herman	 JP,	 McKlveen	 JM,	 Ghosal	 S,	 Kopp	 B,	 Wulsin	 A,	 Makinson	 R,	 et	 al.	 Regulation	 of	 the
hypothalamic-pituitary-adrenocortical	 stress	 response.	 Compr	 Physiol.	 (2016)	 6:603–21.	 doi:
10.1002/cphy.c150015

4.	 Sergiev	 PV,	Dontsova	OA,	 Berezkin	GV.	 Theories	 of	 aging:	 an	 ever-evolving	 field.	Acta	 Naturae

https://doi.org/10.1016/S0149-7634(05)80175-7
https://doi.org/10.1097/JGP.0b013e31826573cf
https://doi.org/10.1002/cphy.c150015


(2015)	7:9–18.
5.	Flatt	T,	Schmidt	PS.	Integrating	evolutionary	and	molecular	genetics	of	aging.	Biochim	Biophys	Acta
(2009)	1790:951–62.	doi:	10.1016/j.bbagen.2009.07.010

6.	Weinert	BT,	Timiras	PS.	 Invited	review:	 theories	of	aging.	J	Appl	Physiol.	 (2003)	95:1706–16.	doi:
10.1152/japplphysiol.00288.2003

7.	Oeseburg	H,	 de	Boer	RA,	 van	Gilst	WH,	 van	 der	Harst	 P.	 Telomere	 biology	 in	 healthy	 aging	 and
disease.	Pflugers	Arch.	(2010)	459:259–68.	doi:	10.1007/s00424-009-0728-1

8.	Abrass	IB.	The	biology	and	physiology	of	aging.	West	J	Med.	(1990)	153:641–5.
9.	Dharmarajan	TS.	The	physiology	of	aging.	In:	Geriatric	Gastroenterology.	17–31.	Available	online	at:
https://einstein.pure.elsevier.com/en/publications/the-physiology-of-aging	 (Accessed	 October	 22,
2018).

10.	 Principles	 and	 Practice	 of	 Geriatric	 Medicine|Wiley	 Online	 Books.	 Available	 online	 at:
https://onlinelibrary.wiley.com/doi/book/10.1002/047009057X	(Accessed	October	22,	2018).

11.	Jin	K.	Modern	biological	theories	of	aging.	Aging	Dis.	(2010)	1:72–4.
12.	Garrido	P.	Aging	and	stress:	past	hypotheses,	present	approaches	and	perspectives.	Aging	Dis.	(2011)

2:80–99.
13.	 Goncharova	 ND,	 Marenin	 VY,	 Oganyan	 TE.	 Aging	 of	 the	 hypothalamic-pituitary-adrenal	 axis	 in

nonhuman	 primates	 with	 depression-like	 and	 aggressive	 behavior.	 Aging	 (2010)	 2:854–66.	 doi:
10.18632/aging.100227

14.	Guarente	L.	Sirtuins	in	aging	and	disease.	Cold	Spring	Harb	Symp	Quant	Biol.	(2007)	72:483–8.	doi:
10.1101/sqb.2007.72.024

15.	 Salthouse	TA.	When	 does	 age-related	 cognitive	 decline	 begin?	Neurobiol	 Aging	 (2009)	 30:507–14.
doi:	10.1016/j.neurobiolaging.2008.09.023

16.	 Goldstein	 DS.	 Adrenal	 responses	 to	 stress.	 Cell	 Mol	 Neurobiol.	 (2010)	 30:1433–40.	 doi:
10.1007/s10571-010-9606-9

17.	Martinerie	L,	Pussard	E,	Yousef	N,	Cosson	C,	Lema	I,	Husseini	K,	et	al.	Aldosterone-signaling	defect
exacerbates	sodium	wasting	in	very	preterm	neonates:	the	premaldo	study.	J	Clin	Endocrinol	Metab.
(2015)	100:4074–81.	doi:	10.1210/jc.2015-2272

18.	Barugh	AJ,	Gray	P,	 Shenkin	 SD,	MacLullich	AMJ,	Mead	GE.	Cortisol	 levels	 and	 the	 severity	 and
outcomes	 of	 acute	 stroke:	 a	 systematic	 review.	 J	Neurol.	 (2014)	 261:533–45.	 doi:	 10.1007/s00415-
013-7231-5

19.	Bray	B,	Scholl	JL,	Tu	W,	Watt	MJ,	Renner	KJ,	Forster	GL.	Amphetamine	withdrawal	differentially
affects	 hippocampal	 and	 peripheral	 corticosterone	 levels	 in	 response	 to	 stress.	 Brain	 Res.	 (2016)
1644:278–87.	doi:	10.1016/j.brainres.2016.05.030

20.	 Samaras	 N,	 Samaras	 D,	 Frangos	 E,	 Forster	 A,	 Philippe	 J.	 A	 review	 of	 age-related
dehydroepiandrosterone	decline	and	its	association	with	well-known	geriatric	syndromes:	is	treatment
beneficial?	Rejuvenation	Res.	(2013)	16:285–94.	doi:	10.1089/rej.2013.1425

21.	 Lohr	 KM,	Masoud	 ST,	 Salahpour	 A,	Miller	 GW.	Membrane	 transporters	 as	 mediators	 of	 synaptic
dopamine	 dynamics:	 implications	 for	 disease.	 Eur	 J	 Neurosci.	 (2017)	 45:20–33.	 doi:
10.1111/ejn.13357

22.	Lin	Y-R,	Syue	Y-J,	Buddhakosai	W,	Lu	H-E,	Chang	C-F,	Chang	C-Y,	et	al.	Impact	of	different	initial
epinephrine	treatment	time	points	on	the	early	postresuscitative	hemodynamic	status	of	children	with
traumatic	 out-of-hospital	 cardiac	 arrest.	 Medicine	 (2016)	 95:e3195.	 doi:
10.1097/MD.0000000000003195

23.	Liang	CC,	Yang	MM.	Re-investigation	of	the	effect	of	adrenaline	and	noradrenaline	on	renal	function
in	situ.	J	Physiol.	(1972)	220:19–32.	doi:	10.1113/jphysiol.1972.sp009692

24.	 Vinson	 GP.	 Functional	 zonation	 of	 the	 adult	 mammalian	 adrenal	 cortex.	 Front	 Neurosci.	 (2016)
10:238.	doi:	10.3389/fnins.2016.00238

https://doi.org/10.1016/j.bbagen.2009.07.010
https://doi.org/10.1152/japplphysiol.00288.2003
https://doi.org/10.1007/s00424-009-0728-1
https://einstein.pure.elsevier.com/en/publications/the-physiology-of-aging
https://onlinelibrary.wiley.com/doi/book/10.1002/047009057X
https://doi.org/10.18632/aging.100227
https://doi.org/10.1101/sqb.2007.72.024
https://doi.org/10.1016/j.neurobiolaging.2008.09.023
https://doi.org/10.1007/s10571-010-9606-9
https://doi.org/10.1210/jc.2015-2272
https://doi.org/10.1007/s00415-013-7231-5
https://doi.org/10.1016/j.brainres.2016.05.030
https://doi.org/10.1089/rej.2013.1425
https://doi.org/10.1111/ejn.13357
https://doi.org/10.1097/MD.0000000000003195
https://doi.org/10.1113/jphysiol.1972.sp009692
https://doi.org/10.3389/fnins.2016.00238


25.	 Morris	 JF.	 Neurosecretion	 (Regulated	 exocytosis	 in	 neuroendocrine	 cells).	 In:	 Squire	 LR,	 editor.
Encyclopedia	 of	 Neuroscience.	 Oxford:	 Academic	 Press	 (2009).	 p.	 1007–14.	 Available	 online	 at:
http://www.sciencedirect.com/science/article/pii/B978008045046901189X

26.	 Ayada	 C,	 Toru	 Ü,	 Korkut	 Y.	 The	 relationship	 of	 stress	 and	 blood	 pressure	 effectors.	Hippokratia
(2015)	19:99–108.

27.	de	Kloet	ER,	Joëls	M,	Holsboer	F.	Stress	and	the	brain:	from	adaptation	to	disease.	Nat	Rev	Neurosci.
(2005)	6:463–75.	doi:	10.1038/nrn1683

28.	Lupien	SJ,	McEwen	BS,	Gunnar	MR,	Heim	C.	Effects	of	stress	throughout	the	lifespan	on	the	brain,
behaviour	and	cognition.	Nat	Rev	Neurosci.	(2009)	10:434–45.	doi:	10.1038/nrn2639

29.	McEwen	BS.	Stressed	or	stressed	out:	what	is	the	difference?	J	Psychiatry	Neurosci.	(2005)	30:315–8.
30.	Sapolsky	RM.	Glucocorticoids,	stress,	and	their	adverse	neurological	effects:	relevance	to	aging.	Exp

Gerontol.	(1999)	34:721–32.	doi:	10.1016/S0531-5565(99)00047-9
31.	Jones	CM,	Boelaert	K.	The	endocrinology	of	aging:	a	mini-review.	Gerontology	(2014)	61:291–300.

doi:	10.1159/000367692
32.	 van	 den	 Beld	 AW,	 Kaufman	 J-M,	 Zillikens	MC,	 Lamberts	 SWJ,	 Egan	 JM,	 van	 der	 Lely	 AJ.	 The

physiology	 of	 endocrine	 systems	 with	 aging.	 Lancet	 Diabetes	 Endocrinol.	 (2018)	 6:647–58.	 doi:
10.1016/S2213-8587(18)30026-3

33.	Ferrari	E,	Cravello	L,	Falvo	F,	Barili	L,	Solerte	SB,	Fioravanti	M,	et	al.	Neuroendocrine	 features	 in
extreme	longevity.	Exp	Gerontol.	(2008)	43:88–94.	doi:	10.1016/j.exger.2007.06.010

34.	 Gardner	 MP,	 Lightman	 S,	 Sayer	 AA,	 Cooper	 C,	 Cooper	 R,	 Deeg	 D,	 et	 al.	 Dysregulation	 of	 the
hypothalamic	 pituitary	 adrenal	 (HPA)	 axis	 and	 physical	 performance	 at	 older	 ages:	 an	 individual
participant	 meta-analysis.	 Psychoneuroendocrinology	 (2013)	 38:40–9.	 doi:
10.1016/j.psyneuen.2012.04.016

35.	Dijckmans	B,	Tortosa-Martínez	 J,	Caus	N,	González-Caballero	G,	Martínez-Pelegrin	B,	Manchado-
Lopez	 C,	 et	 al.	 Does	 the	 diurnal	 cycle	 of	 cortisol	 explain	 the	 relationship	 between	 physical
performance	 and	 cognitive	 function	 in	 older	 adults?	 Eur	 Rev	 Aging	 Phys	 Act.	 (2017)	 14:6.	 doi:
10.1186/s11556-017-0175-5

36.	Kober	AKMH,	Aoyama	M,	Sugita	S.	Immunohistochemical	localization	of	catecholamine	biosynthetic
enzymes	in	the	adrenal	gland	of	the	domestic	fowl	(Gallus	domesticus).	Poult	Sci.	(2010)	89:1709–15.
doi:	10.3382/ps.2009-00588

37.	 Haigis	 MC,	 Yankner	 BA.	 The	 aging	 stress	 response.	 Mol	 Cell	 (2010)	 40:333–44.	 doi:
10.1016/j.molcel.2010.10.002

38.	Flatt	T.	A	new	definition	of	aging?	Front	Genet.	(2012)	3:148.	doi:	10.3389/fgene.2012.00148
39.	 Piazza	 JR,	Almeida	DM,	Dmitrieva	NO,	Klein	LC.	 Frontiers	 in	 the	 use	 of	 biomarkers	 of	 health	 in

research	 on	 stress	 and	 aging.	 J	 Gerontol	 B	 Psychol	 Sci	 Soc	 Sci.	 (2010)	 65B:513–25.	 doi:
10.1093/geronb/gbq049

40.	Nater	UM,	Hoppmann	CA,	Scott	SB.	Diurnal	profiles	of	salivary	cortisol	and	alpha-amylase	change
across	 the	 adult	 lifespan:	 evidence	 from	 repeated	 daily	 life	 assessments.	Psychoneuroendocrinology
(2013)	38:3167–71.	doi:	10.1016/j.psyneuen.2013.09.008

41.	Gaffey	AE,	Bergeman	CS,	Clark	LA,	Wirth	MM.	Aging	and	 the	HPA	axis:	 stress	 and	 resilience	 in
older	adults.	Neurosci	Biobehav	Rev.	(2016)	68:928–45.	doi:	10.1016/j.neubiorev.2016.05.036

42.	Ferrari	E,	Cravello	L,	Muzzoni	B,	Casarotti	D,	Paltro	M,	Solerte	SB,	et	al.	Age-related	changes	of	the
hypothalamic-pituitary-adrenal	axis:	pathophysiological	correlates.	Eur	J	Endocrinol.	(2001)	144:319–
29.	doi:	10.1530/eje.0.1440319

43.	 Balldin	 J,	 Gottfries	 CG,	 Karlsson	 I,	 Lindstedt	 G,	 Långström	 G,	 Wålinder	 J.	 Dexamethasone
suppression	 test	 and	 serum	 prolactin	 in	 dementia	 disorders.	 Br	 J	 Psychiatry	 J	 Ment	 Sci.	 (1983)
143:277–81.

44.	Ennis	GE,	An	Y,	Resnick	SM,	Ferrucci	L,	O'Brien	RJ,	Moffat	SD.	Long-term	cortisol	measures	predict

http://www.sciencedirect.com/science/article/pii/B978008045046901189X
https://doi.org/10.1038/nrn1683
https://doi.org/10.1038/nrn2639
https://doi.org/10.1016/S0531-5565(99)00047-9
https://doi.org/10.1159/000367692
https://doi.org/10.1016/S2213-8587(18)30026-3
https://doi.org/10.1016/j.exger.2007.06.010
https://doi.org/10.1016/j.psyneuen.2012.04.016
https://doi.org/10.1186/s11556-017-0175-5
https://doi.org/10.3382/ps.2009-00588
https://doi.org/10.1016/j.molcel.2010.10.002
https://doi.org/10.3389/fgene.2012.00148
https://doi.org/10.1093/geronb/gbq049
https://doi.org/10.1016/j.psyneuen.2013.09.008
https://doi.org/10.1016/j.neubiorev.2016.05.036
https://doi.org/10.1530/eje.0.1440319


Alzheimer	disease	risk.	Neurology	(2017)	88:371–8.	doi:	10.1212/WNL.0000000000003537
45.	Schoorlemmer	RMM,	Peeters	GMEE,	van	Schoor	NM,	Lips	P.	Relationships	between	cortisol	 level,

mortality	 and	 chronic	 diseases	 in	 older	 persons.	 Clin	 Endocrinol.	 (2009)	 71:779–86.	 doi:
10.1111/j.1365-2265.2009.03552.x

46.	Tiganescu	A,	Walker	EA,	Hardy	RS,	Mayes	AE,	Stewart	PM.	Localization,	age-	and	site-dependent
expression,	 and	 regulation	 of	 11β-hydroxysteroid	 dehydrogenase	 type	 1	 in	 skin.	 J	 Invest	Dermatol.
(2011)	131:30–6.	doi:	10.1038/jid.2010.257

47.	Varadhan	R,	Walston	 J,	Cappola	AR,	Carlson	MC,	Wand	GS,	Fried	LP.	Higher	 levels	 and	blunted
diurnal	variation	of	cortisol	in	frail	older	women.	J	Gerontol	A	Biol	Sci	Med	Sci.	(2008)	63:190–5.	doi:
10.1093/gerona/63.2.190

48.	Johar	H,	Emeny	RT,	Bidlingmaier	M,	Reincke	M,	Thorand	B,	Peters	A,	et	al.	Blunted	diurnal	cortisol
pattern	is	associated	with	frailty:	a	cross-sectional	study	of	745	participants	aged	65	to	90	years.	J	Clin
Endocrinol	Metab.	(2014)	99:E464–8.	doi:	10.1210/jc.2013-3079

49.	 Clegg	 A,	 Young	 J,	 Iliffe	 S,	 Rikkert	 MO,	 Rockwood	 K.	 Frailty	 in	 elderly	 people.	 Lancet	 (2013)
381:752–62.	doi:	10.1016/S0140-6736(12)62167-9

50.	 Noordam	R,	 Jansen	 SWM,	Akintola	 AA,	Oei	 NYL,	Maier	 AB,	 Pijl	 H,	 et	 al.	 Familial	 longevity	 is
marked	 by	 lower	 diurnal	 salivary	 cortisol	 levels:	 the	 Leiden	 Longevity	 Study.	 PLoS	 ONE	 (2012)
7:e31166.	doi:	10.1371/journal.pone.0031166

51.	Allard	JB,	Duan	C.	Comparative	endocrinology	of	aging	and	longevity	regulation.	Front	Endocrinol.
(2011)	2:75	doi:	10.3389/fendo.2011.00075

52.	 Lamberts	 SW.	 The	 endocrinology	 of	 aging.	 Science	 (1997)	 278:419–24.	 doi:
10.1126/science.278.5337.419

53.	 Ravaglia	 G,	 Forti	 P,	 Maioli	 F,	 Boschi	 F,	 Bernardi	 M,	 Pratelli	 L,	 et	 al.	 The	 relationship	 of
dehydroepiandrosterone	sulfate	(DHEAS)	to	endocrine-metabolic	parameters	and	functional	status	in
the	 oldest-old.	 Results	 from	 an	 Italian	 study	 on	 healthy	 free-living	 over-ninety-year-olds.	 J	 Clin
Endocrinol	Metab.	(1996)	81:1173–8.

54.	Ohlsson	C,	Vandenput	L,	Tivesten	A.	DHEA	and	mortality:	what	 is	 the	nature	of	 the	association?	J
Steroid	Biochem	Mol	Biol.	(2015)	145:248–53.	doi:	10.1016/j.jsbmb.2014.03.006

55.	Barrett-Connor	E,	Goodman-Gruen	D.	The	epidemiology	of	DHEAS	and	cardiovascular	disease.	Ann
N	Y	Acad	Sci.	(1995)	774:259–70.	doi:	10.1111/j.1749-6632.1995.tb17386.x-i1

56.	Enomoto	M,	Adachi	H,	Fukami	A,	Furuki	K,	Satoh	A,	Otsuka	M,	et	al.	Serum	dehydroepiandrosterone
sulfate	 levels	 predict	 longevity	 in	 men:	 27-year	 follow-up	 study	 in	 a	 community-based	 cohort
(Tanushimaru	study).	J	Am	Geriatr	Soc.	(2008)	56:994–8.	doi:	10.1111/j.1532-5415.2008.01692.x

57.	Baulieu	EE.	Dehydroepiandrosterone	(DHEA):	a	fountain	of	youth?	J	Clin	Endocrinol	Metab.	(1996)
81:3147–51.	doi:	10.1210/jcem.81.9.8784058

58.	Hegstad	R,	Brown	RD,	Jiang	N-S,	Kao	P,	Weinshilboum	RM,	Strong	C,	et	al.	Aging	and	aldosterone.
Am	J	Med.	(1983)	74:442–8.	doi:	10.1016/0002-9343(83)90971-3

59.	Flood	C,	Gherondache	C,	Pincus	G,	Tait	JF,	Tait	SA,	Willoughby	S.	The	metabolism	and	secretion	of
aldosterone	in	elderly	subjects.	J	Clin	Invest.	(1967)	46:960–6.	doi:	10.1172/JCI105602

60.	Bektas	A,	Schurman	SH,	Sen	R,	Ferrucci	L.	Aging,	inflammation	and	the	environment.	Exp	Gerontol.
(2018)	105:10–8.	doi:	10.1016/j.exger.2017.12.015

61.	 Nanba	 K,	 Vaidya	 A,	 Rainey	WE.	 Aging	 and	 adrenal	 aldosterone	 production.	Hypertension	 (2018)
71:218–23.	doi:	10.1161/HYPERTENSIONAHA.117.10391

62.	Seals	DR,	Esler	MD.	Human	aging	and	 the	sympathoadrenal	 system.	J	Physiol.	 (2000)	528:407–17.
doi:	10.1111/j.1469-7793.2000.00407.x

63.	 Franco-Morselli	 R,	 Elghozi	 JL,	 Joly	 E,	 Di	 Giuilio	 S,	 Meyer	 P.	 Increased	 plasma	 adrenaline
concentrations	 in	 benign	 essential	 hypertension.	 Br	 Med	 J.	 (1977)	 2:1251–4.	 doi:
10.1136/bmj.2.6097.1251

https://doi.org/10.1212/WNL.0000000000003537
https://doi.org/10.1111/j.1365-2265.2009.03552.x
https://doi.org/10.1038/jid.2010.257
https://doi.org/10.1093/gerona/63.2.190
https://doi.org/10.1210/jc.2013-3079
https://doi.org/10.1016/S0140-6736(12)62167-9
https://doi.org/10.1371/journal.pone.0031166
https://doi.org/10.3389/fendo.2011.00075
https://doi.org/10.1126/science.278.5337.419
https://doi.org/10.1016/j.jsbmb.2014.03.006
https://doi.org/10.1111/j.1749-6632.1995.tb17386.x-i1
https://doi.org/10.1111/j.1532-5415.2008.01692.x
https://doi.org/10.1210/jcem.81.9.8784058
https://doi.org/10.1016/0002-9343(83)90971-3
https://doi.org/10.1172/JCI105602
https://doi.org/10.1016/j.exger.2017.12.015
https://doi.org/10.1161/HYPERTENSIONAHA.117.10391
https://doi.org/10.1111/j.1469-7793.2000.00407.x
https://doi.org/10.1136/bmj.2.6097.1251


64.	Weidmann	 P,	 Beretta-Piccoli	 C,	 Ziegler	WH,	 Keusch	 G,	 Glück	 Z,	 Reubi	 FC.	 Age	 versus	 urinary
sodium	 for	 judging	 renin,	 aldosterone,	 and	 catecholamine	 levels:	 studies	 in	 normal	 subjects	 and
patients	with	essential	hypertension.	Kidney	Int.	(1978)	14:619–28.

65.	Kerckhoffs	DA,	Blaak	EE,	Van	Baak	MA,	Saris	WH.	Effect	of	aging	on	beta-adrenergically	mediated
thermogenesis	in	men.	Am	J	Physiol.	(1998)	274:E1075–9.

66.	 Mazzeo	 RS,	 Rajkumar	 C,	 Jennings	 G,	 Esler	 M.	 Norepinephrine	 spillover	 at	 rest	 and	 during
submaximal	 exercise	 in	 young	 and	 old	 subjects.	 J	 Appl	 Physiol.	 (1997)	 82:1869–74.	 doi:
10.1152/jappl.1997.82.6.1869

67.	 Esler	 M,	 Lambert	 G,	 Kaye	 D,	 Rumantir	 M,	 Hastings	 J,	 Seals	 DR.	 Influence	 of	 aging	 on	 the
sympathetic	 nervous	 system	 and	 adrenal	 medulla	 at	 rest	 and	 during	 stress.	 Biogerontology	 (2002)
3:45–9.	doi:	10.1023/A:1015203328878

68.	Slomski	A.	Melatonin	improves	sleep	in	patients	with	circadian	disruption.	JAMA	(2018)	320:749.	doi:
10.1001/jama.2018.10903

69.	Vural	EMS,	van	Munster	BC,	de	Rooij	SE.	Optimal	dosages	for	melatonin	supplementation	therapy	in
older	 adults:	 a	 systematic	 review	 of	 current	 literature.	 Drugs	 Aging	 (2014)	 31:441–51.	 doi:
10.1007/s40266-014-0178-0

70.	Karasek	M.	Melatonin,	human	aging,	and	age-related	diseases.	Exp	Gerontol.	(2004)	39:1723–9.	doi:
10.1016/j.exger.2004.04.012

71.	 Kedziora-Kornatowska	 K,	 Szewczyk-Golec	 K,	 Czuczejko	 J,	 Pawluk	 H,	 van	 Marke	 de	 Lumen	 K,
Kozakiewicz	M,	et	al.	Antioxidative	effects	of	melatonin	administration	 in	elderly	primary	essential
hypertension	patients.	J	Pineal	Res.	(2008)	45:312–7.	doi:	10.1111/j.1600-079X.2008.00592.x

72.	Kedziora-Kornatowska	K,	Szewczyk-Golec	K,	Kozakiewicz	M,	Pawluk	H,	Czuczejko	J,	Kornatowski
T,	 et	 al.	 Melatonin	 improves	 oxidative	 stress	 parameters	 measured	 in	 the	 blood	 of	 elderly	 type	 2
diabetic	patients.	J	Pineal	Res.	(2009)	46:333–7.	doi:	10.1111/j.1600-079X.2009.00666.x

73.	Asayama	K,	Yamadera	H,	Ito	T,	Suzuki	H,	Kudo	Y,	Endo	S.	Double	blind	study	of	melatonin	effects
on	 the	 sleep-wake	 rhythm,	 cognitive	 and	 non-cognitive	 functions	 in	 Alzheimer	 type	 dementia.	 J
Nippon	Med	Sch.	(2003)	70:334–41.	doi:	10.1272/jnms.70.334

74.	 Al-Aama	 T,	 Brymer	 C,	 Gutmanis	 I,	Woolmore-Goodwin	 SM,	 Esbaugh	 J,	 Dasgupta	M.	Melatonin
decreases	delirium	in	elderly	patients:	a	randomized,	placebo-controlled	trial.	Int	J	Geriatr	Psychiatry
(2011)	26:687–94.	doi:	10.1002/gps.2582

75.	 Tiganescu	 A,	 Tahrani	 AA,	 Morgan	 SA,	 Otranto	 M,	 Desmoulière	 A,	 Abrahams	 L,	 et	 al.	 11β-
Hydroxysteroid	dehydrogenase	blockade	prevents	age-induced	 skin	 structure	and	 function	defects.	J
Clin	Invest.	(2013)	123:3051–60.	doi:	10.1172/JCI64162

76.	 Yau	 JLW,	 Noble	 J,	 Seckl	 JR.	 11beta-hydroxysteroid	 dehydrogenase	 type	 1	 deficiency	 prevents
memory	deficits	with	aging	by	switching	from	glucocorticoid	receptor	to	mineralocorticoid	receptor-
mediated	cognitive	control.	J	Neurosci.	(2011)	31:4188–93.	doi:	10.1523/JNEUROSCI.6145-10.2011

77.	Perry	HM.	The	endocrinology	of	aging.	Clin	Chem.	(1999)	45:1369–76.
78.	Gupta	D,	Morley	JE.	Hypothalamic-pituitary-adrenal	(HPA)	axis	and	aging.	Compr	Physiol.	(2014)	4,

1495–510.	doi:	10.1002/cphy.c130049
79.	 Fielding	 RA,	 Vellas	 B,	 Evans	 WJ,	 Bhasin	 S,	 Morley	 JE,	 Newman	 AB,	 et	 al.	 Sarcopenia:	 an

undiagnosed	 condition	 in	 older	 adults.	 current	 consensus	 definition:	 prevalence,	 etiology,	 and
consequences.	 international	working	group	on	 sarcopenia.	J	Am	Med	Dir	Assoc.	 (2011)	 12:249–56.
doi:	10.1016/j.jamda.2011.01.003

80.	Waters	DL,	Qualls	CR,	Dorin	RI,	Veldhuis	JD,	Baumgartner	RN.	Altered	growth	hormone,	cortisol,
and	 leptin	 secretion	 in	 healthy	 elderly	 persons	 with	 sarcopenia	 and	 mixed	 body	 composition
phenotypes.	J	Gerontol	A	Biol	Sci	Med	Sci.	(2008)	63:536–41.	doi:	10.1093/gerona/63.5.536

81.	Ferrucci	L,	Baroni	M,	Ranchelli	A,	Lauretani	F,	Maggio	M,	Mecocci	P,	et	al.	Interaction	between	bone
and	 muscle	 in	 older	 persons	 with	 mobility	 limitations.	Curr	 Pharm	 Des.	 (2014)	 20:3178–97.	 doi:

https://doi.org/10.1152/jappl.1997.82.6.1869
https://doi.org/10.1023/A:1015203328878
https://doi.org/10.1001/jama.2018.10903
https://doi.org/10.1007/s40266-014-0178-0
https://doi.org/10.1016/j.exger.2004.04.012
https://doi.org/10.1111/j.1600-079X.2008.00592.x
https://doi.org/10.1111/j.1600-079X.2009.00666.x
https://doi.org/10.1272/jnms.70.334
https://doi.org/10.1002/gps.2582
https://doi.org/10.1172/JCI64162
https://doi.org/10.1523/JNEUROSCI.6145-10.2011
https://doi.org/10.1002/cphy.c130049
https://doi.org/10.1016/j.jamda.2011.01.003
https://doi.org/10.1093/gerona/63.5.536


10.2174/13816128113196660690
82.	 Cefalu	 WT,	Wang	 ZQ,	Werbel	 S,	 Bell-Farrow	 A,	 Crouse	 JR,	 Hinson	WH,	 et	 al.	 Contribution	 of

visceral	fat	mass	to	the	insulin	resistance	of	aging.	Metabolism	(1995)	44:954–9.
83.	Coon	PJ,	Rogus	EM,	Drinkwater	D,	Muller	DC,	Goldberg	AP.	Role	 of	 body	 fat	 distribution	 in	 the

decline	 in	 insulin	 sensitivity	 and	 glucose	 tolerance	 with	 age.	 J	 Clin	 Endocrinol	 Metab.	 (1992)
75:1125–32.

84.	 Kushner	 JA.	 The	 role	 of	 aging	 upon	 β	 cell	 turnover.	 J	 Clin	 Invest.	 (2013)	 123:990–5.	 doi:
10.1172/JCI64095

85.	Ward	AMV,	Fall	CHD,	Stein	CE,	Kumaran	K,	Veena	SR,	Wood	PJ,	et	al.	Cortisol	and	the	metabolic
syndrome	in	South	Asians.	Clin	Endocrinol.	(2003)	58:500–5.	doi:	10.1046/j.1365-2265.2003.01750.x

86.	Hackett	 RA,	 Steptoe	A,	Kumari	M.	Association	 of	 diurnal	 patterns	 in	 salivary	 cortisol	with	 type	 2
diabetes	in	the	Whitehall	II	study.	J	Clin	Endocrinol	Metab.	(2014)	99:4625–31.	doi:	10.1210/jc.2014-
2459

87.	 Weinstein	 RS,	 Manolagas	 SC.	 Apoptosis	 and	 osteoporosis.	 Am	 J	 Med.	 (2000)	 108:153–64.	 doi:
10.1016/S0002-9343(99)00420-9

88.	Hofbauer	LC,	Rauner	M.	Minireview:	 live	and	 let	die:	molecular	effects	of	glucocorticoids	on	bone
cells.	Mol	Endocrinol.	(2009)	23:1525–31.	doi:	10.1210/me.2009-0069

89.	Buford	TW,	Willoughby	DS.	Impact	of	DHEA(S)	and	cortisol	on	immune	function	in	aging:	a	brief
review.	Appl	Physiol	Nutr	Metab.	(2008)	33:429–33.	doi:	10.1139/H08-013

90.	Phillips	AC,	Burns	VE,	Lord	JM.	Stress	and	exercise:	getting	 the	balance	 right	 for	aging	 immunity.
Exerc	Sport	Sci	Rev.	(2007)	35:35–9.	doi:	10.1097/jes.0b013e31802d7008

91.	Dillon	JS.	Dehydroepiandrosterone,	dehydroepiandrosterone	sulfate	and	related	steroids:	 their	role	 in
inflammatory,	 allergic	 and	 immunological	 disorders.	 Curr	 Drug	 Targets	 Inflamm	 Allergy	 (2005)
4:377–85.	doi:	10.2174/1568010054022079

92.	Hernandez-Pando	R,	De	La	Luz	Streber	M,	Orozco	H,	Arriaga	K,	Pavon	L,	Al-Nakhli	SA,	et	al.	The
effects	 of	 androstenediol	 and	 dehydroepiandrosterone	 on	 the	 course	 and	 cytokine	 profile	 of
tuberculosis	in	BALB/c	mice.	Immunology	(1998)	95:234–41.	doi:	10.1046/j.1365-2567.1998.00601.x

93.	Traustadóttir	T,	Bosch	PR,	Matt	KS.	The	HPA	axis	response	to	stress	in	women:	effects	of	aging	and
fitness.	Psychoneuroendocrinology	(2005)	30:392–402.	doi:	10.1016/j.psyneuen.2004.11.002

94.	Vitlic	A,	Lord	JM,	Phillips	AC.	Stress,	aging	and	their	influence	on	functional,	cellular	and	molecular
aspects	of	the	immune	system.	AGE	(2014)	36:9631.	doi:	10.1007/s11357-014-9631-6

95.	Charles	ST,	Piazza	JR,	Mogle	J,	Sliwinski	MJ,	Almeida	DM.	The	wear	and	tear	of	daily	stressors	on
mental	health.	Psychol	Sci.	(2013)	24:733–41.	doi:	10.1177/0956797612462222

96.	Scott	SB,	Graham-Engeland	JE,	Engeland	CG,	Smyth	JM,	Almeida	DM,	Katz	MJ,	et	al.	The	effects	of
stress	on	cognitive	aging,	physiology	and	emotion	(ESCAPE)	project.	BMC	Psychiatry	(2015)	15:146.
doi:	10.1186/s12888-015-0497-7

97.	Piazza	JR,	Charles	ST,	Sliwinski	MJ,	Mogle	J,	Almeida	DM.	Affective	reactivity	to	daily	stressors	and
long-term	 risk	of	 reporting	a	chronic	physical	health	condition.	Ann	Behav	Med.	 (2013)	45:110–20.
doi:	10.1007/s12160-012-9423-0

98.	 Andel	 R,	 Crowe	 M,	 Kåreholt	 I,	 Wastesson	 J,	 Parker	 MG.	 Indicators	 of	 job	 strain	 at	 midlife	 and
cognitive	functioning	in	advanced	old	age.	J	Gerontol	B	Psychol	Sci	Soc	Sci	(2011)	66:287–91.	doi:
10.1093/geronb/gbq105

99.	Evans	PD,	Fredhoi	C,	Loveday	C,	Hucklebridge	F,	Aitchison	E,	Forte	D,	et	 al.	The	diurnal	cortisol
cycle	 and	 cognitive	 performance	 in	 the	 healthy	 old.	 Int	 J	 Psychophysiol.	 (2011)	 79:371–7.	 doi:
10.1016/j.ijpsycho.2010.12.006

100.	Heaney	JLJ,	Phillips	AC,	Carroll	D.	Aging,	health	behaviors,	and	the	diurnal	rhythm	and	awakening
response	 of	 salivary	 cortisol.	 Exp	 Aging	 Res.	 (2012)	 38:295–314.	 doi:
10.1080/0361073X.2012.672134

https://doi.org/10.2174/13816128113196660690
https://doi.org/10.1172/JCI64095
https://doi.org/10.1046/j.1365-2265.2003.01750.x
https://doi.org/10.1210/jc.2014-2459
https://doi.org/10.1016/S0002-9343(99)00420-9
https://doi.org/10.1210/me.2009-0069
https://doi.org/10.1139/H08-013
https://doi.org/10.1097/jes.0b013e31802d7008
https://doi.org/10.2174/1568010054022079
https://doi.org/10.1046/j.1365-2567.1998.00601.x
https://doi.org/10.1016/j.psyneuen.2004.11.002
https://doi.org/10.1007/s11357-014-9631-6
https://doi.org/10.1177/0956797612462222
https://doi.org/10.1186/s12888-015-0497-7
https://doi.org/10.1007/s12160-012-9423-0
https://doi.org/10.1093/geronb/gbq105
https://doi.org/10.1016/j.ijpsycho.2010.12.006
https://doi.org/10.1080/0361073X.2012.672134


101.	Dmitrieva	NO,	Almeida	DM,	Dmitrieva	J,	Loken	E,	Pieper	CF.	A	day-centered	approach	to	modeling
cortisol:	diurnal	cortisol	profiles	and	their	associations	among	U.S.	adults.	Psychoneuroendocrinology
(2013)	38:2354–65.	doi:	10.1016/j.psyneuen.2013.05.003

102.	 Karlamangla	 AS,	 Friedman	 EM,	 Seeman	 TE,	 Stawksi	 RS,	 Almeida	 DM.	 Daytime	 trajectories	 of
cortisol:	 demographic	 and	 socioeconomic	 differences–findings	 from	 the	 National	 Study	 of	 Daily
Experiences.	Psychoneuroendocrinology	(2013)	38:2585–97.	doi:	10.1016/j.psyneuen.2013.06.010

103.	Lederbogen	F,	Kühner	C,	Kirschbaum	C,	Meisinger	C,	Lammich	J,	Holle	R,	et	al.	Salivary	cortisol	in
a	 middle-aged	 community	 sample:	 results	 from	 990	 men	 and	 women	 of	 the	 KORA-F3	 Augsburg
study.	Eur	J	Endocrinol.	(2010)	163:443–51.	doi:	10.1530/EJE-10-0491

104.	Conrad	CD,	Bimonte-Nelson	HA.	Chapter	2	-	 impact	of	 the	hypothalamic–pituitary–adrenal/gonadal
Axes	 on	Trajectory	 of	Age-Related	Cognitive	Decline.	 In:	 ed.	Martini	 L,	 editor.	Progress	 in	Brain
Research	 Neuroendocrinology.	 Elsevier	 (2010).	 p.	 31–76.	 Available	 online	 at:
http://www.sciencedirect.com/science/article/pii/S0079612310820023

105.	 Genud	 R,	 Merenlender	 A,	 Gispan-Herman	 I,	 Maayan	 R,	 Weizman	 A,	 Yadid	 G.	 DHEA	 lessens
depressive-like	 behavior	 via	 GABA-ergic	 modulation	 of	 the	 mesolimbic	 system.
Neuropsychopharmacol	(2009)	34:577–84.	doi:	10.1038/npp.2008.46

106.	Vreeburg	 SA,	Hoogendijk	WJG,	 van	 Pelt	 J,	Derijk	RH,	Verhagen	 JCM,	 van	Dyck	R,	 et	 al.	Major
depressive	disorder	and	hypothalamic-pituitary-adrenal	axis	activity:	results	from	a	large	cohort	study.
Arch	Gen	Psychiatry	(2009)	66:617–26.	doi:	10.1001/archgenpsychiatry.2009.50

107.	Buydens-Branchey	L,	Branchey	M.	Cocaine	addicts	with	conduct	disorder	are	 typified	by	decreased
cortisol	responsivity	and	high	plasma	levels	of	DHEA-S.	Neuropsychobiology	(2004)	50:161–6.	doi:
10.1159/000079109

108.	Ong	AD,	Fuller-Rowell	TE,	Bonanno	GA,	Almeida	DM.	Spousal	 loss	predicts	alterations	 in	diurnal
cortisol	 activity	 through	prospective	changes	 in	positive	emotion.	Health	Psychol.	 (2011)	30:220–7.
doi:	10.1037/a0022262

109.	Tugade	MM,	Fredrickson	BL,	Barrett	LF.	Psychological	resilience	and	positive	emotional	granularity:
examining	 the	 benefits	 of	 positive	 emotions	 on	 coping	 and	 health.	J	Pers.	 (2004)	 72:1161–90.	 doi:
10.1111/j.1467-6494.2004.00294.x

110.	Smith	SM,	Vale	WW.	The	role	of	the	hypothalamic-pituitary-adrenal	axis	in	neuroendocrine	responses
to	stress.	Dialogues	Clin	Neurosci.	(2006)	8:383–95.

111.	Kadmiel	M,	Cidlowski	JA.	Glucocorticoid	receptor	signaling	in	health	and	disease.	Trends	Pharmacol
Sci.	(2013)	34:518–30.	doi:	10.1016/j.tips.2013.07.003

112.	McIntosh	TK,	Lothrop	DA,	Lee	A,	Jackson	BT,	Nabseth	D,	Egdahl	RH.	Circadian	rhythm	of	cortisol
is	altered	in	postsurgical	patients.	J	Clin	Endocrinol	Metab.	(1981)	53:117–22.	doi:	10.1210/jcem-53-
1-117

113.	 Naito	 Y,	 Fukata	 J,	 Tamai	 S,	 Seo	 N,	 Nakai	 Y,	 Mori	 K,	 et	 al.	 Biphasic	 changes	 in	 hypothalamo-
pituitary-adrenal	 function	 during	 the	 early	 recovery	 period	 after	 major	 abdominal	 surgery.	 J	 Clin
Endocrinol.	(1991)	73:111–7.	doi:	10.1210/jcem-73-1-111

114.	Marik	PE,	Zaloga	GP.	Adrenal	insufficiency	in	the	critically	ill:	a	new	look	at	an	old	problem.	Chest
(2002)	122:1784–96.	doi:	10.1378/chest.122.5.1784

115.	Targarona	EM,	Pons	MJ,	Balagué	C,	Espert	 JJ,	Moral	A,	Martínez	J,	et	al.	Acute	phase	 is	 the	only
significantly	 reduced	component	of	 the	 injury	 response	after	 laparoscopic	cholecystectomy.	World	J
Surg.	(1996)	20:528–533;	discussion	533–4.

116.	Karayiannakis	AJ,	Makri	GG,	Mantzioka	A,	Karousos	D,	Karatzas	G.	Systemic	stress	response	after
laparoscopic	 or	 open	 cholecystectomy:	 a	 randomized	 trial.	 Br	 J	 Surg.	 (1997)	 84:467–71.	 doi:
10.1002/bjs.1800840411

117.	 Sietses	 C,	Wiezer	MJ,	 Eijsbouts	 QA,	 Beelen	 RH,	 van	 Leeuwen	 PA,	 von	 Blomberg	 BM,	 et	 al.	 A
prospective	 randomized	study	of	 the	systemic	 immune	 response	after	 laparoscopic	and	conventional

https://doi.org/10.1016/j.psyneuen.2013.05.003
https://doi.org/10.1016/j.psyneuen.2013.06.010
https://doi.org/10.1530/EJE-10-0491
http://www.sciencedirect.com/science/article/pii/S0079612310820023
https://doi.org/10.1038/npp.2008.46
https://doi.org/10.1001/archgenpsychiatry.2009.50
https://doi.org/10.1159/000079109
https://doi.org/10.1037/a0022262
https://doi.org/10.1111/j.1467-6494.2004.00294.x
https://doi.org/10.1016/j.tips.2013.07.003
https://doi.org/10.1210/jcem-53-1-117
https://doi.org/10.1210/jcem-73-1-111
https://doi.org/10.1378/chest.122.5.1784
https://doi.org/10.1002/bjs.1800840411


Nissen	fundoplication.	Surgery	(1999)	126:5–9.	doi:	10.1067/msy.1999.98702
118.	Siekmann	W,	Eintrei	C,	Magnuson	A,	Sjölander	A,	Matthiessen	P,	Myrelid	P,	et	al.	Surgical	and	not

analgesic	 technique	 affects	 postoperative	 inflammation	 following	 colorectal	 cancer	 surgery:	 a
prospective,	randomized	study.	Colorectal	Dis.	(2017)	19:O186–95.	doi:	10.1111/codi.13643

119.	 Veenhof	 AA,	 Sietses	 C,	 von	 Blomberg	 BME,	 van	 Hoogstraten	 IMW,	 vd	 Pas	 MHGM,	 Meijerink
WJHJ,	 et	 al.	 The	 surgical	 stress	 response	 and	 postoperative	 immune	 function	 after	 laparoscopic	 or
conventional	total	mesorectal	excision	in	rectal	cancer:	a	randomized	trial.	Int	J	Colorectal	Dis.	(2011)
26:53–9.	doi:	10.1007/s00384-010-1056-9

120.	Hornick	TR,	Kowal	J.	Clinical	epidemiology	of	endocrine	disorders	in	the	elderly.	Endocrinol	Metab
Clin	North	Am	(1997)	26:145–63.	doi:	10.1016/S0889-8529(05)70238-3

121.	 Jensen	 BA,	 Sanders	 S,	 Frølund	 B,	 Hjortrup	 A.	 Adrenocortical	 function	 in	 old	 age	 as	 reflected	 by
plasma	 cortisol	 and	 ACTH	 test	 during	 the	 course	 of	 acute	 myocardial	 infarction.	 Arch	 Gerontol
Geriatr.	(1988)	7:289–96.	doi:	10.1016/0167-4943(88)90012-X

122.	Blichert-Toft	M.	Secretion	of	corticotrophin	and	somatototrophin	by	the	senescent	adenohypophysis	in
man.	Acta	Endocrinol	Suppl.	(1975)	78:15–154.	doi:	10.1530/acta.0.080S0015

123.	Nishizawa	S,	Yokoyama	T,	Yokota	N,	Ohta	S.	Preoperative	hyponatremia	as	a	clinical	characteristic	in
elderly	 patients	with	 large	 pituitary	 tumor.	Neurol	Med	Chir.	 (2000)	 40:249–54;	 discussion	 254–5.
doi:	10.2176/nmc.40.249

124.	 Topinková	 E.	 Aging,	 disability	 and	 frailty.	 Ann	 Nutr	 Metab.	 (2008)	 52	 (Suppl.	 1):6–11.	 doi:
10.1159/000115340

125.	Sukharamwala	P,	Prashant	S,	Thoens	J,	Jonathan	T,	Szuchmacher	M,	Mauricio	S,	et	al.	Advanced	age
is	 a	 risk	 factor	 for	 post-operative	 complications	 and	 mortality	 after	 a	 pancreaticoduodenectomy:	 a
meta-analysis	and	systematic	review.	HPB	(2012)	14:649–57.	doi:	10.1111/j.1477-2574.2012.00506.x

126.	Watters	JM,	Clancey	SM,	Moulton	SB,	Briere	KM,	Zhu	JM.	Impaired	recovery	of	strength	 in	older
patients	 after	 major	 abdominal	 surgery.	 Ann	 Surg.	 (1993)	 218:380–90;	 discussion	 390–3.	 doi:
10.1097/00000658-199309000-00017

127.	 Chen	 Y-C,	 Chen	 Y-C,	 Chou	 L-F,	 Chen	 T-J,	 Hwang	 S-J.	 Adrenal	 insufficiency	 in	 the	 elderly:	 a
nationwide	 study	 of	 hospitalizations	 in	 Taiwan.	 Tohoku	 J	 Exp	 Med.	 (2010)	 221:281–5.	 doi:
10.1620/tjem.221.281

Conflict	 of	 Interest	 Statement:	 The	 authors	 declare	 that	 the	 research	 was
conducted	in	the	absence	of	any	commercial	or	financial	relationships	that	could
be	construed	as	a	potential	conflict	of	interest.
Copyright	©	2019	Yiallouris,	Tsioutis,	Agapidaki,	Zafeiri,	Agouridis,	Ntourakis
and	Johnson.	This	 is	 an	open-access	article	distributed	under	 the	 terms	of	 the
Creative	 Commons	 Attribution	 License	 (CC	 BY).	 The	 use,	 distribution	 or
reproduction	 in	other	 forums	 is	permitted,	provided	 the	original	author(s)	and
the	 copyright	 owner(s)	 are	 credited	 and	 that	 the	 original	 publication	 in	 this
journal	 is	 cited,	 in	 accordance	 with	 accepted	 academic	 practice.	 No	 use,
distribution	 or	 reproduction	 is	 permitted	 which	 does	 not	 comply	 with	 these
terms.

https://doi.org/10.1067/msy.1999.98702
https://doi.org/10.1111/codi.13643
https://doi.org/10.1007/s00384-010-1056-9
https://doi.org/10.1016/S0889-8529(05)70238-3
https://doi.org/10.1016/0167-4943(88)90012-X
https://doi.org/10.1530/acta.0.080S0015
https://doi.org/10.2176/nmc.40.249
https://doi.org/10.1159/000115340
https://doi.org/10.1111/j.1477-2574.2012.00506.x
https://doi.org/10.1097/00000658-199309000-00017
https://doi.org/10.1620/tjem.221.281
http://creativecommons.org/licenses/by/4.0/


ORIGINAL	RESEARCH
published:	13	February	2019

doi:	10.3389/fendo.2019.00035

Impact	of	Paternal	Age	on	Seminal	Parameters
and	Reproductive	Outcome	of
Intracytoplasmatic	Sperm	Injection	in	Infertile
Italian	Women

Mariagrazia	Gallo1*,	Emanuele	Licata1,	Caterina	Meneghini1,
Alessandro	Dal	Lago1,	Cristina	Fabiani1,	Marcello	Amodei1,
Domenico	Antonaci1,	Donatella	Miriello1,	Roberta	Corno1,	Carmelina
Liberanome1,	Francescantonio	Bisogni1,	Gemma	Paciotti1,	Carlo
Meneghini2	and	Rocco	Rago1*

1 Physiopathology	of	Reproduction	and	Andrology	Unit,	Sandro	Pertini	Hospital,	Rome,	Italy
2 Science	Department,	Roma	Tre	University,	Rome,	Italy

Edited	by:
Antonio	Aversa,	Università	degli	Studi	Magna	Græcia	di	Catanzaro,	Italy

Reviewed	by:
Alberto	Ferlin,	Università	degli	Studi	di	Brescia,	Italy
Osamu	Hiraike,	Tokyo	University	of	Science,	Japan

*	Correspondence:	Mariagrazia	Gallo,	mariagrazia.gallo@aslroma2.it
Rocco	Rago,	roccorago1@gmail.com

Specialty	section:	This	article	was	submitted	to	Endocrinology	of	Aging,	a	section	of	the	journal
Frontiers	in	Endocrinology

Received:	19	October	2018
Accepted:	16	January	2019
Published:	13	February	2019

Citation:	Gallo	M,	Licata	E,	Meneghini	C,	Dal	Lago	A,	Fabiani	C,	Amodei	M,	Antonaci	D,	Miriello
D,	Corno	R,	Liberanome	C,	Bisogni	F,	Paciotti	G,	Meneghini	C	and	Rago	R	(2019)	Impact	of

https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2019.00035
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2019.00035&domain=pdf&date_stamp=2019-02-13
https://www.frontiersin.org/articles/10.3389/fendo.2019.00035/full
http://loop.frontiersin.org/people/592477/overview
http://loop.frontiersin.org/people/631012/overview
http://loop.frontiersin.org/people/579947/overview
http://loop.frontiersin.org/people/42679/overview
http://loop.frontiersin.org/people/42613/overview
http://loop.frontiersin.org/people/588473/overview
mailto:mariagrazia.gallo@aslroma2.it
mailto:roccorago1@gmail.com


Paternal	Age	on	Seminal	Parameters	and	Reproductive	Outcome	of	Intracytoplasmatic	Sperm
Injection	in	Infertile	Italian	Women.	Front.	Endocrinol.	10:35.	doi:	10.3389/fendo.2019.00035

Background:	 We	 conducted	 a	 retrospective	 study	 on	 a	 cohort	 of	 couples
attending	 the	 Department	 of	 Andrology	 and	 Reproductive	 Physiopathology	 at
Sandro	Pertini	Hospital	in	Rome	for	Intracytoplasmatic	Sperm	Injection	(ICSI)-
assisted	 reproduction	 programs.	 Some	 of	 the	 couples	 included	 in	 the	 study
underwent	more	than	one	ICSI	cycle.	Between	January	2015	and	April	2017.
Objective:	 To	 evaluate	 whether	 the	 advancing	 of	 the	 paternal	 age	 may	 have
effect	 on	 the	 seminal	 parameters,	 thus	 negatively	 affecting	 the	 embryo
formation,	development	and	quality,	as	well	as	the	pregnancy	rate.
Materials	 and	 Methods:	 Five	 hundred	 and	 forty	 three	 ICSI	 cycles	 were
performed	 on	 439	 couples	 undergoing	 Assisted	 Reproductive	 Technologies
(ART).	 Patients	were	 subdivided	 into	 three	male	 and	 three	 female	 age	 groups
having	similar	size:
Men:	≤38	years	(MI),	39–43	years	(MII),	≥44	years	(MIII).
Women:	≤35	years	(FI),	36–40	years	(FII),≥41	years	(FIII).
Discussion	 and	 Conclusion:	 Male	 age	 groups	 did	 not	 reveal	 any	 statistical
significant	differences	in	any	age-related	semen	parameters.	We	also	confirmed
a	 statistical	 significant	 increase	 in	 the	 pregnancy	 rate	 of	 couples	 with	 older
partner	 age	 difference	 and	 younger	 female.	We	 found	 that	 the	 advanced	male
age	 increases	 the	 probability	 of	 obtaining	 one	 or	 no	 type	 A	 embryo	 (NA≤1),
which	was	almost	doubled	in	the	MIII	group	in	comparison	with	MI,	suggesting	a
negative	effect	of	male	age	on	the	efficacy	of	the	reproductive	outcome	in	terms
of	a	reduced	number	of	type	A	embryos.	Such	an	effect	does	not	seem	related	to
semen	parameters	and	may	deserve	further	investigations.

Keywords:	paternal	age,	ART,	ICSI,	infertility,	sperm	quality	parameters

INTRODUCTION

In	 today's	 society,	 economic	 development	 and	 women's	 growing	 desire	 for
professional	fulfillment	has	increasingly	led	to	the	postponement	of	parenthood.
It	 is	 well-known	 that	 both	 the	 quality	 and	 quantity	 of	 oocytes	 is	 depleted	 by
advancing	age.	A	number	of	 studies	have	 shown	 that	 the	decline	 in	oocytes	 is
also	associated	with	a	reduction	in	fertility	for	over	35	years	(1,	2).	This	absolute
natural	phenomenon	accelerates	between	36	and	38	years,	 thereby	 leading	 to	a
rise	 in	 the	number	of	 infertile	women	nearing	 the	age	of	40	who	contacted	 the



assisted	 reproduction	 centers	 with	 the	 belief	 that	 assisted	 reproduction
technology	 (ART)	 is	 still	 very	 effective	 regardless	 of	 its	 age.	 While	 the
biological	 clock	 determines	 the	 end	 of	 fertility	 in	women,	 it	 does	 not	 seem	 to
have	 a	 prominent	 role	 in	men.	Male	 gametogenesis	 goes	 on	 until	 late	 in	 life,
according	 to	 theory,	 it	 enables	men	 to	 father	 children	 even	 at	 advanced	 ages.
However,	spermatogenesis	does	undergo	both	minor	and	major	changes	over	the
years,	as	 reported	by	 the	 literature.	During	 the	6th	decade	of	 life	 there	may	be
important	modifications	in	hormonal	status,	sperm	characteristics,	and	histologic
and	 cytologic	 testicular	 structure	 (3–6).	 At	 present,	 there	 are	 no	 legal	 or
biological	 restrictions	 on	 the	 participation	 of	 older	 men	 in	 the	 assisted
reproduction	 programs.	 Among	 the	 factors	 affecting	 the	 outcome	 of	 these
techniques,	 attention	 is	 mainly	 given	 to	 female	 factors	 and	 a	 large	 body	 of
scientific	 evidence	 confirms	 the	 importance	 of	 them	 on	 the	 reproductive
outcome.	 By	 contrast,	 the	 fewer	 studies	 investigating	 the	 role	 played	 by	male
partners	 showed	 conflicting	 results	 (7–11).	 Given	 the	 above,	 we	 decided	 to
conduct	a	retrospective	study,	from	January	2015	to	April	2017,	on	a	cohort	of
couples	undergoing	assisted	reproduction	(ICSI).	Our	objective	was	to	evaluate
whether	 the	 advancing	 of	 the	 paternal	 age	 could	 have	 effect	 on	 the	 seminal
parameters,	 thus	affecting	the	embryo	formation,	development,	quality,	and	the
percentage	of	pregnancy	rates.

MATERIALS	AND	METHODS

Patients
The	present	study	does	not	require	specific	approval	of	the	ethics	committee	as	it
is	 a	 retrospective	 study	 requiring	 a	 simple	 “acknowledgment”	 (protocol
56773/2016)	as	per	the	regulation	of	the	Lazio	Ethics	Committee	2.	We	carried
out	 a	 retrospective	 study	 on	 a	 cohort	 of	 couples	 attending	 the	 Department	 of
Andrology	and	Reproductive	Physiopathology	at	the	Sandro	Pertini	Hospital	in
Rome	 for	 the	 ICSI-assisted	 reproduction	 programs.	 Some	 of	 the	 couples
included	in	the	study	underwent	more	than	one	ICSI	cycle.	All	couples	before,
during	 and	 after	 the	 assisted	 fertilization	 path	 were	 also	 supported	 by	 a
psychologist.	From	January	2015	to	April	2017	we	performed	1,181	ICSI	cycles
on	 816	 couples	 (1,026	 transfers)	 undergoing	 ART.	 Couples	 who	 stopped
treatment	on	their	own	or	due	to	the	risk	of	Ovarian	Hyperstimulation	Syndrome
(OHSS)	 (191	 cycles,	 162	 couples),	 couples	 whose	 male	 partners	 presented
azoospermia	 or	 severe	 oligoasthenoteratozoospermia	 requiring	 Fine	 Needle
Aspiration	(FNA)	(36	cycles,	33	couples)	and	couples	whose	female	partners	are



needed,	 for	 therapeutic	 reasons,	 to	 cryopreserve	 all	 oocytes	 recovered	 during
pick-up	(215	cycles,	161	couples)	or	embryos	achieved	(69	cycles,	62	couples)
and	all	 female	partners	with	a	 female	disorder	 (such	as	endometriosis,	 reduced
ovarian	 reserve,	 frequent	miscarriages	 and	endocrine	ovulatory	pathology	 (127
cycles,	108	couples,	117	transfers)	were	excluded	from	this	study.	The	statistical
analysis,	therefore,	includes	543	cycles	(439	couples,	523	transfers).	In	order	to
assess	whether	and	how	male	ages	affects	seminal	parameters	and	reproductive
outcome	 we	 further	 subdivided	 our	 cases	 into	 three	 male	 groups	 and	 three
female	age	groups	having	similar	size	(Table	1).

Table	1.	Male	and	female	age	groups	used	in	the	analysis.

Examination	of	Seminal	Fluid
All	patients	underwent	seminal	fluid	examination	as	described	by	Zerbinati	et	al.
(12)	 in	 accordance	with	 the	World	Health	Organization	 (WHO)	 (13)	 standard
protocols.

Ovarian	Stimulation	Protocol
All	 the	 female	 partners	 completed	 an	 ovarian	 folliculogenesis	 stimulation
protocol	with	menopausal	 human	gonadotropins,	 ultrapurified	 urinary	Follicle-
Stimulating	Hormone	(FSH),	recombinant	FSH	and	Corifollitropin	alfa	from	day
2	 of	 their	menstrual	 cycle	 combined	with	 a	Gonadotropin	Releasing	Hormone
(GnRh)	 antagonist	 from	 day	 6.	 The	 initial	 dosage	 of	 gonadotropins	 was
customized	for	each	patient	and	then	varied	during	stimulation	depending	on	the
ovarian	 response.	 When	 the	 follicular	 diameter	 reached	 18–20	 mm,	 human
Chorionic	 Gonadotropin	 (hCG)	 10,000	 IU	 was	 administered	 subcutaneously.
Transvaginal	 Oocyte	 Retrieval	 (TVOR)	 was	 performed	 36	 h	 after	 hCG
administration.	 Luteal	 phase	 support	 was	 performed	 with	 progesterone	 by
subcutaneous	 administration	 at	 50	mg/day	 (Pleyris)	 or	 vaginal	 delivery	 at	 600
mg/day	(Prometrium,	Progeffik),	from	pickup	day	to	at	least	the	pregnancy	test,



which	was	usually	scheduled	12	days	after	the	transfer.	MII	oocytes	were	used
for	 ICSI.	 Embryo	 transfer	 was	 performed	 3	 days	 after	 oocyte	 retrieval.	 The
blood	 sample	 for	 the	 pregnancy	 test	 [β-subunit	 of	 human	 Chorionic
Gonadotropin	 (βhCG)	assay]	was	scheduled	12	days	after	 the	embryo	 transfer.
βhCG	was	monitored	until	the	gestational	chamber	was	visible	on	ultrasound.

Evaluation	of	Fertilization,	Embryo	Quality,	and	Embryo	Transfer
Fertilization	was	evaluated	18	h	after	ICSI	and	was	considered	normal	when	two
distinct	 pronuclei	were	 evident	 (14).	 Embryos	were	 evaluated	 by	 invertoscope
(Nikon	 Eclipse	 TE-2000-U)	 and	 the	 following	 parameters	 for	 the	 different
cleavage	 stages	 were	 recorded:	 number	 of	 blastomeres,	 blastomere	 symmetry,
the	percentage	of	fragmentation,	the	presence	of	multinucleation	(up	to	96	h	of
clotting),	 inner	 cell	mass,	 trophectoderm,	 and	 blastocele	 120	 h	 after	 cleavage.
Embryos	were	embedded	in	a	single	culture	medium	(Sage	1-Step	Medium	with
Human	Albumin	 Solution,	 Sage,	 Denmark)	 in	 a	 trigas	 incubator	 at	 37°C,	 6%
CO2	 and	 5%	 oxygen	 (G-185	 Trigas,	 K-System).	 One	 to	 three	 embryos	 were
transferred	 for	 each	 couple,	 depending	 on	 the	 patient's	 clinical	 history	 and	 the
degree	of	embryo	development	on	the	second,	third	and/or	fifth	day.

Grade	A	48	h	embryos:	2–4	symmetric	blastomeres,	≤10%	fragmentation
Grade	A	72	h	embryos:	6–8	symmetric	blastomeres,	≤10%	fragmentation
Grade	A	120	h	embryos:	expanded	blastocysts	(15).

All	 stages	 of	 gamete	 preparation	 and	 handling	 for	 both	 seminology	 and
embryology	were	performed	by	a	single	biologist.

Statistical	Analysis
The	 statistical	 analysis	 was	 performed	 using	 GNU-PSPP	 0.10.2
(www.gnu.org/software/pspp/).	 The	 relationship	 between	 couple	 of	 parameters
in	the	whole	cohort	has	been	evaluated	via	the	Pearson	correlation	coefficient	r.
ANOVA	 test	 was	 used	 to	 evaluate	 the	 statistical	 significance	 of	 differences
among	 age	 groups.	 In	 the	 case	 of	 dichotomous	 variables	 such	 as	 β+	 test	 and
gestational	pregnancies,	logistic	regression	method	was	adopted	to	calculate	the
Odds	Ratio	(OR)	and	to	evaluate	their	statistical	significance	(OR	test).

RESULTS

The	 statistical	 analysis	 was	 conducted	 on	 a	 total	 of	 543	 ICSI	 cycles	 in	 439
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couples.	Table	2	comprises	of	 the	sampled	characteristics:	 the	mean	age	of	 the
female	partners	was	38	years	(range	24–47);	50%	(interquartile	region	Q1–Q3)
were	between	35	and	42	years	old.	The	mean	age	of	 the	male	partners	was	41
years	(range	25–64);	50%	(interquartile	region	Q1–Q3)	were	between	37	and	45
years	 old.	 In	 this	 cohort	 67%	 of	 couples	 had	 primary	 infertility	 and	 33%
secondary	 infertility,	 roughly	 unchanged	 as	 a	 function	 of	 age	 classes.	 The
prevalence	of	female,	male,	couple,	or	idiopathic	diagnoses	as	a	function	of	the
type	of	 infertility	on	 the	entire	cohort	have	no	statistical	significant	differences
(Table	 2).	 Patients	 were	 then	 divided	 into	 three	 age	 groups	 based	 on	male	 or
female	(Table	1).	Concerning	the	causes	of	infertility,	for	male	age,	we	found	for
MI	 and	MII	 groups	 about	 30%	due	 to	male	 diagnosis,	 35%	 to	 female,	 15%	 to
couples	and	20%	to	idiopathic	causes.	The	MIII	group	depicted	roughly	the	same
prevalence	 for	 female	 (35%)	 and	 idiopathic	 (20%)	 while	 the	 male	 diagnosis
dropped	 below	 20%	 and	 couple	 rise	 up	 to	 28%	 (p	 <	 0.01).	 Concerning	 the
female	 age	 stratifications	 we	 found	 a	 significant	 (p	 <	 0.01)	 progressive	 drop,
while	 that	of	male	diagnosis	from	40%	(FI)	 to	29%	(FII)	and	9%	(FIII).	Couple
(11%,	 17%,	 32%)	 and	 female	 (31%,	 34%,	 41%)	 diagnosis	 progressively	 grew
with	female	age	(p	<	0.01)	and	the	fraction	of	idiopathic	causes	remained	around
17%.	 The	 age	 difference	 between	 men	 and	 women	 within	 this	 cohort	 study
significantly	 increased	 with	 the	 rising	 of	 male	 age	 (r	 =	 73%,	 p	 <	 0.01).	 An
inverse	albeit	weaker	effect	was	observed	for	the	age	difference	in	relation	to	the
female	age	(r	=	−29%,	p	<	0.01).	In	the	male	age	group	(MI),	women	were	on
the	average	~1	year	older	(p	=	0.04),	while	in	male	age	groups	(MII)	and	(MIII)
women	were	 2	 years	 (MII)	 and	 7.5	 years	 (MIII)	 younger	 (p	 <	 0.001)	 than	 the
men.	When	stratifying	by	female	age,	men	were	on	average	and	always	older,	FI:
5	years	(p	<	0.001),	FII:	3	years	(p	<	0.001),	FIII:	1.5	years	(p	<	0.03).

Table	2.	Statistical	description	of	the	sample	(543	ICSI	cycles–439	couples).



The	seminal	parameters	of	all	the	543	cycles	are	shown	in	(Table	3).

Table	3.	Semen	parameters	for	the	male	cohort.

The	comparison	of	semen	parameters	among	the	three	male	age	groups	did
not	 reveal	 statistical	 significant	 difference	 in	 any	 of	 the	 age-related	 semen
parameters	or	 in	 the	 total	number	of	cycles	carried	out	(Table	4).	The	multiple
regression	analysis	of	the	whole	cohort	shows	a	weak	but	statistically	significant
negative	correlation	(Pearson	coefficient	r)	between	ejaculation	volume	(V)	and



male	age	(rV,	Age	=	−0.12,	p	<	0.05)	(Figure	1)	or	male	Body	Mass	Index	(BMI)
(rV,	 BMI	 =	 −0.15	 (p	 <	 0.01).	 Looking	 at	 the	 total	 sperm	 count	 (N)	 it	 was
negatively	correlated	with	BMI	(rV,	Age	=	−0.12,	p	<	0.05)	while	its	correlation
with	male	age	is	negligibly	weak	and	not	statistically	significant.

Table	4.	Mean	values,	standard	uncertainty	of	the	mean	values,	and	range	for	semen	parameters
in	the	3	male	age	groups.

FIGURE	1.	The	multiple	regression	analysis	of	the	whole	cohort	shows	negligible,	not
statistically	significant	correlation	between	total	motility	(A)	or	total	sperm	count	per	ejaculated
(B)	and	male	age,	on	the	contrary	a	weak	but	statistically	significant	negative	correlation	is
found	between	ejaculated	volume	(C)	and	male	age	(p<0.01).



The	hormonal	profile	of	male	partners	is	shown	in	Table	5.

Table	5.	Mean	values	of	the	hormonal	profile.

We	reported	data	on	the	semen	phenotype	for	the	total	male	population	and
the	 population	 divided	 by	 age	 group,	 there	 was	 no	 statistical	 significant
correlation	with	male	age	or	differences	between	the	age	groups	(Table	6).

Table	6.	Semen	phenotypes	stratified	by	male	age	group	in	relation	to	number	and	percentage	of
ICSI	cycles.

The	 reproductive	 outcome	 of	 the	 543	 cycles	 are	 shown	 in	 (Table	 7).	 The
fertilization	rate	was	found	to	be	below	100%	in	less	than	the	7%	of	cases.	No
statistical	 significant	 difference	 between	 male	 age	 and	 reproductive	 outcome
parameters	was	 demonstrated.	 However,	 the	 chance	 of	 embryo	 formation	was
positively	correlated	with	the	percentage	of	progressive	sperm	motility	(r	=	0.1,



p	 =	 0.001)	 and	 negatively	 correlated	 with	 the	 percentage	 of	 non-progressive
sperm	motility	 (r	 =	 −0.19,	p	 <	 0.001).	 The	 correlation	 between	 probability	 of
positive	pregnancy	test	(β+)	and	clinical	pregnancy	(cp)	have	been	carried	out	on
the	 whole	 cohort	 as	 a	 function	 of	 women's	 and	 men's	 age	 using	 the	 logistic
regression	methods.	We	found	statistical	significant	correlation	between	positive
pregnancy	test	and	woman's	age,	with	ORβ+	=	0.92	(the	95%	confidence	interval
being	Cl95%:	0.88–0.97)	and	ORcp	=	0.92	(Cl95%:	0.87–0.97)	implying	8%	year-
on-year	 (female	 age)	 reduction	 of	 the	 ODDs	 for	 positive	 pregnancy	 test	 and
clinical	 pregnancy.	 By	 contrast,	 we	 did	 not	 find	 any	 statistical	 significant
correlation	 between	male	 age	 and	ORβ+	 (ORβ+	 =	 0.98,	 Cl95%:	 0.94–1.01)	 and
ORcp	(ORcp	=	0.99,	Cl95%:	0.95–1.04).	The	ORβ+	has	also	been	analyzed	taking
into	consideration	the	age	stratified	data	in	female	and	male	age	groups.	Taking
the	 ODD	 of	 FI	 and	 MI	 groups	 as	 references,	 we	 found	 the	 FII	 ORβ+	 =	 0.79
(CI95%:	0.49–1.28)	which	is	less	than	1	but	not	statistically	significant,	and	FIII
ORβ+	=	0.44	(CI95%:0.25–76)	which	is	significantly	less	than	1	(p	<	0.05).	This
implies	that,	for	woman	over	41-years,	the	ODD	of	a	positive	pregnancy	test	is
44%	and	lesser	than	the	ODD	of	women	younger	than	36	years.	Looking	at	the
male	partners	the	ORβ+	are	less	than	1	but	not	statistically	significant	(MII	ORβ+
=	0.92,	CI95%:	 0.57–1.50	and	MIII	ORβ+	=	0.70,	CI95%:	 0.42–1.19).	Therefore,
the	 role	 of	 male	 age	 on	 the	 decreasing	 probability	 of	 β+	 cannot	 be	 assessed.
These	findings	reflect	the	mean	couple	age	(Meanage	=	1/2	Mage+	1/2	Fage):	the
ORcp	 analysis	 as	 a	 function	 of	 the	mean	 couple	 age	 is	 statistically	 significant,
ORtot	=	0.96	(CI95%:	0.93–0.98)	pointing	out	a	4%	year-on-year	reduction	of	the
ODDs	of	clinical	pregnancy	as	a	function	of	the	couple	age.	The	effect	of	the	age
difference	between	the	male	and	female	partner	ages	(Δ	=	Mage-Fage)	 that	gave
ORΔ	 =	 1.04	 (CI95%:1.0–1.08)	 pointing	 out	 the	 rising	 probability	 of	 pregnancy
when	the	female	partner	is	younger	is	noticeable.	In	the	present	study,	according
to	Meijerink	et	al.	(16),	we	used	the	probability	of	obtaining	only	one	or	no	type
A	embryo	(NA	≤1)	as	a	negative	indicator	to	evaluate	the	reduced	efficacy	of	the
biological	 outcome.	 The	 probability	 of	 NA	 ≤1	 increases	 with	 both	 male	 and
female	age	(Figure	2).

Table	7.	Mean,	standard	deviation	(σ),	median,	and	range	of	the	reproductive	outcome	of	543
ICSI	cycles.



FIGURE	2.	(Lower	panel)	The	probability	(%)	of	obtaining	NA	≤1	in	the	three	female	age
bands	(lower	panel).	The	(Upper	panel)	presents	the	probability	(%)	of	obtaining	NA	≤1
calculated	in	the	three	male	age	groups	for	the	whole	cohort	(blue)	and	for	a	subgroup	of
couples	including	only	women	aged	under	41	years	(cyan).

This	effect	was	relatively	mild	and	not	statistically	significant	for	women	but
was	both	evident	 and	 statistically	 significant	 (p	<	0.01)	 for	men,	 ranging	 from
around	15%	or	less	for	MI	and	MII	to	about	25%	for	MIII.	To	quantify	the	effect



of	 male	 age	 on	 the	 probability	 of	 obtaining	 NA	 ≤1,	 an	 OR	 analysis	 was
conducted.	 The	 logistic	 regression	 was	 carried	 out	 keeping	 the	MI	 ODD	 as	 a
reference,	 and	 it	 was	 statistically	 significant	 ORNA	 =	 1.9	 (CI95%:1.06–3.64)
between	 MIII	 and	 MI	 but	 not	 between	 MII	 and	 MI	 (MII	 ORNA	 =	 1.06,
CI95%:0.55–2.03).	The	ORNA	=	1.9	means	 that	 the	ODD	for	 the	probability	of
having	NA	≤1	for	the	MIII	males,	is	almost	double	respect	to	that	of	MI	males	(p
<	0.05).	On	the	contrary	for	female	age	stratifications	we	found	the	ORNA	only
slightly	 larger	 than	 1	 but	 non-statistically	 significant	 for	 FII	 (ORNA	 =	 1.51,
CI95%:	 0.83–2.74)	 and	 FIII	 (OR	 NA	 =	 1.53,	 CI95%:	 0.84–2.80).	 This	 finding
suggests	a	major	role	of	male	age	in	increasing	the	probability	of	NA	≤1.	In	order
to	further	reduce	the	effect	of	correlation	of	male	and	female	ages	in	the	couple
we	selected	a	 subgroup	of	couples	 including	only	women	aged	under	41	years
(female	age	groups	FI	and	FII,	402	transfers)	and	we	performed	the	same	ORNA
analysis	 while	 keeping	 the	 same	 male	 age	 groups	 as	 before	 (Figure	 2).	 We
obtained	MIII	 ORNA	 =	 2.66	 (CI95%:	 1.34–5.28),	which	 is	 even	 larger	 than	 the
ORNA	obtained	considering	the	entire	female	population.	This	finding	confirms
and	 strengthens	 the	 negative	 effect	 of	 male	 age	 on	 the	 efficacy	 of	 the
reproductive	 outcome	 in	 terms	 of	 a	 reduced	 number	 of	 A-type	 embryos	 that
appears	not	correlated	to	the	female	age.

DISCUSSION

The	last	40	years	have	witnessed	a	profound	change	in	female	 identity,	mainly
due	to	the	new	role	of	women	in	the	society.	It	 is	now	well-known	that	female
reproductive	function	after	the	age	of	35	years	undergoes	a	physiological	aging
process	that	far	exceeds	that	of	other	organs	and	tissues.	While	men	experience	a
gradual	decline	in	fertility	from	the	age	of	55–65,	this	is	not	comparable	with	the
female	menopause,	which	marks	the	line	between	fertility	and	infertility	and	has
no	 reproductive	 purpose	 (17).	 Spermatogenesis,	 in	 fact,	 continues	 until	 late	 in
life	 and,	 according	 to	 theory,	 it	 enables	 men	 to	 father	 a	 child	 even	 at	 a	 very
advanced	age.	However,	it	does	undergo	both	minor	and	major	changes	as	time
passes,	 thereby	 leading	 to	 deterioration	 in	 semen	 parameters,	 hormone	 profile
and	 testicular	cytological	 structure	 (18).	The	 factors	affecting	ART	outcome	 is
mainly	 related	 to	 the	 influence	 of	 female	 factors,	 but	 the	 few	 studies
investigating	the	role	of	male	partners	offer	conflicting	results.	Most	have	linked
that	of	the	male	partner's	to	exposure	to	toxic	substances	(such	as	ethylene	oxide,



chemicals	 in	 general,	 solvents,	 and	 dithiocarbamates)	 with	 the	 risk	 of
miscarriage	 (19,	 20).	 In	 a	 study	 of	 3,174	 women	 de	 La	 Rochebrochard	 and
Thonneau	(7)	demonstrated	a	clear	negative	effect	of	maternal	and	paternal	age
on	the	risk	of	miscarriage,	by	establishing	three	trends.	For	women	aged	20–29
years,	 the	risk	of	abortion	is	relatively	low	regardless	of	their	partner's	age;	for
women	aged	30–34	years,	 the	 risk	of	 abortion	 is	 higher	 if	 their	 partner	 is	≥40
years,	and	for	women	aged	≥35	years,	the	risk	of	abortion	increases	regardless	of
their	partner's	age.	The	authors	concluded	that	the	risk	of	abortion	rises	with	the
increasing	age	of	both	partners	(7).	Further	studies	have	considered	the	effects	of
paternal	 age	 on	 the	 induction	 of	 premature	 births,	 although	 the	 results	 are
inconclusive	 (8–11).	 However,	 the	 association	 between	 advanced	 paternal	 age
and	 autosomal	 dominant	 disorders	 and	 genetic	mutations	 has	 been	 extensively
investigated	 (21).	There	 is	a	body	of	scientific	evidence	 indicating	 that	genetic
factors	play	an	important	role	in	reproductive	timing	(22).	As	it	is	well-known,
the	placenta	is	mainly	of	paternal	origin,	so	if	reproductive	timing	is	guided	by
placental	or	fetal	genes	and	if	mutations	in	these	genes	occur	most	commonly	in
the	gametes	of	older	men,	then	advanced	paternal	age	could	play	a	decisive	role.
Zhu	et	al.	(23)	conducted	a	cohort	study	on	the	Danish	population	to	investigate
any	 association	 between	 paternal	 age	 and	 congenital	 malformations	 in	 the
offspring,	 analyzing	 data	 from	 71,937	 couples	 between	 1980	 and	 1996	 and
obtaining	diagnoses	of	possible	malformations	 in	 the	firstborn	of	 these	couples
from	the	national	register.	The	authors	concluded	that	men	over	45	years	have	a
4.5-fold	greater	risk	of	having	a	child	with	trisomy	21	than	men	under	30	years.
In	 the	 literature	 the	 association	 between	 advanced	 paternal	 age	 and	 the
reproductive	outcome	is	still	under	debate.	As	the	fertilization	process	involves
both	partners,	it	is	difficult	to	eliminate	or	control	the	influence	of	women's	age
on	 reproductive	 potential.	 To	 reduce	 the	 impact	 of	 female	 factors	 on
reproductive	 potential,	 Frattarelli	 et	 al.	 (24)	 and	 Luna	 et	 al.	 (25)	 conducted
studies	 to	 assess	 the	 effects	 of	 paternal	 age	 on	 embryonic	 development	 and
reproductive	 outcome	 using	 donor	 oocytes.	 Both	 groups	 concluded	 that
advanced	paternal	age	influences	the	outcome	of	pregnancy	and	the	percentage
of	 blastocyst	 formation	 for	 men	 aged	 >50	 years.	 Conversely,	 they	 found	 no
statistical	 significant	 correlation	 between	 paternal	 age	 and	 the	 ability	 of	 the
spermatozoa	 to	penetrate	oocyte	or	 the	 formation	of	 embryos.	Luna	et	 al.	 (25)
also	reported	a	statistically	significant	decrease	in	the	implantation	rate,	but	only
in	couples	in	which	the	male	partner	was	more	than	60	years	old.	Another	study
by	 Ferreira	 et	 al.	 (26)	 evaluated	 the	 effects	 of	 paternal	 age	 on	 reproductive
outcome	 in	 1,024	 couples	 undergoing	 assisted	 reproduction	 cycles	 (ICSI)	 by
investigating	both	normozoospermic	and	oligozoospermic	patients.	They	 found



that	paternal	age	negatively	affects	the	embryo	implantation	and	pregnancy	rate
in	 couples	 with	 a	 sperm	 concentration	 of	 <20	 ×	 106/mL.	 In	 oligozoospermic
patients,	 the	 chance	 of	 achieving	 pregnancy	 dropped	 by	 5%	 for	 each	 1-year
increase	in	age.	In	a	review	of	10	studies,	Dain	et	al.	(27)	found	no	correlation
between	 advanced	 paternal	 age	 and	 fertilization,	 implantation,	 pregnancy,
miscarriage,	and	birth	rates.	Furthermore,	no	negative	effect	of	paternal	age	was
found	on	 embryonic	 quality	 and	 stage	of	 cleavage	 (days	2–3).	However,	 there
was	 a	 statistically	 significant	 decrease	 in	 the	 formation	 of	 blastocysts	 with
increasing	paternal	age.	In	a	review,	Sharma	et	al.	 (28)	found	that	paternal	age
does	 not	 significantly	 affect	 miscarriage	 rate	 or	 embryo	 quality.	 However,	 in
women	 aged	 30–34	 years	 old,	 the	 implantation	 rate	 dropped	 with	 increasing
paternal	age	and	the	pregnancy	rate	was	significantly	higher	with	male	partners
aged	<30	 years	 or	 30–32	 years	 compared	 to	men	 aged	 36–38	 or	 39–41	 years.
Meijerink	et	al.	(16)	conducted	a	retrospective	study	on	7,051	IVF/ICSI	cycles.
They	did	not	found	any	statistically	significant	difference	in	pregnancy	rate	for
men	aged	35–44	years	or	 for	men	≥45	years	compared	 to	 the	control	group	of
men	 <35	 years.	 They	 also	 found	 no	 statistically	 significant	 effects	 of	 paternal
age	 on	 embryo	 quality,	 biochemical	 pregnancy	 and	 spontaneous	 abortion,	 and
they	 concluded	 that	 paternal	 age	 does	 not	 influence	 pregnancy	 rate	 in	 early
IVF/ICSI	 cycles.	 In	 the	 light	 of	 literature	 findings,	 it	 seems	 evident	 that	 the
influence	of	paternal	 age	on	 the	 reproductive	outcome	 is	not	unequivocal.	The
purpose	 of	 this	 study	was	 therefore	 to	 evaluate	whether	 increasing	 age	 affects
sperm	 quality	 and	 hence	 the	 reproductive	 outcome.	 To	 this	 end,	 we	 excluded
most	of	the	possible	female	factors	known	to	affect	the	timing	and	reproductive
outcome	 (reduced	 ovarian	 reserve,	 endometriosis,	 recurrent	 pregnancy	 loss,
etc.).	 Analysis	 of	 the	 couples'	 ages	 and	 age	 difference	 between	 the	 male	 and
female	partners	revealed	a	positive	correlation	between	age	difference	and	age	of
the	male	partner,	but	 a	negative	correlation	between	age	difference	and	age	of
the	female	partner:	the	female	partner	was	on	average	1	year	older	than	the	male
partner	 in	 the	MI	 age	group,	but	younger	 than	 the	male	partner	 in	 the	MII	 and
MIII	classes.	No	statistically	significant	differences	were	found	when	analyzing
semen	parameters	 in	 the	543	 cycles	 including	 after	 stratification	by	 age	of	 the
male	partner.	From	our	data,	we	did	not	assess	any	evidence	that	the	increasing
male	age	may	affect	sperm	to	such	an	extent	as	to	compromise	semen	quality,	as
also	 found	 by	 Spandorfer	 et	 al.	 (29).	 This	 result	 contrasts	 with	 some	 data
reported	 in	 other	 literatures	 in	 which	 the	 authors	 found	 that	 semen	 volume,
progressive	sperm	motility	and	percentage	of	abnormal	forms	were	significantly
lower	 in	 older	 men	 than	 in	 younger	 subjects	 (5,	 30).	 These	 discrepancies



demonstrate	the	complexity	of	carrying	out	a	study	that	takes	into	consideration
a	 significant	 number	 of	 subjects	 aged	 over	 60	 years.	 A	 further	 confounding
factor	 could	 make	 the	 little	 information	 available	 on	 possible	 internal	 and
androgenic	 disorders	 potentially	 affecting	 semen	 parameters	 in	 addition	 to
physiological	 tissue	 aging.	 We	 found	 a	 statistically	 significant	 negative
correlation	between	BMI	and	ejaculation	volume	but	not	on	semen	parameters,
confirming	 the	 results	 of	 Duits	 et	 al.	 (31)	 and	 Shayeb	 et	 al.	 (32).	 In	 fact,	 the
increase	 in	 aromatization	 activity	 caused	 by	 high	 concentrations	 of	 adipose
tissue	 results	 in	 the	 conversion	 of	 testosterone	 to	 estrogen;	 as	 a	 consequence,
excess	 leptin	 causes	 a	 drop	 in	 testosterone	 production	 by	 Leydig	 cells,	 thus
altering	 the	functionality	of	seminal	vesicles	 (33).	Furthermore,	when	stratified
by	male	 age,	 there	was	 a	weak	 but	 statistically	 significant	 positive	 correlation
between	the	percentage	of	embryos	formed	and	progressive	sperm	motility	and	a
weak	 but	 statistically	 significant	 negative	 correlation	 with	 non-progressive
sperm	motility.	Motility	is	a	fundamental	sperm	property;	its	fertilizing	capacity
depends	 on	 chromatinic	 and	 mitochondrial	 integrity	 (34),	 both	 necessary	 to
enable	 the	sperm	cell	 to	swim	up	 the	 female	genital	 tract,	penetrate	 the	oocyte
and	form	the	male	pronucleus.	Sperm	motility	appears	to	be	very	important	not
only	for	natural	fertility	but	also	in	assisted	reproduction,	especially	in	the	most
advanced	technique,	ICSI,	which	allows	fertilization	with	very	few	spermatozoa.
In	 this	 case	 it	 is	 of	 critical	 importance	 to	 have	 motile	 sperm	 cells,	 an
unmistakable	 sign	 of	 their	 viability.	 Kasai	 et	 al.	 (35)	 demonstrated	 a	 higher
fertilization	 and	 pregnancy	 rate	 in	 patients	 with	 higher	 sperm	 motility	 and
mitochondrial	membrane	potential.	 It	 is	 therefore	very	 important	 to	understand
the	 molecular	 processes	 underlying	 sperm	 motility,	 as	 less	 mobile	 semen
samples	can	be	treated	with	gene	or	pharmacological	therapies	before	ART.	Our
results	 are	 in	accordance	with	 those	of	Wu	et	 al.	 (36)	and	Begueria	et	 al.	 (30)
who	found	that	paternal	age	did	not	significantly	affect	embryo	quality,	embryo
cleavage	stage,	or	miscarriage	rate.	However,	these	authors	demonstrated	that	in
women	aged	30–34	years,	the	implantation	rate	dropped	with	advancing	paternal
age	 and	 the	 pregnancy	 rate	 was	 significantly	 higher	 for	 couples	 with	 male
partners	aged	<30	or	30–32	years	than	for	male	partners	in	the	36–38	and	39–41
age	 groups.	 Concerning	 these	 parameters,	 we	 did	 not	 see	 a	 statistically
significant	effect	of	age	in	our	data.	There	was	a	statistically	significant	negative
correlation	between	positive	pregnancy	test	and	clinical	pregnancy	rate	and	age
of	 the	 female	partner,	with	an	8%	year-on-year	 (female	age)	drop	 in	 the	ODD
ratio	 for	 the	 chance	of	 getting	pregnant.	When	 stratified	 by	 female	 age	 group,
our	data	showed	that	the	ODD	ratio	for	the	probability	of	positive	pregnancy	test



for	women	aged	≥41	(FIII)	is	less	than	half	of	women	≤35	years	(FI).	Our	results
did	 not	 reveal	 any	 effect	 of	 paternal	 age	 on	 the	 probability	 of	 a	 positive
pregnancy	 test	 and	 clinical	 pregnancy	 test	 in	 the	 total	 cohort	 sample	 or	when
stratified	 by	male	 age.	These	 results	 are	 in	 agreement	with	 those	 found	 in	 the
literature	 (16,	 18,	 24,	 37,	 38).	When	 analyzing	 the	 effect	 on	 the	 reproductive
outcome	of	the	mean	age	of	the	couple	and	the	age	difference	between	the	male
and	 female	 partner	we	 observed	 that	 increasing	 the	 couple	 age	 is	 significantly
related	 to	 a	 reduction	 in	 the	 clinical	 pregnancy	 rate.	 We	 also	 confirmed	 a
statistically	 significant	 increase	 in	 the	 pregnancy	 rate	 in	 couples	 with	 higher
partner	age	difference	and	younger	females.	An	important	 issue	concerning	the
efficacy	 of	 the	 biological	 outcome	 that	 emerges	 from	 this	 study	 is	 that	 the
probability	 of	 achieving	 none	 or	 only	 one	 type	A	 embryo	 increases	with	 both
male	 and	 female	 age.	 This	 is	 very	 evident	 and	 statistically	 significant	 for	 the
male	partner	indeed	ODD	is	almost	doubled	in	the	MIII	class	in	comparison	with
MI.	More	interestingly	the	negative	effect	of	male	age	on	raising	the	probability
of	 NA	 ≤1,	 is	 even	 more	 evident	 when	 the	 sample	 is	 restricted	 to	 the	 young
women	couples	(female	age	<41	years):	reducing	the	sample	to	the	couples	with
the	female	partner	in	age	groups	FI	and	FII,	the	ODD	for	NA	≤1	probability	for
men	 in	 age	 group	 MIII	 is	 almost	 three	 time	 larger	 than	 MI.	 Noticeably	 a
reduction	of	the	quality	embryo	probability	ODD	for	older	men	couples	is	also
reported	 in	 Meijerink	 et	 al.	 (16)	 but	 without	 statistical	 significance.	 It	 is
noteworthy	that	our	finding	is	a	relatively	new	result	strongly	supporting	some
negative	effect	of	male	age	on	the	efficacy	of	the	biological	outcome,	but	it	does
not	seem	related	to	any	changes	in	seminal	parameters.
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with	 diabetes	 have	 a	 higher	 risk	 of	 common	 geriatric	 syndromes,	 including
frailty,	cognitive	impairment	and	dementia,	urinary	incontinence,	traumatic	falls
and	fractures,	disability,	side	effects	of	polypharmacy,	which	have	an	important
impact	on	quality	of	life	and	may	interfere	with	anti-diabetic	treatment.	Because
of	 all	 these	 factors,	 clinical	management	 of	 type	 2	 diabetes	 in	 elderly	 patients
currently	 represents	 a	 real	 challenge	 for	 the	 physician.	 Actually,	 the	 optimal
glycemic	target	to	achieve	for	elderly	diabetic	patients	is	still	a	matter	of	debate.
The	 American	 Diabetes	 Association	 suggests	 a	 HbA1c	 goal	 <7.5%	 for	 older
adults	 with	 intact	 cognitive	 and	 functional	 status,	 whereas,	 the	 American
Association	of	Clinical	Endocrinologists	(AACE)	recommends	HbA1c	levels	of
6.5%	or	 lower	as	 long	as	 it	can	be	achieved	safely,	with	a	 less	stringent	 target
(>6.5%)	 for	 patients	 with	 concurrent	 serious	 illness	 and	 at	 high	 risk	 of
hypoglycemia.	By	contrast,	the	American	College	of	Physicians	(ACP)	suggests
more	 conservative	 goals	 (HbA1c	 levels	 between	 7	 and	 8%)	 for	 most	 older
patients,	 and	 a	 less	 intense	 pharmacotherapy,	when	HbA1C	 levels	 are	 ≤6.5%.
Management	 of	 glycemic	 goals	 and	 antihyperglycemic	 treatment	 has	 to	 be
individualized	 in	 accordance	 to	 medical	 history	 and	 comorbidities,	 giving
preference	 to	 drugs	 that	 are	 associated	 with	 low	 risk	 of	 hypoglycemia.
Antihyperglycemic	agents	considered	safe	and	effective	for	type	2	diabetic	older
patients	 include:	 metformin	 (the	 first-line	 agent),	 pioglitazone,	 dipeptidyl
peptidase	 4	 inhibitors,	 glucagon-like	 peptide	 1	 receptor	 agonists.	 Insulin
secretagogue	 agents	 have	 to	 be	 used	with	 caution	 because	 of	 their	 significant
hypoglycemic	risk;	if	used,	short-acting	sulfonylureas,	as	gliclazide,	or	glinides
as	repaglinide,	should	be	preferred.	When	using	complex	insulin	regimen	in	old
people	with	diabetes,	attention	should	be	paid	 for	 the	 risk	of	hypoglycemia.	 In
this	paper	we	aim	to	review	and	discuss	the	best	glycemic	targets	as	well	as	the
best	 treatment	 choices	 for	 older	 people	with	 type	 2	 diabetes	 based	 on	 current
international	guidelines.

Keywords:	type	2	diabetes,	elderly,	diabetes-related	comorbidities,	glycemic
targets,	glucose	lowering	drugs

INTRODUCTION

Life	 expectancy	 is	 defined	 as	 the	 average	 number	 of	 years	 that	 a	 newborn	 is
expected	 to	 live	 assuming	 that	 current	 mortality	 rates	 remain	 the	 same
throughout	 its	 life.	 Global	 average	 life	 expectancy	 has	 increased	 by	 5.5	 years
between	 2000	 and	 2016,	 with	 the	 fastest	 increase	 since	 the	 1960s,	 as	 a
consequence	 of	 declining	 number	 of	 deaths	 from	 infectious	 causes	 (1).	 Latest



estimates	of	life	expectancy	at	birth	were	of	80.9	years	across	the	28	European
member	 states	 (2)	 and	78.9	years	 in	United	States	of	America	 (USA)	 (3).	The
progressive	decline	of	age-standardized	 rates	of	death	 from	non-communicable
chronic	 diseases	 (NCDs,	 cardiovascular	 and	 respiratory	 diseases,	 cancer,	 and
diabetes)	registered	globally	between	2006	and	2016	(4),	together	with	the	rising
number	of	people	older	 than	65	years,	 especially	 in	westernized	countries,	has
led	to	an	increased	prevalence	of	NCDs	among	elderly,	resulting	in	more	years
of	life	spent	with	morbidity	and	disability	(5).

Diabetes	 is	 recognized	 as	 an	 important	 cause	 of	 premature	 death	 and
disability.	In	the	past	three	decades	the	age-standardized	prevalence	of	diabetes
has	risen	substantially	in	countries	at	all	 income	levels;	40%	of	this	 increase	is
estimated	to	result	from	population	growth	and	aging	(6).	Therefore,	diabetes	is
one	 of	 the	 most	 widespread	 health	 burning	 problems	 in	 the	 elderly,	 which
represent	 a	 heterogeneous	 and	 complex	 population	 as	 it	 include	 both	 newly
diagnosed	older	diabetic	patients	and	patients	with	 long-standing	diabetes	with
onset	 in	 middle	 or	 early	 age	 (7).	 Consequently,	 management	 of	 diabetes	 in
elderly	 subjects	 is	 particularly	 complex	 and	 challenging	 for	 clinicians,	 due	 to
difficulty	 in	 individualizing	 glycemic	 targets,	 treatment	 strategies,	 coexisting
comorbidities,	polypharmacy,	and	hypoglycemic	risk.	The	aim	of	this	review	is
to	discuss	the	best	glycemic	targets	as	well	as	the	best	treatment	choices	for	old
people	with	type	2	diabetes	based	on	current	shared	international	guidelines.

EPIDEMIOLOGY

Type	2	diabetes	represents	the	most	common	metabolic	disease	in	older	adults.
According	to	the	latest	estimates	of	the	International	Diabetes	Federation	(IDF),
diabetes	shows	a	high	prevalence	in	people	older	than	65	years	(8).	In	2017,	the
number	of	diabetic	people	aged	65–99	was	estimated	to	be	122.8	million	(around
18%	of	prevalence	rate),	of	whom	98	million	had	<80	years	(65–79	years);	these
numbers	 are	 expected	 to	 easily	 exceed	200	million	 in	2045	 (8).	China,	United
States	 of	America	 and	 India	 are	 the	 countries	with	 highest	 numbers	 of	 people
older	 than	65	with	diabetes.	Similar	prevalence	rates	of	diabetes	were	found	in
the	European	Region,	reaching	values	ranging	between	14.9	and	25.0%	(8).	The
main	 reasons	 imputable	 to	 this	 spreading	 may	 be	 found	 in	 the	 longer	 life
expectancy,	 the	 global	 diffusion	 of	 both	 unhealthy	 lifestyle	 habits	 and
environmental	pollution	(9).

The	number	of	deaths	caused	by	diabetes	in	the	age	range	of	60–99	years	in
2017	was	3,200,000,	which	represents	~60%	of	deaths	due	to	diabetes	among	the



age	 group	 between	 18	 and	 99	 (8).	 Moreover,	 elderly	 diabetic	 patients	 are
exposed	 to	 a	 higher	 risk	 of	 cardiovascular	 complications,	 including	 peripheral
vascular	 disease,	 heart	 disease,	 and	 stroke	 (10),	 and	many	geriatric	 syndromes
(from	cognitive	impairment	to	urinary	incontinence)	(11).

PATHOPHYSIOLOGY	OF	DIABETES	IN	ELDERLY

Several	 factors	 participate	 in	 the	 pathophysiology	 of	 diabetes	 in	 older	 age.
Chronological	age	per	sè	represents	a	risk	factor	for	many	chronic	diseases	(12).
Advanced	 age	 leads	 to	 the	 exacerbation	 of	 systemic	 chronic	 inflammation,
oxidative	 stress,	 DNA	 damage,	 decline	 of	 mitochondrial	 function,	 cellular
senescence,	 and	 tissue	dysfunction,	 all	 conditions	which	contribute	 to	generate
metabolic	disorders	 (13).	 Indeed,	 aging	 is	 associated	with	 raised	 levels	of	pro-
inflammatory	molecules,	 including	 interleukin	 (IL)	1,	 IL-6,	 IL-8,	 IL-13,	 IL-18,
C-reactive	protein,	 interferons	α	 and	β,	 transforming	growth	 factor	β	 (TGF-β),
tumor	necrosis	factor	α	(TNF-α),	and	serum	amyloid	(14).	Furthermore,	the	age-
related	variation	of	body	composition	leads	to	an	increase	in	fat	mass,	especially
visceral	 adiposity,	 and	 an	 equal	 decrease	 in	 lean	 and	 skeletal	mass	 (15).	With
aging,	 there	 is	 a	 decline	 in	 preadipocyte	 replication	 and	 an	 expansion	 of
senescent	 cells	 in	 adipose	 tissue	 which	 enhance	 lipotoxicity	 and	 favor	 the
generation	 of	 a	 pro-inflammatory	 status	 (16).	 Moreover,	 some	 studies	 have
showed	 that	 aging	 (1)	 impairs	 insulin	 secretion	 from	 β-cells	 in	 response	 to
endogenous	 incretins	 (GIP),	 (2)	 is	 associated	 with	 reduced	 insulin	 sensitivity,
and	 (3)	 promotes	 β-cell	 death	 by	 inducing	mitochondrial	 dysfunction	 (14).	 In
older	subjects,	abnormalities	in	both	insulin	sensitivity	and	insulin	secretion	lead
gradually	to	impaired	glucose	tolerance	and	consequently	to	clinically	manifest
diabetes.	 Postprandial	 hyperglycemia	 is	 a	 characteristic	 feature	 of	 type	 2
diabetes	 in	 older	 patients.	 Therefore,	 an	 oral	 glucose	 tolerance	 test	 should	 be
performed	 in	 older	 subjects	 with	 impaired	 fasting	 glucose	 to	 early	 detect
diabetes,	 which	 otherwise	 could	 be	 undiagnosed	 using	 fasting	 plasma	 glucose
alone	(7).

DIABETES	AND	GERIATRIC	SYNDROMES

Diabetes	 onset	 in	 elderly	 usually	 manifest	 with	 vague	 and	 not	 specific
symptoms,	such	as	dehydration,	dry	mouth,	confusion,	fatigue,	lethargy,	weight
loss,	and	an	increased	tendency	toward	genitourinary	infections	(17).	It	has	been
estimated	that	60%	of	older	patients	with	type	2	diabetes	has	at	least	one	other



comorbid	 disease,	 and	 40%	 of	 these	 patients	 has	 actually	 no	 <4	 concurrent
illnesses	(18).	Most	common	type	2	diabetes	comorbidities,	including	cognitive
impairment,	disability,	depression,	apathy,	urinary	incontinence,	polypharmacy,
hearing,	 and	 visual	 impairment,	 falls	 and	 fractures,	 fall	 under	 geriatric
syndromes	(19)	(Figure	1).	With	advanced	age,	malnutrition,	physical	inactivity,
and	 unwanted	 weight	 loss	 become	 more	 frequent.	 Moreover,	 elderly	 diabetic
patients	 are	 more	 likely	 to	 experience	 severe	 or	 unaware	 hyper/hypoglycemic
episodes	 and	major	 adverse	 cardiovascular	 events	 (MACE),	 due	 to	 peripheral
and	 autonomic	 neuropathy.	 Therefore,	 a	 comprehensive	 geriatric	 assessment
including	screening	for	microvascular	complications,	cardiovascular	risk	factors,
and	geriatric	 syndromes	should	be	performed	at	 initial	diagnosis	of	diabetes	 in
elderly	patients	(20).

FIGURE	1.	Most	common	clinical	conditions	associated	with	aging.

Cognitive	Dysfunction	and	Depression
There	is	evidence	that	type	2	diabetes	is	associated	with	cognitive	dysfunctions.
Older	 diabetic	 patients	 have	 higher	 risk	 to	 develop	mild	 cognitive	 impairment
(MCI),	 all-cause	 dementia	 and	Alzheimer's	 disease	 (21).	 Specific	mechanisms
underlying	this	association	are	still	unclear;	however,	main	factors	involved	are
vascular	dysfunction,	high	blood	pressure,	hyperglycemia,	hypoglycemic	events,
insulin	 resistance,	 and	 neuroinflammation	 (22).	 Furthermore,	 depressive	 and



apathic	symptoms	frequently	co-exist	with	diabetes	(23),	and	some	studies	have
found	that	combination	of	diabetes	and	depression	may	express	a	toxic	effect	on
the	 brain,	 increasing	 the	 risk	 for	 dementia	 (24).	 In	 light	 of	 this,	 the	American
Diabetes	Association	(ADA)	recommends	for	subjects	over	65	years	old	(with	a
level	 of	 evidence	 B)	 a	 neuro-psychological	 screening	 at	 the	 initial	 visit	 and
annually	 to	 early	 detect	 mild	 cognitive	 impairment	 and	 depression,	 by	 using
some	 specific	 test	 (Mini-Mental	 State	 Examination,	 Montreal	 Cognitive
Assessment	 and	 Geriatric	 Depression	 Scale),	 and	 minimizing	 hypoglycemic
events	to	reduce	the	risk	of	MCI	(25).

Disability,	Fractures	and	Urinary	Incontinence
Type	 2	 diabetes	 in	 elderly	 is	 a	 powerful	 risk	 factor	 for	 functional	 limitations,
frailty,	 loss	 of	 independence,	 and	 disability	 (26).	Moreover,	 there	 is	 evidence
that	 type	 2	 diabetes	 increases	 the	 risk	 of	 fracture	 risk	 and	 secondary
hypogonadism,	which	also	contribute	to	enhance	risk	of	osteoporosis	and	muscle
weakness	in	men	(27,	28).	With	aging	there	is	a	progressive	loss	of	strength	and
toughness	 of	 skeletal	 and	 muscle	 mass	 which	 leads	 to	 a	 status	 of	 osteo-	 and
sarcopenia.	Changes	 in	 skeletal	muscle	 protein	 turnover	 could	 accelerate	 these
alterations	 in	 type	2	diabetic	patients	 (29),	 resulting	 in	a	greater	 risk	of	 falling
and	 bone	 fractures	 (30).	 As	 testosterone	 decline	 with	 advancing	 age,	 the
assessment	of	its	concentrations	may	be	useful	in	case	of	signs	and	symptoms	of
overt	 hypogonadism	 to	 better	 evaluate	 the	 risk	 of	 fracture	 in	 this	 selected
population	 (31,	 32).	 Indeed,	 there	 is	 evidence	 that	 older	 patients	 with	 type	 2
diabetes	 have	 an	 increased	 risk	 of	 hip	 fractures,	 particularly	 in	 insulin-treated
patients,	 and	 non-skeletal	 fall	 injuries	 (33).	 A	 moderate	 but	 regular	 physical
activity	 and	 a	 high	 adherence	 to	 Mediterranean	 dietary	 pattern	 showed	 some
benefits	 in	reducing	the	risk	of	falls	and	physical	 impairments	 in	patients	older
than	75	years	(34,	35).	The	American	Geriatrics	Society	suggests	to	interrogate
older	patients	about	falls	at	least	every	12	months,	examine	potentially	reversible
causes	of	falls	(medications,	environmental	factors,	limiting	factors)	and	perform
a	complete	basic	evaluation	when	an	injurious	fall	occurs	(level	of	evidence	III,
strength	B)	(36).

Urinary	 incontinence	 is	 a	 frequent	 comorbidity	 of	 diabetes,	 although	 it	 is
usually	 not-reported	 by	 patients	 (37).	 Therefore,	 according	 to	 the	 American
Geriatrics	 Society,	 physicians	 should	 always	 perform	 an	 annual	 screening	 for
urinary	 incontinence	 which	 may	 be	 an	 important	 cause	 of	 social	 isolation,
depression,	falls,	and	fractures	(level	of	evidence	III,	strength	A)	(36).

Overtreatment	and	Polypharmacy



Both	 overtreatment	 and	 polypharmacy	 are	 very	 common	 among	 frail	 older
diabetic	subjects.	The	prevalence	of	polypharmacy	regimen,	defined	as	 the	use
of	 more	 than	 5	 medications,	 increases	 with	 age.	 Results	 from	 a	 Dutch	 study
revealed	 that	 64	 persons	 (20%)	 out	 of	 319	 type	 2	 diabetic	 patients	 aged	 ≥70
years	 were	 overtreated	 and	 frail	 (38).	 Furthermore,	 one-quarter	 of	 US	 older
diabetic	 adults	 are	 on	 potential	 overtreatment	 for	 tight	 glycemic	 control	 using
glucose-lowering	medications	at	high	risk	of	hypoglycemia	(39).	In	a	cohort	of
8,932	adults	with	diabetes,	78%	of	patients	had	polypharmacy,	which	was	more
likely	associated	with	age	≥60	years,	female	sex,	and	coexisting	chronic	diseases
(40).	 Polypharmacy	 in	 older	 diabetic	 patients	may	 produce	 detrimental	 effects
mainly	due	 to	 increased	 risk	of	drug-drug	 interactions	and	adverse	 side	effects
(41).	However,	a	deintensification	rather	than	intensification	of	pharmacological
therapy	should	be	advisable	in	diabetic	patients	in	older	age,	in	consideration	of
both	benefits	and	risks	associated	with	complex	therapeutic	regimens.	Moreover,
older	adults	with	diabetes	should	annually	update	the	list	of	used	medications	for
their	own	clinicians	(level	of	evidence	II,	strength	A)	(36).

GLYCEMIC	CONTROL

Older	 patients	 represent	 a	 very	 heterogeneous	 and	 challenging	 population
concerning	 diabetes	 care	 and	 treatment.	 While	 treating	 diabetes	 in	 elderly,
clinicians	should	be	always	aware	of	maintaining	a	good	quality	of	life.	Patient-
centered	 glycemic	 targets	 are	 needed	 in	 order	 to	 achieve	 the	 glycemic	 control
avoiding	 dangerous	 or	 extreme	glucose	 excursions.	Elderly	 patients	 are	 highly
vulnerable	to	hypoglycemic	events,	as	a	consequence	of	progressive	age-related
decrease	 in	 β-adrenergic	 receptor	 function.	 Indeed,	 hypoglycemia	 in	 older	 age
has	 been	 associated	 with	 an	 increased	 risk	 to	 develop	 cognitive	 impairment,
dementia,	 all-cause	 hospitalization,	 and	 all	 cause	 mortality	 (42–44).	 Use	 of
insulin	or	 insulin	 secretagogues,	polypharmacy,	 coexisting	comorbidities,	 renal
insufficiency,	dehydration,	impairment	of	counter-regulatory	responses	represent
the	main	predisposing	risk	factors	for	hypoglycemic	episodes	(45).	Assessment
of	 potential	 risk	 factors	 for	 hypoglycemia	 is	 an	 important	 part	 of	 the	 clinical
management	of	older	diabetic	 subjects.	Moreover,	both	patients	and	caregivers
have	to	be	trained	and	well-educated	on	the	prevention,	detection,	and	treatment
of	hypoglycemic	events	(11).	On	the	other	hand,	both	untreated	or	undertreated
hyperglycemic	events	should	be	avoided	in	old	people,	given	the	higher	risk	of
dehydration,	dizziness,	falls,	and	long-term	mortality	(46).

The	paucity	of	randomized	controlled	trials	(RCTs)	for	diabetes	treatment	in



older	adults	does	not	allow	to	clearly	establish	the	most	appropriate	therapeutic
goals	 in	 the	 elderly.	 Three	 major	 high-profile	 trials	 (ACCORD,	 VADT,	 and
ADVANCE	trials)	(47–49)	conducted	on	type	2	diabetic	people	aged	around	60
years	old	showed	that	achieving	tight	glycemic	control	(HbA1c	<	6%	or	<	6.5%)
was	not	 associated	with	 improvements	 in	 cardiovascular	outcomes,	 and	one	of
them	 (47)	 has	 been	 stopped	 earlier	 because	 of	 increased	 mortality	 in	 the
intensive	glucose	control	arm	(number	of	death	in	intensive	vs.	standard	therapy,
257	 vs.	 203,	HR	1.22;	P	 =	 0.04)	 and	 increased	 hypoglycemic	 events	 (538	 vs.
179,	P	<	0.001).	On	the	other	hand,	a	large	observational	study	reported	that	an
HbA1c	 level	 >	 8%	 was	 associated	 with	 increased	 risk	 of	 all-cause,
cardiovascular,	and	cancer	mortality	in	older	adults	with	diabetes	(50).	Actually,
the	best	glycemic	target	to	achieve	for	elderly	diabetic	patients	is	still	a	matter	of
debate	(51).	However,	there	is	agreement	on	tailoring	glycemic	goals	in	function
of	 patient's	 life	 expectancy,	 diabetes	 duration,	 functional	 status,	 existing
comorbidities,	 and	 pursuing	moderate	 (HbA1c	 between	 7	 and	 8%)	 rather	 than
tight	control	(52)	in	old	diabetic	patients.

WHAT	DO	CURRENT	INTERNATIONAL	GUIDELINES	SAY
ON	GLYCEMIC	GOALS?

Table	 1	 summarizes	 the	 glycemic	 goals	 for	 elderly	 affected	 by	 diabetes
according	 different	 international	 guidelines.	 The	 current	 Standards	 of	Medical
Care	 in	 Diabetes	 2019	 released	 by	 American	 Diabetes	 Association	 (ADA)
indicate	an	HbA1c	goal	<	7.5%	for	healthy	older	adults	with	intact	cognitive	and
functional	 status	 and	 a	 fasting	 or	 pre-prandial	 glucose	 between	 90	 and	 130
mg/dL,	whereas	less	stringent	targets	(HbA1c	<	8.0–8.5%)	may	be	advisable	for
frail	older	adults	with	limited	life	expectancy,	with	fasting	glucose	level	between
100	and	180	mg/dL	(25).	These	therapeutic	objectives	are	in	line	with	those	for
adults	 older	 than	 65	 years	 indicated	 by	 American	 Geriatrics	 Society	 (HbA1c
ranging	between	7.5	and	8%),	which	suggest	to	determine	HbA1c	at	least	every
6	months,	 or	more	 frequently	 if	 needed	 (36).	Beyond	 tailored	 glycemic	 goals,
ADA	 highlights	 the	 importance	 of	 controlling	 any	 other	 cardiovascular	 risk
factor	 with	 an	 appropriate	 lipid-lowering,	 anti-platelet,	 and	 anti-hypertensive
therapy.

Table	1.	Glycemic	targets	in	elderly	patients	according	to	the	current	international	guidelines.



Differing	from	ADA,	the	American	Association	of	Clinical	Endocrinologists
(AACE)	 advises	 an	 HbA1c	 goal	 of	 6.5%	 or	 lower	 for	 most	 patients	 without
history	of	cardiovascular	diseases	(CVD)	as	it	can	be	safely	achieved,	whereas,	a
broader	HbA1c	 target	 (>6.5%)	 is	 suggested	 for	 older	 patients	with	 concurrent
serious	 illness,	 high	 risk	 of	 hypoglycemia,	 and	 limited	 life	 expectancy,	 as	 the
patient	does	not	experience	characteristic	hyperglycemic	symptoms	(polydipsia,
polyuria,	polyphagia)	(53).

On	the	other	hand,	the	American	College	of	Physicians	(ACP)	suggests	more
conservative	 goals	 (HbA1c	 levels	 between	 7	 and	 8%)	 for	most	 older	 patients,
and	 a	 less	 intense	 pharmacotherapy	when	HbA1c	 ≤	 6.5%	 (54).	Moreover,	 for
patients	over	80	years	old	and	with	important	serious	chronic	diseases	(dementia,
cancer,	 end-stage	 kidney	 disease,	 respiratory,	 and	 heart	 disease)	 clinicians
should	focus	on	minimizing	symptoms	related	to	hyperglycemia	and	avoiding	an
HbA1c	 target	 in	 patients	 with	 a	 life	 expectancy	 <10	 years	 (54).	 Despite
discrepancies	 in	 international	 guidelines	 (55),	 the	mantra	 that	 every	 physician
should	follow	could	be	resumed	in	“treat	the	patient,	not	the	HbA1c	level”	(56).

DIABETES	TREATMENTS

Studies	comparing	the	effectiveness	of	anti-diabetes	drugs	in	elderly	are	lacking,
due	to	the	exclusion	of	older	diabetic	adults	from	RCTs,	given	the	high	number
of	 comorbidity	 and	 their	 enhanced	 cardiovascular	 risk.	 Every	 therapeutic
strategy	 should	 be	 chosen	 considering	 age,	 health	 status,	 self-manageability,
cognitive	and	nutritional	status,	and	comorbidities	(Table	2).	Generally,	in	older



adults	 at	higher	 risk	 to	 experience	hypoglycemic	events,	medications	with	 low
risk	 of	 hypoglycemia	 should	 be	 preferred.	 Furthermore,	 it	 is	 advisable	 to
simplify	poly-pharmacological	 regimens	 in	order	 to	 reduce	adverse	effects	and
achieve	 most	 appropriate	 glycemic	 goals.	 The	 latest	 consensus	 on	 the
management	of	hyperglycemia	in	type	2	diabetes	of	the	ADA	and	the	European
Association	 for	 the	 Study	 of	Diabetes	 (EASD)	 (57)	 recommends	 to	 use	 drugs
with	 proven	 cardiovascular	 benefit	 in	 patients	 with	 established	 clinical
cardiovascular	disease.	Anti-hyperglycemic	agents	considered	safe	and	effective
for	 type	 2	 diabetic	 older	 patients	 can	 be	 divided	 in	 oral	 and	 injectable	 drugs
(Table	3).

Table	2.	Most	frequent	clinical	phenotypes	in	elderly	with	suggested	HbA1c	target	and	glucose-
lowering	treatment.

Table	3.	Glucose-lowering	medications	available	in	Europe	with	specific	characteristics	to	drive
the	treatment	choice	for	old	people	with	type	2	diabetes.



Oral	Anti-hyperglycemic	Drugs
Metformin	is	the	first-line	medication	recommended	in	the	management	of	type
2	 diabetes.	 It	 reduces	 both	 insulin-resistance	 and	 hepatic	 gluconeogenesis,
lowering	 glucose	 concentrations	 without	 increasing	 hypoglycemic	 risk.	 The
starting	dose	is	of	500	mg	once	or	twice	a	day	to	be	assumed	with	meals	up	to
2,500	mg/day	 at	 the	maximum	 dose.	Moreover,	 a	 once	 daily	 extended-release



formulation	 of	 metformin	 is	 now	 available,	 which	 is	 associated	 with	 a	 better
gastrointestinal	tolerability	profile	and	patients'	compliance.	As	it	is	excreted	by
the	 urine,	 a	 good	 glomerular	 filtration	 rate	 is	 needed	 (58).	 Therefore,	 a	 dose
reduction	has	to	be	considered	if	glomerular	filtration	rate	(GFR)	is	between	30
and	 45	 mL/min/1.73	 m2,	 while	 discontinuation	 is	 recommended	 if	 GFR	 <	 30
mL/min/1.73	 m2	 (59).	 The	 main	 adverse	 effects	 described	 are	 commonly
gastrointestinal	 symptoms	 and	 very	 rarely	 lactic	 acidosis.	 It	 is	 a	 safe	 and
effective	 anti-hyperglycemic	 drug,	 with	 low	 cost,	 and	 minimal	 risk	 of
hypoglycemia.	 Nevertheless,	 it	 should	 be	 carefully	 used	 under	 conditions	 of
congestive	heart	failure	and	hepatic	dysfunction,	which	could	increase	the	risk	of
lactic	acidosis	(25).

Thiazolidinediones	 also	 act	 as	 insulin	 sensing	 agent	 influencing
transcriptional	 processes	 by	 activation	 of	 peroxisome	 proliferator-activated
receptor-γ	(PPAR-γ).	Pioglitazone	 is	 the	only	one	remaining	drug	of	 this	class,
as	 it	has	proven	 to	be	 safe	 in	 the	presence	of	cardiovascular	disease	 (60).	 It	 is
characterized	 by	 good	 efficacy,	 low	 cost,	 and	 no	 risk	 of	 hypoglycemia	 when
used	in	monotherapy.	It	can	be	used	even	in	case	of	low	GFR	value	(61)	starting
from	 the	 lowest	 dose	 of	 15	 mg	 to	 the	 maximum	 dose	 of	 45	 mg	 with	 meals.
Pioglitazone	 is	 associated	 with	 weight	 gain	 and	 fluid	 retention,	 so	 that	 it	 is
contraindicated	 in	 case	 of	 congestive	 heart	 failure	 (NYHA	 class	 III,	 IV).
Furthermore,	 it	 is	not	advisable	 to	use	 the	drug	 in	older	person	at	 risk	for	 falls
because	 it	 has	 proven	 to	 increase	 risk	 of	 non-osteoporotic	 bone	 fractures	 (62).
Finally,	 it	 is	 contraindicated	 in	patients	with	or	 at	high	 risk	 for	bladder	 cancer
(63).

Sulfonylureas	 are	 an	 insulin	 secretagogue	 class,	 which	 act	 by	 favoring	 β-
cells	 membrane	 depolarization	 and	 consequently	 insulin	 secretion.	 They	 are
characterized	by	high	glucose	lowering	efficacy	and	low	cost,	but	they	should	be
used	with	extreme	caution	because	of	the	high	risk	of	hypoglycemia	and	weigh
gain.	Short	acting	ones	with	lowest	hypoglycemic	risk,	such	as	gliclazide,	should
be	 preferred	 in	 older	 diabetic	 patients,	when	 initial	 therapy	with	metformin	 is
contraindicated	or	not	 tolerated	 (64).	By	contrast,	 long	acting	sulfonylureas,	as
glibenclamide,	are	considered	inappropriate	in	elderly	diabetes	management.

Metiglinides	are	short-acting	insulin	secretagogue	agents,	that	enhance	early
phase	of	 insulin	secretion	at	meals,	 lowering	postprandial	glucose	 levels.	They
present	 lower	 risk	 of	 hypoglycemia	 than	 sulfonylureas,	 since	 their	 activity	 is
dependent	 on	 the	 presence	 of	 glucose	 (20).	 Repaglinide	 is	 the	 most	 effective
agent	 of	 this	 class,	with	 a	moderate	 effect	 on	weight	 gain.	Use	 of	 repaglinide
may	be	indicated	for	elderly	patients	with	type	2	diabetes	because	of	the	low	risk



of	hypoglycemia,	high	efficacy	on	postprandial	hyperglycemia,	and	safe	use	 in
renal	impairment	(65).

Dipeptidyl	 peptidase	 4	 (DPP-4)	 inhibitors	 belong	 to	 the	 class	 of	 incretin
enhancer	agents.	They	inhibit	the	DPP-4	enzyme,	thereby	extending	the	life-time
of	GLP-1	and	increasing	insulin	secretion	in	a	glucose	dependent	manner.	Drugs
in	 this	class	are	generally	well-tolerated	 in	older	people,	with	neutral	effect	on
body	weight	and	very	low	risk	of	hypoglycemia	(66,	67).	DPP-4	inhibitors	have
proven	 to	 be	 effective	 in	 reducing	 baseline	 HbA1c	 levels	 and	 fasting	 plasma
glucose	(68).	Moreover,	a	study	of	80	elderly	diabetic	patients	treated	with	oral
glucose-lowering	drug	(DPP4-inhibitors	or	sulfonylureas)	for	at	least	24	months
showed	 that	 patients	 using	 DPP-4	 inhibitors	 had	 better	 sarcopenic	 parameters
(fat-free	mass,	 skeletal	muscle	mass,	 and	 related	 indices,	muscle	 strength,	 and
gait	 speed)	 as	 compared	 with	 those	 receiving	 sulfonylureas	 (69).	 The
cardiovascular	 safety	 of	 this	 class	 of	 agents	 has	 been	 confirmed	 by	 several
randomized	 controlled	 trials	 (70–74).	 Alogliptin,	 saxagliptin,	 sitagliptin,	 and
linagliptin	 (70–74)	 have	 proven	 to	 neither	 increase	 nor	 decrease	 risk	 of	 the
combined	 major	 adverse	 cardiovascular	 events	 (MACE)	 in	 type	 2	 diabetic
patients	with	established	cardiovascular	disease.	However,	in	the	SAVOR-TIMI
53	 study	 (72),	 saxagliptin,	 showed	 a	 27%	 increased	 risk	 of	 hospitalization	 for
heart	 failure	 (HF)	 among	 patients	 with	 elevated	 levels	 of	 natriuretic	 peptides,
previous	heart	failure,	or	chronic	kidney	disease,	as	compared	with	placebo	(75).
In	the	EXAMINE	trial,	patients	with	type	2	diabetes	and	recent	acute	coronary
syndromes	 assigned	 to	 alogliptin	 had	 an	 increased,	 although	 non-statistically
significant,	rate	of	HF	hospitalization	when	compared	to	the	placebo	group	(76).
Recently,	 in	 the	 TECOS	 trial,	 sitagliptin	 showed	 neutral	 effects	 on
cardiovascular	 risk	 without	 any	 significant	 risk	 of	 HF	 hospitalization	 when
compared	with	 placebo	 in	 patients	 aged	≥75	years	with	well-controlled	 type	2
diabetes	and	cardiovascular	disease	(77).	Moreover,	data	from	the	TECOS	trial
report	 that	 sitagliptin	 is	 not	 associated	 with	 a	 higher	 fracture	 risk,	 major
osteoporotic	fractures,	or	hip	fractures	(78).	Therefore,	DPP-4	inhibitors	may	be
considered	 as	 an	 effective	 and	 safely	 treatment	 option	 for	 older	 patients	 with
type	2	diabetes	(79).

Sodium-glucose	cotransporter	2	(SGLT-2)	inhibitors	are	the	latest	marketed
oral	 anti-hyperglycemic	 agents	 in	 diabetes	 management.	 These	 molecules	 act
with	 an	 innovative	 and	different	mechanism	of	 action:	 they	 inhibit	Na/glucose
renal	 cotransporter	 on	 kidney	 proximal	 convoluted	 tubule,	 increasing	 urinary
glucose	 concentration,	 and	 favoring	 osmotic	 diuresis	 (diuretic	 effect).	 Beyond
glucose	 lowering	 efficacy,	 SGLT-2	 inhibitors	 have	 also	 beneficial	 effects	 in



reducing	body	weight	and	blood	pressure.	Their	use	is	permitted	until	GFR	≥	30
mL/min/1.73	m2,	due	to	safety	concerns	and	lack	of	dedicated	study	in	diabetic
population	with	 severe	 chronic	 renal	 disease.	 If	SGLT-2	 inhibitors	 are	used	 in
combination	with	diuretics,	lowering	the	dose	of	diuretics	is	needed	to	minimize
the	 risks	 of	 hypotension	 and	 dehydration	 (79).	 SGLT2-inhibitors	 are	 generally
well-tolerated	 in	 older	 adults,	 except	 for	 increased	 risk	 of	 mycotic	 genital
infections	 in	 both	 sexes.	There	 is	 evidence	 from	 cardiovascular	 outcome	 trials
(80,	81)	that	this	class	has	beneficial	effects	in	reducing	the	composite	endpoint
of	cardiovascular	deaths,	non-fatal	myocardial	infarction	and	non-fatal	stroke	as
compared	with	placebo	in	patients	with	type	2	diabetes	and	high	cardiovascular
risk.	Similarly,	in	the	multinational,	observational	CVD-REAL	study,	new	users
of	 empaglifozin,	 canaglifozin,	 and	 dapaglifozin	 reported	 lower	 risk	 of
cardiovascular	 mortality,	 MACE	 and	 hospitalization	 for	 heart	 failure	 as
compared	 with	 new	 users	 of	 other	 glucose-lowering	 drugs	 (82).	 Moreover,	 a
subgroup	 analysis	 of	 the	 EMPA-REG	OUTCOME	 study	 showed	 a	 significant
reduction	in	the	risk	of	MACE	especially	in	patients	older	than	65	years	treated
with	 empaglifozin	 (80).	 Based	 on	 these	 results,	 ADA	 and	 EASD	 recommend
their	 use	 in	 patients	with	 established	 or	 at	 high	 risk	 of	 cardiovascular	 disease
(57).	In	the	respective	RCTs	designed	to	test	the	efficacy	and	safety	of	SGLT-2
inhibitors	on	renal	outcomes	(83,	84),	both	empagliflozin	and	canagliflozin	use
was	associated	with	reduced	risk	of	sustained	loss	of	kidney	function,	attenuated
GFR	 decline,	 and	 a	 reduction	 in	 albuminuria,	 which	 supports	 a	 possible
renoprotective	effect	of	this	drugs	in	people	with	type	2	diabetes.	More	recently,
treatment	 with	 dapagliflozin,	 compared	 with	 placebo,	 produced	 a	 significant
24%	risk	reduction	in	renal	composite	events,	namely	≥40%	decrease	 in	eGFR
below	60	ml/min/1.73	m2	of	body-surface	area,	new	end-stage	renal	disease,	or
death	 from	 renal	 or	 cardiovascular	 causes	 (85).	 Conversely,	 on	May	 2015	 the
Food	and	Drug	Administration	released	a	warning	relative	to	an	increased	risk	of
diabetic	ketoacidosis	(DKA)	associated	with	use	of	SGLT-2	inhibitors	(86),	on
the	basis	of	a	comparative	evaluation	with	DPP-4	inhibitors	on	a	cohort	of	more
than	 140,000	 type	 2	 diabetic	 patients	 (87).	 The	 increased	 incidence	 of	 DKA
related	 to	 SGLT2-inhibitors	 may	 be	 probably	 related	 to	 the	 non-insulin-
dependent	 glucose	 clearance,	 hyperglucagonemia,	 and	 volume	 depletion	 (88).
Therefore,	although	this	class	has	many	beneficial	effects	on	cardiovascular	and
renal	outcomes,	caution	is	needed	using	SGLT2	inhibitors	in	elderly	because	of
increased	risk	of	genital	 infections,	dehydration,	orthostatic	hypotension,	 lower
extremities	amputations,	and	bone	fracture	(89,	90).

Injectable	Anti-hyperglycemic	Drugs



Glucagon-like	 peptide	 1	 receptor	 agonists	 (GLP-1RAs)	 are	 innovative	 and
pleiotropic	drugs	that	act	by	promoting	insulin	secretion	and	reducing	glucagon
secretion	in	a	glucose	dependent	manner	and	favoring	weight	loss.	As	they	use
the	 injectable	 way	 of	 administration,	 they	 require	 neuro-psychological	 and
physical	 integrity.	 GLP-1RAs	 are	 highly	 effective	 in	 lowering	 glucose	 levels,
with	minimal	risk	of	hypoglycemia	(91,	92).	Recently,	a	phase	III	RCT	showed
the	 superiority	 of	 lixisenatide	 as	 compared	 with	 placebo	 in	 reducing	 HbA1c
levels	 and	 postprandial	 hyperglycemia	 in	 patients	 ≥70	 years	 uncontrolled	 on
their	 current	 antidiabetic	 treatment	 (93).	 The	 main	 adverse	 effects	 associated
with	GLP-1RAs	 use	 consist	 of	 nausea,	 vomiting,	 diarrhea,	 and	 an	 increase	 in
heart	 rate	 (94).	 Furthermore,	 there	 is	 strong	 evidence	 from	RCTs	 (95–97)	 that
these	drugs	can	reduce	 the	 risk	of	MACE	in	 type	2	diabetic	patients	with	high
cardiovascular	 risk.	 Results	 from	 preclinical	 studies	 showed	 also	 favorable
effects	 of	 GLP-1RAs	 on	 neuronal	 protection	 and	 cognitive	 performances	 (98,
99).	 Randomized	 controlled	 trials	 assessing	 effects	 of	 incretin	 therapy	 on
cognitive	function	and	Alzheimer's	disease	 in	humans	are	currently	ongoing.	If
these	benefits	will	be	confirmed,	use	of	GLP-1RA	may	be	a	helpful	option	even
in	patients	with	mild	cognitive	impairment.

Free	 and	 fixed-ratio	 combinations	 of	 GLP-1RAs	 and	 basal	 insulin
formulations	 have	 been	 approved	 by	 regulatory	 agencies	 to	 potentiate
antihyperglycemic	effects	and	glycemic	control	 in	 type	2	diabetic	patients	 (57,
100).	 At	 the	 moment,	 two	 fixed-ratio	 combinations,	 insulin	 glargine	 plus
lixisenatide	 (IGlarLixi)	 and	 insulin	 degludec	 plus	 liraglutide	 (IDegLira),	 have
been	 approved	 for	 treatment	 of	 type	 2	 diabetes	 (101).	 A	 recent	 analysis
compared	 effectiveness	 of	 fixed-ratio	 combination	 iGlarlixi	 vs.	 sequential
administration	of	iGlar	+	Lixi	in	glucose	control	in	type	2	diabetic	patients	(102).
IGlarLixi	 was	 associated	 with	 significantly	 higher	 HbA1c	 reductions,	 weight
loss	and	number	of	patients	reaching	HbA1c	target	despite	lower	insulin	doses,
with	 similar	 rates	 oh	 hypoglycemic	 events	 and	 lower	 rates	 of	 gastrointestinal
adverse	 events.	A	meta-analysis	 of	 26	RCTs	have	 shown	 a	mean	 reduction	 of
0.47%	in	HbA1c	level	associated	with	a	mean	weight	loss	of	2.5	Kg	favoring	the
insulin/GLP-1RA	 combination	 as	 compared	with	 other	 injectable	 anti-diabetes
treatments,	 with	 no	 increased	 risk	 of	 hypoglycaemia	 (103).	 Moreover,	 when
compared	 with	 intensive	 insulin	 therapy,	 either	 free	 or	 fixed	 combination	 of
GLP-1RA	and	basal	insulin	led	to	a	greater	mean	decrease	of	0.53%	in	HbA1c
level,	a	higher	proportion	of	patients	at	HbA1c	target	of	<	7%	and	reduction	in
body	weight	(104).	Based	on	this	evidence,	combination	strategies,	either	free	or
fixed,	 represent	a	good	option	 for	 intensifying	basal	 insulin	 therapy	 in	patients
with	 type	 2	 diabetes	 who	 need	 amelioration	 of	 glycemic	 control,	 without



increasing	the	risk	of	hypoglycemia	and	weight	gain	(104).
Insulin	remains	the	most	effective	drug	for	type	2	diabetes	(105).	The	main

limitations	 of	 insulin	 therapy	 are	 the	 risk	 of	 hypoglycemia	 and	 weight	 gain,
although	 it	 can	 be	 administered	 at	 any	 GFR	 value.	 Insulin	 therapy	 requires
patients'	 autonomy,	 intact	 visual,	 motor,	 and	 cognitive	 ability	 in	 diabetes
management	 (25).	 Since	 its	 discovery	 in	 1921,	 several	 and	 innovative	 insulin
formulations	 have	 been	developed.	 Insulin	 glargine	 (U100	or	U300),	 degludec
(U100	 or	 U200),	 and	 detemir	 represent	 long	 acting	 insulin	 analogs	 which
provide	daily	basal	 insulin	profiles	 (106).	A	 recent	meta-analysis	 reported	 that
insulin	 glargine	 U300	 was	 as	 effective	 as	 glargine	 U100	 in	 type	 2	 diabetic
patients	 aged	>65	years,	with	a	 reduced	 risk	of	nocturnal	hypoglycemia	 (107).
Compared	with	human	 insulin	neutral	protamine	Hagedorn	 (NPH),	 long-acting
insulin	 analogs	 have	 a	 longer	 duration	 of	 action	 and	 a	 fatter	 pharmacokinetic
profile,	with	a	 reduced	risk	of	hypoglycemia	 (106).	Therefore,	 the	newer	basal
insulins	 should	 be	 preferentially	 used	 in	 diabetic	 elderly,	 where	 they	 may	 be
indicated	as	starting	insulin	therapy.	Prandial	rapid	(aspart,	lispro,	glulisine)	and
ultra-rapid	 acting	 (faster	 aspart)	 insulin	 analogs	 used	 at	 mealtime	 can	 be
combined	with	 basal	 insulin	 to	 sooner	 improve	 and	 intensify	 glycemic	 control
(108).	 However,	 both	 basal	 and	 prandial	 insulin	 require	 frequent	 titration	 to
achieve	 the	 best	 anti-hyperglycemic	 effects.	 Patients	 on	 enteral	 or	 parenteral
nutrition	may	require	frequent	glucose	monitoring	(intervals	of	4–6	h)	to	better
titrate	 the	 insulin	 dose	 and	 to	 avoid	 hypo-	 and	 hyperglycemic	 events	 (64).
Caution	is	needed	in	insulin	titration	because	a	simple	error	can	easily	precipitate
major	 hypoglycemic	 episodes,	 leading	 to	 falls,	 and	 bone	 fractures	 (109).
Alternatively,	 premixed	 insulin	 regimen,	 eliminating	 the	 challenge	 of	 mixing
insulin,	may	have	a	role	in	elderly	patients	who	have	regular	eating	habits,	with
similar	efficacy	as	compared	with	basal	bolus	 therapy	 (110).	Therefore,	use	of
insulin	therapy	in	elderly	patients	often	requires	the	assistance	of	a	caregiver	if
patients'	abilities	are	limited.

CONCLUSIONS

Older	 adults	 with	 type	 2	 diabetes	 represent	 a	 complex	 and	 heterogenous	 age
group.	Managing	diabetes	 in	older	age	 remains	an	 important	clinical	challenge
for	all	physicians,	either	primary	care	providers	or	specialists.	As	older	diabetic
patients	 present	 frequently	 frailty	 and/or	 multiple	 comorbidities,	 an
individualized	patient-centered	glycemic	 target	 is	 needed	 in	 order	 to	 achieve	 a
glycemic	 control	 avoiding	 dangerous	 hypo-	 and	 hyperglycemic	 events.	 A



comprehensive	geriatric	assessment	should	be	performed	at	diagnosis	of	diabetes
to	 better	 understand	 cognitive,	 visual	 and	 motor	 abilities,	 and	 coexisting
comorbidities.	In	the	choice	of	anti-hyperglycemic	strategies,	drugs	with	proven
tolerability,	 safety,	 and	minimal	 hypoglycemic	 risk	 should	 be	 preferred.	 Anti-
diabetes	 treatment	 regimens	 in	elderly	must	be	simple,	 sustainable,	and	safe	 to
best	mirror	patients'	preferences,	wishes,	and	needs.
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Hypothyroidism	 is	 characterized	 by	 increased	 thyrotropin	 (TSH)	 levels	 and
reduced	free	thyroid	hormone	fractions	while,	subclinical	hypothyroidism	(sHT)
by	 elevated	 serum	 TSH	 in	 the	 face	 of	 normal	 thyroid	 hormones.	 The	 high

https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2019.00177
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2019.00177&domain=pdf&date_stamp=2019-03-22
https://www.frontiersin.org/articles/10.3389/fendo.2019.00177/full
http://loop.frontiersin.org/people/179789/overview
http://loop.frontiersin.org/people/579367/overview
http://loop.frontiersin.org/people/141948/overview
http://loop.frontiersin.org/people/141948/overview
http://loop.frontiersin.org/people/644581/overview
http://loop.frontiersin.org/people/701343/overview
http://loop.frontiersin.org/people/56972/overview
http://loop.frontiersin.org/people/36195/overview
http://loop.frontiersin.org/people/21594/overview
http://loop.frontiersin.org/people/189515/overview
mailto:valina82@gmail.com


frequency	 of	 hypothyroidism	 among	 the	 general	 population	 in	 Western
Countries	 made	 levothyroxine	 (LT4)	 one	 of	 the	 10	 most	 prescribed	 drugs.
However,	 circulating	 TSH	 has	 been	 demonstrated	 to	 increase	 with	 aging,
regardless	the	existence	of	an	actual	thyroid	disease.	Thus,	when	confronting	an
increase	in	circulating	TSH	levels	in	the	elderly,	especially	in	the	oldest	old,	it	is
important	 to	 carry	 an	 appropriate	 diagnostic	 path,	 comprehensive	 of	 clinical
picture	as	well	as	laboratory	and	imaging	techniques.	In	the	current	review,	we
summarize	the	recommendations	for	a	correct	diagnostic	workup	and	therapeutic
approach	to	older	people	with	elevated	TSH	value,	with	special	attention	to	the
presence	of	frailty,	comorbidities,	and	poly-therapy.	The	treatment	of	choice	for
hypothyroid	 patients	 is	 hormone	 replacement	 with	 LT4	 but,	 it	 is	 important	 to
consider	 multiple	 factors	 before	 commencing	 the	 therapy,	 from	 the	 age
dependent	 TSH	 increase	 to	 the	 presence	 of	 an	 actual	 thyroid	 disease	 and
comorbidities.	When	treatment	is	necessary,	a	tailored	therapy	should	be	chosen,
considering	 poly-pharmacy	 and	 frailty.	 A	 careful	 follow-up	 and	 treatment	 re-
assessment	should	be	always	considered	to	avoid	the	risk	of	over-treatment.	It	is
important	to	stress	the	need	of	educating	the	patient	for	a	correct	administration
of	 LT4,	 particularly	 when	 poly-therapy	 is	 in	 place,	 and	 the	 importance	 of	 a
tailored	therapeutic	approach	and	follow-up,	to	avoid	overtreatment.

Keywords:	hypothyroidism,	elderly,	treatment,	L-thyroxin,	frailty

MODIFICATION	OF	THE	HYPOTHALAMUS-PITUITARY-
THYROID	AXIS	IN	THE	OLDER	PEOPLE

In	order	 to	understand	the	modifications	of	 thyroid	axis,	 from	hypothalamus	to
peripheral	tissues,	commonly	observed	during	aging,	it	 is	noteworthy	to	briefly
review	the	feed-back	mechanisms	that	rules	hormone	secretion	in	young	adults.
Thyroid	 hormones	 are	 under	 the	 controls	 of	 TSH	 levels	 making	 the	 latter	 a
sensitive	marker	 of	 thyroid	 function.	 In	 this	 regard,	 circulating	 TSH	 levels	 in
healthy	 subjects	 vary	 according	 to	 the	 circadian	 rhythm	 and	 respond	 with
logarithmically	 variations	 to	minor	 changes	 in	 serum	FT4	 and	 FT3	 values	 (1).
Thus,	 the	occurrence	of	 abnormal	 serum	TSH	 in	young	 adults	may	 imply	 that
serum	FT4	 and	FT3	 are	not	normal	 for	 that	person	 (2).	Accordingly,	 increased
serum	TSH	values	 indicate	a	 reduced	 thyroid	 function	while	 lower	TSH	levels
may	 underline	 a	 hyper-function	 of	 the	 thyroid	 gland	 (3).	 Apart	 from	 specific
thyroid	diseases	that	may	involve	older	people,	the	aging	process	per	se	plays	a
peculiar	role	on	thyroid	axis,	from	hypothalamus	to	peripheral	thyroid	hormone



metabolism	 and	 action	 (4–6).	 The	 aging	 process	 leads	 to	 reduced	 iodine
absorption	 and	 organification	 with	 an	 altered	 thyroid	 response	 to	 TSH.
Moreover,	changing	in	the	TSH	bioactivity,	in	the	thyrocyte	sensitivity	to	TSH,
in	 thyroid	 hormone	 metabolism	 as	 well	 as	 in	 the	 receptors	 and	 co-factors
modulating	 the	 response	 to	 T3	 input	 has	 been	 described	 (7).	 Overall,	 these
processes	 result	 in	 reduced	 thyroid	 hormone	 production	 (8–10).	 Interestingly,
individuals	older	than	80–85	years	presented	a	nocturnal	surge	of	TSH	partially
or	 completely	 lost	 with	 attenuated	 inhibitory	 effect	 of	 corticosteroids	 thus,
indicating	an	age	depended	hypothalamus	impairment	(2,	11,	12).

A	more	complex	relationship	between	TSH	levels	and	the	aging	process	has
been	described	in	several	observation	studies	even	while	excluding	patients	with
thyroid	 disease	 or	 autoimmunity.	 In	 fact,	 some	 experiences	 (generally	 case-
control)	showed	a	trend	toward	lower	TSH	circulating	levels	in	individuals	older
than	 75–80	 years	 and	 centenarians	 (4,	 13),	 while	 more	 recent	 cohort	 studies
demonstrated	 an	 opposite	 TSH	 level	 behavior	 during	 age	 with	 a	 shift	 toward
higher	values	in	older	people.	In	particular,	in	subjects	above	80	years	of	age,	the
upper	limit	of	the	95%	interval	of	confidence	is	around	6.0	mIU/L,	reaching	8.0
mIU/L	in	over-90	s	(14–16).	Some	authors	interpreted	the	reduced	TSH	levels	in
centenarians	 as	 a	 central	 reset	 of	 thyroid	 function	 in	 order	 to	 prevent	 an
excessive	catabolism	favoring	“physiological	aging”	(4,	17).	It	is	noteworthy	to
differentiate	 this	 possible	 physiologic	 condition	 from	 that	 observed	 in	 acute
patients	and/or	in	starvation	where	TSH	and	T3	levels	are	reduced	while	reverse-
T3	(rT3)	is	increased	and	a	poor	prognosis	quoad	vitam	and	quoad	valetudinem
has	 been	 described	 (6,	 18).	 In	 general,	 we	 could	 hypothesize	 that	 the	 aging
process	 acts	 for	 an	 individual	 as	 it	 does	 a	 hypothyroid	 status	 resulting	 in	 a
reduction	 of	 the	 basal	 metabolism	 (19).	 However,	 to	 date,	 on	 the	 basis	 of
previous	 experiences,	 it	 is	 impossible	 to	 state	 if	 the	 described	 reset	 of
hypothalamus-pituitary-thyroid	 cross-talk	 in	 the	 elderly	 (due	 to	 either	 reduced
TSH	 secretion	 or	 thyroid	 hormones	 production)	 is	 an	 effect	 of	 the	 reduced
metabolic	 status	 or	 a	 protective	 cause	 preventing	 the	 extreme	 catabolism	 that
characterizes	 the	 aging	 process	 (19).	 In	 addition,	 when	 analyzing	 the	 aging
process	 on	 thyroid	 gland	 we	 should	 mention	 that	 the	 prevalence	 of	 specific
thyroid	diseases	increases	with	age	(20)	and	subclinical	thyroid	dysfunctions	are
more	 frequent	 than	 overt	 diseases	 (7,	 21).	 Consistently,	 the	 prevalence	 of
subclinical	 hypothyroidism	 and	 the	 presence	 of	 autoimmunity	 against	 thyroid
cells	 increases	with	 aging	 (20),	 thus	 underling	 a	 possible	 immune	mechanism
age	related	that	explain	this	finding.

Some	 experiences	 showed	 that	 the	 modifications	 of	 pituitary-thyroid	 axis



during	aging	may	have	an	impact	on	longevity	(7)	even	if	we	should	report	that
the	most	 important	 results	 on	 thyroid	 hormones	 and	 lifespan	 regulation,	 were
obtained	in	the	studies	carried	out	in	centenarians	(and	almost	centenarians)	(20).
In	this	regard,	Atzmon	et	al.	reported	that	disease-free	population	of	Ashkenazi
Jews	 were	 characterized	 by	 extreme	 longevity.	 In	 details,	 they	 have	 observed
higher	 serum	 TSH	 level	 in	 centenarians	 as	 compared	 to	 the	 control	 group
(younger	unrelated	Ashkenazi	Jews)	and	also	to	another	control	group	from	The
National	 Health	 and	 Nutrition	 Examination	 Survey	 (NHANES).	 Furthermore,
the	authors	documented	an	 inverse	correlation	between	FT4	 and	TSH	 levels	 in
centenarians	and	Ashkenazi	controls.	Another	experience	in	this	setting	showed
a	possible	 thyroid	genetic	background	associated	 to	extreme	 longevity	 (22).	 In
particular,	 two	 single	 nucleotide	 polymorphisms	 (SNPs)	 in	 TSH	 receptor
(TSHR)	gene	(rs10149689	and	rs12050077)	correlated	with	increased	TSH	level
in	the	Ashkenazi	Jewish	centenarians	and	their	offspring	(22).	In	line	with	this,	a
North	 Europe	 study	 (Leiden	 Longevity	 Study)	 confirmed	 the	 role	 of	 thyroid
genetic	background	on	lifespan	regulation.	Indeed,	the	offspring	of	nonagenarian
population	 presented	 a	 low	 thyroid	 activity	 (reduced	 FT3	 values)	 and	 a	 better
metabolic	profile	compared	to	their	partners	with	less	long-lived	parents	(8).

Consistently,	 Corsonello	 et	 al.	 (23)	 demonstrated	 an	 inverse	 relationship
between	 age	 and	 free	 thyroid	 hormones	 independently	 from	 TSH	 levels	 in	 a
population	of	Southern	Italy	(23).	Moreover,	 the	offspring	of	oldest	old	people
presented	lower	free	triiodothyronine	(FT3),	FT4	and	TSH	levels	when	compared
with	age-matched	controls	(23).	Another	interesting	finding	related	to	the	aging
process	and	thyroid	function	were	reported	by	Gussekloo	et	al.	(24)	who	firstly
showed	in	a	cohort	study	that	oldest	old	individuals	with	abnormally	high	levels
of	 thyrotropin	 may	 have	 a	 prolonged	 life	 span	 (24).	 Interestingly,	 in	 animal
models	 low	 levels	of	T4	were	associated	with	extended	 longevity	 (25–29).	For
example,	 a	 very	 severe	 hypothyroidism	 leading	 to	 reduced	 core	 body
temperature,	substantially	contributed	to	remarkable	longevity	in	rodents	(25).

A	 recent	 report	 from	 the	 Rotterdam	 study,	 including	 over	 9,000	 healthy
home-dwelling	 subjects,	 does	 not	 confirm	 the	 increasing	 trend	 of	 TSH	 during
age,	 showing	 instead	 a	 progressive	 reduction	 of	 mean	 serum	 TSH	 with	 a
concomitant	rising	of	anti-thyroid	peroxidase	autoantibody	(TPOAb)	values	with
increasing	 age	 (30)	 while	 the	 same	 group	 provided	 intriguing	 results	 on	 the
peripheral	FT4	values	and	outcome	in	 the	same	cohort	 (31).	Those	with	higher
FT4	values	at	baseline	presented	a	worse	prognosis	in	term	of	frailty	index	(31).
Consistently,	other	experiences	in	the	elderly	showed	the	importance	of	thyroid



hormones	 peripheral	 values	 in	 term	 of	 clinical	 outcomes	 (32)	 reinforcing	 the
hypothesis	 that,	 apart	 from	 TSH	 level	 in	 very	 old	 population,	 the	 peripheral
pattern	of	FT4	and	FT3	may	also	play	a	central	role	in	the	lifespan	regulation	at
least	in	older	population	at	risk	of	frailty	(32).

EPIDEMIOLOGY	AND	CLINICAL	EFFECT	OF	OVERT	AND
SUBCLINICAL	HYPOTHYROIDISM

Over	 the	 last	 decades,	 the	 demographic	 growth	 in	 the	 Occidental	 Countries
determined	an	increase	of	the	population	over	65	years	of	age.	In	Italy,	which	is
second	only	to	Japan	in	the	elderly	population,	the	over	80	s	are	the	6.7%	of	the
overall	population,	while	22%	 is	 constituted	by	>65	 (33)	Together	with	aging,
the	 incidence	 of	 chronic	 diseases	 increase;	 thyroid	 disturbances	 are	 frequent
among	 the	elderly.	Hypothyroidism	 is	defined	by	an	 increased	 level	of	 thyroid
stimulating	 hormone	 (TSH),	 with	 reduced	 circulating	 levels	 of	 free
triiodothyronine	 (FT3)	 and	 free	 thyroxine	 (FT4)	 while,	 subclinical
hypothyroidism	(sHT)	by	increased	TSH	values	in	the	face	of	normal	circulating
FT3	and	FT4	levels	(13,	20).

Among	the	general	population	in	Europe,	the	prevalence	of	hypothyroidism
varies	 between	 0.2	 and	 5.3%,	 while	 in	 the	 USA	 between	 0.3	 and	 3.7%,	 this
variation	 probably	 being	 due	 to	 different	 iodine	 intake	 in	 diverse	 areas	 (34).
Many	 factors	may	affect	 the	 response	 to	excess	 iodine,	 among	 them	 route	and
duration	 of	 intake,	 iodine	 bioavailability	 and	 the	 individual	 physiopathological
status	 including	 age,	 previous	 iodine	 intake	 and	 thyroid	 health.	 Indeed,	 excess
iodine	may	more	 likely	 induce	 thyroid	dysfunction	(mainly	hypothyroidism)	 in
older	 subjects	 with	 underlying	 thyroid	 disease	 and	 insufficient	 iodine	 intake,
than	in	those	who	live	in	iodine-sufficient	areas	without	thyroid	disease.

According	 to	 the	National	Health	and	Nutrition	Survey	 (NHANES	III),	 the
global	 prevalence	 of	 hypothyroidism	 is	 4.6%,	 respectively	 0.3%	 for	 the	 overt
and	4.3%	for	the	subclinical	 type	resulting	the	most	frequent	endocrine	disease
in	the	elderly,	with	a	greater	prevalence	for	the	female	gender	(11).	In	UK,	the
prevalence	of	hypothyroidism	is	around	3.5–5%	(35).	The	prevalence	of	sHT	is
variable,	 depending	 on	 the	 cohort	 considered	 (20)	 and	 going	 from	 7.5%,	 as
shown	in	the	Wickham	study	(35)	to	around	21%	in	women	and	16%	in	men	as
shown	in	the	Colorado	study	(36).	As	demonstrated	by	the	NANHES	III	study,
TSH	 circulating	 levels	 and	 anti-thyroid	 autoantibodies	 increase	 with	 aging;	 in
this	study,	14%	of	the	population	85	years	old	or	above	had	TSH	levels	higher
than	4.5	mUI/L,	especially	in	the	female	gender	(11).	In	a	British	population	of



6,000	 subjects	older	 than	65	years,	 the	prevalence	of	hypothyroidism	was	2%,
while	 the	 prevalence	 of	 sHT	 was	 around	 2.9%,	 lower	 than	 what	 found	 in
literature	 (37).	 In	 the	 same	geographic	 area,	 the	prevalence	of	 sHT	 in	 subjects
older	than	60	years	was	around	11.6%	in	females	and	2.9%	in	males	(38).	The
huge	difference	in	the	data	for	the	same	area	after	10	years	was	theorized	to	be
due	 to	 an	 improved	 screening	 campaign	 and	 education,	 together	 with	 earlier
treatment	(39).	That	explanation	may	be	reasonable,	especially	considering	that
the	 Medicine	 Utilization	 Center	 demonstrated	 that	 LT4	 is	 in	 the	 10	 more
prescribed	drugs	in	Italy,	consistently	with	the	worldwide	projections	(40).

Considering	 that	 hypothyroidism	 is	 associated	 with	 increased	 mortality	 as
well	 as	 increased	 incidence	 of	 cardiovascular	 events	 and	 cognitive	 and
functional	 decline,	 replacement	 therapy	 with	 LT4	 is	 recommended	 (41).	 A
population-based	 retrospective	 study	 evaluating	 more	 than	 2,000	 hypothyroid
subjects	older	than	65	years	was	recently	published;	the	results	showed	that	such
condition	was	independently	associated	with	higher	risk	of	all-causes	mortality.
In	 older	 population,	 LT4	 replacement	 therapy	 was	 associated	 instead	 with	 a
lower	 risk	 of	 mortality.	 The	 mortality	 rate	 for	 CVD	was	 similar	 between	 the
groups	 receiving	 or	 not	 receiving	 LT4	 (41).	 The	 association	 between
hypothyroidism	and	all-causes	mortality	 found	 in	 that	 study	was	 in	 line	with	a
previous	longitudinal	study,	in	which	the	same	association	in	older	subjects	was
found	 (42),	 but	 inconsistent	with	 other	 epidemiological	 studies	 (43–45).	 Thus,
further	 large	 prospective,	 randomized	 controlled	 trials	 (RCT)	 are	 necessary	 to
better	 evaluate	 the	 effect	 of	 hypothyroidism	 and	 LT4	 replacement	 on
cardiovascular	and	all-causes	mortality	in	the	elderly.

Caution	needs	 to	be	 taken,	however,	 in	case	of	subclinical	hypothyroidism,
in	the	diagnostic	and	therapeutic	management,	particularly	in	the	oldest	old	(20).
Large	set	of	data	are	available	in	literature,	from	meta-analysis	and	trials,	about
sHT	 (46,	 47)	 which,	 together	 with	 the	 2013	 ETA	 (European	 Thyroid
Association)	guideline	for	the	management	of	subclinical	hypothyroidism,	splits
the	 population	 into	 two	 groups,	 depending	 on	 the	 values	 of	 circulating	 TSH
levels,	between	4	and	10	mIU/L	or	above	10	mIU/L	(48).	Bearing	in	mind	that
the	 thyroid	 function	changes	with	aging	and	TSH	values	 tend	 to	 increase,	 it	 is
important	 to	 differentiate	 the	 age-related	 modification	 from	 the	 actual	 gland
dysfunction.	The	most	frequent	pathogenic	mechanism	of	sHT	in	 the	elderly	 is
Hashimoto's	 thyroiditis	 (3,	 49),	 although	 other	 secondary	 causes,	 such	 as
insufficient	 replacement	 therapy	following	surgical	or	medical	procedures	 (i.e.,
thyroidectomy	 or	 radioiodine	 treatment)	 need	 to	 be	 always	 considered.
Hashimoto's	 thyroiditis,	 in	 90%	 of	 cases,	 has	 a	 positive	 titer	 of	 anti-thyroid



antibodies	 [anti-thyroglobulin	 and/or	 anti-thyroid	 peroxidase	 autoantibodies
(TgAb	 and	 TPOAb,	 respectively)];	 nonetheless,	 thyroid	 tissue	 damage	 is
supposed	to	be	caused	by	CD8+	T-lymphocytes,	rather	than	the	auto-antibodies
themselves	(50).	Positive	anti-thyroid	autoantibody	titers	may	represent	a	useful
information	 not	 only	 about	 the	 presence	 of	 autoimmune	 thyroiditis,	 but	 also
about	 the	 chance	of	 progression	 to	 overt	 hypothyroidism,	which	has	 an	 yearly
incidence	of	4.3%	in	TPOAb	positive	patients,	compared	to	2.6%	in	the	negative
ones	 (50,	 51).	When	 demonstrated,	 the	 monitoring	 of	 the	 titer	 of	 anti-thyroid
antibodies	 doesn't	 add	 much	 information,	 since	 it	 varies	 with	 the	 TSH	 levels
(52).	 In	 the	 NHANES	 III	 study,	 the	 cohort	 of	 13,000	 healthy	 subjects	 was
regularly	 followed	 up;	 the	 repeated	 dosage	 of	 FT3,	 FT4,	 TSH,	 TgAb,	 and
TPOAb,	showed	that	10%	of	the	subjects	were	positive	for	TgAb	and	11%	for
TPOAb	(11).	In	the	around	20%	of	cases	of	antibody-negative	sHT	individuals,
the	diagnosis	would	be	supported	by	 the	presence	of	 tissue	 inhomogeneity	and
hypo-echogenicity	 at	 the	 thyroid	 US	 scan	 (53).	 Another	 possible	 cause	 of
hypothyroidism	 in	 the	 elderly	 is	 iatrogenic.	 Drugs	 interfering	 with	 L-thyroxin
absorption,	 as	 well	 as	 drugs	 potentially	 damaging	 the	 gland	 tissue	 such	 as	 ß-
blockers,	 interferon-α,	 interleukin-2,	 lithium,	 ethionamide,	 tyrosin-kinase
inhibitors,	 and	 thyrostatic	 medications	 (methimazole,	 perchlorate,	 and
propylthiouracil),	could	determine	hypothyroidism.	The	drug-induced	damage	is
usually	transient,	and	a	periodical	monitoring	of	the	gland	function,	at	least	twice
a	year,	is	recommended	(49).	It	has	been	widely	accepted	that	thyroid	hormones
play	 a	 role	 in	 the	 cardiovascular	 system,	 modulating	 the	 adrenergic	 system
activity,	regulating	the	vascular	peripheral	resistance	and	in	the	protein	synthesis
(7).	Unfortunately,	while	the	impact	of	sHT	on	the	cardiovascular	(CV)	system
among	the	young	adult	has	been	recognized,	among	the	elderly	is	still	a	matter
of	 debate	 (20,	 41,	 54)	 especially	 since	 no	 RCTs	 have	 been	 conducted	 so	 far
evaluating	the	impact	of	LT4	therapy	on	CV	outcomes.	A	recent	study	involving
over	 2,100	 subjects	 longitudinally,	 aimed	 at	 identifying	 a	 possible	 relationship
between	 sHT	 and	 metabolic	 syndrome	 in	 the	 elderly.	 In	 the	 population
examined,	 TSH	 level	 above	 10	 mUI/L	 was	 associated	 with	 higher	 odds	 of
prevalent	 metabolic	 syndrome	 (21);	 circulating	 TSH	 levels	 above	 10	 mUI/L
have	been	demonstrated	to	increase	the	risk	of	heart	failure	(HF)	as	well	(7).	The
Prospective	Study	of	Pravastatin	in	the	Elderly	at	Risk	(PROSPER)	showed	an
association	 between	 HF	 and	 sHT	 over	 a	 follow	 up	 period	 of	 3.2	 years,	 in	 a
population	 of	 70–82	 years	 old	 subjects,	 for	 TSH	 circulating	 levels	 above	 10
mUI/L,	while	no	association	was	found	below	that	threshold	(54).	A	large	meta-
analysis	confirmed	the	association	between	HF	and	TSH	levels	above	10	mUI/L



(or	below	0.10	mUI/L)	(46).	More	conflicting	results	has	been	reported	for	 the
relationship	between	sHT	and	coronary	heart	disease	(CHD),	more	consistent	in
the	 younger	 population	 (7)	 (55),	 although	 a	 large	 meta-analysis	 showed	 an
increased	 risk	 of	 CHD	 events	 and	mortality	 for	 TSH	 levels	 above	 10	mUI/L,
across	35	years	follow	up,	also	adjusting	for	sex	and	age	(45).

Thyroid	 hormones	 play	 a	 role	 in	 few	metabolic	 functions,	 such	 as	 thermo
regulation,	 oxygen	 consumption,	 glucose	 uptake,	 contra-insular	 activity,
cholesterol	mobilization	and	low-density	lipoprotein	(LDL)	receptors	expression
in	 the	 liver	 (56).	 It	 is	 common,	 in	 hypothyroidism,	 to	 find	 increased	 levels	 of
cholesterol	 and	 its	 sub-fractions	 (57);	 part	 of	 that	 is	 related	 to	 reduced
cholesterol	 clearance,	 due	 to	 a	 reduced	 expression	 of	 the	 LDL	 receptor	 gene.
Increased	 level	 of	 triglycerides	 is	 also	 a	 common	 finding	 in	 overt
hypothyroidism,	generally	unmodified	 in	sHT,	 following	a	 reduced	 lipogenesis
and	 lipase	 activities	 (58).	 The	 role	 of	 thyroid	 homeostasis	 in	 the	 cognitive
development	is	widely	known	and	accepted;	not	completely	clear	is	the	effect	of
thyroid	 failure,	 overt	 or	 mild,	 in	 the	 elderly	 and	 the	 impact	 it	 may	 have	 on
cognitive	 impairment	 (59).	 An	 increased	 risk	 of	 Alzheimer's	 disease
development	has	been	seen	 in	women	at	 the	 lowest	 (<	1.0	mIU/L)	and	highest
(>2.1	mIU/L)	tertiles	of	serum	TSH	concentration	in	the	Framingham	study	(60).
Other	 studies	 showed	 interesting	 results;	 in	 the	 Health,	 Aging	 and	 Body
Composition	 study,	 the	 risk	 of	 developing	 dementia	was	 higher	 in	 subclinical
hyperthyroidism,	but	not	in	sHT	subjects	(61),	results	consistent	with	a	previous
meta-analysis	 of	 Rieben	 et	 al.	 (62).	 Another	 recent	 meta-analysis	 showed	 a
significant	 relationship	between	higher	 levels	 of	 circulating	TSH	and	 impaired
cognitive	performance	 in	younger	population	 (<	75	years	 of	 age)	 (63).	On	 the
other	 hand,	 a	 longitudinal	 study	 conducted	 on	 a	 cohort	 of	 cognitively	 normal
subjects	aged	60–90	years	didn't	find	any	relationship	between	TSH	and	thyroid
hormones	 and	 hippocampal	 atrophy	 or	 risk	 of	 developing	 dementia	 (64).	 The
inconsistent	 results	 available	 despite	 the	 important	 role	 played	 by	 thyroid
function	 raise	 the	 need	 of	 long-term	 longitudinal	 studies,	 involving	 elder
population,	including	the	oldest	old.

HYPOTHYROIDISM	IN	THE	ELDERLY:	WHEN	TO	TREAT?

Consistently	to	the	principle	that	the	therapy	of	choice	for	glandular	deficiency	is
the	 replacement	 therapy,	 for	 overt	 hypothyroidism	 the	 first	 choice	 is	 LT4
replacement,	 also	 in	 older	 patients	 (65).	 The	 appropriate	 treatment	 of
hypothyroidism,	dealing	to	 the	resolution	of	 the	disease,	 leads	 to	 the	release	of



symptoms,	 such	 as	 fatigue,	 constipation,	 increased	 sensitivity	 to	 cold,	 muscle
weakness,	 and	 increased	 weight;	 improvement	 has	 been	 demonstrated	 in
cognitive	 executive	 and	 cardiovascular	 functions	 (66).	 When	 considering	 the
treatment	of	sHT	in	the	elderly	(especially	in	those	older	than	75–80	years),	the
approach	has	 to	 be	more	 cautious.	 It	 has	 been	 demonstrated	 in	 several	 studies
that	LT4	replacement	therapy	should	be	started	when	the	TSH	values	are	above
10	 mUI/L,	 this	 being	 considered	 the	 value	 above	 which	 the	 risk	 of	 health
disorders	rises	(7,	21,	46,	54).	However,	it	is	important	to	keep	an	approach	on	a
case-by-case	basis;	this	is	particularly	important	in	patients	with	potential	other
cardiovascular	risk	factors,	which	could	hide	the	symptoms	and	signs	related	to
sHT,	 already	 potentially	 less	 evident.	 Among	 the	 older	 population,	 it	 is	 also
important	 to	evaluate	 the	potential	 frailty	and	comorbidities	 (66),	appropriately
tailoring	 the	 therapy.	On	 that	note,	 the	 evaluation	of	TSH	 levels	 and	 the	 trend
over	time	is	crucial;	the	international	guidelines	have	set	the	cut-off	level	to	10
mUI/L,	double	checked	and	confirmed	over	3	and	6	months	before	commencing
the	treatment	(48,	49).	Other	than	the	TSH	levels,	the	clinician	should	check	the
clinical	 presentation	 with	 signs	 and	 symptoms	 before	 deciding	 for	 any
therapeutic	approach	(48),	bearing	 in	mind	 that	many	symptoms	are	unspecific
(i.e.,	fatigue,	constipation,	sleeping	pattern	alteration,	and	fatigue),	especially	in
the	 elderly	 with	 comorbidities	 (32).	 A	 well-structured	 approach,	 including	 a
multidimensional	 geriatric	 assessment	 (67),	 comprehends	 a	 wide	 evaluation,
which	 includes	 laboratory	 tests	 (FT3,	 FT4,	 TgAb,	 TPOAb)	 and	 US	 scan,	 to
identify	 potential	 causes	 of	 thyroid	 failure	 (gland	 atrophy	 or	 autoimmune
thyroiditis),	 responsible	 for	 permanently	 increased	 TSH	 levels.	 Whilst	 TSH
levels	tend	to	increase	with	aging,	usually	they	don't	exceed	7–8	mIU/L	(14).	In
addition	 to	 the	 laboratory	 and	 imaging	 evaluation,	 the	 collection	 of	 a	 well
accurate	 pharmacological	 history	 for	 drugs	 potentially	 affecting	 the	 thyroid
function,	such	as	amiodarone,	lithium	etc.,	is	very	important.

In	 2017,	 Stott	 et	 al.	 conducted	 a	 double	 blinded,	 randomized,	 placebo-
controlled	 study	 aiming	 to	 evaluate	 the	 efficacy	 of	 the	 therapy	with	 LT4	 on	 a
large	cohort	(737	subjects)	of	older	patient	(mean	age	74.4	years)	with	persistent
sHT	(mean	entry	TSH	level:	6.40	±	2.01	mIU/L)	(68).	The	primary	outcomes	of
the	study	were	the	changes,	in	1	year,	in	the	Hypothyroid	Symptoms	score	and
Tiredness	score	on	a	thyroid-related	quality-of-life	questionnaire.	At	the	follow
up	evaluation,	at	1	year,	mean	serum	TSH	level	in	the	treatment	group	was	3.63
±	2.11	and	5.48	±	2.48	mIU/L	 in	 the	placebo	group.	Among	 the	groups,	 there
were	no	differences	 in	 the	quality	of	 life	measured	with	 the	questionnaire,	nor
difference	 in	 the	 adverse	 events	 of	 interest.	 The	 study	 concluded	 that	 the



treatment	with	LT4	failed	to	provide	an	actual	benefit	in	sHT	subjects.	However,
some	limitations	in	the	study	should	be	taken	into	account:	serum	TSH	level	at
baseline	was	 above	10	mUI/L	only	 in	 few	 subjects,	 symptoms'	 level	was	 low,
and	 the	 presence	 of	 autoimmunity	 was	 not	 assessed.	 In	 particular,	 the	 latter
limitation	needs	to	be	considered,	since	autoantibody	positive	patients	are	more
likely	 to	have	progressive	hypothyroidism,	 therefore	 long-term	treatment	could
be	actually	beneficial	(68).	The	study,	moreover,	was	underpowered	to	detect	the
incidence	 of	 the	 LT4	 therapy	 on	 cardiovascular	 events	 or	 mortality.	 Larger
studies	with	a	large	cohort	of	older	subjects	with	actual	thyroid	disease	(i.e.,	with
positive	Ab	titers)	are	not	available	at	the	moment.	Our	recommendation,	in	the
elderly	with	sHT,	 is	 to	approach	 the	clinical	management	not	only	considering
serum	TSH	levels	and	the	10	mUI/L	cut-off,	but	also	evaluating	the	presence	of
autoimmune	thyroiditis	as	well	comorbidities	(especially	HF)	(69).	On	that	note,
the	evaluation	of	the	presence	of	frailty	is	crucial,	considering	how	much	impact
it	could	have	on	the	patient's	quality	of	life	and	the	clinical	prognosis	(32,	70):
frail	subjects	are	more	likely	to	be	affected	by	drugs	side	effect,	and	the	risk	of
overtreatment,	or	poor	compliance	needs	to	be	accounted	in	the	clinical	workup.
The	suggested	clinical	management	of	sHT	in	either	fit	or	frail	older	patients	is
summarized	 in	 Figures	 1,	 2.	 In	 case	 of	 fit	 older	 (65–75	 years)	 patients,	 LT4
replacement	should	be	commenced	when	TSH	levels	are	above	10	mUI/L	(48,
49)	while,	fit	oldest	old	(>75–80	years)	should	be	treated	when	clear	signs	and
symptoms	 of	 thyroid	 disease	 are	 present,	 after	 careful	 evaluation	 of
cardiovascular	 and	 cognitive	 comorbidities;	 in	 absence	 of	 that,	 the	 strategy	 of
choice	 should	 be	 the	 observation	 over	 time,	 in	 agreement	with	 the	 ETA	 2013
guidelines	(48).	A	more	cautious	approach	is	suggested	in	frail	elderly	subjects,
as	 shown	 in	 Figure	 2.	 In	 frail	 subjects	with	 TSH	 levels	 above	 10	mUI/L,	 the
wait-and-see	strategy	should	be	the	one	of	choice,	treating	subjects	in	the	65–75
years	 of	 age	 range	 in	 presence	 of	 actual	 thyroid	 disease,	 symptoms	 of
hypothyroidism	 and/or	 comorbidities	 potentially	 worsened	 by	 mild	 thyroid
failure	(i.e.,	heart	failure).	In	case	of	serum	TSH	levels	between	6	and	10	mUI/L,
LT4	replacement	therapy	should	be	considered	in	“fit”	subjects	with	risks	factors
for	 thyroid	disease	progression,	such	as	anti-thyroid	Ab,	US	pattern	suggestive
of	disease,	female	gender;	in	absence	of	thyroid	disease	progression	risk	factors,
an	 observation	 period	with	 follow	up	 of	 thyroid	 function	 every	 3–6	months	 is
suggested,	commencing	the	therapy	if	the	TSH	level	increases	above	10	mIU/L
(Figure	 1).	 In	 the	 same	 range	 of	 values,	 but	 in	 frail	 subjects	 (Figure	 2),	 the
observation	strategy	is	the	one	of	choice.	In	frail	patients	younger	than	75	years,
with	 TSH	 levels	 below	 10	 mIU/L,	 the	 strategy	 of	 choice	 is	 to	 avoid	 LT4



replacement,	unless	the	TSH	level	would	progressively	increase	above	10	mIU/L
during	follow	up,	in	presence	of	comorbidities	potentially	negatively	influenced
by	mild	thyroid	failure,	or	in	case	of	positive	anti-thyroid	auto	antibody	titers.	In
case	 of	 “fit”	 elderly	 younger	 than	 75	 years,	 with	 positive	 anti-thyroid
autoantibody	titer,	symptoms	of	hypothyroidism	and/or	comorbidities	influenced
by	 mild	 thyroid	 failure,	 a	 trial	 with	 LT4	 replacement	 should	 be	 considered
(Figure	 1).	 For	 all	 the	 subjects	 receiving	 replacement	 therapy,	 the	 titration	 of
LT4	should	be	done	from	around	0.3–0.4	μg/Kg/day	with	increments	by	10–15%
after	6–8	weeks,	if	necessary,	considering	the	optimal	target	values	between	2.5
and	3.5	mIU/L,	in	agreement	with	international	guidelines	(48,	49).	The	regular
monitoring	 and	 follow	 up	 of	 thyroid	 function	 is	 recommended	 over	 time,
especially	 in	 the	 oldest	 old,	 to	 avoid	 over-treatment,	 which	 is	 known	 to
negatively	impact	on	cardiovascular	an	osteo-muscolar	systems	(48,	49).

FIGURE	1.	Suggested	strategy	of	care	according	to	either	serum	TSH	value	or	the	clinical
features	in	fit	older	patients.



FIGURE	2.	Suggested	strategy	of	care	according	to	either	serum	TSH	value	or	the	clinical
features	in	frail	older	patients.

Different	 formulations	 are	 available	 for	 the	 replacement	 therapy;	 the	most
used	is	the	LT4	tablet,	which	is	usually	the	first	choice	in	absence	of	swallowing
problems.	However,	 considering	 the	delicate	process	of	 absorption	of	 the	LT4,
which	can	be	influenced	by	several	gastro-intestinal	factors	(71),	some	“rules”	in
regards	 of	 food	 and	 concomitant	 drugs	 administration	 should	be	 followed	 (48,
49).

A	 debate	 is	 still	 open	 regarding	 the	 use	 of	 combined	 therapy	 T4+T3.	 Few
studies	have	been	conducted;	most	of	the	studies	evaluated	in	a	recent	review	of
the	literature	failed	to	demonstrate	a	clear	advantage	with	the	combined	therapy
(72).	The	 same	 lack	of	 advantage	over	 the	monotherapy	has	been	 seen	also	 in
two	different	meta-analyses	(73,	74).	A	large	study	evaluating	the	outcomes	over
17	 years	 follow	 up	 in	 population	 undertaking	 T3,	 mostly	 associated	 with	 T4,
compared	to	a	population	receiving	only	LT4,	didn't	show	any	difference	in	the
cardiovascular	events,	atrial	fibrillation,	fractures,	diabetes	mellitus	or	death;	the
group	receiving	T3	showed	an	increased	rate	of	use	of	antipsychotic	drugs	(75).
According	to	the	2012	ETA	guidelines	(10),	the	combined	therapy	T4/T3	should
be	 used	 only	 in	 case	 of	 persistent	 complaint	 from	 the	 patient	 despite	 normal
values	 of	 TSH	 with	 the	 monotherapy,	 after	 adequate	 education	 regarding	 the
chronicity	of	 the	 thyroid	condition.	Moreover,	 the	combined	 therapy	should	be
interrupted	 if	 the	 clinical	 improvement	 is	 not	 reached	 within	 3	 months	 (76).
Thus,	 taking	 in	 mind	 the	 potential	 drawbacks	 of	 T3	 therapy,	 the	 combined



treatment	 with	 T4/T3	 is	 generally	 not	 advised	 in	 older	 hypothyroid	 patients,
especially	in	those	older	than	75	years.

Considering	how	variable	the	thyroid	hormones	could	be	among	the	general
population,	due	 to	 the	 influence	of	genetic,	demographic	 (i.e.,	 age	and	gender)
and	 environmental	 factors,	 it	 is	 important	 to	 tailor	 and	 personalize	 the
individual's	treatment	and	follow	up	approach.

CONCLUSIONS

Hypothyroidism,	overt	or	subclinical,	 is	a	very	frequent	chronic	disease	among
the	older	population;	however,	TSH	circulating	levels	have	been	demonstrated	to
increase	with	 aging,	 regardless	 the	 existence	 of	 an	 actual	 thyroid	 disease.	 For
this	 reason,	when	confronting	an	 increase	 in	TSH	circulating	 level	 in	a	patient
older	 than	 65	 years	 of	 age,	 and	 even	 more	 carefully	 in	 the	 oldest	 old,	 it	 is
important	 to	 carry	 an	 appropriate	 diagnostic	 path,	 comprehensive	 of	 clinical
picture,	 laboratory	 tests,	 in	 particular	 checking	 for	 anti-thyroid	 autoantibodies,
and	US	scan.	Moreover,	in	the	older	population,	the	presence	of	frailty	needs	to
be	considered	and	addressed	(77).	The	therapy	of	choice	is	hormone	replacement
with	 LT4,	 whichever	 pharmacologic	 form	 is	 more	 adequate,	 starting	 with	 a
dosage	of	0.3–0.4	μg/Kg/day	and	titrating	by	10–15%	after	6–8	weeks,	aiming	to
keep	an	optimal	TSH	level	of	2.5–3.5	mIU/L.	It	is	important	to	stress	the	need	of
educating	 the	 patient	 for	 a	 correct	 administration	 of	 the	 therapy,	 particularly
when	 poly-therapy	 is	 in	 place	 and	 the	 importance	 of	 a	 tailored	 therapeutic
approach	and	follow	up,	to	avoid	overtreatment.
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The	effects	of	excess	aldosterone	on	skeletal	muscle	in	individuals	with	primary
aldosteronism	 (PA)	 are	 unknown.	 To	 examine	 the	 effects	 of	 aldosterone	 on
skeletal	muscle	mass	in	patients	with	PA,	by	sex,	309	consecutive	patients	were
enrolled.	 Skeletal	muscle	 and	 fat	mass	 of	 62	 patients	with	PA	were	 compared
with	those	of	247	controls	with	non-functioning	adrenal	incidentaloma	(NFAI).
Body	 composition	 parameters	 were	 measured	 using	 bioelectrical	 impedance
analysis,	 and	 plasma	 aldosterone	 concentration	 (PAC)	 was	 measured	 using
radioimmunoassay.	The	PAC	in	all	women,	but	not	in	men,	showed	an	inverse
association	with	both	appendicular	skeletal	muscle	mass	(ASM)	(β	=	−0.197,	P
=	 0.016)	 and	 height-adjusted	ASM	 (HA-ASM)	 (β	 =	 −0.207,	P	 =	 0.009).	HA-
ASM	in	women	(but	not	in	men)	with	PA	was	5.0%	lower	than	that	in	women
with	NFAI	 (P	 =	 0.036).	 Furthermore,	women	with	 PA	 had	 a	 lower	HA-ASM
than	 1:1	 age-	 and	 sex-matched	 controls	 with	 NFAI	 by	 5.7%	 (P	 =	 0.049)	 and
tended	 to	 have	 a	 lower	HA-ASM	 than	 1:3	 age-,	 sex-,	 and	menopausal	 status-
matched	controls	without	adrenal	incidentaloma	(AI)	by	7.3%	(P	=	0.053).	The
odds	ratio	(OR),	per	quartile	increase	in	PAC,	of	low	HA-ASM	in	women	was
1.18	 [95%	 confidence	 interval	 (CI),	 1.01–1.39;	P	 =	 0.035].	 The	 odds	 of	 HA-
ASM	in	subjects	with	PA	were	10.63-fold	(95%	CI:	0.83–135.50)	higher,	with
marginal	significance	(P	=	0.069)	than	in	those	with	NFAI.	Skeletal	muscle	mass
in	women	with	PA	was	 lower	 than	 that	 in	women	with	NFAI;	 suggesting	 that
excess	aldosterone	has	adverse	effects	on	skeletal	muscle	metabolism.

Keywords:	 primary	 aldosteronism,	 aldosterone,	 skeletal	 muscle	 mass,
sarcopenia,	sex

INTRODUCTION

Aging	 is	 associated	with	 sarcopenia,	which	 is	 characterized	by	 loss	of	 skeletal
muscle	mass	and	strength,	and/or	decline	in	physical	performance	(1).	Previous
studies	confirm	an	association	between	sarcopenia	and	adverse	health	outcomes
such	as	impaired	cardiopulmonary	performance,	reduced	physical	capability,	and
increased	disability	and	mortality	(2).	Asia,	 including	Korea,	 is	a	region	with	a
rapidly	aging	population;	thus,	sarcopenia	is	increasingly	prevalent	(3).	Indeed,	a
national	survey	in	Korea	revealed	that	11.9%	of	women	and	12.1%	of	men	have



sarcopenia	 (4);	 therefore,	 it	 is	becoming	a	major	 challenge	 in	 terms	of	healthy
aging.

Evidence	 suggests	 that	 inhibiting	 the	 renin–angiotensin–aldosterone	 system
(RAAS)	may	prevent	the	development	of	sarcopenia	(5,	6).	Indeed,	the	treatment
of	 older	 people	 without	 congestive	 heart	 failure	 (CHF)	 with	 angiotensin	 I
converting	 enzyme	 (ACE)	 inhibitors	 improves	 physical	 performance	 (6,	 7).
Aldosterone,	a	mineralocorticoid,	is	a	terminal	hormone	of	the	RAAS;	therefore,
it	may	have	deleterious	effects	on	skeletal	muscle	(5).	Aldosterone	increases	the
loss	of	magnesium	via	 the	urine,	 thereby	depleting	 the	 levels	of	magnesium	 in
the	muscle	where	it	is	essential	for	activating	the	Na+/K+	pumps,	which	regulates
muscle	contraction	(8,	9).	Aldosterone	also	suppresses	insulin-mediated	glucose
uptake	 and	 increases	 oxidative	 stress	 in	 skeletal	 muscle	 (10).	 Furthermore,
plasma	aldosterone	concentration	(PAC)	in	CHF	patients	with	cardiac	cachexia
is	 higher	 than	 that	 in	 age-matched	 controls	 without	 CHF	 (11).	 Blocking	 the
mineralocorticoid	 receptor	 (MR)	 for	 aldosterone	 with	 spironolactone	 prevents
the	 loss	 of	 skeletal	myocytes	 (12),	 improves	 vascular	 endothelial	 function	 and
muscle	 blood	 flow	 (13),	 and	 improves	 muscle	 contractile	 performance	 by
increasing	 the	magnesium	levels	and	up-regulating	Na+/K+	pumps	(8).	To	date,
the	 majority	 of	 studies	 examining	 the	 detrimental	 effects	 of	 aldosterone	 on
skeletal	 muscle	 have	 been	 conducted	 in	 animals,	 in	 patients	 with	 CHF,	 or
patients	 with	 alcoholic	 liver	 cirrhosis	 (LC),	 in	 whom	muscle	 wasting	may	 be
caused	 by	 cachexia	 with	 impaired	 cardiac	 function	 or	 the	 toxic	 effects	 of
alcohol.	 Although	 cachexia	 and	 sarcopenia	 show	 common	 pathophysiological
mechanisms	 of	 underlying	muscle	 dysfunction	 and	muscle	 loss	 (14),	 there	 are
several	 differences	 between	 them.	 Cachexia	 is	 associated	 with	 major	 diseases
such	 as	 infections,	 cancer,	 heart	 disease,	 chronic	 kidney	 disease,	 chronic
obstructive	pulmonary	disease,	and	stroke	(15).	Cachexia	is	weight	 loss	caused
not	 only	 by	 inflammatory	 cytokines	 but	 also	 by	 proteolytic	 inducers,	 derived
from	underlying	diseases.	On	the	contrary,	sarcopenia	is	the	loss	of	muscle	mass
and	 function,	mainly	 associated	with	 aging.	Sarcopenia	 is	 caused	by	 failure	of
satellite	cell	activation	or	by	 the	promotion	of	proinflammatory	cytokines	(16).
Therefore,	 it	 is	 unclear	 whether	 excess	 aldosterone	 contributes	 to	 the
development	of	sarcopenia	in	the	general	population.

Primary	 aldosteronism	 (PA)	 is	 a	 disease	 of	 the	 adrenal	 gland	 and	 is
characterized	by	 levels	of	 aldosterone	 that	 are	 inappropriately	high	 for	 sodium
status	 (17).	Therefore,	PA	 is	 a	good	model	 in	which	 to	 examine	 the	effects	of
excess	aldosterone	on	human	skeletal	muscle.	To	the	best	of	our	knowledge,	no
study	has	examined	skeletal	muscle	mass	in	individuals	with	PA.	Therefore,	we



examined	the	association	between	PAC	and	skeletal	muscle	mass	and	compared
the	body	composition	of	Korean	patients	with	PA	with	 that	of	 those	with	non-
functioning	adrenal	incidentaloma	(NFAI).

MATERIALS	AND	METHODS

Study	Participants	and	Protocol
Consecutive	 patients	 (n	 =	 919)	 with	 adrenal	 incidentaloma	 (AI),	 newly
diagnosed	at	Asan	Medical	Center	(AMC;	Seoul,	Korea)	between	July	2011	and
December	2015,	were	screened	(Supplementary	Figure	1).	Diagnosis	of	AI	was
based	 on	 the	 detection	 of	 an	 adrenal	 mass	 (size	 ≥1	 cm)	 using	 computed
tomography	 (CT),	 which	 was	 performed	 as	 part	 of	 an	 investigation	 for	 an
unrelated	disease.	All	patients	with	AI	underwent	biochemical	evaluation	to	test
for	hormonal	abnormalities.	Of	these,	597	patients	were	referred	from	the	Health
Promotion	 Center	 due	 to	 AI	 where	 they	 underwent	 bioelectrical	 impedance
analysis	 (BIA);	 therefore,	 they	 were	 eligible	 for	 inclusion	 in	 this	 study.	 Two
hundred	 and	 thirty	 eight	 patients	 with	 suspected	 hypercortisolism,
pheochromocytoma,	adrenal	metastasis,	adrenal	carcinoma,	adrenal	tuberculosis,
congenital	adrenal	hyperplasia,	or	pseudo-Cushing's	syndrome	were	excluded.	In
addition,	 80	 patients	who	had	 taken	 estrogen,	 steroids,	 or	 thyroid	 hormone,	 or
had	 a	 disorder	 (such	 as	 hyperthyroidism)	 that	might	 affect	muscle	mass,	were
excluded.	Before	measuring	 the	PAC	 (ng/dL)	 and	plasma	 renin	 activity	 (PRA,
ng/mL/h)	 to	 detect	 possible	 case	 of	 PA	 [determined	 by	 calculating	 the
aldosterone	 to	 renin	 ratio	 (ARR)],	 all	 antihypertensive	 medications,	 such	 as
angiotensin	II	receptor	blockers	ACE	inhibitors,	were	withdrawn	for	≥4	weeks	to
prevent	 possible	 interference	 with	 the	 results	 (17).	 If	 absolutely	 necessary,
subjects	 received	 α-adrenergic	 blocker	 (e.g.,	 doxazosin)	 and/or	 a	 non-
dihydropyridine	 slow-release	 antagonist	 calcium	 channel	 blocker	 (e.g.,
verapamil)	 in	 accordance	 with	 recent	 guidelines	 (17).	 All	 patients	 were
encouraged	 to	 continue	 with	 oral	 potassium	 supplementation	 in	 case	 of
hypokalemia.	And	there	were	no	restrictions	on	the	consumption	of	dietary	salt
before	 testing.	 The	 subjects	 in	 the	 matched	 control	 group	 with	 NFAI	 were
randomly	selected	from	among	patients	who	undertook	a	screening	test	via	 the
Health	 Promotion	 Center,	 at	 AMC	 (Seoul,	 Korea)	 within	 the	 same	 periods	 as
those	 in	 the	 PA	 group.	 The	 57	 controls	 were	 matched	 (1:1)	 to	 the	 cases
according	to	both	age	(within	2.0	years)	and	sex.

The	screening	 test	 result	was	considered	positive	 if	 the	ARR	was	≥30.	The
diagnosis	of	PA	was	confirmed	by	a	non-suppressed	PAC	value	of	>10	ng/dL



after	 an	 intravenous	 saline	 infusion	 test	 (2	L	 of	 0.9%	 saline	 infused	 over	 4	 h)
(17).	 PA	 was	 excluded	 if	 the	 post-infusion	 PAC	 value	 was	 <5	 ng/dL.	 The
intravenous	saline	infusion	test	was	repeated	if	the	post-infusion	PAC	value	was
5–10	ng/dL.	However,	PA	was	diagnosed	without	 a	 confirmatory	 test	 in	 those
with	 spontaneous	 hypokalemia,	 a	 PRA	below	 the	 detection	 limits,	 and	 a	 PAC
>20	ng/dL	(17).	Finally,	62	patients	were	diagnosed	with	PA	(29	women	and	33
men)	 and	 247	 patients	 were	 diagnosed	 with	 NFAI	 (76	 women	 and	 171	men)
(Supplementary	Figure	1).	The	57	subjects	in	the	control	group	with	NFAI	who
were	matched	1:1	to	patients	with	PA	in	terms	of	sex	and	age	(±2.0	years)	were
randomly	selected	from	the	247	patients	with	NFAI.	Furthermore,	186	controls
without	AI	who	were	matched	1:3	to	patients	with	PA	in	terms	of	sex	and	age
(±1.0	 years)	 were	 randomly	 selected	 from	 patients	 who	 had	 BIA	 data,	 which
were	performed	in	the	Health	Promotion	Center.

Height	(cm)	and	weight	(kg)	were	measured	(participants	wore	light	clothing
without	 shoes),	 and	 body	 mass	 index	 (BMI;	 kg/m2)	 was	 calculated.	 Blood
pressure	(BP,	mmHg)	was	measured	twice	using	a	mercury	manometer	after	the
patient	 had	 rested	 for	>15	min;	 the	 average	value	was	 recorded.	Mean	 arterial
pressure	(MAP)	was	calculated	as	[systolic	BP	+	(2	×	diastolic	BP)]/3	(mmHg).
The	 following	 patient	 information	 was	 obtained	 from	 an	 interview-assisted
questionnaire:	 regular	 outdoor	 exercise	 (≥30	 min/d),	 alcohol	 intake	 (≥3	 U/d),
smoking	 habits	 (current	 smoker),	 previous	 medical	 or	 surgical	 procedures,
history	of	medication	use,	and	reproductive	status	(including	menstruation).

The	study	was	approved	by	the	Institutional	Review	Boards	at	AMC,	and	all
participants	provided	written	informed	consent.

Bioelectrical	Impedance	Analysis	(BIA)
Body	composition	was	measured	using	a	direct	segmental	multi-frequency	BIA
(In-Body	 720;	 Biospace	 Co.,	 Ltd.,	 Seoul,	 Korea)	 apparatus.	 The	 In-Body	 720
automatically	 estimates	 the	 weight,	 body	 mass	 index	 (BMI,	 kg/m2),	 fat	 mass
(FM,	kg),	percent	fat	mass	(pFM,	%),	and	skeletal	muscle	mass	in	the	arms	and
legs.	The	pFM	is	the	ratio	of	FM	to	total	body	weight.	Lean	mass	(LM,	kg),	is
the	 total	 muscle	 mass.	 Appendicular	 skeletal	 muscle	 mass	 (ASM,	 kg)	 was
calculated	as	the	summed	skeletal	muscle	mass	in	the	arms	and	legs.	Upper	limb
ASM	(UL-ASM,	kg)	was	calculated	as	the	summed	skeletal	muscle	mass	in	both
arms,	 and	 lower	 limb	 ASM	 (LL-ASM,	 kg)	 was	 calculated	 as	 the	 summed
skeletal	muscle	mass	in	both	legs.	As	suggested	by	the	Consensus	Report	of	the
Asian	 Working	 Group	 for	 Sarcopenia	 (1),	 height-adjusted	 ASM	 (HA-ASM,
kg/m2)	was	defined	as	ASM	divided	by	height	in	meters	squared	(ASM/height2)



(1).	Low	skeletal	muscle	mass	was	defined	in	terms	of	HA-ASM	using	a	cutoff
point	of	<6.75	kg/m2	for	men	and	<5.07	kg/m2	for	women.

Measurement	of	Hormone	Levels	and	Biochemical	Parameters
Morning	blood	samples	were	drawn	after	an	overnight	fast.	The	PAC	and	PRA
were	 measured	 by	 radioimmunoassay	 (SPAC-S	 aldosterone	 and	 PRA	 kits,
respectively;	 TFB	 Inc.,	 Tokyo,	 Japan)	 using	 a	 Cobra	 II	 Gamma	 Counter
(Packard	 Instrument	Co.,	Meriden,	CT).	For	 the	PAC	assay,	 the	 lower	 limit	of
detection	was	 >1.53	 ng/dL,	 and	 the	 intra-assay	 and	 inter-assay	 coefficients	 of
variation	 (CVs)	 were	 <3.2	 and	 <6.7%,	 respectively.	 For	 the	 PRA	 assay,	 the
lower	limit	of	detection	was	>0.09	ng/mL/h	and	the	intra-assay	and	inter-assay
CVs	were	<8.3	and	<9.7%,	respectively.

Serum	 potassium	 levels	 were	 measured	 using	 a	 Roche	 ISE	 Standard
Low/High	 (Roche	 Diagnostics,	 Mannheim,	 Germany)	 ion	 selective	 electrode
(ISE)	and	a	Cobas	8000	ISE	analyzer	(Roche	Diagnostics).	The	intra-assay	and
inter-assay	 CVs	 were	 0.5	 and	 1.6%,	 respectively.	 Serum	 creatinine	 was
measured	 in	 a	 kinetic	 colorimetric	 assay	 using	 the	Roche	CREAJ2	 kit	 (Roche
Diagnostics)	and	a	Cobas	c702	module	(Roche	Diagnostics).	The	intra-assay	and
inter-assay	CVs	were	 <2.3	 and	 <2.7%,	 respectively.	Glomerular	 filtration	 rate
(GFR)	was	estimated	using	the	Cockcroft–Gault	equation	(18).

Statistical	Analysis
Data	 are	 expressed	 as	 the	 mean	 ±	 standard	 deviations	 (SD),	 the	 median
(interquartile	 range),	 or	 number	 (percentage)	 unless	 stated	 otherwise.	 Baseline
characteristics	were	compared	using	Student's	t-test	or	the	Mann–Whitney	U-test
(continuous	 variables)	 or	 the	 χ2	 test	 (categorical	 variables).	 To	 investigate	 the
correlation	 of	 PAC	 with	 age,	 we	 performed	 Pearson's	 correlation	 analysis	 in
patients	 with	 NFAI.	 Interaction	 analysis	 was	 performed	 to	 test	 whether	 the
association	between	PAC	(presented	as	a	continuous	variable)	and	parameters	of
body	composition	was	modified	by	sex	(coded	as	0	and	1	for	women	and	men,
respectively,	and	expressed	as	a	categorical	variable).	The	association	between
PAC	and	ASM,	UL-ASM,	LL-ASM,	HA-ASM,	FM,	and	pFM	was	evaluated	by
multiple	linear	regression	analyses	after	adjusting	for	confounding	factors	(age,
menopausal	 status	 in	 women,	 BMI,	 regular	 outdoor	 exercise,	 alcohol	 intake,
current	smoking,	MAP,	K+	levels,	and	GFR).	To	further	analyze	the	differences
in	 the	magnitude	of	 the	association	between	PAC	and	UL-ASM	and	LL-ASM,
the	 corresponding	 regression	 coefficients	 were	 compared	 using	 a	 previously
reported	 equation,	 which	 is	 an	 extension	 of	 the	 t-test	 with	 unstandardized	 β-



coefficients	and	standard	error	(SE)	(19).	After	women	and	men	were	assigned
to	 four	 groups	 according	 to	 PAC	 quartile,	 the	 multivariable-adjusted	 least
squares	mean	value	(95%	CIs)	of	HA-ASM	was	calculated	with	respect	to	PAC
quartile;	 these	 were	 then	 compared	 using	 analysis	 of	 covariance	 (ANCOVA)
after	 adjusting	 for	 potential	 confounding	 factors.	 The	 multivariable-adjusted
least	squares	mean	values	(95%	CIs)	for	ASM,	HA-ASM,	UL-ASM,	LL-ASM,
FM,	 and	 pFM	based	 on	 the	 absence/presence	 of	 PA	were	 calculated	 and	 then
compared	 using	 ANCOVA,	 after	 adjusting	 for	 potential	 confounding	 factors.
The	multivariable-adjusted	 least	 squares	mean	values	 (95%	CIs)	 for	HA-ASM
and	 LM	 based	 on	 the	 absence/presence	 of	 PA	 were	 calculated	 and	 then
compared	with	PA	cases	after	adjusting	for	potential	confounding	factors,	with
the	 1:1	 age-	 and	 sex-matched	 controls	 with	 NFAI	 or	 1:3	 age-,	 sex-,	 and
menopausal	 status-matched	 controls	 without	 AI,	 using	 ANCOVA.	 Multiple
logistic	regression	analyses	was	performed	to	calculate	the	odds	ratio	(OR)	and
95%	CIs	 for	 an	 association	 between	 low	 skeletal	muscle	mass	 per	 increase	 in
PAC	 or	 the	 presence	 of	 PA	 (after	 adjusting	 for	 potential	 confounders).	 A
receiver	 operating	 characteristics	 (ROC)	 curve	 was	 constructed	 and	 the	 area
under	the	curve	(AUC)	was	measured	to	assess	the	ability	of	PAC	to	predict	low
skeletal	 muscle	 mass.	 All	 statistical	 analyses	 were	 performed	 using	 SPSS,
version	22.0	(SPSS	Inc.,	Chicago,	IL).	A	P	value	<0.05	was	deemed	statistically
significant.

RESULTS

The	309	participants	enrolled	in	the	study	were	categorized	according	to	the	PA
status.	The	baseline	characteristics	are	presented	in	Table	1.	Women	with	PA	(n
=	29)	tended	to	be	younger	than	women	with	NFAI	(n	=	76;	P	=	0.061).	There
was	no	significant	difference	in	age,	menopausal	status	of	women,	and	in	height,
weight,	and	GFR	in	both	sexes,	between	the	PA	group	and	the	NFAI	group.	As
expected,	 both	 women	 and	 men	 with	 PA	 had	 higher	 systolic	 blood	 pressure
(systolic	BP),	MAP,	PAC,	and	ARR;	and	lower	K+	levels	and	PRA	values,	than
women	with	NFAI.	PAC	was	negatively	 correlated	with	 age	 (γ	=	−0.162,	P	=
0.001	 for	men	 and	 γ	 =	 −0.209,	P	 =	 0.001	 for	women)	 in	 patients	with	NFAI
(data	not	shown).	The	baseline	body	composition	differed	by	sex.	The	pFM	was
significantly	higher	 in	women	(32.2	±	6.4%)	 than	men	(23.0	±	5.1,	P	<0.001).
LM	was	significantly	higher	in	men	(53.5	±	6.3	kg)	than	women	(38.5	±	3.9,	P
<0.001).	ASM	also	showed	the	same	tendency	as	LM	(16.1	±	2.4	kg	for	women
vs.	23.7	±	3.3	kg	for	men,	P	<0.001)	(data	not	shown).



Table	1.	Baseline	characteristics	of	the	study	participants	(n	=	309).

Next,	 we	 tested	whether	 any	 relationship	 existing	 between	 PAC	 and	 body
composition	 is	 affected	 by	 sex.	The	 results	 showed	 sex	 effects	 for	ASM,	UL-
ASM,	 LL-ASM,	 and	 HA-ASM	 (P	 value	 for	 interaction	 =	 0.008–0.030).
Therefore,	data	for	men	and	women	were	analyzed	separately.

The	 results	of	 the	multiple	 linear	 regression	analyses	performed	 to	 identify
any	independent	associations	between	PAC	and	ASM,	UL-ASM,	LL-ASM,	HA-
ASM,	FM,	and	pFM	are	presented	 in	Table	2.	For	women,	a	higher	PAC	was
significantly	 associated	with	 lower	ASM,	UL-ASM,	 LL-ASM,	 and	HA-ASM,
but	 not	with	 FM	 and	 pFM,	 after	 adjusting	 for	 confounders.	 Despite	 a	 lack	 of
statistical	 significance	 (P	 =	 0.201),	 the	 magnitude	 of	 the	 inverse	 association
between	PAC	and	LL-ASM	(β	=	−0.032)	was	larger	than	that	between	PAC	and
UL-ASM	 (β	 =	 −0.013).	 There	 was	 no	 statistically	 significant	 association
between	PAC	and	ASM,	UL-ASM,	LL-ASM,	HA-ASM,	FM,	and	pFM	in	men.
Furthermore,	 there	was	no	 statistically	 significant	 association	between	PRA	or
ARR	and	ASM,	UL-ASM,	LL-ASM,	and	HA-ASM	in	men	or	women	(data	not
shown).

Table	2.	Multiple	linear	regression	analysis	of	the	association	between	plasma	aldosterone
concentration	(PAC)	and	ASM,	UL-ASM,	LL-ASM,	HA-ASM,	FM,	and	pFM	(n	=	309).



After	 adjusting	 for	 potential	 confounders,	 estimation	 of	 the	 multivariable-
adjusted	 least	 squares	 mean	 HA-ASM	 according	 to	 PAC	 quartiles	 (Figure	 1)
revealed	that	women	in	the	highest	quartile	(quartile	4:	23.6–51.0	ng/dL)	had	a
lower	HA-ASM	than	those	in	the	other	quartiles	(quartiles	1–3:	1.2–23.5	ng/dL);
specifically,	 the	 values	were	 7.8%	 lower	 than	 those	 in	 quartile	 1	 (P	 =	 0.007),
7.9%	lower	 than	 those	 in	quartile	2	 (P	=	0.005),	and	9.0%	lower	 than	 those	 in
quartile	3	(P	=	0.002)	(Figure	1A).	There	was	no	significant	difference	in	HA-
ASM	 between	 PAC	 quartiles	 1,	 2,	 and	 3	 (P	 =	 0.660–0.974).	 For	 men,	 the
association	between	PAC	and	HA-ASM	did	not	show	a	threshold	effect	(Figure
1B).



FIGURE	1.	Height-adjusted	ASM	(HA-ASM)	according	to	plasma	aldosterone	concentration
(PAC)	quartile.	(A)	is	for	women	and	(B)	is	for	men.	Values	represent	estimated	means,	with
95%	confidence	intervals	calculated	from	the	analysis	of	covariance	(ANCOVA)	after	adjusting
for	age,	menopausal	status	in	women,	body	mass	index,	regular	outdoor	exercise,	alcohol
intake,	current	smoking,	mean	arterial	pressure,	glomerular	filtration	rate,	and	K+	levels.
*Significantly	difference	occurred	with	the	highest	quartile	(Q4)	(ANCOVA	with	post-hoc
analysis).

Next,	we	 used	ANCOVA	 to	 estimate	 differences	 in	ASM,	HA-ASM,	UL-
ASM,	LL-ASM,	FM,	and	pFM	between	participants	with	PA	and	NFAI	 (after
adjusting	 for	 all	 potential	 confounders)	 (Figure	 2).	 For	 women	 with	 PA,	 LL-
ASM	was	5.4%	lower	 (P	=	0.046)	and	HA-ASM	was	4.9%	lower	 (P	=	0.036)
than	those	for	women	without	PA	(Figure	2A).	There	was	no	difference	in	UL-
ASM.	 For	men,	 there	was	 no	 statistically	 significant	 difference	 in	ASM,	HA-
ASM,	 UL-ASM,	 LL-ASM,	 FM,	 and	 pFM	 between	 the	 PA	 and	 NFAI	 groups
(Figure	2B).	We	compared	HA-ASM	and	LM	between	patients	with	PA	(n	=	57)
and	 1:1	 age-	 (±2.0	 years),	 and	 sex-	 matched	 controls	 with	 NFAI	 (n	 =	 57)
(Supplementary	Table	1,	Supplementary	Figure	2).	As	shown	in	Supplementary
Figure	 2;	 24	 women	 with	 PA	 had	 lower	 HA-ASM	 than	 1:1	 age-	 and	 sex-



matched	24	women	with	NFAI	controls	by	5.7%	(P	=	0.049)	after	adjusting	for
all	 potential	 confounders.	 For	 men,	 there	 was	 no	 statistically	 significant
difference	in	HA-ASM	and	LM	between	the	PA	(n	=	33)	and	1:1	age-,	and	sex-
matched	 controls	 with	 NFAI	 (n	 =	 33).	We	 also	 compared	 HA-ASM	 and	 LM
between	 patients	 with	 PA	 (n	 =	 62)	 and	 1:3	 sex-,	 age-	 (±1.0	 years),	 and
menopausal	status-matched	controls	without	AI	(n	=	186)	(Supplementary	Table
2,	Supplementary	Figure	2).	Women	with	PA	(n	=	29)	tended	to	have	lower	HA-
ASM	 than	 1:3	 age-,	 sex-,	 and	 menopausal	 status-matched	 controls	 women
without	AI	 (n	 =	 87)	 by	 7.3%	 (P	 =	 0.054).	 For	men,	 there	was	 no	 statistically
significant	difference	in	HA-ASM	and	LM	between	the	PA	(n	=	33)	and	control
groups	(n	=	99).

FIGURE	2.	Differences	in	appendicular	skeletal	muscle	mass	(ASM),	height-adjusted	ASM
(HA-ASM),	upper	limb	ASM	(UL-ASM),	lower	limb	ASM	(LL-ASM),	fat	mass	(FM),	and	percent
FM	(pFM)	between	subjects	with	and	without	primary	aldosteronism	(PA).	(A)	is	for	women
and	(B)	is	for	men.	Values	represent	estimated	means,	with	95%	confidence	intervals
calculated	from	analysis	of	covariance	(ANCOVA)	after	adjusting	for	age,	menopausal	status
in	women,	body	mass	index,	regular	outdoor	exercise,	alcohol	intake,	current	smoking,	mean
arterial	pressure,	glomerular	filtration	rate	(GFR),	and	K+	levels.	NFAI,	non-functioning	adrenal
incidentaloma.

Finally,	we	 performed	multiple	 logistic	 regression	 analyses	 to	 identify	 any



association	between	PAC	or	 the	presence	of	PA	and	 the	 risk	of	 lower	 skeletal
muscle	 mass	 (Table	 3).	 For	 women,	 the	 odds	 ratio	 (OR)	 [95%	 confidence
interval	(95%	CIs)]	per	quartile	increase	in	PAC	for	lower	skeletal	muscle	mass
was	 1.18	 (1.01–1.39).	 In	 addition,	 the	OR	 of	 the	 association	 between	 PA	 and
lower	 skeletal	 muscle	 mass	 in	 women	 was	 10.63-fold	 higher	 (95%	 CI,	 0.83–
135.50)	 than	 that	 for	 the	 association	between	NFAI	 and	 lower	 skeletal	muscle
mass	 (Table	 3).	 A	 ROC	 curve	 analysis	 performed	 to	 determine	 the	 PAC
threshold	for	predicting	low	skeletal	muscle	mass	in	women	revealed	an	AUC	of
0.734	(95%	CI,	0.639–0.875)	(Supplementary	Figure	3).	The	cutoff	value,	which
corresponded	to	Youden's	index	(20),	was	29	ng/dL.	A	PAC	value	≥29.0	ng/dL
predicted	low	skeletal	muscle	mass	with	a	sensitivity	of	57.1%	and	a	specificity
of	92.9%.	For	women,	the	OR	(95%	CI)	of	the	association	between	PAC	values
≥29.0	ng/dL	and	low	skeletal	muscle	mass	was	139.17	(2.40–8069.74).

Table	3.	Multiple	logistic	regression	analyses	to	determine	the	odds	ratio	(OR)	and	95%
confidence	intervals	(95%	CIs)	for	the	association	between	lower	skeletal	muscle	mass*	and
plasma	aldosterone	concentration	(PAC)	or	primary	aldosteronism	(PA).

DISCUSSION

The	data	presented	herein	reveal	an	inverse	association	between	PAC	and	ASM,
UL-ASM,	LL-ASM,	and	HA-ASM	(after	adjusting	for	potential	confounders)	in
women.	This	was	not	the	case	for	men.	Consistent	with	this,	LL-ASM	and	HA-
ASM	in	women	(but	not	in	men)	with	PA	were	lower	than	in	women	with	NFAI.
Furthermore,	 women	 with	 PA	 had	 lower	 HA-ASM	 than	 1:1	 age-	 and	 sex-



matched	controls	with	NFAI,	and	tended	to	have	lower	HA-ASM	than	1:3	age-,
sex-,	 and	 menopausal	 status-matched	 controls	 without	 AI.	 The	 odds	 of	 low
skeletal	muscle	mass	were	higher	according	to	the	PAC	and	high	PAC	level	in
women,	but	not	 in	men.	To	 the	best	of	our	knowledge,	 this	 study	presents	 the
first	clinical	evidence	that	excess	aldosterone	might	contribute	to	a	reduction	in
skeletal	muscle	mass,	particularly	in	women.

Despite	 the	 lack	 of	 a	 statistically	 significant	 association	 between	PRA	 and
parameters	 indicative	 of	 skeletal	 muscle	 mass,	 the	 finding	 of	 an	 inverse
association	between	PAC	and	ASM,	UL-ASM,	LL-ASM,	or	HA-ASM	suggests
that	excess	aldosterone	per	se	has	a	detrimental	effect	on	skeletal	muscle	mass.
Although	 aldosterone	 increases	 Na+/K+	 pumps	 activity	 in	 skeletal	 muscle	 of
patients	 with	 Conn's	 syndrome	 (21),	 our	 data	 reported	 that	 aldosterone	 has
deleterious	 effects	 on	 skeletal	 muscle	 mass	 in	 humans	 without	 CHF.
Furthermore,	this	finding	is	in	agreement	with	those	reported	in	an	animal	study
showing	 that	 injecting	 rats	with	 aldosterone	 induces	 apoptosis	 of	myocytes	 in
skeletal	muscle	 (12).	Women	 in	 the	 highest	 PAC	 quartile	 (PAC	≥23.6	 ng/dL)
had	a	 lower	HA-ASM	than	those	in	 the	other	 three	quartiles.	Also,	PAC	≥29.0
ng/dL	was	associated	with	low	skeletal	muscle	mass	in	women.	These	findings
agree	with	 those	 reported	 in	 another	 study	 showing	 that	PAC	 in	CHF	patients
with	 cachexia	was	 2-fold	 higher	 than	 that	 in	 non-cachectic	 CHF	 patients,	 and
more	 than	 3-fold	 higher	 than	 that	 in	 age-matched	 individuals	 (35.5	 ng/dL	 vs.
18.0	 ng/dL	 and	 10.8	 ng/dL,	 respectively),	 despite	 the	 possibility	 that	 impaired
cardiac	 function	was	 a	 confounding	 factor	 (11).	 Taken	 together,	 the	 results	 of
both	 the	 previous	 and	 present	 studies	 suggest	 the	 detrimental	 effects	 of
aldosterone	 excess	 on	 the	 skeletal	 muscle	mass	 in	 subjects	 with	 a	 high	 PAC.
Indeed,	several	studies	suggest	 that	spironolactone	prevents	 the	 loss	of	skeletal
myocytes	 in	 animals	 (12),	 improves	 vascular	 endothelial	 function	 and	muscle
blood	 flow	 in	 patients	 with	 CHF	 (13),	 and	 improves	 muscle	 contractile
performance	 by	 increasing	 magnesium	 levels	 and	 by	 up-regulating	 Na+/K+

pumps	 in	 skeletal	 muscle	 of	 patients	 with	 alcoholic	 LC	 (8).	 However,	 these
patients	may	have	 experienced	muscle	wasting	 due	 to	 cachexia	 from	 impaired
cardiac	function	or	the	toxic	effects	of	alcohol.	Therefore,	our	study	excluded	the
combined	 effects	 of	 underlying	 disease,	 reported	 in	 previous	 studies	 and
identified	 the	 effects	 of	 aldosterone	 excess	 per	 se	 on	 the	 development	 of
sarcopenia	in	the	general	population.

A	previous	study	showed	that	subjects	with	NFAI	may	have	a	higher	risk	of
atherosclerosis	than	age-,	or	sex-matched	subjects	without	adrenal	gland	lesions,
and	suggested	that	the	body	composition	of	patients	with	NFAI	may	differ	from



that	of	subjects	without	AI	(22).	Therefore,	we	compared	the	muscle	mass	of	PA
patients	with	1:3	age-,	sex-,	and	menopausal	status-matched	controls	without	AI.
And	we	found	that	HA-ASM	in	women,	but	not	 in	men,	was	 lower	 in	patients
with	PA	than	in	age-,	sex-,	and	menopausal	status-matched	controls	without	AI,
although	 with	 a	 marginal	 significance.	 Therefore,	 these	 results	 also	 suggest	 a
detrimental	effect	of	PA	on	skeletal	muscle	metabolism	in	humans.

Another	 interesting	finding	reported	herein	 is	 that	 the	deleterious	effects	of
excess	aldosterone	on	skeletal	muscle	mass	occurred	only	in	women,	and	that	it
was	more	evident	in	the	lower	limbs	than	in	the	upper	limbs.	The	reason	for	this
sex	dimorphism	 is	unknown;	differences	 in	11β-hydroxysteroid	dehydrogenase
(11β-HSD)	expression	and	in	PAC	according	to	sex	might	be	subsidiary	reasons.
First,	 we	 speculate	 about	 the	 sexual	 dimorphism	 of	 11β-HSD.	 In	 the	 skeletal
muscle,	 there	 are	 two	 isoforms	 of	 11β-HSD;	 11β-HSD1	 (converting	 inactive
cortisone	 to	 active	 cortisol),	 and	 11β-HSD2	 (converting	 cortisol	 to	 cortisone),
resulting	in	the	protection	of	MR	from	cortisol	and	the	regulation	of	the	binding
of	 aldosterone	 to	 MR	 (23,	 24).	 Upregulation	 of	 skeletal	 muscle	 11β-HSD1
occurring	with	 age	 in	women,	 but	 not	 in	men	 (24)	might	 act	 as	 a	 local	 tissue
amplifier	of	cortisol,	mimicking	aldosterone	as	an	MR	agonist,	due	 to	 the	high
affinity	of	cortisol	equivalent	to	aldosterone	for	MR	(25,	26).	Second,	the	12/106
women	 (11.3%)	 and	 6/204	 men	 (2.9%),	 P	 =	 0.003,	 with	 high	 PAC	 (≥29.0
ng/dL),	may	be	more	vulnerable	to	the	deleterious	effects	of	excess	aldosterone.
ASM	 in	women	with	PA	was	5.4%	 lower	 in	 the	 lower	 limbs	 (P	=	0.046),	 but
only	4.3%	lower	in	the	upper	limbs	(P	=	0.164),	than	that	in	women	without	PA.
This	pattern	of	greater	muscle	weakness	in	the	lower	limbs	than	the	upper	limbs
in	 those	 with	 PA	 is	 similar	 to	 that	 observed	 in	 patients	 with	 overt
hypercortisolism;	thus,	the	issue	remains	unresolved	(27).

Although	 it	 is	assumed	 that	old	age	starts	at	about	65	years	of	age,	 several
studies	showed	that	age-dependent	loss	of	skeletal	muscle	mass	starts	in	middle-
aged	adults	between	45	and	65	years	of	age	(28,	29).	In	line	with	the	results	of	a
previous	study,	decreased	HA-ASM	in	Korean	men	accelerated	after	40	years	of
age,	 and	 that	 in	Korean	women	began	after	 around	55	years	 in	 a	 study	on	 the
assessment	 of	 muscle	 mass	 in	 Koreans,	 using	 the	 Korea	 National	 Health	 and
Nutrition	Examination	Survey	 IV	 (30).Therefore,	our	 study	 showed	 the	effects
of	aldosterone	excess	on	skeletal	muscle	mass	in	the	early	phase	of	aging-related
loss	of	skeletal	muscle	mass.	Generally,	the	secretory	functions	of	hormones	fall
with	 aging.	 In	 line	 with	 the	 results	 of	 previous	 studies	 showing	 that	 PAC
decreases	with	age	(31,	32),	we	also	showed	the	inverse	association	of	PAC	with
age.	 However,	 these	 results	 could	 not	 exclude	 the	 inappropriate	 activation	 of



MR,	as	well	as	the	efficacy	of	pharmacological	MR	antagonism	therapy	in	aging
populations	 (31).	Since	 there	 is	no	 report	 about	 the	 role	of	 aldosterone/MR	on
skeletal	muscle	 function	 in	aging-related	 skeletal	muscle	mass	 loss	 in	humans,
further	studies	in	those	aged	over	65	years	and	long-term	follow-up	period	will
be	needed.

A	 major	 strength	 of	 this	 study	 is	 that	 we	 minimized	 selection	 bias	 by
screening	 consecutive	 subjects	 with	 newly	 diagnosed	 AI.	 Also,	 we	 analyzed
patients	 with	 PA	 as	 an	 ideal	 human	 model	 to	 explain	 the	 effect	 of	 excess
aldosterone	on	skeletal	muscle.	However,	the	study	has	several	limitations.	First,
the	 accuracy	 of	BIA	 readings	 is	 affected	 by	 variable	 parameters	 such	 as	 body
temperature,	 position,	 and	 hydration	 status	 (1,	 33).	 However,	 because	 BIA	 is
reproducible,	 inexpensive,	 and	 easy	 to	 use,	 and	 it	 has	 been	 validated	 for
sarcopenia	diagnosis	 (1,	33),	 the	Asian	Working	Group	 for	Sarcopenia	 regards
the	 method	 as	 suitable	 for	 measuring	 muscle	 mass	 (1).	 Second,	 we	 did	 not
measure	physical	performance	or	muscle	strength.	When	diagnosing	sarcopenia,
it	 is	 essential	 to	 identify	 reductions	 in	 muscle	 function	 (physical	 function	 or
muscular	strength),	not	only	muscle	mass	(1,	33).	Neither	physical	performance
nor	muscle	 strength	was	measured	 in	 our	 cohort;	we	 analyzed	 only	 the	 lower
skeletal	muscle	mass	in	patients	with	PA.	Therefore,	other	parameters	including
physical	 performance	 or	 muscle	 strength	 should	 be	 measured	 to	 enforce	 our
findings	of	the	hazard	effect	of	muscle	loss	in	patients	with	PA	in	future	studies.

In	 summary,	 women	 with	 PA	 had	 lower	 skeletal	 muscle	 mass	 than	 those
with	NFAI,	suggesting	that	excess	aldosterone	has	an	adverse	effect	on	skeletal
muscle.	 Further	 studies	 are	 required	 to	 identify	 the	 complex	 mechanisms
underlying	 the	marked	 increase	 in	 aldosterone	 concentration	 and	 sarcopenia	 in
aging	humans.
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Human	brain-aging	is	a	complex,	multidimensional	phenomenon.	Knowledge	of
the	numerous	aspects	that	revolve	around	it	is	therefore	essential	if	not	only	the
medical	issues,	but	also	the	social,	psychological,	and	legal	issues	related	to	this
phenomenon	 are	 to	 be	 managed	 correctly.	 In	 the	 coming	 decades,	 it	 will	 be
necessary	 to	 find	 solutions	 to	 the	management	 of	 the	 progressive	 aging	 of	 the
population	 so	 as	 to	 increase	 the	 number	 of	 individuals	 that	 achieve	 successful
aging.	 The	 aim	 of	 this	 article	 is	 to	 provide	 a	 current	 overview	 of	 the
physiopathology	of	brain	aging	and	of	the	role	and	perspectives	of	neuroimaging
in	 this	context.	The	progressive	development	of	neuroimaging	has	opened	new
perspectives	 in	 clinical	 and	 basic	 research	 and	 it	 has	modified	 the	 concept	 of
brain	 aging.	 Neuroimaging	 will	 play	 an	 increasingly	 important	 role	 in	 the
definition	of	the	individual's	brain	aging	in	every	phase	of	the	physiological	and
pathological	process.	However,	when	 the	process	 involved	 in	age-related	brain
cognitive	diseases	is	being	investigated,	factors	that	might	affect	this	process	on
a	 clinical	 and	 behavioral	 level	 (genetic	 susceptibility,	 risks	 factors,	 endocrine
changes)	 cannot	 be	 ignored	 but	 must,	 on	 the	 contrary,	 be	 integrated	 into	 a
neuroimaging	 evaluation	 to	 ensure	 a	 correct	 and	global	management,	 and	 they
are	 therefore	 discussed	 in	 this	 article.	 Neuroimaging	 appears	 important	 to	 the
correct	 management	 of	 age-related	 brain	 cognitive	 diseases	 not	 only	 within	 a
medical	 perspective,	 but	 also	 legal,	 according	 to	 a	 wider	 approach	 based	 on
development	of	relationship	between	neuroscience	and	law.	The	term	neurolaw,
the	 neologism	 born	 from	 the	 relationship	 between	 these	 two	 disciplines,	 is	 an
emerging	 field	 of	 study,	 that	 deals	 with	 various	 issues	 in	 the	 impact	 of
neurosciences	 on	 individual	 rights.	 Neuroimaging,	 enhancing	 the	 detection	 of
physiological	and	pathological	brain	aging,	could	give	an	important	contribution
to	 the	 field	 of	 neurolaw	 in	 elderly	 where	 the	 full	 control	 of	 cognitive	 and
volitional	 functions	 is	 necessary	 to	maintain	 a	whole	 series	 of	 rights	 linked	 to
legal	 capacity.	For	 this	 reason,	 in	order	 to	provide	 the	clinician	and	 researcher
with	 a	 broad	 view	 of	 the	 brain-aging	 process,	 the	 role	 of	 neurolaw	 will	 be
introduced	into	the	brain-aging	context.

Keywords:	 neuroimaging,	 neurolaw,	 aging-brain,	 geriatric	 endocrinology,
vascular	 risk	 factors,	 Alzheimer's	 disease,	 magnetic	 resonance	 imaging,
positron	emission	tomography

INTRODUCTION

The	diagnosis	and	management	of	age-related	brain	cognitive	diseases	(ABCDs)
leading	 to	 dementia	 are	 undergoing	 major	 changes	 in	 terms	 of	 concepts	 and



technological	progress	 (1).	 In	 recent	years,	 it	has	become	evident	 that	 it	might
not	be	necessary	 to	accept	 the	stereotype	of	aging	as	an	unalterable	process	of
decline	and	loss.	As	life	expectancy	increases	further	in	the	coming	decades,	the
goal	for	the	coming	years	should	be	an	extension	of	healthy	life	combined	with	a
full	range	of	functional	and	mental	capacities	in	the	very	late	stages	of	life.	With
this	 goal	 in	 mind,	 the	 development	 of	 neuroimaging	 in	 recent	 decades	 has
opened	 new	 perspectives	 in	 clinical	 and	 basic	 research	 on	 brain	 aging.
Structural,	metabolic,	 functional	 and	molecular	neuroimaging	currently	plays	a
pivotal	role	in	the	definition	of	the	individual's	brain	aging	in	every	phase	of	the
physiological	and	pathological	process	(i.e.,	normal,	preclinical,	prodromal	and
dementia	 state	 for	Alzheimer's	 disease,	AD).	Structural	 neuroimaging	 (such	 as
computed	 tomography,	CT,	 and	magnetic	 resonance	 imaging,	MRI)	 is	 used	 in
clinical	daily	activity	to	detect	aging-brain	co-morbidity	factors,	such	as	vascular
disorders,	 related	 to	 modifiable	 lifestyle	 risk	 factors	 and	 to	 help	 us	 to	 adopt
preventive	 therapies.	 Abnormalities	 in	 structural	 MRI,	 such	 as	 hippocampal
volume	decrease,	are	clearly	detectable	before	clinical	signs	and	 thus	represent
one	of	 the	most	 reliable	 structural	 imaging	markers	 for	AD	 (2).	A	multimodal
MRI	approach,	combining	different	MRI	techniques,	has	been	successfully	used
to	 identify	 normal	 brain	 aging	 (3)	 and	 preclinical/early	 signs	 of
neurodegenerative	 aging	 (4,	 5).	 In	 the	 research	 field	 of	 ABCDs,	 functional
neuroimaging	 (such	 as	 functional	 magnetic	 resonance,	 fMRI)	 has	 provided
evidence	of	considerable	brain	plasticity.	The	 functional	connectivity	approach
provides	 an	 invaluable	 resource	 for	 comparing	 and	 understanding	 the	 changes
that	occur	between	healthy	brain	 aging	and	neuropathological	 conditions,	 such
as	dementia	(6).	Finally,	metabolic	and	molecular	biomarkers	of	brain	functional
impairment,	 neuronal	 loss	 and	 protein	 deposition,	 which	 can	 be	 assessed	 by
means	 of	 positron	 emission	 tomography	 (PET),	 are	 increasingly	 being	 used	 to
diagnose	AD	in	research	studies	and	in	qualified	memory	clinics	(7).

It	is	thus	evident	that	neuroimaging	enhances	knowledge	of	the	many	aspects
that	revolve	around	ABCDs	and	should	encourage	us	to	 think	“out-of-the-box”
and	to	develop	broader	perspectives	of	this	phenomenon.	In	a	wider	perspective,
the	 neuroimaging	 information	 available	 needs	 to	 be	 combined	 with	 the
identification	of	common	risk	factors	in	the	elderly	so	as	to	prevent	and	to	delay
age-related	brain	cognitive	physiological	and	pathological	changes.	Frailty	is	the
term	that	most	accurately	describes	this	condition	that	affects	the	elderly	and	is
characterized	by	loss	of	biological	reserves,	failure	of	homoeostatic	mechanisms
and	 vulnerability	 to	 adverse	 outcomes.	Although	 endocrine	 changes	 related	 to
brain	 aging	and	 to	ABCDs	are	not	normally	 included	 in	 the	 set	of	 influencing
factors,	they	are	considered	particularly	important	in	frailty	because	of	complex



inter-relationships	 with	 the	 brain,	 immune	 system	 and	 skeletal	 muscle.
Moreover,	endocrine	diseases,	such	as	thyroid	dysfunction,	are	common	clinical
issues	that	affect	an	aging	population.	The	optimal	diagnosis	and	management	of
these	 diseases	 are	 paramount	 to	 improve	 the	 health	 care	 and	 quality	 of	 life	 of
patients	and	to	reduce	the	economic	burden	of	an	aging	population.

Neuroimaging	may	be	essential	 for	 the	correct	management	of	ABCDs	not
only	within	a	medical	but	also	a	legal	perspective,	according	to	a	broad	approach
based	 on	 the	 development	 of	 a	 relationship	 between	 neuroscience	 and	 other
disciplines	that	has	given	rise	to	a	series	of	neologisms	i.e.,	neuroanthropology,
neurophilosophy,	 neuropolitics,	 neuroeconomics,	 neurosociology,
neuropsychology,	 neuroethics	 and	 neurolaw	 (8).	 Neurolaw	 is	 an	 emerging
discipline	that	deals	with	various	issues	related	to	the	impact	of	neurosciences	on
individual	 rights.	 In	 this	 regard,	 enhancing	 the	 detection	 of	 physiological	 and
pathological	 brain	 aging	 by	 means	 of	 neuroimaging	 may	 make	 a	 major
contribution	 to	 the	 field	of	neurolaw.	 Indeed,	as	 the	elderly	 individuals	usually
carry	out	daily	activities	that	require	the	full	control	of	cognitive	and	volitional
functions,	 they	 need	 to	 be	 aware	 of	 their	 abilities	 and	 limits	 so	 as	 to	 avoid
affecting	 their	 own	 legal	 interests	 as	 well	 as	 those	 of	 the	 people	 they	 are
surrounded	by.	This	applies	even	more	 so	 to	 the	 field	of	public	 security,	 since
carrying	out	activities	that	pose	a	risk	to	oneself	and	others	requires	the	ability	to
observe	 the	 precautionary	 rules	 required	 to	 guarantee	 an	 adequate	 balance
between	social	costs	and	benefits.

Given	these	premises,	the	aim	of	this	article	is	to	provide	a	current	overview
of	 the	 physiopathology	 of	 brain	 aging	 and	 of	 the	 role	 and	 perspectives	 of
conventional	and	advanced	neuroimaging	 techniques	 in	 this	 context.	When	 the
process	 involved	 in	ABCDs	is	being	 investigated,	 factors	 that	might	affect	 this
process	 on	 a	 clinical	 and	 behavioral	 level	 (genetic	 susceptibility,	 risks	 factors,
endocrine	 changes)	 cannot	 be	 ignored	but	must,	 on	 the	 contrary,	 be	 integrated
into	a	neuroimaging	evaluation	to	ensure	a	correct	and	global	management,	and
they	 are	 therefore	 discussed	 in	 this	 article.	 Finally,	 in	 order	 to	 provide	 the
clinician	 and	 researcher	with	 a	 broad	 and	multidimensional	 view	of	 the	 brain-
aging	 process,	 the	 role	 of	 a	 more	 recent	 discipline,	 i.e.,	 neurolaw,	 will	 be
introduced	into	the	ABCDs	context.

What	Is	Aging-Brain	Cognitive	Disease?
The	 age-related	 brain	 process,	 including	 the	 progressive	 loss	 of	 cognitive
functions,	has	traditionally	been	considered	to	be	physiological	and	unavoidable.
The	maturation	and	physiological	aging	of	the	nervous	system	is	an	inescapable



process	that	is	required	for	the	progressive	adaptation	of	the	individual	and	may
be	 considered	 the	 basis	 of	 a	 positive	 vision	 of	 aging.	 Starting	 from	 fetal
development,	throughout	life	there	is	a	constant	adaptation	of	the	nervous	system
to	 internal	 biological	 modifications	 and	 the	 external	 environment	 designed	 to
improve	 and	 maintain	 adequate	 levels	 of	 performance.	 These	 changes	 are
characterized	 by	 processes	 of	 proliferation	 and	 neuronal	 migration,	 of	 axonal
and	 dendritic	 branching	 and	myelination,	 and	 of	 formation	 and	 elimination	 of
synapses.	In	childhood,	the	cortical	regions	are	mainly	developed	for	motor	and
sensory	 functions;	 in	 adolescence,	 the	 frontal	 and	 prefrontal	 cortices	 are
implicated	 in	 higher	 cognitive	 functions,	 while	 the	 subcortical	 structures
(amygdala,	striatum)	modulate	 the	stimuli	by	means	of	social,	adversative,	and
emotional	 values	 (9).In	 adulthood,	 the	 brain	 continues	 to	 undergo	 progressive
structural	microscopic	 (widespread	 reduction	of	neurons	 and	oligodendrocytes,
reduction	of	myelinated	fibers),	macroscopic	(reduction	of	cerebral	volume	and
cortical	 thickness,	 enlargement	 of	 the	 liquor	 spaces,	 of	 sulci	 and	 of	 the
ventricular	 system)	 and	 functional	 changes	 (in	 the	 connectivity	 of	 neural
networks).	These	biological	changes	in	the	adult	brain	underlie	the	processes	of
successful	 physiological	 aging.	 Successful	 aging	 does	 not	 merely	 mean
lengthening	the	life	span,	but	doing	so	with	a	low	risk	of	illness	and	disability	as
well	 as	 with	 the	 preservation	 of	 mental	 and	 psychosocial	 capacities	 (physical
activity,	 leisure,	 fun,	 interpersonal	 relationships).	 Pathological	 aging,	 on	 the
other	hand,	is	the	condition	in	which	one's	biological	and	chronological	ages	do
not	 coincide,	 to	 the	disadvantage	of	 the	 former.	The	pathophysiology	of	many
neurodegenerative	 syndromes,	 of	 which	 AD	 is	 the	 foremost,	 is	 complex	 and
lacks	 any	 isomorphism	 between	 the	 clinical	 manifestations	 and	 underlying
pathogeny.	 It	 includes	 a	 number	 of	 different	 mechanisms	 related	 to	 genetic,
molecular	 (misfolding	 proteinopathies),	 vascular	 and	 inflammatory	 processes.
From	a	biological	point	of	view,	in	AD	the	accumulation	of	abnormal	proteins	in
the	brain	(neurons	and/or	glia)	consisting	of	extracellular	deposits	of	ß	amyloid
(Aß),	 which	 is	 insoluble	 and	 toxic	 in	 the	 cerebral	 cortex	 and	 cortical	 and
leptomeningeal	 artery	 walls,	 and	 of	 neurofibrillary	 aggregates	 (tau)
(intraneuronal	deposits	of	tau	protein)	induces	a	diffuse	cascade	of	intracellular
metabolic	 disturbances,	 abnormal	microcirculation,	 and	pathogenic	 recruitment
of	 the	 central	 nervous	 immune	 system.	 Selective	 hippocampal	 neuronal
vulnerability	 is	 the	 basis	 of	 AD	 in	 the	 initial	 phase,	 in	 which	 degeneration
propagates	to	brain	regions	that	will	be	spared	by	the	pathological	process	until
the	 later	 stages	 of	 disease	 (for	 example	 the	 cerebellum)	 (10).The	 kinetics	 of
neurodegeneration	 is	 a	 slow	 process	with	 a	 clinical	 silent	 phase	 that	may	 last
decades.	 This	 clinically	 silent	 phase	 is	 defined	 as	 the	 preclinical	 phase	 of	 the



disease.	The	nervous	 system's	 response	 to	progressive	 tissue	damage	 translates
into	 complex	 endogenous	 plastic	 mechanisms	 that	 tend	 to	 preserve	 cognitive
functions	 over	 time,	 before	 the	 clinical	 onset	 of	 a	 disease,	 such	 as	 behavioral
compensatory	phenomena	and	neuronal	plasticity	accompanied	by	the	activation
and	 remodeling	 of	 parallel	 circuits,	 remapping	 of	 cortical	 areas,	 neurogenesis
and	angiogenesis	(11).	Mild	cognitive	impairment	(MCI),	the	first	clinical	phase
of	ABCDs,	is	a	syndrome	of	acquired	cognitive	impairment	not	associated	with
any	 functional	 limitations	 that	 has	 heterogeneous	 presentations	 and	 underlying
pathologies;	up	to	two	thirds	of	subjects	with	amnestic	MCI	have	underlying	AD
pathology	 while	 the	 remainder	 exhibit	 normal	 age-related	 changes.	 The
prodromal	stage	of	AD	is	 the	phase	in	which	symptoms	have	become	manifest
but	before	disability	is	apparent	(7).

In	 this	 regard,	 the	Anglo-Saxon	expression	“time	 is	brain,”	which	 typically
refers	 to	 the	 acute	 treatment	 of	 cerebral	 ischemia	 aimed	 at	 saving	 neurons
affected	 by	 the	 pathological	 event	 as	 rapidly	 as	 possible,	 assumes	 importance
even	in	AD.	Indeed,	just	as	an	intervention	within	hours	of	the	onset	of	a	stroke
(the	therapeutic	window)	makes	it	possible	to	salvage	damaged	tissue,	an	earlier
intervention	 in	 neurodegenerative	 diseases	 such	 as	 AD	 may	 slow	 down	 the
progressive	 neuronal	 loss	 and	 make	 the	 therapeutic	 treatment	 potentially
effective.	The	use	of	neuroimaging	biomarkers	 that	 identify	elderly	 subjects	 in
the	preclinical	or	early	phase	of	AD	when	disease-modifying	therapies	might	be
most	effective	is	of	considerable	interest	(12).

Which	Factors	Influence	the	Evolution	of	Brain	Aging?
Human	 brain-aging	 is	 a	 complex,	 multidimensional	 phenomenon	 (Figure	 1).
Neuroimaging	 alone	 cannot	 provide	 a	 complete	 description	 of	 the	 age-related
brain	 processes	 but	 must	 be	 supplemented	 with	 knowledge	 of	 the	 numerous
factors	 and	 phenomena	 that	 might	 affect	 these	 processes	 in	 order	 to	 help	 the
clinician	 to	 maintain	 biological	 reserves	 and	 homoeostatic	 mechanisms	 in	 the
elderly	and	prevent	and	treat	early	pathological	phenomena	of	brain	aging.



FIGURE	1.	A	multidimensional	geometric	model	of	cognitive	brain	aging.	Each	geometric
figure	contains	the	set	of	factors	that	affect	the	multidimensional	phenomenon	of	aging.	The
number	of	sides	of	each	geometric	figure	corresponds	to	the	number	of	factors	contained	in	it,
e.g.,	the	hexagon	contains	the	6	main	cognition	factors.	Bidirectional	arrows	indicate	an	effect
of	the	factors	upon	each	other	and	on	the	aging	phenomenon.

A	greater	 degree	 of	 structural	 and	 functional	 aging	may	 be	 due	 to	 genetic
predisposition	(e.g.,	hetero-homozygosity	for	Apolipoprotein	E	ε4—APOE4),	to
some	 diseases	 (e.g.,	 small	 vessel	 disease,	 amyloid	 angiopathy,	 endocrine
disorders,	 acquired	 brain	 injury),	 to	 medical	 treatment	 (e.g.,	 chemotherapy,
radiotherapy)	or	to	advanced	age.

There	is	a	significant	heterogeneity	among	the	elderly	in	the	rate	of	decline
in	some	cognitive	functions,	such	as	perceptual	reasoning	and	processing	speed.
Individual	differences	may	also	be	lifestyle-related	and	be	linked	to	higher	levels
of	physical	fitness,	cognitive	stimulation	and	societal	 investments	in	a	safe	and
healthy	environment,	as	well	as	 to	other	 factors	 that	help	 to	preserve	cognitive
function.	Morbidity	may	be	prevented	and	controlled	in	part	by	healthy	lifestyle
measures,	which	appear	to	decrease	the	prevalence	of	long-term	disability	in	the
elderly.	 Nevertheless,	 the	 varying	 effects	 of	 aging	 on	 the	 brain	 structure,
metabolism	and	function	have	multiple	complex	etiologies	that	are	often	difficult
to	identify	early	in	life.

Genetically,	ApoE	is	a	major	cholesterol	carrier	that	supports	lipid	transport
and	 injury	 repair	 in	 the	brain.	APOE	polymorphic	 alleles	 are	 the	main	genetic



determinants	of	AD	risk:	individuals	carrying	the	ε4	allele	are	at	a	higher	risk	of
AD	 than	 those	 carrying	 the	 more	 common	 ε3	 allele,	 whereas	 the	 ε2	 allele
reduces	the	risk.	The	presence	of	the	APOE	ε4	allele	is	also	associated	with	an
increased	risk	of	cerebral	amyloid	angiopathy	and	ABCDs	(13).	It	has	recently
been	shown	that	the	association	of	the	APOE	ε4	allele,	high	Aβ	levels	(measured
by	 PET)	 and	 increasing	 age	 affects	 memory	 decline	 in	 non-demented	 elderly
subjects	and	can	be	used	to	estimate	the	risk	of	memory	decline	(14).

Among	the	primary	pathological	factors	that	can	affect	brain	aging,	vascular
phenomena	 are	 known	 to	 play	 a	 prominent	 role.	A	 growing	 body	 of	 evidence
points	 to	 an	 early	 modulatory	 role	 of	 vascular	 factors	 in	 the	 genesis	 and
development	 of	 pathological	 brain	 aging,	 e.g.,	 in	 late-onset	 AD	 (15).	 A
cerebrovascular	 dysregulation	 had	 been	 consistently	 found	 as	 a	 primary
pathological	 factor	 in	 the	 genesis	 and	 progression	 of	 late-onset	 AD	 (16,	 17).
Vascular	 activity	 plays	 an	 active	 role	 on	 misfolded	 protein	 deposition	 and
clearance	mechanisms	and	complex	multifactorial	interactions	conducive	to	AD.
Moreover,	there	is	a	large	body	of	evidence	that	points	to	a	direct	link	between
vascular	 risk	 factors	 and	 AD	 (18).	 Hypertension,	 diabetes,
hyperhomocysteinemia	 and	 dyslipidemia	 are	 some	 of	 the	 pathological	 factors
that	 increase	 the	 possibility	 of	 stroke	 and	 ischemia	 or	 at	 least	 lead	 to
development	of	cerebral	small	vessel	disease	(19).

In	 addition	 to	 the	 prominent	 role	 of	 cerebral	 vascular	 dysfunction	 and	 risk
factors	 in	 the	onset	of	ABCDs,	 it	 is	 important	 to	bear	 in	mind	the	pathological
role	played	by	misfolded	proteins,	particularly	by	Aß.	The	effects	of	Aß	and	T
toxicity	have	been	causally	 linked	 to	brain	oxidative	 stress	 (20),	mitochondrial
dysfunction	(21),	synapse	and	spine	loss	(22),	widespread	neuronal	dysfunction
and	death	(23),	and	synaptic	plasticity	impairment	(24).

The	 significant	 heterogeneity	 among	 the	 elderly	 in	 the	 speed	 at	 cognitive
decline	progresses	suggests	 that	a	combination	of	several	 factors	 is	 required	 to
induce	the	gradual	brain	damage	that	leads	to	the	clinical	onset	of	AD.

The	endocrine	changes	related	to	brain	aging	and	to	the	pathophysiology	of
ABCDs	 are	 not	 normally	 included	 in	 the	 set	 of	 influencing	 factors.	 Since	 the
brain	may	be	 considered	 as	 an	 endocrine	gland,	 endocrine	 system	disorders	 in
the	 brain	 affect	 its	 development	 and	 evolution.	 The	 literature	 in	 this	 field
highlights	 a	 potential	 role	of	 endocrine	 changes	 in	 the	progression	of	ABCDs.
For	example,	several	somatic	and	lifestyle	factors	associated	with	AD,	including
hypertension,	obesity,	diabetes,	physical	inactivity	and	smoking,	are	reported	to
be	related	to	endocrine	changes	(25).	These	factors	are	unlikely	to	occur	on	their
own	but	might	interact	in	a	synergistic	or	antagonistic	way	or	form	clusters	(e.g.,



metabolic	 syndrome).	 During	 aging,	 the	 secretory	 patterns	 of	 hormones
produced	 by	 the	 hypothalamic-pituitary	 axis	 change,	 as	 does	 the	 sensitivity	 of
the	axis	to	negative	feedback	by	end	hormones.	Moreover,	glucose	homoeostasis
tends	 toward	 disequilibrium	 as	 age	 increases.	 For	 both	males	 and	 females,	 an
age-related	 loss	of	sex	steroid	hormones	has	been	associated	with	an	 increased
risk	of	cognitive	decline	(26).	Aging-induced	effects	are	difficult	to	disentangle
from	the	effects	of	other	factors	that	are	common	in	the	elderly,	such	as	chronic
diseases,	inflammation	and	low	nutritional	status,	all	of	which	can	also	affect	the
endocrine	 systems.	 Finally,	 neurogenesis	 can	 be	 affected	 by	 several	 factors,
including	 the	 release	 of	 growth	 factors,	 estrogen,	 and	 glucocorticoids.	 Taken
together,	these	observations	suggest	that	the	endocrine	system	may	be	involved
in	the	evolution	of	ABCDs.

Since	this	vast	and	complex	field	of	research	does	not	fall	within	the	scope	of
this	 article,	 it	 shall	 not	 be	 dealt	 with	 extensively	 here.	 However,	 the	 close
relationship	 between	 the	 endocrine	 system	 and	 brain	 aging	 deserves	 to	 be
mentioned.

Sex	hormones	are	known	to	be	a	fundamental	factor	that	influences	the	brain
from	 the	 earliest	 stages	 of	 life.	 Sex	 hormones	 (estrogens,	 androgens,	 and
luteinizing	 hormone)	 and	 gonadotropins	 not	 only	 impact	 the	 non-reproductive
domains	 of	 the	 brain	 and	 human	 behavior	 but	 are	 influential	 in	 maintaining
neuronal	 health	 and	 promoting	 neuronal	 cascades	 that	 underpin	 cognitive
processes.	 Indeed,	 steroid	 hormone	 and	 gonadotropin	 receptors	 are	 present	 in
many	brain	areas,	 including	the	hippocampus	and	frontal	cortex,	both	of	which
play	a	critical	role	in	memory	functioning	(27).	Ovarian	hormones	are	known	to
influence	 several	 factors	 in	 the	 brain,	 including	 growth	 factors	 (e.g.,
neurotrophins),	the	inflammatory	and	immune	response,	mitochondrial	function
and	 the	 cholinergic	 system.	 This	 system	 requires	 the	 neurotransmitter
acetylcholine,	which	 is	 a	 key	 regulator	 of	 learning	 and	memory	 consolidation.
Cholinergic	 neurons	 projections	 from	 the	 basal	 forebrain	 synapse	 onto	 ?-
aminobutyric	 acid	 (GABA)ergic	 cortical	 neurons;	 GABA	 is	 the	 primary
inhibitory	 neurotransmitter	 in	 the	 brain	 and	 an	 important	 neuromodulator	 for
cognitive	 processes,	 including	 hippocampal	 and	 cortical	 function.	 Inhibitory
GABAergic	neurons	and	signaling	become	dysregulated	with	aging	(28).

Both	 natural	 menopause,	 which	 is	 characterized	 by	 fluctuating	 and
decreasing	 levels	 of	 estrogens	 and	 progesterone	 and	 an	 increase	 in	 serum
gonadotropin	 follicle-stimulating	 hormone	 (FSH),	 and	 surgical	 menopause,
which	is	induced	by	removal	of	the	ovaries,	have	been	associated	with	cognitive
complaints,	 particularly	 in	 the	 area	 of	memory	 (29),	with	 an	 increased	 risk	 of



cognitive	 impairment	 and	 dementia	 later	 in	 life	 (30).	Moreover,	 both	 types	 of
menopause	may	 lead	 to	medial	 temporal	 lobe	 structural	 abnormalities	 later	 in
life	 (31).	 By	 contrast,	 the	 risk	 of	 AD	 does	 not	 increase	 among	 women	 who
commence	 hormone	 therapy	 following	 premenopausal	 oophorectomy	 and
continue	 this	 therapy	 until	 the	 natural	 age	 of	 menopause	 (32).	 Lastly,	 sex
hormones	also	modulate	the	impact	of	genetic	risk	factors	in	the	etiology	of	AD,
such	as	the	APOE	ε4,	the	strongest	known	genetic	risk	factor	for	late-onset	AD,
thereby	 resulting	 in	 a	 higher	 risk	 for	AD	 conversion	 in	 females	 than	 in	males
(33).

In	addition	to	changes	in	sex	hormone	production,	the	most	significant	age-
associated	 endocrine	 change	 resides	 in	 the	 hypothalamic-pituitary-adrenal
(HPA)	corticotropic	axis	(34),	a	major	component	of	the	stress	response	system,
which	 may	 lead	 to	 or	 accelerate	 hippocampal	 impairment	 (35).	 Stress	 has
repeatedly	been	shown	to	exacerbate	symptoms	and	accelerate	disease	onset	 in
AD	 (36,	 37).	Acute	 stress	 activates	HPA	and	 the	 sympathetic	 nervous	 system,
which	 in	 turn	 increases	 the	release	of	glucocorticoids	and	catecholamines	(38).
These	molecules	 initiate	 a	 neuroendocrine	 response,	mobilizing	 lipids,	 glucose
and	 other	 resources	 in	 order	 to	 facilitate	 cognitive	 and	 physical	 demands.
However,	 in	 conditions	 of	 acute	 psychological	 stress,	 these	 neuroendocrine
responses	are	not	linked	to	an	increased	metabolic	demand.	In	chronic	stress,	this
prolonged	activation	of	 the	stress	 system	has	been	 linked	 to	a	 large	number	of
comorbidities	ranging	from	metabolic	dysfunction	and	cardiovascular	disorders
to	 cognitive	 dysfunction	 and	 psychological	 disorders,	 such	 as	 depression	 (39).
Finally,	 as	 stress	 is	 a	 risk	 factor	 for	 AD	 and	 women	 are	 twice	 as	 likely	 to
develop	 mood	 disorders	 where	 stress	 is	 a	 major	 etiology,	 sex	 dimorphism	 in
stress	responses	may	explain	the	higher	incidence	of	AD	among	women	(40).

Age-related	 brain	 changes	 have	 been	 reported	 to	 be	 associated	 with	 other
endocrine	factors,	such	as	insulin	(41,	42).	High	insulin	blood	levels	and	insulin
resistance	 has	 been	 reported	 to	 be	 important	 contributors	 to	 progressive
cognitive	 impairment	 and	 neurodegenerative	 processes.	 The	 maintenance	 of
insulin	 sensitivity	 signaling	may	preserve	 cognition,	which	 results	 in	 the	well-
being	of	elderly	people	(43).	Insulin	receptors	are	widely	distributed	within	the
brain,	 with	 the	 highest	 concentrations	 in	 the	 hypothalamus,	 hippocampus,
olfactory	bulb,	 cerebellum,	amygdala,	 and	cerebral	 cortex	 (44).	Central	 insulin
plays	a	role	 in	maintaining	energy	homeostasis,	as	 it	has	 the	ability	 to	 increase
blood	 glucose	 levels	 (acting	 in	 opposition	 to	 peripheral	 insulin),	 to	 decrease
feeding	 and	 body	 weight	 and	 to	 lower	 insulin	 blood	 levels	 (45).	 Insulin	 has
neuroprotective	 properties	 and	 neurotrophic	 effects	 on	 neurons.	 It	 may	 also



positively	affect	emotion	and	cognitive	processes,	including	attention,	executive
functioning,	learning,	and	memory	(46).

Normal	 thyroid	 function	 also	 appears	 to	 be	 an	 important	 factor	 in
maintaining	optimal	cognition	in	human	aging	(47).	Hypothyroidism,	at	any	age,
causes	 cognition	 to	 deteriorate	 because	 it	 prevents	 the	 brain	 from	 adequately
sustaining	 the	 energy	 glucose-consuming	 processes	 required	 for
neurotransmission,	memory	and	cognitive	functions.	Low	glucose	brain	uptake,
which	 is	 commonly	 associated	 with	 deteriorating	 cognition	 and	 AD,	 may	 be
present	 years	 before	 clinical	 evidence	 of	 AD	 appears	 (48,	 49).	 Since	 thyroid
hormone	concentrations	change	with	age	and	since	cognitive	decline	occurs	with
aging,	 physiological	 changes	 in	 thyroid	 function	 might	 be	 causally	 related	 to
changes	 in	cognition	during	normal	aging.	 In	view	of	 the	potentially	 increased
risk	 of	 cognitive	 decline	 associated	 with	 thyroid	 dysfunction	 and	 considering
that	 progressive	 cognitive	 decline	 is	 the	 central	 clinical	 feature	 of	 AD,	 it	 is
conceivable	 that	 thyroid	 status	 contributes,	 at	 least	 in	 part,	 to	 the	 clinical
manifestation	 of	 AD.	 Indeed,	 several	 clinical	 reports	 and	 laboratory	 and
epidemiological	 studies	 point	 to	 a	 link	 between	 thyroid	 hormones	 and	 AD
pathophysiology	(50,	51).

Knowledge	 of	 the	 complex	 interactions	 within	 this	 endocrine-aging-brain
triad	is	growing	in	breadth	and	depth	as	scientific	discoveries	are	made.	It	will
be	 possible	 to	 gain	 new	 insights	 by	 continuing	 these	 investigations	 into	 how
these	paths	meet	 and	 affect	 each	other.	Clarifying	 the	 changes	 associated	with
aging	 in	 these	molecular	mechanisms	and	 the	hormonal	milieu	 in	a	 systematic
and	 demonstrable	 fashion	 is	 likely	 to	 shed	 light	 on	 how	 and	 when	 the	 brain
responds	to	endogenous	hormone	changes	and	to	potential	exogenous	hormone
treatment.

How	Can	Neuroimaging	Be	Used	to	Detect	Brain	Aging?
Neuroimaging	 is	 the	 set	 of	 diagnostic	 and	 experimental	 methods	 used	 for
visualizing	to	the	structural,	functional,	metabolic,	and	molecular	features	of	the
human	brain	in	vivo.	Neuroimaging	technology	is	at	the	forefront	of	advances	in
both	our	understanding	of	 the	brain	and	our	ability	 to	diagnose	and	 treat	brain
diseases.	 Since	 CT,	 we	 have	 moved	 on	 to	 multimodal	 MRI	 studies,	 to	 the
development	 of	 molecular	 imaging	 techniques	 (PET)	 and,	 more	 recently,	 to
hybrid	scanners	(PET/CT,	PET/MRI).	Hybrid	scanners,	which	are	still	relatively
scarce,	 represent	 the	 latest	 imaging	 technology	 that	 offers	 a	 multidimensional
evaluation	of	the	central	nervous	tissue.	In	PET/MRI	hybrid	imaging,	each	voxel
(i.e.,	the	unit	that	makes	up	the	three-dimensional	or	volumetric	image)	contains



structural,	metabolic,	molecular	and	 functional	data	 that	provide	more	accurate
and	complete	information	on	the	nervous	tissue	in	vivo	(51).	Hybrid	imaging	is
the	latest	tool	available	to	address	the	aging	brain	and	human	neurodegenerative
diseases	(Figure	2).

FIGURE	2.	Hybrid	brain	PET/MRI	imaging	(Biograph	mMR,	Siemens)	in	a	normal	subject.	The
top	picture	shows	anatomical	MRI	3D	T1-weighted	images	on	the	coronal,	axial	and	sagittal
slices.	In	the	figure	above,	a	metabolic	18FDG	PET	image	of	the	same	individual	is	combined
with	the	MRI	image	to	obtain	information	on	the	morphology,	anatomy	and	metabolism	of	the
brain.

In	 daily	 clinical	 practice,	 when	 ABCDs	 is	 suspected,	 a	 neuroimaging
examination	 is	 aimed	 at	 either	 supporting	 or	 ruling	 out	 the	 diagnosis	 of
dementia,	 of	 alternative	 etiologies	 (small	 vessel	 disease,	 metabolic,	 and
endocrine	 pathologies,	 etc.)	 or	 signs	 of	 vascular	 co-morbidity	 (amyloid
angiopathy).	 Within	 this	 context,	 CT	 remains	 the	 most	 accessible	 and
widespread	 technique	and	 is	often	 the	 first	 examination	 to	be	 requested	by	 the
clinician.	However,	MRI	has,	owing	to	its	greater	sensitivity	in	the	study	of	the
brain,	 become	 the	 elective	 technique,	 especially	 in	 the	 early	 stages	 of	 AD.
Conventional	MRI	 can	 be	 used	 to	 structurally	 and	 temporally	 characterize	 the
vascular	 lesions	and	quantify	 the	 lesion	 load	present	 in	 the	aging	brain	(Figure
3).	 In	addition	 to	excluding	other	brain	diseases,	such	as	 tumors	and	infectious
and	 inflammatory	diseases,	MRI	provides	 two	pieces	of	critical	 information:	 it
shows	whether	 there	 is	 any	chronic	vascular	damage,	which	 is	 included	 in	 the
differential	diagnosis	of	dementia,	and	it	qualitatively	assesses	brain	atrophy	by
highlighting	 any	 enlargement	 in	 the	 perivascular	 and	 subarachnoid	 spaces.	On
MRI,	neuronal	loss	corresponds	to	a	volume	reduction	(atrophy)	that	can	be	seen



and	quantified	at	an	early	stage	of	the	disease	at	the	level	of	the	mesial	temporal
region,	and	in	particular	in	the	entorhinal	and	hippocampal	regions	(52).	A	visual
assessment	 has	 proven	 to	 be	 specific	 in	 the	differential	 diagnosis	 between	AD
and	 other	 dementias,	 particularly	 if	 combined	 with	 a	 neuropsychological
assessment	 (53).	 However,	 when	 assessing	 individuals,	 a	 visual	 estimation	 of
brain	 atrophy	 in	 the	 early	 stages	 may	 not	 be	 sufficiently	 sensitive	 or	 specific
because	 atrophy	 occurs	when	 signs	 of	 dementia	 are	 already	 present.	The	MRI
volumetric	technique	is	a	relatively	simple	method	that	allows	accurate	estimates
of	 regional	 volumes	 and	 has	 been	 extensively	 used	 in	 brain-aging	 studies	 [for
review	 see	 (54)].	 However,	 in	 the	 early	 phase	 of	 AD,	 the	 sensitivity	 and
specificity	 of	MRI	hippocampal	 volumetric	measurements	may	not	 exceed	 the
maximum	accuracy	value	of	80%,	whereas	it	is	considerably	more	useful	in	the
longitudinal	 evaluation	 of	 the	 degenerative	 process	 (52).	 Recently,	 early	MRI
structural	 abnormalities	 in	 the	 neocortex	 and	 cortical	 thickness	 have	 aroused
growing	interest	(55,	56).	Reduced	gray-matter	volume	in	the	posterior	cingulate
and/or	precuneus	and	hippocampus	(57),	prefrontal	cortex	(58)	and	parietal	lobe
(59)	 has	 been	 described	 in	 cognitively	 intact	 individuals	 before	 progression
toward	mild	cognitive	impairment	(MCI).

FIGURE	3.	Neuroimaging	of	cerebrovascular	disease	in	the	aging	brain.	The	figure	shows	a
brain	MRI	study	of	a	patient	with	risk	factors	affected	by	cognitive	disorders.	The	images
above	(T2-weighted	axial	slices)	and	below	(T1-weighted	axial	slices,	after	contrast
enhancement)	show	diffuse,	punctate	deep	white	matter	foci,	hyperintense	T2-weighted
images,	with	a	low	signal	intensity	on	T1-weighted	images	and	without	contrast	enhancement,
suggesting	cerebral	small	vessel	vascular	disease.



Differences	 in	 the	 extension	 and	 signal	 intensity	 of	 cortical	 activation	 in
task-based	 fMRI	 have	 been	 observed	 between	MCI	 patients,	 AD	 patients	 and
control	 groups	 (60).	 fMRI	 might	 provide	 important	 information	 for	 the
assessment	of	disease	progression	in	groups	and	predict	neuromodulation	as	well
as	 the	effects	of	drugs.	 It	may	not,	however,	be	easy	 to	 transfer	group	analysis
results	into	daily	clinical	practice	for	individual	subjects.

Resting-state	 functional	 connectivity	 between	 the	 hippocampus	 and	 the
posterior	 part	 of	 the	 default	 mode	 network	 is	 significantly	 reduced	 in	 AD
patients	(61).	There	is,	however,	as	yet	insufficient	evidence	of	a	distinct	pattern
of	changes	in	functional	connectivity	that	may	be	used	as	a	predictor	of	further
progression	to	clinical	AD.

PET	with	18FDG	(fluoride	radioisotope	18	combined	with	the	deoxyglucose
molecule)	can	reveal,	from	the	early	phase	of	AD,	a	focal	reduction	in	glucose
metabolism	 and	 be	 used	 to	make	 a	 differential	 diagnosis	 with	 cognitive	 brain
aging	 or	 other	 forms	 of	 dementia	 (Figure	 4).	 PET	 combined	 with	 the	 use	 of
specific	tracers	that	bind	to	Aß	deposits,	such	as	the	isotope	11CPiB	(called	the
Pittsburg	compound	B),	and	subsequently	by	using	various	18F-amyloid-binding
ligands	 with	 a	 longer	 half-life,	 has	 been	 proposed	 as	 a	 technique	 for	 the
preclinical	 and	 early	 diagnosis	 of	 AD.	 The	 accumulation	 of	 Aß	 amyloid,
measured	in	PET,	correlates	with	the	histological	findings	of	Aß	distribution	in
normal	 aging	 and	AD.	The	 accumulation	 of	Aß	 begins	many	 years	 before	 the
onset	 of	 symptoms	 and	 represents	 a	 preclinical	 phase	 of	AD	 in	 asymptomatic
subjects	and	a	prodromal	phase	in	those	with	MCI.	More	recently,	a	number	of
PET	 tracers	 that	 target	 in	 vivo	 tau	 fibrils	 have	 been	 developed	 (62).	 The	 PET
tracer	 [18F]	 flortaucipir	 allows	 the	 in	 vivo	 quantification	 of	 paired	 helical
filament	 tau,	 a	 core	 neuropathological	 feature	 of	 AD.	 Tau	 deposition,	 as
measured	by	the	18F	PET	tracer,	significantly	correlates	with	cortical	thickness.
Recent	 reports	 have	 shown	 a	 relationship	 between	 increased	 tau	 tracer	 uptake
and	worsening	cognitive	 status	 (63,	64).	Using	neuroimaging	criteria	based	on
Aß	 and	 tau	 PET	 data,	 AD	 has	 recently	 been	 defined	 by	 the	 positivity	 of
biomarkers	of	both	amyloidopathy	(A1)	and	tauopathy	(T1),	which	is	in	keeping
with	the	pathological	definition	of	the	disease.



FIGURE	4.	Hybrid	PET/MRI	imaging	(Biograph	mMR,	Siemens).	The	picture	above	shows
MRI	3D	T1-weighted	and	18FDG	PET	coronal,	axial	and	sagittal	slices	in	a	patient	affected	by
progressive	speech	disorder.	The	combined	structural	and	metabolic	image	shows	focal
atrophy	and	reduced	glucose	metabolism	in	the	left	temporal	lobe	(white	arrows),	suggesting	a
diagnosis	of	Primary	Progressive	Aphasia,	a	rare	form	of	dementia.	The	picture	below	shows
MRI	3D	T1-weighted	and	a	18F-flumetamole	PET	coronal,	axial	and	sagittal	slices	in	the	same
patient.	The	combined	structural	and	molecular	(Aß	amyloid	accumulation)	image	shows	a
diffuse	increase	in	Aß	amyloid	deposits	in	the	cortex,	supporting	the	diagnosis	of	brain
neurodegenerative	disease.

These	PET	biomarkers	have	led	to	the	proposal	of	the	term	“preclinical	AD”
when	 the	 risk	 is	 particularly	 high	 (e.g.,	 both	 Aß	 and	 tau	 markers	 exceed	 the
pathological	 thresholds)	 and	 “asymptomatic	 at	 risk	 for	 clinical	AD”	 (AR-AD)
when	the	evolution	to	clinical	AD	is	less	likely	or	has	yet	to	be	confirmed	(only
one	pathophysiological	PET	marker	considered	abnormal)	(65).	A	combination
of	the	clinical	criterion,	which	is	related	to	the	cognitive	domain	of	memory,	and
a	multimodal	approach	based	on	cerebrospinal	fluid	(CSF	concentrations	of	tau
and	Aß42)	and	neuroimaging	biomarkers	(PET	-	18FDG,	PET	Aβ	and	tau,	MRI
volume	of	 the	hippocampus	and	cortical	 thickness)	will	play	a	decisive	 role	 in
large-scale	 drug	 trials	 of	 preclinical	 and	 prodromal	 AD.	 However,	 since	 the
predictive	 performance	 of	 the	 multimodal	 approach	 has	 yet	 to	 be	 fully
established,	 findings	 should	 be	 assessed	 according	 to	 their	 sensitivity	 and/or
specificity	and	their	condition	(i.e.,	isolated	or	in	combination)	(7,	66).

Although	 AD	 is	 the	 most	 common	 cause	 of	 major	 cognitive	 disorders,
accounting	 for	 60%	or	more	 of	 all	 dementias,	 a	 clinical	 diagnosis	 of	 probable
AD	has	a	sensitivity	and	specificity	of	only	70.9	and	70.8%,	respectively,	when



compared	 with	 the	 “gold	 standard”	 pathological	 findings	 (67).	 It	 is	 for	 this
reason	 that	 a	 considerable	 effort	 has	 been	 made	 in	 recent	 years	 to	 assess	 the
analytical	and	clinical	validity	of	biomarkers	related	to	neurodegeneration,	such
as	neuroimaging	and	CSF,	so	as	to	be	able	to	translate	them	from	research	into
clinical	practice	(68).	The	use	of	neuroimaging	biomarkers	may	be	challenging
for	clinicians,	particularly	 in	patients	with	ABCDs.	Moreover,	 the	 fact	 that	 the
clinical	 usefulness	 of	 these	 biomarkers	 has	 yet	 to	 be	 fully	 ascertained	 is
hampering	the	reimbursement	for	these	tests	by	health	insurance	providers,	their
widespread	 clinical	 implementation	 and,	 consequently,	 improvements	 in	 the
quality	 of	 health	 care.	 A	 strategic	 roadmap	 to	 foster	 the	 clinical	 validation	 of
biomarkers	 in	AD	has	provided	sufficient	evidence	of	 the	analytical	validity	of
all	 biomarkers	 (phase	 1),	whereas	 their	 clinical	 validity	 (phases	 2	 and	 3),	 and
utility	 (phases	 4	 and	 5)	 have	 yet	 to	 be	 proven.	 Research	 priorities	 aimed	 at
completing	 these	 phases	 include	 the	 standardization	 of	 the	 readout	 of	 these
assays	 and	 of	 normality	 thresholds,	 the	 evaluation	 of	 their	 performance	 in
detecting	 disease	 early,	 the	 development	 of	 diagnostic	 algorithms	 comprising
combinations	of	biomarkers,	and	the	development	of	clinical	guidelines	for	 the
use	of	biomarkers	in	qualified	memory	clinics	(69).

Very	recently,	the	evaluation	of	the	clinical	utility	of	a	single	biomarker	for
the	diagnosis	of	ABCDs,	has	yielded	interesting	data	regarding	the	accuracy	of
the	 diagnosis	 and	 prognosis.	 FDG,	 the	most	widely	 available	 PET	 radiotracer,
has	 been	 shown	 to	 support	 the	 diagnosis	 of	 AD	 in	 MCI	 subjects	 with	 an
accuracy	 ranging	 from	 58	 to	 100%.	 The	 pattern	 of	 hypometabolism	 in	 the
posterior	 cingulate	 and	 posterior	 temporo-parietal	 areas	 that	 characterize	 the
conversion	from	MCI	to	AD	is	considered	helpful	in	the	diagnosis	of	AD	in	MCI
subjects.	 An	 MCI	 constellation	 is	 challenging	 if	 diagnosed	 solely	 on	 clinical
grounds	with	regard	to	outcome	prediction	because	declining	memory	is	also	a
feature	 of	 normal	 aging,	 and	 some	 MCI	 cases	 may	 never	 progress	 to	 the
dementia	 stage	 or	may	 even	 reverse	 to	 normality.	 Therefore,	 one	 of	 the	main
advantages	of	FDG-PET	over	other	biomarkers	 (i.e.,	amyloid	 imaging	or	CSF)
lies	in	its	high	predictive	value	for	short-term	conversion	to	AD	in	MCI	subjects,
which	 in	 turn	 offers	 clinically	 relevant	 prognostic	 information	 (70).	 Evidence
regarding	 the	 clinical	 routine	 use	 of	 FDG-PET	 as	 a	 means	 of	 detecting
diagnostically	 meaningful	 early	 signs	 of	 neurodegeneration	 in	 asymptomatic
subjects	 with	 an	 increased	 risk	 for	 AD,	 as	 defined	 by	 subjective	 cognitive
decline,	cerebral	amyloid-pathology	or	APOE4-positive	genotype,	is	still	limited
(71).

With	regard	to	the	clinical	role	of	the	biomarker	Aβ-PET,	a	recent	search	of



the	 literature	 has	 shown	 a	 significant	 impact	 on	 both	 the	 diagnosis	 and
management	 in	MCI	 subjects	 and	 patients	with	 dementias	who	 are	 referred	 to
memory	disorders	specialty	clinics.	The	performance	of	Aβ-PET,	used	according
to	criteria	(AUC)	published	to	help	clinicians	to	maximize	the	utility	of	Aβ-PET
(72),	yields	a	higher	percent	change	in	 the	diagnosis	 than	when	Aβ-PET	is	not
used,	according	to	the	AUC.	Beneficial	changes	increase	the	diagnostic	accuracy
and	 help	 to	 ensure	 patients	 and	 families	 go	 on	 to	 attend	 a	 general	 practice.
Changes	in	management	include	modified	treatment,	fewer	additional	diagnostic
tests,	 different	 family	 and	 patient	 advice	 based	 on	 the	 findings	 and,	 in	 some
cases,	 entry	 into	 clinical	 trials	 (73,	 74).	 Both	 amyloid-positive	 and	 amyloid-
negative	 results	 are	 also	 closely	 associated	 with	 changes	 in	 the	 diagnosis	 and
treatment	 in	 both	 patients	 with	 and	 those	 without	 dementia	 (75).	 Similarly,	 a
recent	 study	 designed	 to	 evaluate	 the	 impact	 of	Aβ-PET	 on	 the	 diagnosis	 and
management	 of	 AD	 patients	 in	 the	 memory	 clinic	 showed	 that	 clinical	 MRI
features	 suggestive	 of	 AD	 predict	 a	 positive	 Aβ-PET	 scan.	Moreover,	 among
patients	with	MRI	features	suggestive	of	AD	but	with	atypical	clinical	features
of	AD,	 the	clinical	 impact	on	 the	diagnosis	and	management	was	shown	 to	be
greater	for	amyloid	negative	than	amyloid	positive	Aβ-PET	scans	(76).

Among	 patients	 with	 established	 diagnoses	 at	 a	 memory	 disorder	 clinic,
[18F]	 flortaucipir	 PET,	 which	 quantifies	 the	 paired	 helical	 filament	 tau,	 has
proven	highly	accurate	(sensitivity	and	specificity)	as	a	means	of	discriminating
AD	 from	other	 neurodegenerative	 diseases.	 Structural	MRI	measures	 correlate
with	PET-tau	tracer	18F-AV-1451	in	a	spatially	local	manner.	This	correlation	is
stronger	for	 longitudinal	 than	for	cross-sectional	measures	of	cortical	 thickness
as	 well	 as	 for	 subjects	 with	 cerebral	 amyloid	 than	 for	 those	 without,	 thereby
supporting	the	notion	that	in	vivo	measures	of	tau	pathology	are	closely	linked	to
the	 speed	 of	 neurodegenerative	 change	 (77).	 However,	 the	 diagnostic
performance	of	the	PET-tau	tracer	is	lower	in	MCI	due	to	AD	(78).	Lastly,	the
limited	 body	 of	 evidence	 on	 the	 relationship	 between	 tau	 and	 cognition	 in
normal	 aging	 suggests	 that	 the	mere	 presence	 of	 tau	 is	 not	 sufficient	 to	 cause
cognitive	 changes	 (79).	 The	 PET-tau	 technique	 still	 requires	 a	 considerable
amount	 of	 validation	 work,	 including	 the	 optimization	 and	 standardization	 of
methodological	 aspects.	 Although	 it	 may	 be	 possible	 to	 incorporate	 this
technique	into	clinical	 trials	on	a	range	of	subjects	with	 the	whole	spectrum	of
AD,	 the	 accuracy	 and	 potential	 clinical	 utility	 of	 PET-tau	 tracer	 in	 ABCD
subjects	 require	 further	 research	 in	 clinically	 more	 representative	 populations
(80).

Finally,	a	recent	neuroimaging	study	aimed	to	explore	the	joint	relationships



of	 imaging	 biomarkers	 (MRI	 cortical	 thickness,	 Aβ-PET,	 and	 PET-tau)	 and
cognition,	 in	 a	 cohort	 of	 non-demented	 individuals,	 using	 a	 machine	 learning
model,	has	shown	how	the	dysfunction	of	memory	process	is	influenced	by	the
confluence	of	these	three	biomarkers:	Aβ	and	tau	elevations	and	lower	levels	of
entorhinal	cortical	thickness	(81).	Fully	integrating	more	relevant	biomarkers	in
ABCD	 subjects	 and	 accounting	 for	 interplay	 between	 brain	 regions	 is	 a	major
computational	challenge	this	field	needs	to	address.

To	sum	up,	neuroimaging	provides	a	wide	range	of	techniques	and	methods
that	evaluate	the	structural,	functional	and	metabolic	bases	of	ABCDs	depending
on	 whether	 they	 are	 used	 for	 research,	 clinical,	 or	 pharmaceutical	 purposes,
respectively.	 In	 daily	 clinical	 practice	 and	 in	 the	 specialist	 setting,	 e.g.,	 in
memory	 clinics,	 structural	 MRI	 may	 support	 or	 rule	 out	 the	 diagnosis	 of
dementia	 (by	 identifying	 atrophy,	 especially	 using	 quantitative	 techniques),	 of
alternative	 etiologies	 (i.e.,	 small	 vessel	 disease)	 or	 of	 signs	 of	 co-morbidity.
PET,	 when	 based	 on	 FDG	 and	 Aβ	 tracers,	 increases	 the	 diagnostic	 and
prognostic	 accuracy,	 which	 in	 turn	 clinically	 impacts	 the	 diagnosis	 and
management	 of	 MCI	 subjects	 and	 AD	 patients.	 Priorities	 in	 the	 use	 of	 PET
neuroimaging	 biomarkers	 remain	 the	 standardization	 of	 the	 readout	 of	 these
assays	 and	 of	 normality	 thresholds,	 the	 evaluation	 of	 their	 performance	 in
detecting	 early	 disease	 in	 a	 larger	 population,	 the	 development	 of	 diagnostic
algorithms	 based	 on	 combinations	 of	 biomarkers,	 and	 the	 development	 of
clinical	guidelines	for	the	use	of	biomarkers	in	qualified	memory	clinics.

How	Does	Brain	Aging	Affect	the	Elderly	Individual's	Mental
Capacity	in	Terms	of	the	Law?
The	 social	 and	 political	 impact	 of	 modern	 neuroscience	 has	 become	 the
foundation	 of	 new	 interdisciplinary	 platforms	 which	 bring	 together	 doctors,
brain	 researchers,	 social	 scientists	 and	 professionals	 from	 other	 fields	 (82).
Within	 this	 context,	 technological	 advances	 in	 neuroimaging	 point	 to	 another
radical	 change	 in	 the	 comprehension	of	 brain	 aging	 and	 its	 pathologies:	 in	 the
coming	 years,	 neuroimaging	 markers	 will	 become	 part	 of	 routine	 clinical
evaluations	and	will	radically	transform	not	only	our	clinical	approach	but	also
our	way	 of	 understanding	 the	 elderly	 and	 their	 relations	with	 society.	 Indeed,
while	 the	 primary	 objective	 will	 continue	 to	 be	 the	 preclinical	 and/or	 early
diagnosis	of	dementia	and	 its	 treatment,	other	non-clinical	aspects	will	need	 to
be	considered,	such	as	legal	issues	that	must	be	addressed	and	managed.	The	use
of	 neuroimaging	 to	 identify	 signs	 of	 brain	 aging	 establishes,	 primarily,	 a
responsibility	on	the	part	of	clinical	practitioners	in	relation	to	the	management



of	clinical	information,	particularly	in	cases	where	neurodegenerative	disease	is
involved.	On	receiving	a	diagnosis	of	a	probable	neurodegenerative	pathology,
even	if	in	the	initial—MCI—or	the	prodromal	phase,	individuals	will	have	to	be
informed	 that	 they	have	a	high	probability	of	developing	a	pathology	 that	will
result	 in	 a	 progressive	 loss	 of	 cognitive	 functions	 and	 autonomy.	 This	 stigma
will	 change	 the	 individual's	 interpersonal	 relationships,	 both	 public	 and	 social,
and	may	lead	to	their	isolation;	it	could	give	rise	to	a	fear	of	losing	civil	rights
and	 privileges	 (for	 example,	 driving	 vehicles,	 participation	 in	 public	 life,
voting);	 it	may	 lead	 to	workplace	 discrimination	 in	 relation	 to	 the	 individual's
position	and	the	tasks	carried	out	up	until	that	day	(83).

Physiological	 brain	 aging	 and	 the	 associated	progressive	 cognitive	 changes
do	not	particularly	affect	a	person's	ability	to	perform	simple	daily	activities,	but
they	 can	 have	 an	 impact	 on	more	 complex	 activities	 requiring	 a	 high	 level	 of
attention	and	capacity	to	react.	For	example,	older	individuals	have	been	shown
to	be	more	at	risk	of	being	responsible	for	road	accidents	than	younger	ones	(84)
due	 to	 an	 evident	 inability	 to	 assess	 their	 own	 driving	 skills	 objectively	 or
accurately.	 Furthermore,	 there	 are	 certain	 professional	 categories	 where	 a
reduction	 in	 driving	 ability	 would	 take	 on	 even	 greater	 significance	 (such	 as
truck	and	train	drivers,	pilots,	and	air	traffic	controllers)	(85).

In	addition,	some	studies	have	shown	that	reduction	in	cognitive	functions	in
the	elderly	may,	if	exacerbated	by	co-morbid	factors	(risk	factors,	cerebral	small
vessel	 disease,	 endocrine	 changes/diseases),	 lead	 to	 an	 impairment,	 albeit	 to	 a
varying	extent,	in	a	number	of	areas	such	as	those	related	to	attention	processes
and	 visual	 perception,	 executive	 functions	 and	 memory,	 and	 inhibition	 of	 an
automatic	 response	 with	 respect	 to	 a	 new	 behavior	 (86).	 This	 may	 cause	 a
decrease	in	the	ability	to	perform	normal	daily	activities	and	a	total	inability	to
undertake	 those	 activities	 requiring	 complex	 functional	 capacities	 such	 as
management	 of	 one's	 finances	 or	 of	 pharmacological	 therapies	 and	 driving
ability	(87).

It	 must	 be	 underlined	 that	 in	 national	 legal	 systems	 there	 are	 no	 laws
providing	for	a	general	presumption	of	incapacity	for	those	individuals	who	have
reached	a	certain	age	(88),	unlike	that	established	by	some	legal	systems	in	the
field	of	civil	and	criminal	capacity	of	minors:	see,	for	example,	§	2	of	German
Civil	Code	(where	 the	fixed	minimum	age	for	active	 legal	capacity	 is	18	years
old)	and	section	19	of	German	Criminal	Code	(where	the	fixed	minimum	age	for
criminal	 capacity	 is	14	years	old),	 article	2	of	 Italian	Civil	Code	 (18	y.o.)	 and
article	 98	 of	 Italian	 Criminal	 Code	 (14	 y.o.),	 section	 1	 of	 U.K.	 Family	 Law
Reform	Act	1969	(18	y.o.),	and	section	50	of	U.K.	Children	and	Young	Persons



Act	1933	as	amended	by	U.K.	Children	and	Young	Persons	Act	1963	(10	y.o.).
The	 lack	 of	 a	 presumption	 of	 incapacity	 is	 due	 to	 the	 structural	 difference
between	minors	and	the	elderly:	while	for	the	former	the	established	incapacity
is	 associated	 with	 a	 physiological	 condition	 of	 immaturity	 due	 to	 biological-
organic,	psychological,	and	socio-environmental	factors	(89),	for	the	latter	there
is	 a	 progressive	 physiological	 loss	 of	 cognitive	 abilities	 due	 to	 a	 decrease	 in
brain	 volume	 and	 neuronal	 connections,	 which	 are	 factors	 that	 may	 occur	 at
different	times	among	elderly	individuals	depending	on	their	genetic	makeup,	on
their	quality	of	life,	and	on	stimuli	external	to	their	central	nervous	system.

The	rationality	behind	the	lack	of	legal	presumption	regarding	incapacity	of
the	elderly	can	be	considered	in	three	different	ways.

Firstly,	from	the	point	of	view	of	the	rationality	of	legislative	choices,	setting
an	age	threshold	at	which	mental	capacity	is	deemed	to	be	impaired	would	be	a
solely	 discretionary	 and	 questionable	 choice	 on	 the	 part	 of	 the	 legislator,
potentially	with	little	connection	to	the	modern	social	context,	where	brain	aging
in	 individuals	with	 no	 pathological	 causes	 tends	 to	 diminish	 increasingly	 on	 a
chronological	 basis.	 This	 is	 especially	 true	 with	 the	 middle	 and	 upper	 social
classes	(90),	where	it	is	easier	for	older	people	to	enjoy	better	brain	health,	as	a
result	 of	 them	 being	more	 able	 to	 benefit	 from	 health	 care	 for	 therapeutic	 or
enhancement	purposes	and	to	take	advantage	of	cultural	motivational	stimuli	and
to	 enjoy	 the	 restorative	 effect	 on	 the	 brain	 of	 new	 technological	 tools	 at	 their
disposal.

Secondly,	analyzing	unreasonable	legal	consequences	in	malam	partem,	such
a	regulatory	intervention	would	create	a	potentially	unreasonable	discrimination,
resulting	in	the	loss	of	a	whole	series	of	rights	linked	to	legal	capacity,	such	as
voting,	finalizing	valid	contracts,	drawing	up	a	will,	or	taking	actions	potentially
involving	risk	which	are	normally	permitted	by	law	(for	example,	driving	on	the
road,	carrying	out	private	professional	activities,	or	engaging	in	hobbies	such	as
hunting	or	fishing):	 from	this	point	of	view,	an	abstract	presumption	of	mental
incapacity	would	be	at	variance	with	the	principle	of	equality	and	that	of	respect
for	human	dignity.

Thirdly,	 in	 terms	of	unreasonable	legal	consequences	 in	bonam	partem,	 the
aforementioned	 environmental	 factors,	 together	 with	 the	 physiological	 (for
example,	 genetic)	 differences	 between	 individuals,	 bring	 into	 focus	 how	 the
introduction	 of	 a	 presumption	 of	 mental	 incapacity	 for	 the	 elderly	 would	 be
contrary	to	the	principle	of	individual	responsibility:	to	consider	persons	lacking
capacity	merely	because	 they	had	exceeded	a	 certain	 age	 (over-X),	would	 risk
excluding	 them	 a	 priori	 from	 any	 responsibility	 for	 their	 own	 actions,	 with



aberrant	 consequences	 particularly	 in	 the	 field	 of	 criminal	 law	 where
requirements	 for	social	protection	are	particularly	stringent.	 In	 fact	 in	 this	case
the	over-X	elderly	 individuals	would	be	 exempt	 from	punishment	 for	 criminal
actions	 committed	 regardless	 of	 any	 assessment	 of	 their	 effective	 capacity	 to
understand	the	disvalue	of	their	conduct,	in	contrast	to	the	criminal	principle	of
guilt.

On	the	other	hand,	the	absence	of	a	legal	presumption	of	mental	 incapacity
should	 be	 accompanied	 by	 a	more	 vigilant	 awareness	 and	management	 on	 the
part	 of	 the	 legislator	 of	 the	 aging-related	 brain	 cognitive	 disease	 (ABCDs)
process	 of	 the	 population	 and	 the	 potential	 conflict	 between	 the	 rights	 of	 the
elderly	 and	 the	 opposing	 interests	 of	 citizens	 interacting	 with	 the	 former,
primarily	all	those	related	to	security	and	public	safety:	this	aspect	deserves	to	be
considered	 in	 the	 field	 of	 criminal	 law,	 which	must	 deal	 with	 preventing	 and
penalizing	socially	harmful	behavior.

Given	that	in	European	and	non-European	legislation	there	is	no	presumption
of	 mental	 incapacity	 for	 the	 elderly	 who	 have	 passed	 a	 certain	 age,	 the	 sole
means	of	holding	them	not	responsible	for	any	actions	carried	out	against	 their
own	 interests	 or	 those	 of	 third	 parties	 is	 by	 declaring	 a	 condition	 of	 mental
infirmity	 based	 on	 the	 detection	 of	 pathological	 factors	 that	 aggravate	 the
aforementioned	physiological	conditions	of	brain	aging,	on	condition	that	 there
exists	proof	that	on	account	of	 the	disease	the	elderly	individual	 lacks	capacity
(91).	In	these	cases,	the	condition	of	physiological	and	pathological	brain	aging
would	coincide	with	insanity	and	would	be	subject	to	general	norms	regulating
its	impact	on	active	legal	capacity,	in	civil	law,	and	on	mens	rea,	in	criminal	law.
Formally	 this	 would	 be	 similar	 to	 those	 procedures	 for	 younger	 individuals
affected	by	mental	diseases	which	are	not	related	to	brain	aging.

How	Can	Neuroimaging	Support	Preventive	Legislative	Strategies
and	Criminal	Law	With	Regard	to	the	Elderly?
The	aspect	to	be	investigated	concerns	precisely	the	elderly	individual's	capacity
in	 terms	 of	 criminal	 law,	 since	 due	 to	 the	 aforementioned	 reasons	 regarding
social	 security,	 the	 issue	 requires	particular	attention	by	 legislative	bodies	who
must	beforehand	establish	regulatory	limits	to	the	elderly	individual's	freedom	of
action	and	by	the	courts	who	must	subsequently	intervene	to	establish	whether	or
not	the	elderly	individual	is	guilty	of	having	committed	an	illicit	act.	However,
to	 date,	 it	 has	 been	 impossible	 to	 pinpoint	 a	 comprehensive	 strategy	 aimed	 at
specifically	 addressing	 the	 relationship	 between	 the	 physiological	 or
pathological	 loss	 of	 cognitive	 functions	 of	 the	 elderly	 and	 the	 commission	 of



crimes.
For	 this	 purpose,	 the	 use	 of	 neuroimaging	 techniques	 would	 be	 useful	 to

determine	whether	physiological	 or	pathological	 aging	processes	have	 affected
the	 individual's	 capacity,	 be	 it	 decreased	 or	 destroyed,	 and	 if	 there	 is	 a	 causal
connection	 between	 the	 detected	 incapacity	 and	 the	 elderly	 individual's	 illicit
conduct.

A	desirable	reform	intervention	must	be	aimed	at	allowing,	on	the	preventive
level,	 an	 adequate	 dialogic	 relationship	 between	 the	 administrative	 authority
responsible	 for	 issuing	 licenses	 required	 to	 carry	out	 certain	 risk	 activities	 and
the	medical	staff	called	upon	to	provide	the	most	appropriate	information	on	the
physiological	or	pathological	brain	aging	of	the	individual	seeking	such	licenses.
Such	 a	 relationship	 must	 be	 founded	 on	 compliance	 with	 Regulation	 (EU)
2016/679	of	the	European	Parliament	and	of	the	Council	of	27	April	2016	on	the
protection	of	natural	persons	with	regard	to	the	processing	of	personal	data	and
on	 the	 free	 movement	 of	 such	 data	 (“General	 Data	 Protection	 Regulation”—
GDPR),	 mainly	 with	 its	 article	 9	 which	 forbids	 processing	 of	 personal	 data
concerning	health,	except	 in	a	number	of	cases	among	which	 the	protection	of
substantial	public	interests	is	mentioned	(para	2,	g):	the	processing	is	licit	only	if
it	 is	 provided	 for	 by	 UE	 or	 national	 law,	 proportionate	 to	 the	 aim	 pursued,
respectful	 of	 the	 essence	 of	 the	 right	 to	 data	 protection,	 and	 accompanied	 by
suitable	 and	 specific	 measures	 to	 safeguard	 the	 fundamental	 rights	 and	 the
interests	of	the	data	subject.

To	date	the	legislative	strategies	aimed	at	preventing	harms	due	to	the	elderly
performing	risk	activities	are	inadequate.	In	this	sense,	we	need	only	to	examine
an	authorized	risk	activity	par	excellence,	namely	the	driving	of	motor	vehicles:
in	a	recent	report	on	the	relationship	between	road	safety	and	elderly	drivers,	the
European	 Commission	 found	 that	 the	 rate	 of	 fatal	 accidents	 involving	 drivers
over	75	years	old	is	five	times	higher	than	the	average	for	drivers	in	general,	and
that	 this	 increased	 vulnerability	 is	 a	 result	 of	 the	 reduced	 physical	 capacity	 of
older	drivers	and	their	decreased	daily	experience	on	the	road	(92).	However,	the
European	institutions	have	not	issued	to	the	Member	States	a	maximum	age	limit
for	drivers	concerning	 the	grant	or	 renewal	of	driving	 licenses	 (whereas	 in	 the
field	of	commercial	aircraft	 the	European	Union's	 strategy	was	more	 stringent,
and	FCL.065	of	the	Annex	I	of	the	Commission	Regulation	(EU)	No	1178/2011
of	 3	 November	 2011	 established	 that	 “The	 holder	 of	 a	 pilot	 licence	 who	 has
attained	 the	age	of	 65	 years	 shall	 not	 act	 as	a	pilot	 of	 an	aircraft	 engaged	 in
commercial	 air	 transport,”	 due	 to	 the	 greater	 number	 of	 subjects	 potentially
involved	in	a	plane	crash	caused	by	senior	pilots).



Among	 the	safety	measures	 the	EU	report	 recommended,	 it	 is	 important	 to
mention	 the	 implementation	 of	 neuropsychological,	 medical	 and	 driving	 tests,
aimed	at	establishing	the	ability	of	the	elderly	individual	to	drive	and	the	related
risks,	 for	 the	 purposes	 of	 granting,	 renewing	 or	 denying	 a	 driving	 license.
However,	 it	 is	 important	 to	 point	 out	 that	 no	 reference	 was	 made	 to	 modern
neuroimaging	 techniques	which,	 together	with	 the	 tests	 indicated	 in	 the	 report,
would	ensure	that	the	physiological	and	pathological	deficits	of	the	brain	aging
process	were	better	monitored.

Outside	 the	 European	 continent,	 a	 maximum	 age	 limit	 for	 the	 granting	 or
renewal	 of	 driving	 licenses	 has	 likewise	 not	 been	 established.	For	 example,	 in
some	US	States	 the	 only	 preventive	measure	 adopted	 is	 that	 of	 setting	 shorter
deadlines	 after	 which	 elderly	 persons	 who	 have	 reached	 a	 certain	 age	 must
request	 the	 renewal	 of	 their	 license,	 together	 with	 an	 obligation	 to	 present
themselves	personally	before	the	authority	for	this	purpose	(in	these	cases,	mail
or	on-line	renewal	is	forbidden)	(93).	Also	in	this	legal	system	no	reference	was
made	to	any	requirement	to	undergo	neuroscientific	tests.

In	the	context	of	prevention	strategies	related	to	those	risky	activities	subject
to	 licenses	 and	 without	 a	 legally	 established	 maximum	 age	 limit	 for	 their
operation,	 the	national	 legal	 systems	 should	provide	 for	 protocols	 to	deal	with
the	 correlations	 between	 pathological	 brain	 aging	 and	 the	 carrying	 out	 of	 risk
activities	 that	 are	 generally	 permitted.	 Such	 protocols	 should	 firstly	 set	 out	 an
obligation	 for	 more	 frequent	 and	 specific	 health	 checks	 for	 those	 who	 have
exceeded	a	certain	age,	in	order	to	verify	the	psychophysical	conditions	of	such
individuals.	 The	 combination	 of	 psychiatric	 and	 neuroscientific	 tests	 would
allow	 authorities	 to	 establish	 whether	 the	 elderly	 individual	 is	 in	 MCI	 or	 a
prodromal	phase	of	dementia,	where	a	predisposition	to	the	development	of	the
disease	accompanied	by	some	symptom	of	it	may	be	detected.	In	this	case,	 the
granting	or	renewal	of	 the	authorization	to	carry	out	 the	risk	activity	should	be
subject	 to	 the	 adoption	 of	 certain	 precautionary	 measures.	 For	 this	 purpose,
national	 legal	 systems	 need	 to	 draw	 up	 appropriate	 standards	 of	 diligence	 to
regulate	 various	 risk	 fields,	 because	 elderly	 individuals	might	 be	 incapable	 of
setting	the	most	appropriate	standards	of	diligence	or	be	unaware	of	the	need	to
adopt	such	standards	if	they	refuse	to	acknowledge	their	own	deficits.	In	the	case
of	 driving	 cars,	 for	 example,	 it	 might	 be	 obligatory	 to	 have	 an	 experienced
passenger	next	to	the	driver	or	to	use	vehicles	equipped	with	safety	mechanisms,
such	as	automatic	braking	systems.

In	 order	 to	 ensure	 a	 balance	 between	 the	 rights	 of	 the	 elderly	 and	 social
security,	authorization	must	be	denied	in	instances	where	the	subject	is	in	initial,



intermediate,	or	late	stage	of	dementia.
In	the	field	of	risk	assets	endangering	the	integrity	of	individuals	directly	in

contact	with	the	elderly	in	one-to-one	relations	(for	example,	the	exercise	of	risk
professions	 such	as	medical	 activities),	 the	diagnosis	of	MCI	or	 the	prodromal
phase	 of	 dementia	would	 in	 itself	 be	 sufficient	 so	 as	 to	 deny	 the	 provision	 or
renewal	of	authorization	to	carry	out	the	activity.

With	particular	regard	to	the	punishment	of	criminal	conduct	committed	by
individuals	 at	 an	 advanced	 age,	 courts	will	 have	 to	 turn	 to	 the	 contribution	 of
neuroscience,	so	that	the	assessment	of	the	mental	capacity	of	elderly	individuals
can	 be	 backed	 up	 by	 specialized	 tests	 indicating	 whether	 the	 physiological
condition	 of	 cerebral	 aging	 is	 accompanied	 by	 pathological	 factors	 capable	 of
prejudicing	 the	 subjects'	 cognitive	 ability.	Also	 in	 this	 case	 a	 compliance	with
General	Data	Protection	Regulation	is	needed,	mainly	with	its	art.	9	(para	2,	f)
which	 permits	 processing	 of	 personal	 data	 concerning	 health	 when	 it	 is
necessary	for	the	establishment,	exercise	or	defense	of	legal	claims	or	whenever
courts	are	acting	in	their	judicial	capacity.	In	particular,	diagnostic	tests	aimed	at
identifying	 the	 presence	 of	 MCI	 or	 the	 prodromal	 phase	 of	 dementia	 should
promote	 widespread	 neuropsychiatric	 tests	 to	 ascertain	 individual	 mental
capacity.	 Indeed	 in	 the	 US	 as	 well	 as	 in	 the	 European	 courts,	 neuroscientific
evidence	 based	 on	 the	 verification	 of	 an	 organic	 or	 genetic	 predisposition	 to
develop	 a	 specific	 pathology—although	 often	 considered	 admissible	 according
to	 the	 Daubert	 criteria	 (94)	 (for	 example	 consider	 the	 decisions	 of	 the	 US
Supreme	Court	 in	 the	cases	of	Roper	v.	Simmons,	Graham	v.	Florida)—is	not
considered	 sufficient	 to	 overturn	 the	 presumption	 of	 capacity	 in	 force	 for
individuals	 according	 to	 national	 and	 federal	 laws,	 and	must	 be	 supported	 by
traditional	 psychiatric	 tests	 aimed	 at	 demonstrating	 the	 existence	 of	 an	 actual
mental	 disease	 (95).	However,	 it	 is	 essential	 that	 neuroimaging	 techniques	 are
used	 as	 evidence	 in	 criminal	 trials	 against	 elderly	 people	 suffering	 from
pathological	brain	aging	due	to	dementia:	even	after	the	dissemination	in	the	US
courts	 of	 the	 rigid	M'Naughten	 Rules	 that	 based	 insanity	 defense	 on	 diseases
pertaining	 only	 to	 cognitive	 abilities	 and	 not	 to	 those	 regulating	 self-control
(will)	 of	 individuals	 (96)	 (this	 probative	 model	 was	 initially	 replaced	 by	 the
broader	and	more	 liberal	ALI	 test	developed	by	 the	American	Law	Institute	 in
the	Model	Penal	 code,	 and	 then	brought	back	 into	use	 following	 the	 criticized
absolutory	 outcome	 to	 which	 the	 ALI	 test	 had	 contributed	 in	 the	 famous
judgement	United	 States	 v.	 Hinckley),	 such	 techniques	 would	 assist	 judges	 in
establishing	 a	 causal	 link	 between	 the	 perpetration	 of	 non-intentional	 crimes
(where	the	volitional	component	is	absent	but	the	charge	is	based	on	the	lack	of



foreseeability	or	failure	to	avoid	the	criminal	event)	and	the	progressive	loss	of
cognitive	 functions	 due	 to	 the	 development	 of	 dementia,	 and	 thus	 contribute
toward	the	application	of	insanity	defense.

However,	 in	 chronological	 phases	 prior	 to	 the	 initial	 stage	 of	 dementia,	 it
would	 be	 difficult	 to	 reach	 a	 non-guilty	 verdict	 by	 reason	of	 insanity	 (NGRI),
since	such	phases	are	often	asymptomatic,	or	in	any	case	characterized	by	single
and	asystemic	episodes	of	cognitive	deficits:	thus	in	these	stages	infirmity	could
not	be	considered	so	 intense	and	serious	as	 to	prove	 that	 the	elderly	 individual
lacked	capacity.

Conversely	 the	diagnosis	of	 these	early	phases	of	 the	disease	could	 lead	 to
the	 elderly	 individuals	 having	 to	 deal	 with	 taking	 responsibility	 for	 their	 own
lives:	since	it	is	impossible	to	know	when	exactly	the	first	symptom	will	occur	or
at	what	point	symptoms	already	present	will	become	more	numerous,	the	elderly
persons	 will	 have	 to	 self-monitor	 their	 state	 (regardless	 of	 whether	 the
administrative	 authority	 was	 already	 informed	 of	 the	 disease	 and	 revoked	 the
appropriate	 authorization	 or	 made	 it	 subject	 to	 compliance	 with	 appropriate
standards	of	diligence)	and	to	refrain	from	engaging	in	risk	activities	or	at	least
to	undertake	 such	activities	 adopting	 a	 series	of	precautions	 that	would	 ensure
adequate	public	safety.	Failure	to	comply	with	those	precautions	could	result	in	a
criminal	 liability	of	 the	elderly	 for	 imprudently	or	negligently	causing	harm	 to
others.	In	this	sense	we	could	consider	that	the	elderly	person	aware	of	suffering
from	pathologic	brain	aging	presents	a	kind	of	“culpability	for	assumption	of	a
risk	 generally	 allowed,”	 a	 dogmatic	 category	 used	 by	 German	 doctrine	 in
criminal	 matters	 (“Übernahmenfahrlässigkeit”)	 (97)	 and	 Italian	 (“colpa	 per
assunzione”)	(98)	in	the	context	of	the	non-intentional	responsibility	of	medicals
for	 harms	 caused	 to	 patients	 and	of	 employers	 for	 accidents	 in	 the	workplace:
persons	who	committed	a	crime	for	imprudence	or	negligence	but	were	not	able
to	foresee	the	harmful	consequences	of	their	action	may	be	guilty	on	account	of
their	 “pre-behavior,”	 i.e.,	 for	 having	 undertaken	 a	 risk	 activity	 without
possessing	 the	 specific	 cognitive	 skills	 required	or	 alternatively	 for	 not	 having
resorted	to	the	special	technical	or	informative	skills	of	other	persons	who	would
have	been	able	to	assist	them	in	performing	the	activity.

Paradoxically	 the	 previous	 juridical	 considerations	 regarding	 pathological
brain	 aging	 in	 the	 phases	 prior	 to	 the	 initial	 development	 of	 dementia	 risk
turning	the	terms	of	the	issue	at	hand	upside	down	and	transforming	the	concept
of	 the	 elderly	 individual	 from	 a	 vulnerable	 subject	 deserving	 of	 special
protection	 to	 an	 individual	 responsible	 for	 having	 undertaken	 a	 certain	 risk
activity	 and	 imprudently	 failing	 to	 consider	 they	 are	 gradually	 losing	 their



cognitive	functions.
In	 order	 to	 avoid	 a	 situation	whereby	 the	 aforementioned	 paradox	 leads	 to

the	 application	 of	 a	 disproportionate	 punishment	 which	 fails	 to	 consider	 the
vulnerability	 of	 the	 elderly	 predisposed	 to	 develop	 dementia,	 a	 possible
conviction	 of	 imprudent	 or	 negligent	 crimes	 for	 persons	 with	 advanced	 brain
aging	should	be	accompanied	by	a	mitigation	of	the	penalties	imposed	(99).	This
could	 be	 done	 either	 by	 applying	 a	 generic	 extenuating	 circumstance	 or	 by
introducing	an	appropriate	mitigation	based	on	an	evaluation	of	the	regression	of
cognitive	 functions	 in	 the	 elderly	 individual,	 in	 parallel	 with	 the	 provisions
established	in	some	legal	systems	for	accused	minors	(see	art.	98	of	 the	Italian
Criminal	Code).	For	example	 such	a	mitigation	was	provided	 for	by	art.	75	of
Venezuelan	Criminal	Code	which	established	 that	 individuals	over	70	years	of
age	 who	 have	 been	 convicted	 of	 a	 crime	 are	 not	 punishable	 by	 presidio	 or
imprisonment	but	only	by	arrest	not	exceeding	4	years.	Lastly	it	would	also	be
auspicious	 to	 examine	whether	 conditions	 regarding	 appeals	 for	 alternatives	 to
detention	 (such	as	probation)	might	be	 simplified	 (100),	 so	as	 to	avoid	elderly
persons	 having	 to	 enter	 into	 a	 prison	 environment	 which	 would	 be	 likely	 to
worsen	 their	 physical	 and	mental	 health	 and	whose	 capacity	 for	 rehabilitation
would	be	severely	affected	by	their	own	old	age	(101).

In	cases	where	a	prison	sentence	cannot	be	avoided	(intentional	offenses	of
major	 disvalence),	 it	 would	 also	 be	 advisable	 to	 establish	 special	 courts	 and
special	prison	sections	for	the	elderly	so	that	their	contact	with	the	justice	system
is	 not	 traumatic	 and	 that	 they	 can	 take	 advantage	 of	 special	 re-education	 and
resocialization	 programs	 (102).	 In	 this	 particular	 prison	 environment,	 elderly
individuals	could	be	in	contact	and	socialize	with	prisoners	of	their	same	age	in
order	 to	 have	 a	 greater	 chance	 of	 integration	 and	 socialization.	 Constructive
meetings	 and	 dialogues	 with	 family	 members	 and	 younger	 people	 could	 be
guaranteed	by	a	mechanism	which	could	provide	more	frequent	visits	of	external
visitors	 to	 the	prison	together	with	an	appropriate	number	of	 temporary	release
permits	 for	 prisoners	 and	 lastly	 by	 ensuring	 a	 valid	 support	 network	 of
psychologists	and	social	workers.

CONCLUSIONS

Knowledge	of	the	multidimensional	process	of	brain	aging	and	of	the	factors	that
influence	 its	 evolution	 on	 the	 clinical	 and	 behavioral	 level	 is	 of	 fundamental
importance	for	its	correct	and	global	management.	The	control	and	treatment	of
vascular	risk	factors	and	endocrine	disorders	can	reduce	the	prevalence	of	long-



term	 disability	 in	 the	 elderly	 population.	 Technological	 advances	 in	 brain
imaging	 help	 us,	 whether	 it	 be	 in	 daily	 practice,	 in	 research	 protocols	 or	 in
pharmaceutical	trials,	to	improve	the	quality	of	aging,	to	increase	the	number	of
individuals	that	age	successfully,	and	to	slow	down	and	control	the	processes	of
pathological	 aging.	 However,	 the	 responsibility	 of	 clinical	 practitioners	 in	 the
detecting	 of	 diseases	 and	 in	 the	 management	 of	 informations	 must	 not	 be
forgotten,	 especially	 in	 presence	 of	 pathological	 brain	 aging	 suitable	 to	 affect
diligent	 behaviors	 of	 elderly	 in	 risky	 assets	 where	 public	 security	 may	 be
endangered:	for	this	purpose,	the	use	of	brain	imaging	and	the	cooperation	with
practitioners	 have	 to	 become	 usual	 for	 the	 legislator,	 aimed	 at	 setting	 up	 a
prevention	strategy,	and	for	the	courts,	in	order	to	ascertain	guiltiness	of	elderly
individuals	involved	in	criminal	acts.
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(ED)	and	hypoactive	sexual	desire.	A	large	body	of	experimental	evidences	have
shown	 that	 the	 combination	 of	 T	 replacement	 therapy	 (TRT)	 and
phosphodiesterase	 type	 5	 inhibitors	 (PDE5i)	 is,	 usually,	 effective	 in	 restoring
erectile	 function	 in	 patients	 with	 LOH	 and	 ED	 who	 have	 not	 responded	 to
monotherapy	 for	 sexual	 disturbances.	 In	 fact,	 PDE5is	 potentiate	 the	 action	 of
nitric	oxide	(NO)	produced	by	endothelial	cells,	resulting	in	a	vasodilator	effect,
while	 T	 facilitates	 PDE5i	 effects	 by	 increasing	 the	 expression	 of	 PDE5	 in
corpora	 cavernosa.	Meta-analytic	 data	 have	 recognized	 to	 PDE5i	 a	 protective
role	 on	 the	 cardiovascular	 health	 in	 patients	 with	 decreased	 left	 ventricular
ejection	 fraction.	 In	addition,	 several	 studies	have	shown	pleiotropic	beneficial
effects	of	 these	drugs	 throughout	 the	body	 (i.e.,	 on	bones,	 urogenital	 tract	 and
cerebral,	 metabolic,	 and	 cardiovascular	 levels).	 TRT	 itself	 is	 able	 to	 decrease
endothelial	 dysfunction,	 oxidative	 stress	 and	 inflammation,	 thus	 lowering	 the
cardiovascular	risk.	Furthermore,	untreated	hypogonadism	could	be	the	cause	of
PDE5i	 ineffectiveness	 especially	 in	 the	 elderly.	 For	 these	 reasons,	 aging	men
complaining	ED	who	have	LOH	should	undergo	TRT	before	or	at	 the	moment
when	PDE5i	treatment	is	started.

Keywords:	 aging,	 hypogonadism,	 erectile	 dysfunction,	 sexual	 desire,	 pde5
expression,	pde5	inhibitors,	testosterone	replacement	therapy,	elderly

INTRODUCTION

Male	hypogonadism	is	generally	characterized	by	abnormally	 low	serum	T	(T)
levels.	Cross-sectional	studies	have	found	that	20–64%	of	old	men	with	diabetes
have	hypogonadism,	with	higher	prevalence	rates	 found	 in	 the	elderly.	Typical
symptoms	 include	 sexual	 dysfunctions,	 changes	 in	 mood,	 decreased	 bone
mineral	density,	increased	body	fat	and	decreased	muscle	mass	and	strength	(1).
By	 restoring	 serum	T	 levels	 to	 the	 normal	 range	 using	T	 replacement	 therapy
(TRT),	many	of	these	symptoms	can	be	relieved.

A	number	of	other	common	conditions	can	also	be	associated	with	decreased
T	 production	 in	 the	 elderly.	 These	 include	 metabolic	 syndrome	 (MetS),
atherosclerosis,	 myocardial	 infarction,	 and	 chronic	 heart	 failure	 (2).	 Several
studies	have	shown	an	increased	cardiovascular	disease	(CVD)	risk	of	up	to	4-
fold	in	men	with	either	MetS	or	type	2	diabetes	(3–5).	Studies	have	also	shown
that	 low	T	 levels	 in	men	can	predict	 the	development	of	 insulin	 resistance,	 the
physio-pathological	basis	of	MetS,	and	a	possible	progression	to	type	2	diabetes
(6,	7).	Men	are	 twice	as	 likely	as	women	 to	develop	CVD	as	well	as	diabetes.
This	might	be	ascribe	to	differences	in	endogenous	sex	hormone	levels.	Indeed,



patients	 with	 type	 2	 diabetes	 mellitus	 have	 lower	 androgen	 levels	 and	 poorer
glucose	 tolerance	 than	 non-diabetics	 (8–10).	 Thus,	 low	 serum	 T	 levels	 are
associated	 with	 an	 increase	 in	many	 of	 the	 known	 cardiovascular	 risk	 factors
(11)	listed	in	this	Table	1.

Table	1.	Biochemical	and	metabolic	effects	of	T	(T)	deficiency	and	their	reversal	after	T
replacement	therapy	(TRT).

Adequate	T	concentrations	are	also	crucial	for	a	proper	endothelial	function,
for	 the	 expression	of	 penile	PDE5	 isoenzyme	 (12)	 as	well	 as	 for	 the	 adequate
production	 of	 hydrogen	 sulphyde	 (H2S).	 Thus,	 long-term	 TRT	 would	 be
expected	 to	 decrease	 cardiovascular	 morbidity	 and	 mortality	 but	 is	 not
recommended	 in	 the	 frail	 elderly	 (13).	 Men	 with	 ED	 and	 low	 T	 levels	 are
potential	 candidates	 to	 benefit	 from	 a	 combination	 therapy	 if	 response	 to
monotherapy	 is	not	 sufficient.	A	combined	 treatment	may	 result	 in	 endothelial
rejuvenation	by	potential	 remodeling	of	vascular	wall	 (14).	However,	since	 the
potential	high	benefits	 from	 these	 therapies	 in	 specific	elderly	population	have
not	 yet	 been	 proven,	 the	 purpose	 of	 this	 article	 is	 to	 review	 basic	 and
translational	 experimental	 evidences	 that	 support	 a	 possible	 role	 of	 T	 in	 the
regulation	 of	 PDE5	 expression	 in	 the	 urogenital	 tract	 and	 to	 evaluate	 its	 use,
alone	 or	 in	 combination	 for	 the	 treatment	 of	 patients	 with	 LOH	 and	 sexual
dysfunctions.



ROLE	OF	CYCLIC	NUCLEOTIDES	AND	PDES	IN	T
PRODUCTION	AND	PENILE	ERECTION

In	Leydig	cells	(LCs),	 the	production	of	T	is	regulated	by	the	cyclic	adenosine
monophosphate	(cAMP)	signaling	pathway.	Luteinizing	hormone	(LH)	binds	to
its	receptors	coupled	to	the	G-protein	that	regulates	adenylyl	cyclase	(ADCYs).
This	event	leads	to	an	increase	in	the	intracellular	cAMP	levels	with	subsequent
activation	of	protein	kinase	A	(PKA)	that	promotes	steroidogenesis	(15).

The	 cyclic	 guanosine	 monophosphate	 (cGMP)	 signaling	 pathway	 is	 also
active	 in	 LCs	 and,	 together	 with	 the	 cAMP	 signaling	 pathway,	 modulates
steroidogenesis	 in	LC	 (16,	 17).	 In	 these	 cells,	 nitric	 oxide	 (NO),	 generated	 by
NO	 synthases	 endothelial	 (eNOS)	 and/or	 inducible	 NO	 synthase	 (iNOS),
stimulates	 the	 production	 of	 cGMP.	 The	 cGMP,	 in	 turn,	 activates	 the	 protein
kinase	G	 (PKG)	 that	 phosphorylates	 the	 acute	 regulatory	 steroidogenic	protein
(StAR),	thus	promoting	steroidogenesis	(17,	18).

An	 inverse	 relationship	 between	 NO	 production	 and	 T	 secretion	 has	 been
shown	(19).	Subsequently,	a	biphasic	 relationship	was	described.	Valenti	et	al.
reported	that	higher	concentrations	of	NO	donors	decrease	T	production	whereas
lower	 concentrations	 increase	 its	 levels	 (20).	 This	 occurs	 because	 at	 lower
concentrations	NO	activates	cGMP-dependent	pathway	leading	to	the	activation
of	PKG-1	and	consequently	the	phosphorylation	of	StAR	protein	that	promotes
steroidogenesis	(17).	Conversely,	at	higher	concentrations,	NO	directly	 inhibits
the	activities	of	steroidogenic	enzymes	in	LCs	(19,	21).

An	interaction	between	the	nitrergic	and	purinergic	systems	seems	to	exist	in
LCs.	 In	 fact,	 recently,	 it	 has	 been	 shown	 that	 basal	 NO	 production	 in	 LCs
changes	 the	 adenosine	 triphosphate	 (ATP)-evoked	 currents	 and	 that	 extra	 NO
modulates	 the	current	 through	a	mechanism	involving	 the	NO/cGMP	signaling
pathway	(22).

The	spatiotemporal	dynamics	of	cAMP	and	cGMP	pathways	depends	upon
PDE	 activity,	 which	 by	 breaking	 phosphodiesteric	 bonds	 terminate	 cyclic
nucleotides	signaling	 (23).	 In	mammals,	11	PDE	families	exist.	These	 include:
PDE4,	PDE7,	and	PDE8	are	highly	specific	for	cAMP;	PDE5,	PDE6,	and	PDE9
are	 highly	 selective	 for	 cGMP;	while	PDE1,	PDE2,	PDE3,	 and	PDE10	 act	 on
both	molecules	(23).

PDE5A,	a	cGMP-specific	PDE,	is	expressed	in	LCs	(24)	where	it	seems	to
modulate	cGMP/PKG-stimulated	androgen	production,	as	shown	by	the	raise	in
cGMP	and	androgen	levels	after	treatment	with	a	selective	PDE5i	(17).	In	LCs,
T	 production	 is	 also	 suppressed	 by	 the	 activity	 of	 PDE8A,	 an	 enzyme	 that



specifically	hydrolyzes	cAMP.	In	fact,	LCs	from	PDE8A-null	mice	secrete	about
4-fold	more	T	compared	to	those	of	wild-type	mice	and	are	more	responsive	to
LH	 stimulation	 (25).	 These	 data	 indicate	 that	 both	 cAMP	 and	 cGMP	 are
involved	in	T	production,	and	that	PDEs	contribute	to	the	regulation	of	androgen
synthesis	in	LCs	and	could	be	target	of	pharmacological	manipulation.

cGMP	 and	 cAMP	 are	 also	 fundamental	 in	 the	 regulation	 of	 the	 vascular
processes	 that	 lead	 to	 erection.	 Endothelial	 cells	 produce	 NO,	 which	 in	 turn
activates	 soluble	 guanylyl	 cyclase	 (sGC).	 The	 subsequent	 accumulation	 of
cGMP	 induces	 the	 relaxation	 of	 smooth	 muscle	 in	 corpora	 cavernosa	 (26).
cAMP	contributes	to	erection	physiology	through	the	cyclooxygenase-2	(COX-
2)	pathway.	COX-2	and	prostacyclin	synthase	(PTGIS)	catalyze	the	synthesis	of
prostaglandin	 E	 which,	 by	 binding	 to	 specific	 receptors	 on	 smooth	 muscle,
activates	cAMP-dependent	pathways	 that	 lead	 to	muscular	relaxation	(27).	The
main	penile	regulatory	biochemical	machinery	is	summarized	in	Figure	1.

FIGURE	1.	Endocrine	and	pharmacological	regulation	of	penile	erection.	In	corpora	cavernosa
the	effects	of	testosterone	(T)	are	primarily	mediated	by	its	conversion	into	5α-
dihydrotestosterone	(DHT)	and	its	binding	to	the	androgen	receptors	(ARs),	localized	within
vascular	endothelium	and	smooth	muscle	cells.	The	AR	is	a	ligand-activated	transcription
factor	acting	on	the	genome.	The	genomic	action	of	AR	is	modulated	by	a	large	variety	of	co-
regulators,	that	fine-tune	target	gene	expression	by	enhancing	or	restraining	transcription.
However,	steroids,	including	androgens,	have	also	membrane	receptors	responsible	for	non-
genomic	actions.	The	non-genomic	T	pathway	involves	the	rapid	induction	of	conventional
second	messenger	signal	transduction	cascades	(i.e.,	activation	of	protein	kinase	A,	protein
kinase	C,	and	MAPK),	leading	to	diverse	cellular	effects	including	smooth	muscle	relaxation,
neuromuscular	and	junctional	signal	transmission,	and	neuronal	plasticity.	Nitric	oxide	(NO)	is
released	from	nitrergic	nerve	endings	and	from	the	endothelium	in	response	to	acetylcholine
and	to	the	shear	stress	due	to	increased	blood	flow.	Subsequently,	NO	penetrates	into	smooth
muscle	cells	and	binds	to	soluble	guanylate	cyclases,	which	catalyze	the	conversion	of



guanosine	triphosphate	to	cyclic	guanosine	monophosphate	(cGMP).	cGMP	activates	protein
kinase	G	which	phosphorylates	and	activates	proteins	that	reduce	the	intracellular	Ca2+

concentration	or	the	sensitivity	to	Ca2+,	decreasing	muscular	tone.	Phosphodiesterase	type	5
(PDE5)	is	the	predominant	enzyme	responsible	for	cGMP	hydrolysis	in	vascular	and	trabecular
smooth	muscle.	T	regulates	PDE5	expression	and	mediates	clinical	response	to	PDE5
inhibitors	through	a	putative	androgen	response	element	(ARE)	in	human	PDE5A1	promoter.
Many	interfering	factors	in	the	elderly	(i.e.,	frailty,	physical	inactivity,	and	polypharmacy)	may
directly	or	indirectly	block	at	multiple	site	the	physiological	pathways.	Adapted	from	Aversa	et
al.	(28).	NOS,	nitric	oxide	synthase;	GMP,	guanosine	monophosphate;	GTP,	guanosine
triphosphate;	SSRI,	selective	serotonin	reuptake	inhibitors.

AGE-RELATED	CHANGES	IN	T	PRODUCTION	AND	PDE
EXPRESSION	IN	THE	UROGENITAL	TRACT

It	has	been	shown	 that	 serum	T	 levels	decrease	~by	1%	per	year	 in	men	 from
their	 30th	 (29).	 This	 is	 in	 part	 due	 to	 a	 progressive	 age-related	 decline	 in	 T
production	 by	 LCs.	 The	 main	 causes	 of	 this	 decrease	 include:	 a	 diminished
response	of	cAMP	to	gonadotropins;	a	lower	LHR	expression	in	LCs;	a	decline
in	 StAR	 transcription	 with	 consequent	 impairment	 of	 cholesterol	 intracellular
availability;	 and	 a	 decreased	 activity	 of	 some	 steroidogenic	 enzymes	 (30,	 31).
Another	 mechanism	 is	 the	 GnRH	 signaling	 attenuation	 in	 aging	 men,	 due	 to
decreased	GnRH	gene	expression	and	altered	pulsatility	and	amplitude	of	GnRH
pulse	(32).

LC	 of	 aged	 rats	 have	 lower	 cAMP	 concentration	 whereas	 NO–cGMP
signaling	is	 increased	(33).	Sokanovic	et	al.	have	shown	a	progressive	increase
in	endogenous	NO	production	in	aged	rats	that	contributes	to	the	decrease	in	T
production	with	 a	mechanism	 independent	 from	 the	 cGMP	pathway	 (33).	 The
increase	in	cGMP	alone	improves	T	content	in	LCs	of	both	adult	and	aged	rats,
while	an	increase	in	NO	levels	enhances	cGMP	and	inhibits	cAMP	production,
with	 consequent	 T	 production	 decrease,	 but	 only	 in	 LCs	 from	 aged	 rats	 (33).
These	 findings	 show	 that	 cGMP	stimulates	 and	NO	 inhibits	 steroidogenesis	 in
aged	rats.

Aged	animals	not	only	have	significantly	lower	T	concentration	than	adults
but	they	also	loose	the	normal	T	secretion	rhythmicity	(31).	In	LCs	of	aged	rats,
the	 alteration	 also	 occurs	 in	 the	 transcription	 rhythmicity	 of	 genes	 involved	 in
both	cAMP	and	cGMP	pathways	(34).	Aging	has	been	suggested	to	strengthen
the	negative	cross-talk	between	the	two	signaling	pathways	through	changes	in
the	expression	of	PDEs	with	dual	activity,	but	 these	data	have	to	be	confirmed
(34).



Furthermore,	 PDE5	 gene	 is	 over-expressed	 in	 LCs	 of	 aged	 rats	 and	 its
increased	 activity	 has	 been	 associated	 with	 lower	 T	 production.	 Data	 are	 less
clear	in	endothelial	cells	of	corpora	cavernosa.	To	our	knowledge,	data	on	age-
related	 PDE5	 gene	 expression	 changes	 in	 the	 corpora	 cavernosa	 are	 not
available.	 Indirect	 information	 comes	 from	studies	 that	 investigated	 the	 effects
of	hypogonadism	and	TRT	on	PDE5	gene	expression.	Lower	T	levels	are	one	of
the	features	of	aging	but	it	is	not	always	present	in	elderly	men	and,	furthermore,
other	mechanisms,	 independent	 from	T,	 could	be	 involved	 in	 the	 regulation	of
the	 expression	 of	 PDE	 genes	 in	 the	 elderly.	 Up-regulation	 of	 PDE5	 gene	 is
believed	to	be	one	of	the	mechanisms	underlying	androgen	therapeutic	effects	in
the	treatment	of	ED	(35–37).	This	belief	derives	from	the	finding	of	a	putative
presence	of	the	androgen	response	element	(ARE)	in	the	human	PDE5A1	gene
promoter	 (38).	 However,	 more	 recently,	 the	 same	 authors	 have	 criticized	 the
results	of	their	previous	studies.	In	fact,	the	up-regulation	of	the	PDE5	gene	by	T
would	 create	 a	 paradox	 in	 which	 a	 positive	 regulator	 of	 erectile	 function
(androgen)	would	increase	the	level	of	a	negative	regulator	(PDE5),	potentially
leading	 to	worsening	 of	ED	and	 to	 a	more	 difficult	 clinical	management	 (39).
Moreover,	if	so,	in	the	corpora	cavernosa	would	occur	the	exact	opposite	of	what
happens	 in	 LCs,	 where	 aging-related	 T	 decrease	 is	 associated	 to	 an	 increased
expression	 of	 PDE5	 (34).	 Finally,	 two	 studies	 that	 have	 looked	 for	 androgen-
responsive	genes	 in	 the	whole	human	genome	and	they	found	respectively	524
and	1,532	potential	AR-binding	sites,	but	PDE5A	gene	was	not	among	them	(40,
41).	 Therefore,	 further	 studies	 are	 needed	 to	 clarify	 the	 relationship	 between
androgens	and	PDE5	gene	expression	in	 the	corpus	cavernosum,	but	 it	 is	well-
established	 that	 TRT	 improves	 the	 effect	 of	 PDE5i	 treatment	 in	 patients	 with
hypogonadism	 (see	 Synergic	 Effect	 of	 T	 Plus	 PDE5is	 in	 the	 Treatment	 of
Erectile	Dysfunction	in	Patients	with	LOH).

cGMP	pathway	 also	plays	 a	 fundamental	 role	 in	 bladder,	 prostate,	 seminal
vesicle	 and	 epididymis	 physiology.	 In	 these	 organs,	 the	 cGMP-signaling
pathway	 regulates	 muscle	 contractions	 and	 peristalsis,	 cell	 proliferation,	 and
secretory	 activity	 (42).	 The	 urogenital	 organ	 with	 the	 most	 active	 cGMP
signaling	pathway	seems	to	be	the	bladder,	where	NO–cGMP	pathway	regulates
the	 micturition	 reflex	 and	 the	 phasic	 contractile	 activity	 (43,	 44).	 A	 study
revealed	that	bladder	shows	high	expression	of	PDE5	and	that	the	amount	of	this
protein	is	significantly	lower	in	aged	bladder	than	in	younger	ones,	probably	due
to	the	age-related	decrease	in	muscular	content	(42).	These	findings	remark	the
pivotal	 role	played	by	cGMP	pathway	 in	 the	physiology	of	 the	bladder,	which
could	 therefore	 represent	 a	 favorable	 target	 for	 PDE5i	 pharmacological	 action
(42).



With	 aging,	 prostate	 progressively	 develops	 benign	 prostatic	 hyperplasia
(BPH),	 that	 is	present	 in	up	 to	90%	of	men	over	80	years	of	age	 (45).	BPH	is
characterized	 by	 enlargement	 and	 alteration	 of	 stromal	 compartment,	 focal
proliferation	 of	 smooth	 muscle	 cells,	 epithelial	 basal	 cell	 hyperplasia,	 and
nodular	 arrangement	 of	 the	 transition	 zone	 of	 the	 gland	 (46).	Development	 of
BPH	 is	multifactorial;	 one	 of	 the	 pathophysiological	mechanisms	 involves	 the
increase	in	estrogen/androgen	ratio	in	prostatic	stromal	tissue,	due	to	the	lower	T
production	 and	 conversion	 to	 DHT.	 Other	 factors	 are	 the	 interaction	 between
growth	 factors	 (IGF,	 FGF,	 TGF)	 and	 steroid	 hormones	 and	 chronic	 prostate
inflammation	 (47).	 A	 study	 has	 shown	 that	 prostate	 is	 an	 organ	 with	 poor
expression	 of	 all	 enzymes	 implicated	 in	 cGMP	 signaling	 pathways,	 including
PDE5;	but	PKG1	expression	shows	an	age-related	 increase	 in	rat	prostate	cells
(42).	 In	 the	 same	 study,	 Authors,	 considering	 the	 pronounced	 androgen
dependency	of	prostate,	 investigated	 the	expression	of	cGMP	pathway	proteins
in	this	tissue	in	conditions	of	androgen	deprivation.	Interestingly,	they	showed	a
further	 upregulation	 of	 PKG1	 and	 a	 less	 pronounced	 increase	 in	 PDE5
expression	 (42),	 similarly	 to	what	Baburski	 et	 al.	 showed	 in	LCs	 of	 aged	 rats
(34).	 At	 the	 prostate	 level,	 the	 cGMP	 pathway	 could	 be	 implicated	 in	 the
relaxing	 activity	 and	 in	 the	 regulation	 of	 proliferation	 and	 differentiation	 of
smooth	 muscle	 cells.	 In	 fact,	 PDE5is	 showed	 the	 ability	 to	 lower	 the
proliferation	 of	 prostate	 stromal	 cells	 and	 fibroblast-to-myofibroblast	 trans-
differentiation	(48).	Authors,	 therefore,	speculated	 that	PKG1	could	be	directly
implicated	 in	 cellular	 proliferation	 processes:	 decreased	 androgen	 levels	 could
increase	prostatic	PKG1	expression	and,	in	turn,	promote	cell	proliferation	(42).
Another	study	has	shown	an	up-regulation	of	PDE5	in	both	rat	and	human	BPH,
which	was	 immunolocalized	 in	prostate	 fibromuscular	 stroma.	Since	BPH	was
obtained	in	experimental	models	by	T	administration,	the	authors	speculated	that
the	 increased	 PDE5	 expression	 could	 be	 due	 to	 the	 increase	 in	 T	 levels	 (49),
partly	contradicting	the	results	of	Müller	et	al.	that	showed	an	increase	in	PDE5
expression	 following	T	deprivation.	BPH	 is	an	androgen-dependent	disease.	 In
fact,	androgen	ablation	(by	administration	of	GnRH	agonists,	androgen	receptor
antagonists	 or	 DHT	 inhibitors)	 is	 an	 effective	 strategy	 in	 decreasing	 prostate
volume.	We	 also	 speculate	 that	 these	 beneficial	 effects	may	 be	mediated	 by	 a
decreased	expression	of	PDE5,	which	is	androgen-dependent	in	the	rat	bladder,
and	 therefore	 by	 an	 enhancement	 of	 NO-induced	 relaxation	 during	 the	 filling
phase.	This	latter	aspect	may	account	for	the	beneficial	effect	of	daily	PDE5i	use
on	detrusor	overactivity	(50).	Nevertheless,	further	investigations	are	needed	to
clarify	the	mechanism	that	regulate	PDE5	expression	in	prostate	cells.



LATE-ONSET	HYPOGONADISM	AND	ERECTILE
DYSFUNCTION

The	age-related	T	decline,	known	in	the	past	as	male	menopause	or	andropause,
is	today	defined	as	late-onset	hypogonadism	(LOH)	(29,	32).	Hypogonadism	is
diagnosed	 when	 at	 least	 two	 T	 measurements,	 obtained	 from	 morning	 blood
samples,	are	low	in	the	presence	of	signs	and	symptoms	of	androgen	deficiency
(51).	 The	 most	 specific	 symptoms	 associated	 with	 LOH	 are	 the	 sexual	 ones:
decreased	 frequency	 of	 morning	 erection,	 decreased	 frequency	 of	 sexual
thoughts,	and	ED	(52).

ED	 in	 hypogonadal	 patients	 is	 strictly	 related	 to	 systemic	 endothelial
dysfunction.	 In	 fact,	 T	 is	 able	 to	 promote	 angiogenesis	 and	 endothelial	 cell
proliferation	 through	 a	 mechanism	 mediated	 by	 the	 androgen	 receptor
(AR)/vascular	 endothelial	 growth	 factor	 (VEGF)	 pathway	 (53).	 Endothelial
microparticles	(EMPs)	are	fragments	of	the	plasma	membrane	released	from	the
injured	 vessels	 and	 are	 considered	 a	 marker	 of	 endothelial	 dysfunction.	 Their
concentration	 increases	 in	 patients	 with	 LOH	 and	 ED	 (54).	 Endothelial
progenitor	 cells	 (EPCs)	 are	 a	 group	 of	 cells,	 similar	 to	 the	 embryonic
angioblasts,	 that	 can	 originate	 from	 the	 mesoderm	 or	 from	 transdifferentiated
monocyte/macrophages.	EPCs	could	have	different	possible	phenotypes	and	are
implicated	 in	 the	 vasculogenic	 reparative	 process	 and	 the	 consequent	 re-
endothelization	after	vascular	injuries	(54).	Some	EPC	populations	are	decreased
in	hypogonadal	 patients	 (55),	while	other	EPCs	 subtypes	 are	present	 in	higher
concentration	 in	 patients	 with	 hypogonadism	 and	 ED,	 compared	 to	 eugonadal
patients	 with	 ED	 (56).	 This	 last	 subpopulation	 of	 EPCs	 (i.e.,	 EPCs
CD45neg/CD34pos/CD144pos)	 could	 be	 considered	 a	 marker	 of	 vascular
damage,	 in	 response	 to	 which	 they	 are	 produced	 in	 greater	 quantities	 in	 the
attempt	to	repair	the	injured	endothelium.	In	fact,	they	have	been	found	in	higher
concentrations	 in	 the	 blood	 of	 patients	with	 coronary	 artery	 disease,	 and	 their
levels	 increase	as	ED	worsens	 (54,	57).	Furthermore,	 it	has	been	 shown	 that	 a
greater	 endothelial	 damage	 is	 related	 to	 a	 worse	 pharmacological	 response	 to
PDE5i	(58).

The	oxidative	 stress	 is	 another	mechanism	by	which	hypogonadism	affects
endothelial	 function.	 In	 fact,	 it	 has	 been	 shown	 that	 hypogonadism	 increases
oxidative	stress	and	decreases	NO	bioavailability	(59–61).	Nicotinamide	adenine
dinucleotide	 phosphate	 (NADPH)	 oxidase	 is	 an	 enzymatic	 complex	 that
catalyzes	the	production	of	reactive	oxygen	species	(ROS)	(62).	In	castrated	rats
some	NADPH	oxidase	subunits	are	over-expressed	and	this	up-regulation	leads



to	increased	ROS	production	in	the	corpora	cavernosa	(63).	In	this	model,	TRT
lowers	 the	expression	of	NADPH	oxidase	and,	 consequently,	ROS	production,
increases	 NO	 bioavailability	 and	 improves	 erectile	 function	 (63).	 In	 the	 same
study,	 the	 Authors	 showed	 that	 hypogonadism	 decreased	 the	 expression	 of
COX-2	 and	 PTGIS,	 leading	 to	 a	 decreased	 penile	 cAMP	 levels.	 TRT	 also
restores	COX-2	and	PTGIS	expression,	and	increases	cAMP	concentration	(63).
Therefore,	 the	 decrease	 of	 ROS	 production	 and	 the	 activation	 of	 COX-
2/PTGIS/cAMP	 signaling	 pathway	 with	 consequent	 increase	 in	 cAMP
production	 might	 represent	 two	 mechanisms	 through	 which	 TRT	may	 restore
erectile	function	in	hypogonadal	patients.

Hypogonadism	 is	 associated	 with	 a	 low-grade	 inflammation	 that	 may	 be
involved	in	the	pathogenesis	of	androgen	deficiency	symptoms	in	aging	men.	A
correlation	between	C-reactive	protein	(CRP)	and	aging	male	symptom	(AMS)
score	 has	 been	 reported,	 and	 a	 reduction	 in	 CRP	 levels	 and	AMS	 scores	was
shown	 following	 TRT	 (64).	 The	 concentrations	 of	 IL-6,	 NF-Kb	 mRNA,	 and
asymmetric	 dimethylarginine	 (ADMA),	 an	 endogenous	 NO	 synthase	 inhibitor
that	 increases	 in	 response	 to	 inflammation,	 have	 been	 shown	 to	 be	 higher	 in
castrated	 rats	 compared	 to	 controls	 (65).	 T	 administration	 to	 castrated	 rat
decreases	 these	 markers	 of	 inflammation	 suggesting	 that	 T	 deficiency	 could
increase	 oxidative	 stress	 and	 endothelial	 dysfunction	 by	 stimulating
inflammation	(65).

The	 endothelial	 dysfunction	 in	 hypogonadism	 is	 a	 systemic	 event,	 not
exclusively	 confined	 to	 the	 penile	 district.	 Several	 epidemiological	 and
observational	 studies	 have	 shown	 that	 low	 T	 levels	 are	 associated	 with
cardiovascular	diseases	as	atherosclerosis,	coronary	artery	disease,	and	coronary
events	(66).	A	meta-analysis	of	70	studies	found	significantly	lower	T	levels	in
patients	with	cardiovascular	diseases	 than	controls	 (67).	Finally,	ED	 itself,	one
of	 the	 main	 symptoms	 of	 hypogonadism,	 is	 an	 independent	 risk	 factor	 for
cardiovascular	disease	and	it	predicts	the	presence	and	the	extent	of	subclinical
atherosclerosis	(68).	In	the	aging	male	with	LOH,	the	endothelial	damage	related
to	hypogonadism	 is	 added	 to	 the	age-related	endothelial	dysfunction	due	 to	an
imbalance	 between	 oxidative	 stress	 and	 antioxidant	 status,	 which	 predisposes
elderly	patients	to	cardiovascular	events	(69).

It	 is	 noteworthy	 that	 systemic	 endothelial	 dysfunction	 and	 atherosclerosis
can	 also	 affect	 the	microcirculation	of	 the	 testis	 and	 cause	 a	LC	dysregulation
with	 consequent	 lower	T	 production	 (70).	Therefore,	 a	 vicious	 circle	 could	 be
established:	in	the	elderly,	LOH	worsen	age-related	endothelial	dysfunction	that
leads	to	a	further	T	production	decrease	by	affecting	testicular	microcirculation.



SYNERGIC	EFFECTS	OF	T	PLUS	PDE5IS	IN	THE
TREATMENT	OF	ERECTILE	DYSFUNCTION	IN	PATIENTS
WITH	LOH

PDE5is	 are	 the	 first	 choice	 drugs	 for	 the	 medical	 treatment	 of	 ED	 (71,	 72).
PDE5is	 inhibit	 the	 effect	 of	 PDE5,	which	 terminates	 cGMP's	 effects	 breaking
down	 its	 phosphodiester	 bond.	 The	 consequent	 intracellular	 accumulation	 of
cGMP	activates	cGMP-dependent	protein	kinase	which	phosphorylates	specific
proteins	 implicated	 in	 a	 number	 of	 physiological	 responses,	 such	 as	 smooth
muscle	 relaxation,	 platelet	 aggregation,	 and	 cardiac	 functions	 (73).	 In	 corpora
cavernosa,	NO	is	released	from	nitrergic	nerve	endings,	from	the	endothelium	in
response	to	acetylcholine	released	by	parasympathetic	endothelial	nerve	endings,
and	 by	 the	 shear	 stress	 due	 to	 increased	 blood	 flow	 in	 the	 sinusoids.	 NO
penetrates	 into	 smooth	 muscle	 cells	 and	 binds	 to	 sGC,	 which	 catalyze	 the
conversion	 of	 guanosine	 triphosphate	 to	 cGMP.	 cGMP	 activates	 PKG	 which
phosphorylates	 and	 activates	 proteins	 that	 reduce	 the	 intracellular	 Ca2+
concentration	or	 the	sensitivity	 to	Ca2+,	decreasing,	consequently,	 the	muscular
tone	(73).	The	final	result	is	vasodilatation	and	an	increased	blood	flow	into	the
cavernosal	 sinusoids	which	 leads	 to	 erection.	 PDE5is	 potentiate	 this	 effect	 by
increasing	 the	 level	 of	 intracellular	 cGMP	when	 the	NO-signaling	 pathway	 is
activated.

PDE5is	 currently	 available	 (sildenafil,	 vardenafil,	 tadalafil,	 avanafil,
mirodenafil,	udenafil,	and	lodenafil)	show	the	same	pharmacodynamics,	but	they
differ	 from	 each	 other	 for	 the	 pharmacokinetic	 properties.	 Avanafil	 and
vardenafil	have	the	quickest	onset	of	action,	whereas	tadalafil	shows	the	longest
half-life	 (up	 to	 36	 h)	 (72).	 This	 favorable	 pharmacokinetic	 feature	 allowed	 to
approve	tadalafil	for	daily	use,	while	the	other	PDE5is	are	usually	administrated
on-demand.

About	30%	of	patients	are	poor	responders	to	PDE5is	(74).	One	of	the	causes
that	 can	 impair	 the	 response	 to	 PDE5i	 is	 indeed	 hypogonadism	 (75).	 In	 the
corpora	 cavernosa	 of	 experimental	 models,	 the	 androgen	 deprivation	 causes
smooth	 muscle	 cell	 apoptosis	 and	 adipose	 tissue	 deposition	 with	 consequent
fibrosis;	 decreased	 expression	 of	 eNOS	 and	 neuronal	 nitric	 oxide	 synthases;
decreased	 arterial	 inflow	 and	 increased	 venous	 outflow;	 enhanced	 response	 to
vasoconstrictor	 mediators	 such	 as	 α-adrenergic	 agents;	 and	 decreased	 NO-
mediated	smooth	muscle	relaxation	after	sexual	stimulation	(75).

Another	 modification	 ascribed	 to	 hypogonadism	 is	 a	 decreased	 PDE5
expression	(see	Figure	1).	Some	studies	did	not	confirm	the	presence	of	an	ARE



in	the	human	PDE5A	gene	promoter	initially	described	(39),	but	several	studies
anyway	 reported	 a	 down	 regulation	 of	 PDE5	 expression	 in	 the	 corpora
cavernosa,	 prostate	 and	 bladder	 in	 animal	 models	 after	 surgical	 or
pharmacological	 castration.	 In	 all	 these	 studies,	PDE5	expression	was	 restored
by	T	administration	(12,	76–78).	It	has	been	reported	that	castration	lowers	the
content	of	smooth	muscle	cells	in	the	corpus	cavernosum	and	prostate,	which	are
replaced	by	non-muscular	cells	such	as	adipocytes	(79,	80).	PDE5	is	expressed
in	 smooth	 muscle	 cells	 of	 corpora	 cavernosa,	 resulting	 in	 a	 lower	 amount	 of
substrate	 on	which	 PDE5is	may	 act,	making	 less	 effective	 the	 action	 of	 these
drugs.	 Thus,	 TRT	 could	 facilitate	 the	 pharmacological	 effects	 of	 PDE5is,
restoring	 the	 structure	of	 the	corpora	cavernosa	and	 increasing	 their	 content	 in
smooth	 muscle	 cells	 and,	 consequently,	 the	 expression	 of	 PDE5	 (39).
Furthermore,	this	would	explain	the	temporal	interval	(up	to	6	months)	necessary
for	T	to	improve	erectile	function,	as	the	structural	modifications	of	the	corpora
cavernosa	induced	by	TRT	require	time	to	be	completed	(81).

TRT	has	 also	been	proven	effective	 in	 lowering	 circulating	EPC	and	EMP
concentrations	 and	 in	 restoring	NO	 levels	 in	 corpora	 cavernosa	 (82–84).	 This
suggests	 that	 TRT	 improves	 erectile	 function	 by	 decreasing	 the	 degree	 of
endothelial	damage.	A	similar	effect	seems	to	be	produced	by	physical	activity.
Indeed,	a	recent	study	showed	that	in	patients	with	LOH	a	protocol	of	150	min
per	week	 of	moderate-intensity	 aerobic	 exercise	 in	 association	with	 tadalafil	 5
mg	daily	for	90	days	improves	erectile	function	even	if	total	blood	T	levels	are
below	normal.	The	improvement	of	erectile	function	was	shown	by	an	increased
international	 index	 of	 erectile	 function	 5	 (IIEF5)	 score	 and	 the	main	 vascular
arterial	 parameters	 (acceleration	 time	 and	 peak	 systolic	 velocity)	 evaluated	 by
penile	Doppler	ultrasound	(85).

Increased	 efficacy	 of	 combined	 T	 and	 PDE5i	 administration	 compared	 to
PDE5	monotherapy	in	hypogonadal	patients	has	been	shown	by	several	studies
(86–93).	 Furthermore,	 the	 administration	 of	 T	 undecanoate	 plus	 once-daily
tadalafil	 5	 mg	 is	 more	 effective	 in	 restoring	 erectile	 function	 than	 the
combination	 of	 T	 undecanoate	 plus	 on-demand	 tadalafil	 10–20	 mg.	 Over	 30
weeks	of	treatment,	patients	treated	with	T	undecanoate	plus	once-daily	tadalafil
5	mg	showed	higher	IIEF5	and	AMS	scores	and,	after	6	weeks	from	treatment
discontinuation,	 a	 higher	 percentage	 of	 patients	 had	 a	 maintenance	 of	 their
subjective	erectile	function	improvement	(94).

The	synergic	effect	of	T	plus	PDE5i	seems	to	be	evident	also	when	patients
begin	 TRT	 at	 first	 (Figure	 2).	 Yassin	 et	 al.	 showed	 that	 just	 under	 50%	 of
hypogonadal	patients	with	ED	fail	to	respond	to	T	undecanoate	treatment	alone



within	3	months.	Almost	all	of	these	patients	respond	well	to	the	addition	of	20
mg	vardenafil	on	demand	(97).	In	another	study,	hypogonadal	patients	received
1%	 T	 gel	 and	 100	 mg	 sildenafil	 was	 added	 to	 those	 who	 did	 not	 obtain	 an
improvement	 in	 erectile	 function	 after	 3	months	 of	 therapy.	All	 these	 patients
responded	well	to	the	combination	therapy	(98).	A	bias	of	these	two	studies	may
be	the	duration	of	TRT	before	the	addition	of	PDE5is,	because	in	some	patients
(those	 with	 more	 severe	 or	 long-standing	 hypogonadism),	 the	 therapeutic
efficacy	of	TRT	may	become	evident	after	more	than	12	weeks	(81).

FIGURE	2.	Diagnostic	flow-chart	for	the	elderly	patient	with	sexual	dysfunction	not	responding
to	oral	PDE5i.	Testosterone	(T)	deficiency	could	be	a	cause	of	non-response	to	treatment	with
PDE5i.	Therefore,	in	patients	with	hypogonadism	any	treatment	for	erectile	dysfunction	(ED)
should	be	initiated	with	T,	whereas	PDE5is	could	be	co-administered	for	immediate	relief	of
poor	erection	complaints.	In	the	elderly,	T	levels	must	be	preferably	restored	by	the
administration	of	T	in	gel	formulation.	Patients	with	normal	gonadotropin	levels	could	also
benefit	by	hCG	administration.	Follow-up	must	be	performed	every	3	months	evaluating	PSA,
blood	count,	and	androgen	levels.	A	digital	rectal	examination	and	a	pneumological	evaluation
could	also	be	indicated.	In	patients	with	normal	blood	T	levels,	the	prescription	of	PDE5is
alone	on	demand	is	always	recommended.	If	the	patient	does	not	respond	to	this	treatment,
the	second	step	is	to	evaluate	any	drug	interaction,	the	correct	PDE5i	intake,	and	the	eventual
drug	up-titration.	Penile	pharmaco-testing	with	alprostadil	(ICI)	followed	by	penile	dynamic
Duplex	ultrasound	(PDU)	may	retrieve	important	data	regarding	vascular	health	and
stratification	of	cardiovascular	risk	as	well	as	possible	therapeutic	approaches	(96).	These
include	daily	PDE5is,	intra-cavernous	or	intra-urethral	alprostadil	administration,	and	low-
intensity	extracorporeal	shockwave	therapy	[adapted	from	Aversa	et	al.	(75)].	OD,	on	demand;
DRE,	digital	rectal	examination;	PSA,	prostate	specific	antigen;	Li-ESWT,	low-intensity
extracorporeal	shockwave	therapy;	OSA,	obstructive	sleep	apnea.



Recent	 evidence	 showed	 that	 PDE5is,	 until	 recently	 considered	 a
symptomatic	therapy	for	ED,	can	partly	exert	an	effect	on	the	pathophysiological
mechanisms	 that	 lead	 to	 LOH.	 Sokanovic	 et	 al.	 treated	 aged	 rats	 with	 oral
sildenafil,	 a	 specific	 inhibitor	 of	 PDE5,	 and,	 after	 3	 and	 6	months	 of	 therapy,
they	found	an	improvement	in	steroidogenesis.	The	Authors	showed	an	increase
in	 cGMP/NO	 ratio,	 a	 decreased	 serum	 nitrite	 levels,	 and	 an	 increased	 cAMP
content	 of	 LCs	 (33).	 They	 also	 analyzed	 PDE	 gene	 expression	 in	 LCs	 from
sildenafil-treated	animals	and	controls.	Aging	produced	alterations	in	the	pattern
of	 PDE	gene	 expression	 and	 treatment	with	 PDE5is	was	 able	 to	 reverse	 these
alterations,	contributing	to	the	normalization	of	cAMP	levels.	Finally,	sildenafil
treatment	increased	the	transcription	of	key	genes	for	steroidogenesis	(CYP11a,
CYP17a1,	HSD3b,	HSD17b4,	and	StAR)	probably	contributing	 to	 the	 increase
in	 androgen	 levels	 found	 in	 aged	 rats	 treated	 with	 sildenafil	 (33).	 In	 a	 recent
study,	the	same	group	reported	that	 long-term	PDE5	inhibition	slows-down	the
regressive	 changes	 that	 take	 place	 in	 testes	 during	 aging	 (99).	 Similar	 results
have	 also	 been	 reported	 in	 humans.	 For	 example,	 Spitzer	 et	 al.	 found	 that
sildenafil	administration	in	patients	with	ED	and	low	serum	T	levels	 leads	to	a
significant	increase	in	total	and	free	T	and	a	decreased	serum	LH	concentration,
suggesting	a	direct	effect	of	PDE5is	at	the	testicular	level	(100).

Overall,	these	data	indicate	that	T	and	PDE5i	act	synergistically	to	improve
erectile	 function	 in	 patients	with	 LOH.	Chronic	 androgen	 deprivation	 leads	 to
anatomical	 and	 histological	 alterations	 of	 the	 corpora	 cavernosa	 that	make	 the
pharmacological	 action	 of	 PDE5is	 sometimes	 ineffective	 (see	 diagnostic
algorithm	 in	 Figure	 2).	 For	 this	 reason,	 it	 is	more	 appropriate	 to	 normalize	 T
levels	 before	 starting	 PDE5i	 administration,	 taking	 into	 account	 that	 the
structural	 improvement	 of	 the	 corpora	 cavernosa	 and,	 consequently,	 of	 the
erection	 can	 take	up	 to	6	months	 to	occur	 (81).	 In	parallel,	PDE5is	have	been
shown	 to	 improve	 T	 levels	 in	 patients	 with	 LOH	 and,	 in	 animal	 models,	 to
prevent	or	slow-down	the	regressive	changes,	partially	responsible	for	the	onset
of	LOH,	 that	 occur	 in	 the	 testis	during	aging.	Therefore,	PDE5i	 therapy	could
prevent	 aging-related	 testicular	 alterations	 (and	 then	 LOH)	 and	 in	 clinical
hypogonadism	may	 be	 effective	 in	 normalizing	 androgen	 levels	 in	 association
with	TRT.

CONCLUSIONS

Aging	leads	to	a	progressive	decrease	in	androgen	production	that,	in	turn,	leads



to	 the	development	of	LOH,	defined	by	 significant	 low	T	 serum	 levels	 (in	 the
lowest	quartile)	 in	 the	presence	of	 signs	and	symptoms	of	hypogonadism	(51).
LOH	 could	 be	 due	 to	 both	 testicular	 and	 hypothalamic-pituitary	 dysfunction
(32),	 and	ED	 is	 one	 of	 its	main	 symptoms.	ED	 in	LOH	 is	 linked	 to	 increased
oxidative	 stress,	 subclinical	 inflammation,	 and	 subsequent	 endothelial
dysfunction	(101).	In	elderly	men,	it	has	been	shown	that	LOH	is	also	linked	to
lower	cAMP	pool	and	to	an	alteration	of	the	cGMP	signaling	pathway.

PDE5	gene	lower	expression	is	associated	to	aging	and	hypogonadism	at	the
corpus	 cavernosum	 level.	TRT	 is	 able	 to	 restore	 the	 expression	of	PDE5	gene
and	this	effect	is	initially	attributed	to	a	direct	regulation	of	the	gene	expression
by	 T	 (38).	 Subsequently,	 this	 hypothesis	 was	 not	 confirmed,	 and	 the	 authors
hypothesized	that	the	lower	expression	of	PDE5	in	hypogonadism	was	due	to	the
decreased	smooth	muscle	cell	content	in	corpora	cavernosa.	Therefore,	T	could
able	 to	 increase	 PDE5	 content	 by	 reversing	 these	 anatomical	 changes	 (39).
Anyway,	 the	 increased	 PDE5	 gene	 expression	 explains	 the	 reason	 for	 the
possible	failure	of	PDE5i	administration	in	hypogonadal	patients	with	ED.

The	timing	of	 treatment	with	T	and	PDE5is	 in	patients	with	hypogonadism
and	 ED	 is	 a	matter	 of	 debate	 (102).	 The	 initial	 approach	 to	 patients	with	 ED
encompasses	 the	 use	 of	 PDE5is	 (72)	 (Figure	 2).	 However,	 as	 we	 have	 seen,
hypogonadism	is,	especially	in	aging	men,	a	common	cause	of	ED	and	a	reason
for	a	lack	of	response	to	PDE5is	(71).	Hence,	patients	with	ED	should	be	tested
for	 androgen	 deficiency	 before	 treatment	 with	 PDE5i	 is	 given	 (102),	 because
TRT	 it	 is	 effective	 in	 about	half	of	 the	patients	with	ED	 (84).	The	addition	of
PDE5is	 should	 be	 reserved	 to	 those	 patients	 in	whom	ED	 persists	 despite	 the
eugonadal	state	restoration.	However,	the	time-course	of	T	effects	requires	long-
term	administration	to	become	detectable	(81).

PDE5is	showed	the	ability	to	enhance	steroidogenesis	at	the	testicular	level,
to	reverse	the	age-related	alterations	of	PDE	genes	expression	(33,	100),	and	to
slow-down	 age-related	 regressive	 alteration	 of	 the	 testis	 (33).	 Furthermore,
PDE5is	have	pleiotropic	 actions	 throughout	 the	body	 that	 could	 counteract	 the
age-related	 physiopathological	 alterations	 that	 affect	 the	 urological	 tract	 and
male	accessory	sexual	glands	(48,	103),	bone	(104),	fat	tissue	(105),	brain	(106),
and	heart	(107).

Before	starting	any	treatment,	elderly	men	should	be	accurately	investigated
for	 the	 presence	 of	major	 contraindications	 to	 the	 use	 of	 TRT	 and/or	 PDE5is
even	 in	 the	 presence	 of	 hypogonadism.	 Once	 this	 work-up	 is	 completed,
treatment(s)	should	be	wisely	offered	to	improve	their	sexual	function	whenever
cardiovascular	efficiency	is	proven.



From	a	clinical-translational	point	of	view,	the	information	provided	in	this
review	 would	 suggest	 careful	 consideration	 of	 the	 systemic	 implications	 of
hypogonadism	 in	 the	 elderly	 and	 the	 benefits	 of	 treatment	 since	 there	 is
disagreement	 on	 the	 threshold	 value	 for	 its	 safe	 prescription.	 In	 summary,	we
suggest	 a	 total	 T	 value	 <8	 nmol/L	 along	 with	 uncompensated	 LH	 levels	 and
relevant	 clinical	 symptoms	 i.e.,	 sexual	 symptoms,	 sarcopenia,	 anemia,
osteoporosis	(12–14,	36,	37,	50,	75,	81).

Several	 studies	 have	 shown	 an	 inverse	 relationship	 between	 indicators	 of
obesity	 (body	mass	 index,	waist	 circumference,	 a	 reliable	 indicator	 of	 visceral
obesity),	 DM2/metabolic	 syndrome	 and	 T	 levels	 over	 all	 age	 groups.	 Hence,
erectile	dysfunction	may	be	considered	a	predictor	of	severe	peripheral	vascular
damage	when	compared	to	healthy	population	and	should	be	regarded	as	a	major
health	threaten	for	the	older	patients	(47,	54,	57,	58,	83,	85,	101,	103).
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ABBREVIATIONS

ADCY,	 adenylyl	 cyclase;	ADMA,	 asymmetric	 dimethylarginine;	AMS,	Aging
Male	 Symptom;	 AR,	 androgen	 receptor;	 ARE,	 androgen-response	 element;
ATP,	adenosine	triphosphate;	BPH,	benign	prostatic	hyperplasia;	cAMP,	cyclic
adenosine	 monophosphate;	 cGMP,	 cyclic	 guanosine	 monophosphate;	 COX-2,
cyclooxygenase-2;	CRP,	C-reactive	protein;	CVD,	cardiovascular	diseases;	ED,
erectile	dysfunction;	EMPs,	endothelial	microparticles;	eNOS,	endothelial	nitric
oxide	 synthases;	 EPC,	 endothelial	 progenitor	 cells;	 GnRH,	 gonadotropin-
releasing	 hormone;	 H2S,	 hydrogen	 sulphyde;	 IIEF5,	 International	 Index	 of
Erectile	Function	5;	 iNOS,	 inducible	nitric	oxide	synthases;	LCs,	Leydig	cells;
LH,	 luteinizing	hormone;	LHR,	 luteinizing	hormone	receptor;	MetS,	metabolic
syndrome;	 NADPH,	 nicotinamideadenine	 dinucleotue	 phosphate;	 nNOS,
neuronal	 nitric	 oxide	 synthases;	 NO,	 nitric	 oxide;	 PDE,	 phosphodiesterase;
PDE5i,	 phosphodiesterase	 5	 inhibitors;	 PKA,	 protein	 kinase	 A;	 PKG,	 protein
kinase	 G;	 PTGIS,	 prostacyclin	 synthase;	 ROS,	 reactive	 oxygen	 species;	 sGC,
soluble	guanylyl	cyclase;	StAR	protein,	 steroidogenic	acute	 regulatory	protein;
T,	T;	TRT,	T	replacement	therapy;	VEGF,	vascular	endothelial	growth	factor.
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There	is	a	high	prevalence	of	hypothyroidism	in	the	elderly	population,	mainly
among	women.	 The	most	 important	 cause	 is	 autoimmune	 thyroiditis,	 but	 also
iodine	 deficiency,	 radioiodine	 ablation,	 and	 surgery	 may	 be	 responsible	 for
hypothyroidism	 in	 elderly	 hospitalized	 patients.	 Thyroid-related	 symptoms	 are
sometimes	comparable	to	physiological	manifestations	of	the	aging	process,	and
hypothyroidism	may	 be	 related	with	many	 symptoms	which	 can	 be	 present	 in
critical	 patients,	 such	 as	 cognitive	 impairment,	 cardiovascular,	 gastrointestinal,
and	hematological	alterations,	and	eventually	myxedema	coma	which	is	a	severe
and	life-threatening	condition	in	older	adults.	Adequate	thyroid	hormone	levels
are	required	to	achieve	optimal	outcomes	from	any	kind	of	surgical	intervention.
However,	 only	 few	 randomized	 clinical	 trials	 investigated	 the	 association
between	 non-thyroidal	 illness	 (or	 low-T3	 syndrome),	 and	 adverse	 surgical
outcomes,	 so	 far.	 The	 goal	 of	 this	 review	 is	 to	 discuss	 the	 role	 of	 thyroid
function	as	a	predictor	of	surgical	outcomes	in	the	elderly.

Keywords:	 hypothyroidism,	 elderly,	 surgery,	 thyrotoxicosis,	 low	 T3
syndrome

KEY	CONCEPTS

•	The	achievement	of	euthyroidism	represents	the	goal	before	elective	surgery,	in
order	to	prevent	the	risk	of	complications.	In	non-elective	surgery,	a	careful
risk-benefit	evaluation	in	hypothyroid	patients	before	surgical	treatment	is
needed.

•	The	range	of	thyroid	hormone	levels	in	older	patients	may	be	different
compared	to	that	in	younger	subjects.	Features	of	physiological	aging	may	be
occasionally	confused	with	hypothyroidism	in	elderly	patients.

•	An	adequate	titration	of	LT4	in	older	patients	is	mandatory	to	attain
appropriate	serum	TSH	concentrations	and	avoid	the	risk	of	iatrogenic
thyrotoxicosis.

INTRODUCTION

Primary	 hypothyroidism	 is	 the	 most	 frequent	 pathological	 hormone
insufficiency;	 its	 prevalence	 is	 approximately	 10	 times	 higher	 in	 women
compared	 to	 men,	 and	 its	 incidence	 raises	 with	 age	 (1)	 (Table	 1).	 The	 UK
Whickham	cohort	study	showed	a	mean	annual	incidence	of	hypothyroidism	of
35	 cases	 per	 10,000	 surviving	women	 and	 6	 cases	 per	 10,000	 surviving	men,
during	a	follow-up	of	20	years	(2).	The	overall	prevalence	of	hypothyroidism	in



the	 Third	 National	 Health	 and	 Nutrition	 Examination	 Survey	 (NHANES	 III)
cohort	 was	 4.6%	 (3).	 In	 iodine-sufficient	 countries,	 the	 prevalence	 of
hypothyroidism	ranges	from	1	to	2%,	rising	to	7%	in	subjects	aged	between	85
and	89	years	(4).	A	5-year	study	carried	out	in	Australia	highlighted	a	prevalence
of	subclinical	hypothyroidism	of	5.0%	(5).	Chronic	 lymphocytic	 thyroiditis	 (or
Hashimoto's	 thyroiditis)	 represents	 the	 most	 common	 cause	 of	 primary
hypothyroidism,	accounting	for	around	50%	of	all	cases.	Other	causes	are	iodine
deficiency,	 radioiodine	 ablation,	 and	 surgery,	 that	 may	 be	 responsible	 for
hypothyroidism	 in	 elderly	 hospitalized	 patients	 (6).	 Administration	 of
amiodarone,	antibacterial	solutions	or	lithium	can	also	be	responsible	for	thyroid
insufficiency	(7).

Table	1.	Major	modifications	in	the	aging	thyroid.

Hypothyroidism	 may	 be	 classified	 as	 overt	 or	 subclinical	 (increased	 TSH
with	 normal	 FT4	 and	 FT3	 levels).	 Subclinical	 hypothyroidism	 is	 common	 in
elderly	 subjects	 and	 is	 associated	 with	 a	 number	 of	 clinical	 manifestations
ranging	 from	tiredness	 to	cognitive	 impairment	and	coronary	heart	disease	 (8).
Older	patients	 require	 reduced	dosages	of	 levothyroxine	 to	 attain	 euthyroidism
compared	 to	 younger	 patients,	 probably	 as	 a	 result	 of	 modifications	 in	 body
composition	or	endocrine	status	occurring	with	age	(9).	The	recent	Institute	for
Evidence-Based	Medicine	 in	 Old	 Age	 (IEMO)	 80-plus	 thyroid	 trial	 aimed	 to



investigate	 the	 effects	 of	 levothyroxine	 for	 145	 patients	 over	 80	 years	 with
subclinical	 hypothyroidism	 (TSH	 ≥4.6	 and	 ≤19.9	 mU/L	 and	 FT4	 within
laboratory	 reference	 ranges).	 The	 results	 of	 this	 randomized	 clinical	 trial	 are
expected	 to	 shed	 light	on	 the	multimodal	 effects	of	 levothyroxine	 treatment	 in
80-plus	 subjects,	 highlighting	 benefits	 and	 potential	 adverse	 effects	 (10).	 The
normal	reference	range	of	serum	TSH	in	adult	subjects	is	0.4–4.5	mIU/L	(11).	In
primary	 hypothyroidism	 it	 is	 possible	 to	 observe	 high	TSH,	 low	 total	T4,	 low
FT4,	 high	 cholesterol	 (due	 to	 a	 reduction	 in	 the	 synthesis	 of	 LDL	 receptors),
high	creatine	kinase	(CK)	levels	due	to	skeletal	muscle	involvement	and	thyroid
antibodies	 in	 case	 of	 Hashimoto's	 disease	 (12,	 13).	 Secondary	 (or	 central)
hypothyroidism	 (SH)	 is	 caused	 by	 a	 dysfunction	 of	 the	 pituitary	 gland	 or	 the
hypothalamus,	 and	 is	 characterized	 by	 both	 decreased	 TSH	 secretion	 and	 low
levels	of	thyroid	hormones	(Figure	1).	SH	can	be	classified	into	secondary	and
tertiary	 according	 to	 a	 pituitary	 or	 hypothalamic	 origin,	 respectively.	 Possible
causes	 of	 SH	 include	 pituitary	 adenomas,	 and	 the	 subsequent	 surgical	 and/or
radiotherapic	treatment	(14–16).

FIGURE	1.	Age	related	changes	in	the	hypothalamic-pituitary-thyroid	axis.

Non-thyroidal	illness	(NTI),	or	low-T3	syndrome,	is	a	condition	that	occurs
during	acute	stress	or	critical	illness,	due	to	a	block	in	the	peripheral	conversion
of	thyroxine.	NTI	is	a	well-recognized	negative	prognostic	factor	in	patients	with
severe	acute	disease.	A	recent	study	showed	an	association	between	preoperative
hypothyroidism	and	post-operative	arrhythmias	in	older	patients,	thus	suggesting



the	utility	of	preoperative	T3	evaluation	and	preoperative	supplementation	(17,
18).	 Low	 T3	 syndrome	 is	 very	 common	 in	 the	 hospitalized	 older	 population,
emerging	 as	 an	 independent	 predictor	 of	 short-term	 survival,	 thus	 suggesting
FT3	determination	as	mandatory	in	the	workup	of	these	patients	(19).	The	aim	of
this	 review	 was	 to	 summarize	 the	 role	 of	 thyroid	 function	 as	 a	 predictor	 of
surgical	outcomes	in	the	elderly.

MATERIALS	AND	METHODS

To	 retrieve	 the	articles,	 an	extensive	 literature	 search	was	performed	using	 the
databases	 of	 Medline	 through	 PubMed,	 Scopus,	 and	 Google	 Scholar	 from
January	 2000	 to	 September	 2018.	 The	 search	 terms	 were	 “elderly,”	 “older
adults,”	“hypothyroidism,”	“thyroid	surgery.”	Particular	emphasis	was	given	 to
implications	of	hypothyroidism	on	the	surgical	risk	 in	elderly	subjects.	Manual
search	was	also	performed	on	numerous	textbooks	of	medicine,	endocrinology,
and	critical	care.

Clinical	Features	and	Complications	of	Hypothyroidism	in	the
Elderly
Thyroid-related	 symptoms	 are	 sometimes	 comparable	 to	 physiological
manifestations	 of	 the	 aging	 process.	 In	 fact,	 signs,	 and	 symptoms	 of
hypothyroidism	 are	 often	 less	 recognizable	 in	 elderly	 patients	 compared	 to
younger	 subjects,	 thus	 posing	 diagnostic	 challenges	 (20).	 Nevertheless,
hypothyroidism	may	 be	 related	with	many	 symptoms	which	 can	 be	 present	 in
critical	 patients,	 such	 as	 cognitive	 impairment,	 cardiovascular,	 gastrointestinal,
and	hematological	alterations,	and	eventually	myxedema	coma	which	is	a	severe
and	 life-threatening	 condition	 in	 older	 adults.	 It	 is	 not	 possible	 to	 confirm	 a
diagnosis	of	hypothyroidism	based	only	on	clinical	symptoms,	without	TSH	and
FT4	assessment	(21).	In	general,	elderly	subjects	suffering	from	hypothyroidism
may	 show	 classic	 symptoms,	 but	 complaints	 are	 often	 less	 specific	 than	 those
described	by	younger	hypothyroid	patients	(22).	Doucet	et	al.	compared	the	rate
of	24	clinical	symptoms	of	hypothyroidism	between	elderly	patients	and	younger
patients,	and	showed	that	fatigue	and	weakness	were	reported	by	more	than	50%
of	 the	 elderly	 patients,	 while	 increased	 sensitivity	 to	 cold,	 weight	 gain,
paresthesiae,	and	muscle	cramps	were	less	common	in	the	elderly	(23).	Carlè	et
al.	compared	the	efficacy	of	hypothyroidism-associated	symptoms	in	predicting
overt	hypothyroidism	 in	different	 age	groups,	 and	observed	 that	only	dyspnea,
fatigue	and	wheezing	were	more	prevalent	in	elderly	patients	(24).	Hearing	loss,



ataxia,	 and	 dysgeusia	 are	 neurological	 symptoms	 frequently	 described	 in
hypothyroid	 older	 patients	 (25).	 Especially	 among	 elderly,	 neuropsychiatric
symptoms	 such	 as	 memory	 loss	 or	 depression	 (26),	 dermatologic	 or
rheumatologic	 disorders	 (27),	 are	 commonly	 described	 and	 it	 is	 difficult	 to
related	them	to	hypothyroidism.	The	list	of	signs	in	elderly	with	hypothyroidism
may	also	comprise	dry	skin,	hair	 loss,	 low	heart	 rate,	 increased	diastolic	blood
pression,	pallor,	 and	hoarseness	 (28).	Cooper	 et	 al.	 observed	 that	patients	with
subclinical	 hypothyroidism	 had	 a	 more	 elevated	 prevalence	 of	 symptoms	 as
compared	to	controls	with	normal	thyroid	function	(29).	Another	study	by	Kong
et	 al.	 showed	 that	 the	 most	 common	 symptoms	 in	 women	 with	 subclinical
hypothyroidism	were	fatigue	(83%),	weight	gain	(80%),	and	anxiety	(50%)	(30).
Myxedema	coma	is	a	life-threatening	condition	due	to	hypothyroidism,	which	is
characterized	 by	 a	 severe	 multiorgan	 failure	 (31).	 Myxedema	 coma	 is	 a	 rare
disease,	 with	 an	 incidence	 of	 0.22	 per	 million	 per	 year	 in	 Europe	 (32).	Most
cases	 of	 myxedema	 coma	 occur	 in	 subjects	 60	 years	 and	 older	 (33)	 and	 are
generally	caused	by	precipitating	factors	that	include	exposure	to	cold,	infections
(i.e.,	 pneumonia	 and	urosepsis),	withdrawal	 of	 thyroid	 supplements,	 and	drugs
(i.e.,	amiodarone	or	lithium)	(34,	35).	The	diagnosis	of	myxedema	coma	is	made
on	 the	 combination	 of	 clinical	 manifestations	 and	 laboratory	 findings.	 The
clinical	 presentation	 may	 include	 hypothermia,	 hypotension,	 bradycardia,
congestive	heart	failure,	hypoxaemia	and	hypercapnia,	lethargy,	and	coma	(36).
Some	 patients	 show	 pericardial	 effusions,	 that	 are	 generally	 not
hemodynamically	 significant.	 Laboratory	 assessment	 may	 show	 severe
hypothyroidism,	 hypoglycemia,	 hyponatremia,	 and	 adrenal	 insufficiency	 (37).
Myxedema	 coma	 represents	 an	 endocrine	 emergency	 with	 a	 mortality	 rate	 of
nearly	 40%	 (38).	 Major	 risk	 factors	 of	 mortality	 consist	 of	 older	 age,
cardiovascular	disease,	and	treatment	with	high-dose	thyroid	hormone	(39).

Preoperative	Screening	and	Treatment	Considerations
The	 effects	 of	 thyroid	 dysfunction	 are	 various	 and	 may	 complicate	 surgical
procedures	and	post-operative	recovery.	Currently,	 there	 is	no	recommendation
for	 routine	 screening	 to	 detect	 thyroidal	 disease	 in	 patients	 with	 no	 previous
history	 of	 thyroid	 dysfunction.	 A	 preoperative	 TSH	 assessment	 should	 be
performed	 in	 subjects	 with	 suspected	 thyroid	 disease	 or	 with	 known
hypothyroidism	(or	hyperthyrodism)	to	optimize	treatment	before	surgery	(40).

There	 is	 general	 consensus	 about	 the	 utility	 to	 post-pone	 elective	 surgery
until	 adequate	 treatment	 with	 thyroid	 hormone	 has	 achieved	 euthyroidism.	 At
the	 preoperative	 stage,	 LT4	 should	 be	 administered	 in	 a	 titrated	 manner	 to



normalize	 the	 thyroid	 function.	The	 optimal	 preparation	 period	 before	 elective
surgery	should	range	from	2	to	4	weeks.	Patients	older	than	60	years,	especially
with	 coronary	 disease,	 should	 not	 be	 given	 full	 dose	 of	 LT4	 at	 the	 beginning
(40).	 In	 such	 patients,	 the	 starting	 dose	 is	 generally	 25	 μg	 per	 day,	 which
increases	 every	 2–6	 weeks	 until	 the	 achievement	 of	 euthyroidism.	 In	 patients
unable	 to	 take	 LT4	 orally	 for	 more	 than	 5	 days	 after	 surgery,	 intravenous
levothyroxine	 should	be	given	at	 a	dose	between	60	and	80%	of	 the	oral	dose
(41).

Implications	of	Hypothyroidism	on	the	Surgical	Risk
Preoperative	 recognition	 of	 hypothyroidism	 is	 crucial	 to	 reduce	 surgical	 and
anesthesiological	complications	(41).	Surgical	trauma	may	influence	the	activity
of	the	pituitary-thyroid	axis,	and	thyroid	hormones	are	secreted	after	surgery	as	a
response	to	stress	(42).

Anesthetic	 agents	 rather	 than	 surgical	 stress	 may	 be	 considered	 the	 main
cause	 for	 the	 changes	 in	 plasma	 thyroid	 hormone	 concentrations	 during	 the
intraoperative	period	(43).	Many	studies	showed	that	adequate	thyroid	hormone
levels	 are	 required	 to	 achieve	 optimal	 outcomes	 from	 any	 kind	 of	 surgical
intervention	 (44).	 Correction	 of	 hypothyroidism,	 after	 replacement	 treatment,
usually	 leads	 to	 the	 regression	 of	 pathophysiologic	 modifications	 due	 to	 low
circulating	 thyroid	 hormone.	 Therefore,	 the	 achievement	 of	 euthyroidism
represents	 the	 goal	 before	 elective	 surgery,	 in	 order	 to	 prevent	 the	 risk	 of
complications.	 In	 non-elective	 surgery,	 a	 careful	 risk-benefit	 evaluation	 in
hypothyroid	patients	before	surgical	 treatment	is	needed.	Only	few	randomized
clinical	 trials	 investigated	 the	 association	 between	 NTI	 and	 adverse	 surgical
outcomes	so	far	(17)	(Table	2).

Table	2.	Main	studies	on	the	association	between	preoperative	hypothyroidism	and	surgical
outcomes.



A	study	by	Park	et	al.	did	not	show	significant	differences	between	patients
with	 subclinical	 hypothyroidism	 and	 euthyroid	 patients	 undergoing	 a
cardiovascular	 surgery	 procedure,	 as	 regards	 respiratory	 and	 cardiovascular
complications,	wound	problems,	leg	infection,	mediastinitis,	and	delirium.	It	was
noteworthy	that	in	the	subclinical	hypothyroidism	group	there	was	an	increase	in
the	 rate	 of	 post-operative	 atrial	 fibrillation	 (47).	 Another	 study	 reported	 an
association	 between	 preoperative	 hypothyroidism	 and	 post-operative	 atrial
fibrillation	 in	 young-old	 patients,	 thus	 suggesting	 that	 preoperative
hypothyroidism	 could	 be	 helpful	 for	 selecting	 those	 patients	 who	 would	 take
advantage	 from	 preoperative	 replacement	 therapy	 in	 the	 prevention	 of	 post-
operative	 atrial	 fibrillation	 (18).	 Furthermore,	 it	 has	 been	 observed	 a	 strong
association	 between	 NTI	 at	 admission	 and	 increased	 risk	 of	 post-operative
myocardial	 dysfunction	 and	 death	 in	 subjects	 undergoing	 coronary	 artery	 by-
pass	grafting	(46).

A	study	by	Weinberg	et	al.	reported	the	effects	of	anesthesia	and	surgery	in
59	 hypothyroid	 patients	 compared	with	 50	 euthyroid	 patients.	The	 two	 groups
did	not	show	significant	differences	as	regards	duration	of	surgery	or	anesthesia,
lowest	 temperature	 and	 blood	 pressure	 recorded	 during	 surgery,	 time	 to
extubation,	incidence	of	arrhythmias,	need	for	vasopressors,	fluid	and	electrolyte
imbalances,	 sepsis,	 pulmonary	 and	 myocardial	 infarction,	 bleeding
complications,	 or	 time	 to	 hospital	 discharge.	 After	 the	 analysis	 of	 subsets	 of
thyroxine	 levels	 (thyroxine	 level	 <1.0	 μg/dL,	 1.0	 to	 <3.0	 μg/dL,	 and	 >3.0
μg/dL),	 the	authors	concluded	 that	 there	was	no	evidence	 to	post-pone	surgery
until	the	correction	of	mild	or	moderate	hypothyroidism,	whereas	there	was	poor
evidence	 to	 make	 a	 recommendation	 for	 patients	 with	 severe	 hypothyroidism
(49).

Patients	with	hypothyroidism	show	slower	drug	metabolism	and	are	exposed



to	the	risk	of	an	overdose	of	anesthetics	and	other	medications	used	during	the
surgical	 treatment	 (50).	 The	 anesthesiological	 management	 of	 hypothyroid
patients	may	face	important	clinical	challenges,	such	as	the	presence	of	impaired
baro-receptor	 reflex	 mechanism,	 depressed	 myocardial	 function,	 depressed
ventilatory	drive,	and	low	glycaemia	(51).	There	is	no	general	consensus	about
surgery	 planning	 time	 for	 mild	 or	 moderate	 hypothyroidism	 as	 concerns
anesthesia	 practice	 (52).	 However,	 in	 hypothyroid	 patients	 low-dose	 regional
anesthesia	could	represent	an	option	for	minor	surgery	procedures	(52).	There	is
evidence	that	spinal,	epidural	or	thiopental	anesthesia	could	have	low	effects	on
thyroid	hormones	compared	to	general	anesthesia;	thus	these	methods	should	be
taken	 into	account	 in	patients	with	 thyroid	 function	disorders,	according	 to	 the
type	of	surgical	intervention	needed.

CONCLUSIONS

It	 is	 recommended	 to	 post-pone	 elective	 surgery	 in	 elderly	 patients	 with
hypothyroidism	until	 an	 euthyroid	 state	 is	 achieved.	 If	 patients	 need	 urgent	 or
emergent	surgery,	it	is	recommended	to	proceed	with	surgery	only	if	they	have
mild	 or	 moderate	 hypothyroidism.	 Replacement	 therapy	 should	 be	 started
preoperatively	and	there	should	be	growing	attention	to	the	possible	occurrence
of	minor	post-operative	complications	in	hypothyroid	patients.	As	suggested	by
the	 American	 Thyroid	 Association	 (ATA),	 the	 treatment	 in	 elderly	 patients
should	 be	 initiated	 at	 low	 doses	 with	 slow	 titration	 based	 on	 serum	 TSH
evaluation.	Elderly	patients	show	higher	normal	serum	TSH	ranges;	thus,	higher
serum	 TSH	 targets	 may	 be	 necessary	 as	 a	 patient	 ages.	 The	 suggested	 target
serum	TSH	in	people	age	70–80	years	 is	4–6	mIU/L	(8).	Further	clinical	 trials
assessing	surgical	management	in	older	hypothyroid	patients	are	firmly	required.
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risk	of	falls,	loss	of	autonomy	in	elderly	individuals	and	institutionalization	with
small	health	outcomes.	Thus,	this	pathological	status	is	related	to	high	morbidity
and	health	care	rates.	Bone	mass	and	muscle	mass	and	strength	increase	during
late	adolescence	and	early	adulthood	but	start	to	reduce	noticeably	from	the	fifth
decade	of	life	and	are	closely	linked.	Bone	and	muscle	tissues	were	increasingly
recognized,	 as	 endocrine	 target	 organs	 and	 endocrine	 organs	 themselves,
interacting	 through	 paracrine	 and	 endocrine	 signals.	 During	 growth,	 bone
mineral	 content	 closely	 correlates	 with	 muscle	 mass,	 and	 several	 evidences
suggest	 that	 osteoporosis	 and	 sarcopenia	 present	 common	 pathophysiological
factors	 and	 show	 the	 correlation	 between	 low	 bone	 mineral	 density	 and
sarcopenia	in	both	men	and	women.	Then,	sarcopenia	and	osteoporosis,	typical
features	 of	 aging,	 are	 often	 associated	 with	 each	 other	 and	 with	 the	 frailty
syndrome.	 In	 particular,	 sarcopenia	 and	 osteoporosis	 are	major	 contributors	 to
disability	 and	 frailty	 and	 the	 common	 denominators	 are	 age-related	 chronic
inflammation,	 changes	 in	 body	 composition	 and	 hormonal	 imbalance.	 Frailty
syndrome	is	characterized	by	a	reduced	response	to	stress,	triggering	the	decline
of	 the	 physiological	 functioning	 of	 the	 various	 systems.	 Frailty	 syndrome,
typical	 of	 the	 older	 people,	 is	 frequently	 associated	 with	 a	 reduction	 in	 the
quality	 of	 life	 and	mobility.	 Falls	 often	 are	 the	 basis	 of	 reduced	mobility	 and
ability	 to	 perform	 the	 common	 functions	 of	 daily	 life	 and	 the	 increase	 in	 the
number	 of	 institutionalizations.	 Moreover,	 the	 reduction	 of	 muscle	 mass,
associated	 with	 altered	 muscle	 composition,	 fat	 and	 fibrous	 infiltration	 and
alterations	in	innervations,	and	the	increase	in	fat	mass,	have	a	synergistic	effect
on	 the	 increase	 in	cardiovascular	 risk.	The	aim	of	 this	 review	is	 to	analyze	 the
pathophysiological	 mechanisms	 underlying	 the	 frailty	 syndrome	 and	 its
association	 with	 sarcopenia	 and	 osteoporosis,	 and	 investigate	 possible
intervention	measures.

Keywords:	 osteoporosis,	 sarcopenia,	 obesity,	 frailty	 syndrome,	 aging,
gender,	physical	activity,	diet

INTRODUCTION

Musculoskeletal	aging	is	a	major	public	health	interest	and	is	strain	typical	of	the
demographic	changes	 in	 the	population.	 It	 is	associated	with	high	 risk	of	 falls,
loss	 of	 autonomy	 in	 elderly	 people	 and	 institutionalizations	 with	 small	 health
outcomes.	This	condition	is	therefore	correlated	with	high	morbidity	and	health
care	rates	(1,	2).

Indeed,	world	 population	 is	 aging	 and,	worldwide,	 individuals	 over	 60	 are



estimated	to	increase	from	841	million	in	2013	to	more	than	2	billion	by	2050,
with	 a	 proportional	 gain	 from	 11	 to	 22%.	However,	 often	 the	 increase	 in	 life
expectancy	is	not	an	increase	in	“healthy	life”	expectancy,	and	these	additional
years	are	loaded	with	scarce	health	and	disability	(3).

Musculoskeletal	 aging	 has	 many	 causes,	 including	 age-related	 changes	 in
body	 composition,	 inflammation,	 and	 hormonal	 imbalance.	 Furthermore,
sarcopenia	 and	 osteoporosis	 are	 linked	 and	 commonly	 associated	 with	 aging,
often	leading	to	a	frailty	syndrome.

Frailty	 is	 a	 physical	 condition,	 typically	 observed	 in	 elderly	 people,
characterized	 by	 a	 gradual	 and	 growing	 loss	 in	 the	 function	 or	 reserves	 of
multiple	 physiologic	 systems,	 which	 increased	 vulnerability	 and	 inability	 to
maintain	or	recover	homeostasis	after	a	destabilizing	occurrence,	such	as	fever,
infection,	 surgery,	 falls,	 and	 homeostasis	 changes	 due	 to	 pharmacological
therapies	 (4,	 5).	 Then,	 frailty	 can	 be	 considered	 a	 biologic	 condition
characterized	by	low	resistance	and	response	to	stressors,	as	a	consequence	of	a
general	decline	which	 includes	multiple	systems	and	organs.	The	clinical	signs
of	 frailty	 are:	 body	 weight	 loss,	 sarcopenia,	 osteoporosis,	 declined	 physical
activity,	 reduced	 balance	 and	 gait	 speed,	 reduced	 cognitive	 function,	 and
alterated	 state	 of	 nutrition.	 Thus,	 frailty	 determines	 a	 high	 risk	 for	 reduced
activities	 of	 daily	 living,	 for	 cardiovascular	 diseases,	 cancers,	 falls,	 limited
mobility,	and	increases	risk	of	hospitalization	and	mortality	(6).

Fried	 et	 al.	 proposed	 a	 “physical”	 phenotype	 of	 frailty,	 consisting	 of	 five
features	 for	 identification	 of	 frailty	 syndrome:	 weakness	 (evaluated	 by	 grip
strength),	 slowness	 (evaluated	 by	 gait	 speed),	 reduced	 attitude	 to	 the	 physical
activity,	 reduced	energy	 (self-reported),	and	 involuntary	body	weight	 loss.	The
presence	of	one	to	two	features	points	a	pre-frail	condition	while	three	or	more
indicates	a	frailty	syndrome	(7).	Since	frailty,	defined	by	these	criteria,	has	been
correlated	with	 adverse	 health	 outcomes	 (7),	 other	more	 simplified	models	 of
frail	phenotype	were	later	developed	using	data	from	the	Study	of	Osteoporotic
Fractures	and	the	Three-City	Study.	Their	predictive	potencies	for	disability	and
mortality	were	either	similar	or	improved	compared	to	the	original	Fried	model
of	frailty	(8,	9).

On	the	other	hand,	a	“multi-domain”	of	frailty	phenotype	exists,	proposed	by
Rockwood	et	al.	(10)	who	developed	the	Frailty	Index	(FI),	calculated	from	an
extensive	 questionnaire	 of	 diseases	 and	 ill-health.	 FI	 is	 based	 on	 identified
deficits	in	several	domains	such	as	cognition,	mood,	motivation,	communication,
mobility,	 balance,	 activities	 of	 daily	 living,	 nutrition,	 social	 resources,	 and
several	other	comorbidities.	FI	is	reported	as	a	ratio	of	prevalent	deficits	 to	the



total	number	of	potential	deficits,	and	the	greater	the	rate	of	deficit	a	subject	has,
the	more	likely	this	subject	 is	 to	be	frail.	This	 index	is	considered	to	be	highly
predictive	of	high	risk	of	mortality	and	institutionalization	(10).

A	reduction	of	muscle	mass	and	strength	with	a	corresponding	increase	of	fat
mass	 in	 the	 elderly	 might	 synergistically	 increase	 the	 risk	 of	 cardiovascular
diseases	 (11).	 In	 fact,	 during	 aging,	 fat	 mass	 increases	 and	 its	 distribution
changes	 with	 a	 decrease	 in	 subcutaneous	 fat	 and	 an	 increase	 of	 visceral	 fat,
leading	to	a	new	nosographic	entity	named	sarcopenic	obesity	(3).

The	 alterated	 fat	 distribution	 observed	 in	 aged	 people	 and/or	 in	 obese
subjects	 is	 in	 fact	 characterized	 by	 intermuscular	 and	 intramuscular	 fat
infiltration,	both	associated	with	a	decline	in	muscle	and	mobility	function	and
considered	 significant	 predictors	 of	 frailty	 and	 several	 comorbidities	 such	 as
insulin	 resistance,	 diabetes,	 cardiovascular	 diseases,	 stroke,	 spinal	 cord	 injury,
and	 chronic	 obstructive	 pulmonary	 disease	 (12).	 The	 mechanism(s)	 by	 which
intermuscular	 and	 intramuscular	 fat	 negatively	 influences	 muscle	 function	 is
actually	 unknown.	 However,	 the	 release	 of	 pro-inflammatory	 citokines	 from
ectopic	fat	might	provide	this	negative	association	(13),	as	well	as	the	increased
expression	 of	 Perilipin2	 (Plin2),	 a	 protein	 associated	 with	 lipid	 droplet
deposition,	 age	 and	 low	 muscle	 strength	 and	 thickness,	 both	 in	 humans	 and
animal	 models	 (14)	 (Figure	 1).	 In	 addition,	 as	 a	 consequence	 of	 fat	 muscle
infiltration,	motor	units	often	undergo	denervation	and	fast	type	II	muscle	fibers
switch	to	slow	type	I	fibers,	leading	to	decreased	muscle	mass	and	strength	(15,
16).	 A	 recent,	 interesting	 study	 shows	 that	 older	 patients	 who	 underwent
extended	 high-intensity	 resistance	 training	 after	 hip	 fracture	 had	 improved
quadriceps	 muscle	 mass	 and	 strength,	 while	 intramuscular	 fat	 remained
unchanged	(17).

FIGURE	1.	Physiopathological	basis	of	frailty.	Aging,	reduced	physical	activity,	nutrients
intake,	hormone	imbalance,	and	chronic	inflammation	worsen	pathological	conditions	as
sarcopenia,	obesity,	and	osteoporosis,	which	in	turn	lead	to	frailty	syndrome.



Muscle	 mass	 and	 strength	 increase	 during	 late	 adolescence	 and	 early
adulthood,	 and	 generally	 start	 to	 decrease	 from	 the	 fifth	 decade	 of	 life.	 In
particular	it	decreases	annually	by	1–2%	from	the	age	of	fifty,	by	1.5%	from	the
age	of	50–60	and	by	3%	thereafter	(3).	Moreover,	the	decrease	in	muscle	mass
and	 strength	 negatively	 affect	 bone	 mass,	 which	 also	 declines	 during	 aging,
causing	 osteopenia	 and	 osteoporosis.	 Aged,	 post-menopausal	 women	 have	 an
increased	risk	of	both	osteoporosis	and	sarcopenia	 (1,	2),	and	present	a	 loss	of
muscle	 performance	 more	 rapidly	 than	 men,	 suggesting	 a	 protective	 role	 of
estrogens	in	the	maintenance	of	muscle	homeostasis	beside	their	known	role	in
skeletal	 health	 maintenance	 (18).	 In	 men,	 there	 is	 no	 androgen	 decline
comparable	 to	 menopause,	 however,	 lower	 testosterone	 levels	 correlate	 with
lower	protein	synthesis,	loss	of	muscle	mass,	and	sarcopenia	(19).

Other	important	factors	might	affect	muscle	well-being	are	decreased	protein
intake	and	 low-grade	chronic	 inflammation,	which	often	characterize	 aging.	 In
elderly	 people,	 protein	 intake	 and	 protein	 synthesis	 are	 reduced	 and	 the
production	 of	 pro-inflammatory	 factors	 is	 increased	 (18),	 and	 this	 low-grade
inflammation	 further	 contributes	 to	 the	 anorexia	 of	 aging	 and	 correlates	 with
reduced	mobility	and	 impaired	cognitive	 function,	 representing	an	 independent
risk	factor	for	disability	(3).

Finally,	 a	 new	 interdisciplinary	 field	 named	 “geroscience”	 aims	 to
understand	the	relationship	between	aging	and	chronic	age-related	diseases	and
geriatric	 syndromes.	 It	 is	 based	on	 epidemiological	 evidence	 and	 experimental
data	 that	 aging	 is	 the	major	 risk	 factor	 for	 such	 pathologies,	 and	 assumes	 that
aging,	age-related	diseases	and	geriatric	syndromes	share	a	common	set	of	basic
biological	mechanisms.	Geroscience	 assumes	 that	 an	 individual	will	 follow	 an
accelerated	or	de-accelerated	aging	process	through	his/her	genetic	background,
interacting	lifelong	with	environmental	and	lifestyle	factors.	It	 is	clearly	urgent
to	 identify	 markers	 capable	 of	 distinguishing	 between	 biological	 and
chronological	 age	 to	 identify	 subjects	 at	 higher	 risk	 of	 developing	 unhealthy
aging.	Recently,	 some	authors	have	proposed	 the	use	of	DNA	methylation,	N-
glycans	 profiling	 and	 gut	 microbiota	 composition	 over	 the	 available	 disease-
specific	markers	(20).

The	 aim	 of	 this	 review	 was	 to	 analyze	 reciprocal	 pathophysiologic
relationships	 between	 the	 frailty	 syndrome,	 sarcopenia	 and	 osteoporosis.	 We
performed	 Medline	 searches	 on	 the	 pathophysiology	 of	 the	 aforementioned
geriatric	syndromes,	we	describe	common/joint	disease	mechanisms	and	present
the	concept	of	sarcopenic	obesity.	The	final	section	of	our	review	is	dedicated	to



potential	intervention	measures.

SARCOPENIA	AND	OSTEOPOROSIS	AS	CONCEQUENCES
OF	AN	ALTERED	MUSCLE-BONE	CROSS-TALK

Interestingly,	data	from	many	studies	show	that	frailty	is	strictly	associated	with
sarcopenia,	osteopenia	or	osteoporosis,	and	falls	(6),	and	these	studies	show	that
balanced	physical	activity	and	diet	interventions	are	the	focus	of	treatment,	even
though	 the	 treatment	strategy	depends	on	 the	specific	 frailty	domain	shown	by
the	subject	(3).

Several	studies	also	show	the	correlation	between	low	BMD	and	sarcopenia
in	both	men	and	women	(21).	In	the	European	Male	Aging	Study,	in	which	679
men	 aged	 40–79	 years	 were	 evaluated,	 sarcopenia	 was	 associated	 with
osteopenia	 and	 osteoporosis	 (22),	 and	 similarly,	 high	 lean	 muscle	 mass	 and
strength	 were	 positively	 associated	 with	 BMD.	 Whereas,	 sarcopenia	 was
associated	with	 low	BMD	and	osteoporosis	 in	a	study	of	17,891	subjects	 from
various	ethnicities	 (23).	Moreover,	a	 recent,	 interesting	study	by	Locquet	et	al.
showed,	 in	a	population	of	232	elder	people	(age>75	years)	of	both	sexes,	 that
the	 decline	 in	 muscle	 performance	 was	 related	 to	 the	 decline	 in	 bone
microarchitecture,	 and	 that	 subjects	 with	 incident	 sarcopenia	 had	 an
approximately	 5-fold	 increased	 risk	 of	 concomitantly	 developing	 osteoporosis,
showing	a	dynamic	relationship	between	impaired	muscle	and	bone	health,	with
an	obvious	association	between	the	concomitant	incidences	of	osteoporosis	and
sarcopenia	 (24).	 Finally,	 several	 studies	 showed	 that	 sarcopenia	 is	 an
independent	 predictive	 factor	 of	 high	 fracture	 risk	 besides	 BMD	 and	 other
clinical	conditions	(25),	and	that	an	association	exists	among	sarcopenia,	risk	of
falls	 and	 osteoporotic	 fractures	 (26–28).	 It	 is	 clear	 that	 the	 two	 conditions,
sarcopenia	 and	 osteoporosis,	 are	 closely	 correlated,	 and	 that	 their	 combination
leads	 to	 exacerbation	 of	 negative	 health	 effects	 and	 to	 frailty	 syndrome
development	(29).

Skeletal	 muscle	 is	 the	 body's	 scaffolding	 and	 allows	 movements	 and
locomotion.	 Skeletal	 muscle	 can	 be	 affected	 by	 aging,	 low	 nutrition,	 disuse,
inflammation,	 and	 hormone	 imbalance,	 that	 lead	 to	 loss	 of	 muscle	 mass	 and
strength,	 a	 condition	 named	 “sarcopenia,”	 which	 is	 associated	 with	 frailty,
cachexia,	 osteoporosis,	 metabolic	 alterations,	 and	 mortality.	 Like	 frailty,
sarcopenia	is	strongly	associated	with	loss	of	function	and	negatively	influences
people's	 ability	 for	 independent	 living,	 that	 might	 determine	 isolation	 and
cognitive	alterations,	with	an	increase	in	the	assistance	care	costs	(3).



In	 1989,	 Rosenberg	 first	 proposed	 the	 term	 “sarcopenia”	 (from	 the	 Greek
“sarx”	 for	 flesh	 and	 “penia”	 for	 loss)	 to	 define	 the	 typical	 age-associated
decrease	in	muscle	mass	(30),	but	during	the	last	few	decades	its	definition	has
been	enlarged	to	include	reduced	muscle	mass	and	reduced	muscle	function,	and
the	 consensus	 definition	 of	 sarcopenia	 is	 still	 under	 debate.	 Low	 lean	 mass,
muscle	 strength	 and	 weakness	 are	 the	 main	 criteria	 considered	 to	 define
sarcopenia	 proposed	 by	 the	European	Working	Group	 on	 Sarcopenia	 in	Older
People	 (EWGSOP)	 and	 The	 Foundation	 for	 the	 National	 Institutes	 of	 Health
(FNIH)	 Sarcopenia	 Project.	 Other	 proposed	 criteria	 include	 those	 from
International	 Working	 Group	 (IWG),	 European	 Society	 for	 Clinical	 Nutrition
and	Metabolism	Special	Interest	Group	on	cachexia-anorexia	in	chronic	wasting
diseases	(ESPEN)	and	Society	of	Sarcopenia,	Cachexia,	and	Wasting	Disorders
(SCWD)	(31).	Regardless	of	the	definition,	all	scientific	societies	agree	that	the
preservation	of	muscle	strength	and	power	with	advancing	age	is	of	high	clinical
significance.	However,	despite	the	preponderance	of	scientific	investigations	that
have	continued	to	focus	primarily	on	determinates	of	skeletal	muscle	size,	recent
longitudinal	 and	 intervention-based	 studies	 have	 clearly	 demonstrated	 that
muscle	 atrophy	 is	 a	 relatively	 small	 contributor	 to	 the	 loss	of	muscle	 strength,
and	that	exogenous	supplementation	of	androgens	or	growth	factors	have	yielded
an	increase	in	muscle	mass	but	only	marginally	improved	muscle	performance.
Then,	on	the	basis	of	these	observations,	in	2008	Clark	and	Manini	proposed	the
term	“dynapenia”	(dyna	refers	to	“power,	strength,	or	force”	and	penia	refers	to
“poverty”)	to	define	the	age-related	loss	of	muscle	strength	and	power	(32).	Of
course,	 dynapenia	 both	 in	 association	 with	 sarcopenia	 and	 as	 an	 independent
factor,	increases	the	risk	of	poor	physical	performance,	disability	and	even	death.

The	 pathophysiological	 basis	 of	 muscle	 mass	 and	 strength	 loss	 include	 a
variety	 of	 factors	 and	 pathways,	 such	 as	 environmental	 factors,	 hormonal
alterations,	 motor-neurons	 and	 muscle	 fibers	 loss,	 decreased	 protein	 synthesis
and/or	 increased	 protein	 catabolism,	 activation	 of	 inflammatory	 pathways,
reduction	in	satellite	cell	counts,	and	mitochondrial	dysfunction	and/or	reduction
(31).

During	aging,	muscle	 fibers	decrease	 in	 size	and	number	and	alterations	 in
skeletal	 muscle	 composition	 occur.	 As	 mentioned	 above,	 an	 increased	 fat
infiltration	 in	 skeletal	 muscle	 is	 described,	 which	 significantly	 alters	 muscle
quality	 and	 performance,	 and	 leads	 to	 a	 sarcopenic	 obesity	 (33–35).	 The
prevalence	of	obesity	in	association	with	sarcopenia	is	increasing	in	adults	over
the	age	of	65	and	older,	leading	to	a	high	risk	of	synergistic	complications	from
both	 sarcopenia	 and	 obesity	 (36).	 In	 sarcopenic	 obesity	 the	 excess	 of	 adipose



tissue	 determines	 a	 dysregulated	 production	 of	 several	 adipokines	 which,	 in
association	 with	 senescent	 cell-	 and	 immune	 cell-derived	 cytokines,	 create	 a
local	 pro-inflammatory	 status.	 In	 addition,	 obese	 adipose	 tissue,	 through	 the
excessive	 lipids	 production	 and	 their	 alterated	 storage,	 favors	 fat	 muscle
infiltration	 and	 insulin	 resistance	 leading	 to	 pro-inflammatory	 myokines
secretion,	which	 in	 turn	 induces	muscle	dysfunction	by	auto/paracrine	manner.
Finally,	 these	 myokines,	 by	 endocrine	 manner,	 exacerbate	 adipose	 tissue
inflammation	 and	 support	 chronic	 low-grade	 systemic	 inflammation,
establishing	 a	 detrimental	 vicious	 circle	 triggering	 and	maintaining	 sarcopenic
obesity	development	(37).	The	increased	body	and	muscle	fat	are	associated	with
insulin	resistance	and	low-grade	chronic	inflammation,	with	an	increase	in	many
specific	and	unspecific	inflammatory	parameters,	like	C	reactive	protein	(CRP),
fibrinogen,	interleukin-6	(IL-6),	and	tumor-necrosis-factor	alpha	(TNF-α),	which
lead	 to	 the	 decrease	 in	 both	muscle	mass	 and	 strength,	 and	 to	 bone	 loss	 (35)
(Figure	2).	Moreover,	an	alteration	 in	mesenchymal	 stem	cell	differentiation	 is
observed,	 that	 is	 characterized	 by	 a	 high	 differentiation	 in	 adipocytes,	 which
leads	to	a	reduced	muscular	renewal	(35)	and	Figure	3.

FIGURE	2.	Schematic	representation	of	molecular	basis	of	the	complex	fat-bone-muscle
cross-talk.



FIGURE	3.	MicroCT	image	of	the	trabecular	structure	of	a	vertebral	body	of	a	C57Bl/6J	mouse
aged	12	month.

Also,	sex	steroids	are	involved	in	the	pathogenesis	of	sarcopenia.	In	fact,	the
reduced	 estrogen	 levels	 after	menopause	 amplify	 the	 increase	 in	 inflammatory
markers	(IL-6	and	TNF-α),	and	since	myocytes	expressed	estrogen-β	receptors,	a
direct	effect	of	estrogens	on	muscle	mass	has	been	proposed	(38,	39).	However,
conflicting	data	exist	about	hormone	replacement	therapy	(HRT)	and	its	possible
use	 for	 the	 prevention	 of	 the	musculoskeletal	 aging	 (40).	 Finally,	 a	 decline	 in
androgen	levels	may	also	play	a	role	in	the	pathogenesis	of	sarcopenia,	both	in
men	and	women	(41).

Mitochondrial	 reactive	 oxygen	 species	 (mtROS)	 are	 tightly	 linked	 to
oxidative	 stress	 in	 age-related	 muscle	 mass	 and	 strength.	 The	 deposition	 of
mtROS	 in	 aged	 muscle	 determines	 tissue	 damage,	 muscle	 atrophy,	 muscle
dysfunction,	 and	 increases	 in	 fibrous	 tissue	 (42).	 Moreover,	 mitochondria	 act
directly	 on	 apoptosis,	 and	 their	 alterations	 and	 mtROS	 promotes	 cell
degradation,	 the	 reduction	of	muscle	 fibers,	 and	muscle	atrophy	 (43).	Also,	 an
increased	mitophagy	has	been	associated	with	muscle	atrophy	(44).

Finally,	myostatin,	which	is	a	well	characterized	myokine	and	a	member	of
the	 transforming	 growth	 factor-β	 superfamily,	 negatively	 modulates	 muscle
mass	 and	 growth	 and,	 interestingly,	 increased	 myostatin	 levels	 appear	 to	 be
associated	with	aging	(45).	Indeed,	several	studies	reported	that	myostatin	levels
were	increased	in	frail	elder	women	and	were	inversely	correlated	with	muscle
mass	 (46–48).	 However,	 further	 studies	 are	 needed	 to	 better	 understand	 the
relationship	between	myostatin	and	aging.

During	 aging,	 bone	 remodeling	 is	 reduced,	 leading	 to	 a	 negative	 bone
balance	and	increasing	the	incidence	of	age-associated	bone	alterations,	such	as
osteopenia	and	osteoporosis.	 In	particular,	osteopenia	 is	a	clinical	 term	used	 to



describe	 a	 decrease	 in	 bone	 mineral	 density	 (BMD)	 below	 normal	 reference
values,	 yet	 not	 low	 enough	 to	 meet	 the	 diagnostic	 criteria	 to	 be	 considered
osteoporotic	while	osteoporosis	is	a	skeletal	metabolism	alteration	that	causes	a
loss	of	bone	mineral	density	 and	quality.	This	 leads	 to	bone	 fragility	 and	high
fracture	risk,	and	osteoporotic	 fractures	are	associated	with	high	morbidity	and
mortality	(21).

The	 incidence	of	osteoporotic	 fractures	 increases	with	age,	 and	actually,	 in
women	 over	 80	 the	 incidence	 of	 hip	 fractures	 is	 30%,	while	 the	 incidence	 of
vertebral	 fractures	 is	 more	 than	 40%	 (21).	 Then,	 elderly	 patients	 with
osteoporotic	 fractures	 should	 be	 considered	 as	 frail	 subjects,	 with	 low	 post-
fracture	 outcomes	 that	 lead	 to	 functional	 decline,	 loss	 of	 quality	 of	 life,	 and
increased	 mortality,	 for	 the	 next	 10	 years	 after	 the	 fracture	 (49).	 Moreover,
osteoporosis	 is	 often	 associated	 with	 sarcopenia,	 with	 similar	 consequences,
such	as	physical	 impairment,	 institutionalization,	and	depression,	all	conditions
that	increase	morbidity	and	mortality	(7).

During	 the	 last	 decade,	 bone	 and	 muscle	 were	 increasingly	 recognized	 as
interacting	tissues,	not	only	because	of	their	local	proximity	and	their	integrated
function	for	locomotion,	but	were	recognized	also	as	endocrine	target	organs	and
endocrine	 organs	 themselves	 (50–52).	 In	 fact,	 the	 two	 tissues	 interact	 by
paracrine	 and	 endocrine	 signals	 and	modulate	 their	 development	 and	 function
from	 intrauterine	 life	 to	 old	 age,	 and	 a	 linear	 relationship	 between	 BMD	 and
muscle	mass	at	various	ages	exists	(52–54).

During	 growth,	 bone	 mineral	 content	 and	 femoral	 circumference	 closely
correlate	with	muscle	tissue,	and	several	evidences	suggest	that	osteoporosis	and
sarcopenia	 present	 common	 pathophysiological	 factors,	 including	 hormonal
imbalance,	 increased	 inflammatory	 cytokine	 activity,	 release	 of	 tissue-specific
molecules,	nutritional	changes,	and	physical	 impairment	 (53–56).	The	muscle–
bone	cross-talk	is	supported	by	preclinical	and	clinical	data	(Figure	3),	showing
the	 presence	 of	many	 tissue-specific	 factors	 released	 by	muscle	 that	modulate
bone,	 such	 as	 insulin-like	 growth	 factor-1	 (IGF-1),	 fibroblast-growth	 factor-2,
IL-6,	 IL-15,	myostatin,	 osteoglycin,	 irisin,	 and	 osteoactivin	 (52).	 Interestingly,
many	factors	such	as	myostatin,	TNF-α,	IL-6,	and	ROS	that,	as	described	above,
are	 involved	 in	 the	 pathogenesis	 of	 sarcopenia	 are	 also	 regulators	 of	 bone
remodeling,	and	thus	are	relevant	for	osteoporosis	(56).	However,	actually	there
exists	limited	data	about	the	modulation	of	bone	on	muscle,	and	both	osteoblasts
and	 osteocytes	 were	 shown	 to	 produce	 specific	 molecules,	 including
prostaglandin	 E2,	 osteocalcin,	 and	 IGF-1,	which	might	 impact	 skeletal	muscle
cells	(52).



Finally,	 adipose	 tissue	 also	 interacts	 with	 bone	 and	 muscle,	 and	 obesity,
sarcopenia,	 and	 osteoporosis	 could	 concomitantly	 exist.	 The	 increase	 in	 total
and/or	 abdominal	 fat	 observed	 in	 obese	 subjects	 determines	 low	 chronic
inflammation	and	hormonal	imbalance	which	negatively	affect	both	muscle	and
bone	(50,	57).	Indeed,	people	affected	by	sarcopenic	obesity	have	a	high	risk	of
osteoporosis	 and	 fragility	 fracture,	 as	 well	 as	 other	 metabolic	 alterations
resulting	 from	changes	 in	 their	 body	 composition	 closely	 associated	with	 high
morbidity	 and	 mortality.	 These	 considerations	 of	 course	 emphasize	 the
importance	to	strictly	monitor	bone	health	in	sarcopenic	obese	subjects,	mostly
during	aging	(57).

DO	SARCOPENIA	AND	OSTEOPOROSIS	LEAD	TO
FRAILTY	SYNDROME	DEVELOPMENT?

Frailty	 is	 often	 discovered	 by	 maladaptive	 response	 to	 stressors,	 causing
functional	decline	and	other	serious	adverse	health	outcomes	(4).	During	the	last
decade,	a	large	amount	of	data	suggest	many	causes	for	the	pathogenesis	of	the
frailty	syndrome,	such	as	chronic	 inflammation,	musculoskeletal	and	endocrine
system	 alterations,	 nutritional	 changes,	 and	 physical	 impairment,	 leading	 to	 a
vicious	cycle	characterized	by	a	progressive	muscle	and	bone	loss,	as	well	as	fat
gain	(28)	(Figure	1).

In	particular,	chronic	inflammation	is	a	key	factor	that	contributes	to	frailty,
both	 directly	 and	 indirectly	 through	 other	 intermediate	 mechanisms	 (58).	 The
relationship	between	frailty	and	inflammatory	markers	is	well	known,	and	many
studies	 conducted	 in	 elderly	people	 support	 the	 effect	of	 chronic	 inflammation
and	 immune	 activation	 on	 the	 frailty	 syndrome	 development	 (59–61).
Inflammatory	 molecules	 directly	 contribute	 to	 frailty	 or	 indirectly	 through	 its
detrimental	effects	on	musculoskeletal	metabolism	and	endocrine	system	(62).

Sarcopenia	and	osteoporosis	are	major	contributors	 to	disability	and	frailty.
The	age-related	chronic	inflammation,	often	indicated	as	“inflammaging,”	leads
to	 the	 decrease	 in	 both	muscle	mass	 and	 strength	 and	 bone	 loss,	 such	 as	 sex
steroids	 and	 GH	 decline	 (35).	 In	 2000,	 Franceschi	 et	 al.	 described	 the
phenomenon	 of	 inflammaging	 as	 part	 of	 the	 spectrum	 of	 immunosenescence,
leading	to	muscle	and	potentially	bone	loss	(63).	Inflammaging	is	believed	to	be
a	 consequence	 of	 a	 cumulative	 lifetime	 exposure	 to	 antigenic	 load	 caused	 by
both	 clinical	 and	 sub-clinical	 infections,	 as	 well	 as	 from	 exposure	 to	 non-
infective	antigens.	The	consequence	is	an	inflammatory	response,	tissue	damage
and	 the	production	of	ROS	which	 result	 in	 the	 release	of	 additional	 cytokines,



determining	a	vicious	cycle	driving	 immune	system	remodeling	and	favoring	a
chronic	pro-inflammatory	state	(63).

Sarcopenia	 and	 osteoporosis	 are	 also	 promoted	 by	 an	 increase	 in	 body	 fat
and	 alteration	 in	 its	 distribution.	With	 age,	 subcutaneous	 fat	 decreases	 despite
the	 increase	 of	 visceral	 fat	 and	 fat	 infiltration	 of	 muscle	 fibers	 (3).	 The	 age-
related	increased	body	fat	and	muscle	fat	 infiltration	promote	insulin	resistance
and	 inflammation	 that,	 through	 a	 vicious	 loop	mechanism,	 determines	muscle
and	skeletal	metabolism	alterations	and	dysregulation	in	mesenchymal	stem	cell
differentiation	 leading	 to	 sarcopenia	 and	 osteoporosis	 (35).	 Obesity	 is	 also
associated	with	sarcopenia,	osteoporosis	and	frailty	in	both	men	and	women	as
demonstrated	by	several	studies,	likely	due	to	adipose	tissue	involvement	in	the
complex	 bone–muscle	 interaction	 (50).	 In	 this	 view,	 obesity,	 sarcopenia,	 and
osteoporosis	 could	 concomitantly	 exist,	 and	 the	 increase	 in	 total	 and/or
abdominal	 fat	 and	 the	 excess	 fatty	 acids	 in	 the	 muscle	 fibers	 have	 also	 been
shown	 to	 interfere	 with	 normal	 cellular	 signaling	 and	 favor	 inflammation	 and
hormonal	 imbalance	 affecting	 both	 muscle	 and	 bone	 (50,	 57).	 Further,
sarcopenic	obese	subjects	have	a	high	risk	of	osteoporosis,	fragility	fractures	and
chronic	 metabolic	 disorders,	 resulting	 from	 the	 changes	 in	 their	 body
composition	(58).

Finally,	sex	steroids	and	IGF-1	are	essential	for	bone	and	muscle	metabolic
regulation	 (62)	 and,	 indeed,	 the	 role	 of	 sex	 hormones	 in	 the	 pathogenesis	 of
sarcopenia	 and	 osteoporosis	 has	 been	 well	 documented.	 The	 rapid	 drop	 in
estrogens	after	menopause	and	the	gradual	decrease	of	androgens	 in	older	men
result	 in	 decreased	 bone	 and	muscle	 mass,	 with	 an	 increased	 risk	 of	 fragility
fractures	and	sarcopenia	in	both	genders	but	with	a	different	timing;	at	the	same
time	 the	 low	 sex	 steroid	 levels	 determine	 an	 increase	 of	 the	 inflammatory
markers	 which	 are	 linked	 to	 both	 sarcopenia	 and	 osteoporosis	 (38,	 39).
Circulating	 levels	 of	 dehydroepiandrosterone	 sulfate	 (DHEA-S)	 and	 IGF-1	 are
also	significantly	lower	in	frail	older	adults	as	compared	to	non-frail	individuals,
and	 many	 other	 hormones,	 such	 as	 cortisol	 and	 vitamin	 D,	 have	 also	 been
associated	 with	 sarcopenia	 and	 frailty	 in	 the	 elderly,	 suggesting	 a	 potential
impairment	 of	 the	 GH–IGF-1	 somatotropic	 axis,	 the	 hypothalamic–pituitary–
adrenal	axis,	and	other	hormones	on	the	basis	of	frailty	syndrome	(62).

The	 altered	 cellular	 and	 molecular	 signals	 and	 functions	 described	 above,
which	lead	to	sarcopenia,	osteoporosis,	and	inflammation,	seem	to	be	linked	in	a
circle	manner	and	probably	represent	the	common	denominator	favoring	frailty
and	unhealthy	aging.	However,	further	clinical	and	biological	investigations	are
needed	to	better	understand	the	complex	multifactorial	etiology	of	frailty.



INTERVENTION	MEASURES

Nutritional	 intervention	 and	 physical	 activity	 are	 two	 pivotal	measures	 for	 the
prevention	and	treatment	of	sarcopenia,	and	they	act	in	a	synergistic	manner.

Physical	 exercise	 in	 middle	 age	 seems	 to	 reduce	 the	 development	 of
sarcopenia	 in	 older	 adults	 and	 it	 is	 also	 the	 primary	 measure	 for	 maintaining
muscle	mass	and	strength,	and	performance	in	elderly,	as	has	been	shown	in	the
ROAD	study,	an	observational	study	conducted	on	1773	older	adults,	followed
for	4	years	(64).	The	aim	of	this	study	was	to	investigate	the	possible	association
of	physical	activity	of	daily	living	with	the	incidence	of	certified	need	of	care	in
the	 national	 long-term	 care	 insurance	 system	 in	 elderly	 Japanese	 population-
based	cohorts,	showing	that	physical	dysfunction	in	daily	living	is	a	predictor	of
the	occurrence	of	certified	need	of	care	(64).	Moreover,	a	recent	meta-analysis,
including	clinical	 trials	on	varied	physical	activity	interventions	for	sarcopenia,
showed	 a	 statistically	 significant	 association	 between	 physical	 activity	 and
sarcopenia	and	documented	 its	protective	 role	against	 sarcopenia	development,
as	well	as	heart	diseases,	diabetes,	osteoporosis	and	pulmonary	diseases	(65).	In
fact,	 physical	 activity	 improves	 body	 composition	 by	 increasing	muscle	mass,
reducing	 body	 fat,	 and	 improving	muscle	 strength	 and	 endurance.	 In	 addition,
physical	 activity	 can	 also	 modulate	 immune	 function	 and	 the	 cardiovascular
system	 and,	 thus,	 it	 should	 be	 considered	 an	 essential	 measure	 of	 therapeutic
strategies	 of	 age-related	 sarcopenia.	 Aerobic	 exercise	 improves	 mitochondria
functions,	 aerobic	 capacity,	 metabolic	 regulation,	 and	 cardiovascular	 function.
Also,	aerobic	exercise	decreases	the	expression	of	catabolic	genes	and	increases
muscle	protein	 synthesis	 (66–68).	Resistance	exercise	prevents	muscle	wasting
by	stimulating	muscle	hypertrophy	and	increases	muscle	strength	by	regulating
the	protein	metabolism	balance	(69).	However,	no	single	type	of	exercise	but	the
combination	of	aerobic	and	 resistance	exercises	 should	be	preferred	 to	prevent
and	treat	the	potential	molecular	mechanisms	of	age-related	sarcopenia	(70).

During	 aging,	 energy	 requirements	 decline,	 as	 do	 food	 and	 energy	 intake
(71).	Reduced	food	intake	in	elderly	determines	weight	loss,	with	consequential
decrease	 of	 muscle	 mass	 and	 strength	 and	 physical	 impairment	 (72).	 The
importance	of	balanced	nutrition	in	older	adults	has	been	recognized	for	a	long
time,	 but	 only	 recently	 have	 studies	 been	 designed	 to	 explore	 the	 effects	 of
nutrition	on	muscle	mass	and	physical	performance	(73).	These	studies	suggest
that	diet	has	an	important	role	in	the	prevention	and	management	of	sarcopenia
and	several	kinds	of	interventions	have	been	tested.	The	nutrients	that	have	been
most	 closely	 linked	 to	 the	 development	 of	 sarcopenia	 and	 frailty	 are	 protein,



vitamin	D,	antioxidant	nutrients	(like	carotenoids,	selenium,	and	vitamins	E	and
C),	and	long-chain	polyunsaturated	fatty	acids	(74).	The	few	studies	performed
to	date	seem	to	indicate	that	there	is	a	protective	role	of	protein	supplementation
against	 frailty	 syndrome	 and	 it	 is	 tempting	 to	 suggest	 daily	 30	 g	 protein
supplements	help	 to	prevent	 frailty.	However,	 it	 is	well	established	 that	excess
protein	can	also	be	harmful;	therefore,	specific	individual	characteristics	should
be	 considered	 before	 prescribing	 these	 supplements.	 On	 the	 other	 hand,	 the
relevance	 of	 other	 nutritional	 interventions,	 such	 as	 vitamin	 D,	 omega-3,	 and
medium-chain	 triglycerides,	 is	much	more	 scarcely	 researched	 in	 the	 literature
(75).	Therefore,	new	clinical	trials	are	necessary	to	carry	out	effective	nutritional
interventions	to	prevent	frailty	development.

Pharmacological	 therapies	 for	 the	 prevention	 and	 treatment	 of	 frailty	 are
represented	 by	 drugs	 used	 to	 control	 both	 osteoporosis	 and	 sarcopenia.	 Anti-
osteoporotic	agents	are	used	to	increase	bone	mass	and	reduce	fracture	risk,	such
as	 bisphosphonates,	 denosumab,	 and	 teriparatide,	 associated	with	 calcium	 and
vitamin	D	supplementation.	Advanced	age	is	associated	with	increased	signaling
through	extrinsic	and	intrinsic	apoptotic	pathways	in	skeletal	myocytes,	favoring
the	 development	 of	 sarcopenia.	 Several	 preclinical	 studies	 suggest	 that
myonuclear	 apoptosis	 might	 provide	 a	 selective	 biological	 target	 for	 the
development	 of	 preventive	 and	 therapeutic	 interventions	 against	 sarcopenia.
Many	 strategies,	 such	 as	 calorie	 restriction,	 exercise	 training,	 and	 drugs
determine	the	down-regulation	of	myocyte	apoptosis	counteract	the	development
or	worsening	of	sarcopenia	and	muscle	dysfunction	(76).	In	particular,	to	prevent
and	 treat	 sarcopenia,	 the	 appropriate	 pharmacological	 strategy	 might	 include
myostatin	 inhibitors	 and	 type	 II	 activin	 receptor	 inhibitors;	 follistatin;
testosterone	 or	 selective	 androgen	 receptor	modulators	 (SARMs);	 angiotensin-
converting-enzyme	 (ACE),	 inhibitors,	 and	 ghrelin	 mimetics	 (77).	 Other
hormonal	 therapies,	 such	 as	 GH,	 IGF1,	 and	 estrogens,	 have	 also	 been
experienced,	but	no	evident	beneficial	effects	have	yet	been	demonstrated	(78).
The	approach	 to	 increase	muscle	mass	 is	 the	same	for	either	young	athletes	or
elderly	individuals,	however,	in	elder	adults	the	need	for	a	prolonged	treatment
makes	it	difficult	to	treat	sarcopenia	because	of	compliance	and	safety.	Finally,
since	preclinical	and	clinical	studies	have	demonstrated	an	increased	number	of
senescent	cells	in	the	bone	microenvironment	during	aging,	with	a	consequential
alteration	 in	 bone	 remodeling	 due	 to	 an	 increased	 secretion	 of	 inflammatory
markers,	a	potential	approach	might	either	eliminate	senescent	cells	or	impair	the
production	 of	 their	 inflammatory	 factors,	 representing	 a	 novel	 therapeutic
strategy	to	prevent	multiple	age-related	diseases	(79).



To	treat	and/or	prevent	frailty	damages,	early	identification	of	people	at	risk
of	 sarcopenia	and	osteoporosis	 is	 important.	The	European	Working	Group	on
Sarcopenia	in	Older	People	2	(EWGSOP2)	and	the	International	Conference	on
Frailty	 and	 Sarcopenia	Research	 (ICFSR)	 task	 force	 have	 recently	 produced	 a
consensus	 and	 evidence-based	 clinical	 practice	 guidelines	 for	 its	 definition,
screening,	diagnosis	and	management	(80,	81).	Moreover,	the	ICSFR	task	force
evaluated	the	evidence	behind	several	topics	(definition	of	sarcopenia,	screening
and	 diagnosis	 of	 sarcopenia,	 physical	 activity	 prescription,	 protein
supplementation,	 vitamin	 D	 supplementation,	 anabolic	 hormone	 prescription,
medication	under	development),	considering	the	quality	of	evidence,	the	benefit-
harm	 balance	 of	 treatment,	 patient	 preferences/values,	 and	 cost-effectiveness,
and	 strongly	 recommend	 treatment	 of	 sarcopenia	 with	 prescribed	 resistance-
based	physical	activity	and	conditionally	recommended	protein	supplementation
or	a	protein-rich	diet	(81).

CONCLUSIONS

World	population	is	aging	and	the	increase	in	life	expectancy	is	often	unhealthy.
In	particular,	musculoskeletal	aging,	which	leads	to	sarcopenia	and	osteoporosis,
has	 several	 causes	 such	 as	 changes	 in	 body	 composition,	 inflammation,	 and
hormonal	imbalance.	Sarcopenia,	osteoporosis,	and	more	frequently,	sarcopenic
obesity	are	commonly	associated	with	aging	and	frequently	closely	linked	each
other,	often	leading	to	the	development	of	a	frailty	syndrome.	Frailty	syndrome
favors	 an	 increased	 risk	 of	 loss	 function	 in	 daily	 activities,	 for	 cardiovascular
diseases,	cancers,	falls,	and	mortality.	As	the	number	of	elderly	people	continues
to	increase,	 it	 is	 important	to	identify	people	at	risk	of	frailty	early	and	to	treat
and/or	 prevent	 its	 damages,	 developing	 interventions	 that	 can	 promote	 a
“successful	 aging.”	 The	 complexity	 and	 heterogeneity	 of	 frailty	 syndrome
requires	 a	 multidimensional	 clinical	 approach	 based	 on	 healthy	 nutrition,
psychosocial	 well-being,	 regular	 physical	 exercise,	 and	 pharmacological
measures,	which	seem	to	prevent	and	control	chronic	diseases	affecting	both	life
expectancy	and	quality	of	life,	thereby	reducing	mortality.	Of	course,	new	basic
and	 clinical	 studies	 are	 necessary	 to	 better	 understand	 the	 complex
pathophysiological	 mechanisms	 leading	 to	 frailty	 and	 to	 carry	 out	 effective
measures	of	interventions	to	prevent	its	development	and	treat	its	damages.
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c-Kit,	 a	 type	 III	 receptor	 tyrosine	 kinase	 (RTK),	 is	 involved	 in	 multiple
intracellular	 signaling	 whereby	 it	 is	 mainly	 considered	 a	 stem	 cell	 factor
receptor,	which	participates	in	vital	functions	of	the	mammalian	body,	including
the	human.	Furthermore,	c-kit	is	a	necessary	yet	not	sufficient	marker	to	detect
and	 isolate	 several	 types	 of	 tissue-specific	 adult	 stem	 cells.	Accordingly,	 c-kit
was	 initially	 used	 as	 a	 marker	 to	 identify	 and	 enrich	 for	 adult	 cardiac
stem/progenitor	 cells	 (CSCs)	 that	were	proven	 to	be	 clonogenic,	 self-renewing
and	 multipotent,	 being	 able	 to	 differentiate	 into	 cardiomyocytes,	 endothelial
cells	and	smooth	muscle	cells	in	vitro	as	well	as	in	vivo	after	myocardial	injury.
Afterwards	 it	 was	 demonstrated	 that	 c-kit	 expression	 labels	 a	 heterogenous
cardiac	 cell	 population,	 which	 is	 mainly	 composed	 by	 endothelial	 cells	 while
only	 a	 very	 small	 fraction	 represents	 CSCs.	 Furthermore,	 c-kit	 as	 a	 signaling
molecule	 is	 expressed	 at	 different	 levels	 in	 this	 heterogenous	 c-kit	 labeled
cardiac	cell	pool,	whereby	c-kit	low	expressers	are	enriched	for	CSCs	while	c-kit
high	 expressers	 are	 endothelial	 and	 mast	 cells.	 This	 heterogeneity	 in	 cell
composition	and	expression	levels	has	been	neglected	in	recent	genetic	fate	map
studies	 focusing	 on	 c-kit,	 which	 have	 claimed	 that	 c-kit	 identifies	 cells	 with
robust	 endothelial	 differentiation	 potential	 but	 with	 minimal	 if	 not	 negligible
myogenic	 commitment	 potential.	However,	modification	 of	 c-kit	 gene	 for	 Cre
Recombinase	 expression	 in	 these	 Cre/Lox	 genetic	 fate	 map	 mouse	 models
produced	 a	 detrimental	 c-kit	 haploinsufficiency	 that	 prevents	 efficient	 labeling
of	true	CSCs	on	one	hand	while	affecting	the	regenerative	potential	of	these	cells
on	the	other.	Interestingly,	c-kit	haploinsufficiency	in	c-kit-deficient	mice	causes
a	 worsening	 myocardial	 repair	 after	 injury	 and	 accelerates	 cardiac	 aging.
Therefore,	these	studies	have	further	demonstrated	that	adult	c-kit-labeled	CSCs
are	robustly	myogenic	and	that	the	adult	myocardium	relies	on	c-kit	expression
to	regenerate	after	injury	and	to	counteract	aging	effects	on	cardiac	structure	and
function.

Keywords:	 c-kit,	 cardiac	 stem	 cells,	 cardiac	 aging,	 cardiac	 regeneration,
cardiac	remodeling

INTRODUCTION

In	 developed	 countries,	 modern	 and	 up-to-date	 guidelines-recommended
treatments	 based	 on	 solid	 clinical	 and	 basic	 cardiovascular	 research	 have



significantly	reduced	the	mortality	for	acute	cardiovascular	(CV)	syndromes	(1,
2).	 However,	 the	 improvement	 in	 primary	 treatment	 of	 cardiovascular
syndromes	bargained	a	steep	surge	of	patients	with	chronic	heart	failure	(CHF),
a	 syndrome	 that	 nowadays	 has	 numbers	 similar	 to	 an	 epidemy	 and	 takes	 the
highest	toll	on	human	lives	among	CV	diseases	(3).

Indeed,	 during	 acute	 life-saving	 interventions,	 most	 patients	 irreversibly
develop	myocardial	 injury,	 from	which	 CHF	 develops.	 CHF	 has	 no	 available
curative	 therapies	 and	 the	 prognosis	 for	 patients	 is	 poorer	 than	 that	 for	 most
cancers,	having	an	average	survival	of	only	3–5	years	after	its	onset	(1–3).	There
are	almost	40	million	patients	worldwide	with	HF	that	account	for	a	significant
part	of	the	annual	hospital	admissions	and	that	absorb	several	billions	of	dollars
to	the	USA	healthcare.	Similar	number	of	patients	and	annual	costs	are	emerging
to	be	found	in	the	EU	healthcare	systems	after	several	statistical	analysis	(1,	2).
It	 follows	 that	HF	 treatments	 currently	 in	use	are	only	 symptomatic	 if	not	 just
palliative	when	considering	mortality	as	main	endpoint—with	heart	transplant	as
only	valid	yet	practically	un-available	 solution	 to	overcome	 it.	 It	 is	 imperative
indeed	to	develop	technologies	to	better	understand	and	to	monitor	CV	diseases,
their	 symptoms	 and	 complications,	 with	 the	 aim	 to	 preserve/enhance	 the
function	 of	 the	 surviving	 cardiomyocytes,	 while	 also	 to	 replace	 the	 lost
cardiomyocytes,	primary	causes	of	CHF	(1,	2).

Myocardial	infarction,	and	ischemic	heart	disease	in	general,	 is	 the	primary
etiology	 of	 CHF	 (1,	 3).	 Also	 in	 the	 cases	 of	 the	 structural	 cardiomyopathies,
where	 the	CHF	 is	 of	 non-ischemic	 origin,	 the	 primary	 issue	 is	 the	 lack	 of	 the
myocardium	 to	 undergo	 a	 robust	 cardiomyocyte	 replacement	 (2).	 On
surprisingly,	therefore,	regenerative	biology/medicine	has	raised	with	the	goal	to
find	an	effective	and	broadly	available	therapy	to	refresh	the	contractile	muscle
cells	lost	and/or	permanently	dysfunctional	in	consequence	of	the	primary	injury
(2,	4).	Unfortunately,	the	predominant	skepticism	about	the	intrinsic	endogenous
regenerative	capacity	of	 the	adult	mammalian	heart,	 including	 the	human	have
produced	 often	 contradictory	 approaches	 to	 perform	 myocardial
repair/regeneration	(2).

Until	 sufficient	 scientific	 data	 are	 obtained	 to	 eventually	 overcome	 this
widespread	skepticism,	whereby	hard	clean	and	clear	data	remove	the	need	for
interpretations	and	opinions,	no	clinical	 repair	or	 regeneration	protocol	will	be
ever	 able	 to	 answer	 the	 question	 of	 whether	 it	 is	 feasible	 to	 functionally
regenerate	the	failing	human	heart	(2).

BIOLOGY	OF	THE	ADULT	HEART:	THE	OLD	PARADIGM



The	adult	cardiomyocytes	(CMs),	terminally	differentiated	cardiac	parenchymal
cells,	permanently	withdrawn	from	the	cell	cycle	with	no	capacity	 to	 replicate,
have	been	classically	defined	as	elementi	perenni,	similarly	to	neurons,	and	thus
believed	 to	 last	 a	 lifetime	 (2,	5,	6).	The	main	underlying	and	ensuing	biologic
dogma	was	 and	 still	 practically	 remains	 that,	when	 the	 heart	 is	 subjected	 to	 a
prolonged	 work	 overload	 or	 to	 a	 diffuse	 and/or	 segmental	 injury,	 the	 CMs
respond	 increasing	 their	 size,	 becoming	 hypertrophic	 to	 accommodate	 a	 larger
number	of	its	sarcomeres	to	sustain	the	increased	work	or	just	die	(2).

This	static	view	of	the	biology	of	the	adult	hearts	postulates	that	from	cradle
to	 grave	 no	 new	 CMs	 are	 therefore	 added	 and	 it	 turns	 that	 to	 maintain	 an
equilibrium	 for	 the	 heart	 to	 properly	 function	 and	 sustain	 the	 systemic
circulation	throughout	life,	CM	death	is	a	rare,	if	not	negligible,	event	(2).	Thus,
under	 this	 dogmatic	 view,	 post-natal	 life	 of	 the	 heart	 is	 not	 ruled	 by	 a	 cell
homeostasis	 process	 where	 cardiac	 muscle	 cells	 die	 and	 are	 consequently
replaced	in	response	to	wear	and	tear	and/or	injury	(2).

On	this	basis,	one	of	the	first	attempt,	still	ongoing,	to	obtain	cardiac	muscle
regeneration	has	been	and	continues	to	be	the	re-activation	of	mitotic	division	of
mature	terminally	differentiated	CMs	(7).	However,	genetic	modification	of	the
myogenic	differentiation	network	and	muscle	cell	identity	of	adult	CMs	to	force
their	 division	 to	 produce	 a	 robust	 number	 of	 new	CMs	has	mainly	 resulted	 in
increased	 polyploidy	 and/or	 death,	 both	 in	 vitro	 and	 in	 vivo	 (2,	 7–9).	 On	 the
other	 hand,	 experimental	 approaches	 conducted	 in	 order	 to	 increase	 CM
division,	which	have	been	proven	 to	 foster	beneficial	 functional	 in	vivo	effects
(9,	 10),	 are	 not	 necessary	 to	 clearly	 rule	 out	 whether	 the	 detected	 new
cardiomyocyte	formation	is	the	product	of	the	division	of	pre-existing	terminally
differentiated	CM	or	of	myocyte	progenitors	before	their	terminal	differentiation
(2).	Moreover,	 the	heart	 is	 the	organ	of	 the	adult	human	body	 less	affected	by
neoplastic	 transformation	 (11),	 which	 has	 been	 classically	 referred	 to	 the
“stubborn”	terminally	differentiated	state	of	the	adult	CMs.	It	logically	turns	that
the	 inhibition	 and/or	 removal	 of	 the	 CM	 inhibitory	 cell	 cycle	 checkpoints
maintaining	 their	 differentiated	 state	 in	 the	 adult	 heart	 in	 the	myocardium	will
run	 the	 high	 risk	 of	 breaking	 the	 intrinsic	 protection	 of	 the	 adult	 heart	 from
neoplastic	development	(2).

Overall,	the	classic	dogma	of	the	biology	of	the	adult	heart	considered	nil	the
regenerative	 potential	 of	 the	 adult	 myocardium	 and	 its	 response	 to	 increased
workload	limited	to	CM	hypertrophy.	Under	these	biologic	tenants,	no	effective
protocol	 for	 myocardial	 regeneration	 could	 be	 developed	 unless	 exogenous
effective	 regenerative	 agents	 were	 discovered	 and	 applied.	 Cardiovascular



therapeutic	research	has	been	developed	under	this	biologic	umbrella	up	to	today
(2).

BIOLOGY	OF	THE	ADULT	HEART:	THE	NEW	PARADIGM

The	historic	paradigm	of	mammalian	CM	terminal	differentiation	and	permanent
withdraw	 from	 the	 cell	 cycle	 (2,	 5–7,	 12)	 started	 to	 be	 challenged	 by	 the
evidence	arising	from	few	reports	of	sporadic	new	CM	formation	in	the	normal
and	 pathological	 adult	 heart	 (2,	 13,	 14).	 As	 the	 number	 of	 this	 new	 CM
formation	was	very	 small,	 and	 it	had	no	biological	basis	 to	be	mechanistically
interpreted,	they	were	disregarded	as	a	curiosity	or	just	an	experimental	artifact
with	no	physiological	significance	(2).

The	 initial	yet	 largely	 ignored	detection	of	new	CM	formation	 in	 the	 adult
mammalian	 heart	 has	 been	 recently	 confirmed	 and	 undoubtedly	 proven	 by
cutting-edge	 molecular	 and	 genetic	 tracking	 techniques	 that	 have	 nowadays
established	that	new	CMs	are	continuously	born	in	the	post-neonatal	mammalian
heart,	 including	 the	 human	 (2,	 15–20).	 However,	 despite	 this	 evidence,	 the
quantification	of	this	CM	renewal	in	the	adult	heart	remains	highly	debated	and
it	 is	 still	 widely	 regarded	 as	 a	 neglegible	 and	 therefore	 physiological	 useless
phenomenon	(2,	20).	 In	adult	healthy	humans,	using	radioactive	 isotope	decay,
an	annual	CM	turnover	 rate	of	~0,5%	has	been	 reported	 through	mathematical
extrapolation	 (16,	 21).	 In	 small	 mammals,	 the	 estimated	 range	 of	 CM	 annual
turnover	 spans	 from	 0.001	 to	 4%.	 Nevertheless,	 the	 reliability	 of	 all	 these
estimates	 remain	 questionable	 simply	 because	 they	 are	 extrapolations	 and	 not
diresct	experimental	measurements	(2).

Nevertheless,	while	 there	 is	 a	 lack	 of	 agreement	 about	CM	 turnover	 rates,
and	myocardial	 regenerative	 response	 in	 general,	 there	 is	 a	 consensus	 that	 the
heart	 response	 to	 damage	 is	 not	 sufficient	 to	 counteract	 the	 CM	 loss	 and
dysfunction	 after	 myocardial	 infarction	 (MI)	 and	 in	 CHF	 (2).	 Because
replacement	 of	 lost	 and	 injured	 CMs	 will	 continue	 to	 call	 for	 effective
regenerative	 protocols,	 it	 is	 mandatory	 for	 the	 cardiovascular	 research
community	 to	define	 an	 experimental	protocol	 that	 can	directly	 and	accurately
quantify	 CM	 turnover	 in	 health	 and	 disease.	 Nonetheless,	 the	 undisputed
existence	 of	 an	 intrinsic	 regenerative	 response	with	 new	CM	 formation	 in	 the
adult	myocardium	 is	 a	 solid	 basis	 to	 continue	 the	 search	 for	 its	 precise	 nature
with	 the	 logical	 expectation	 that	 mastering	 its	 underlying	 mechanisms	 will
provide	new	solutions	to	develop	clinically	meaningful	protocols	of	myocardial
protection,	repair	and/or	regeneration	(1,	2).



ADULT	C-KITPOS	CARDIAC	STEM	CELLS:	RETRACING
THE	STAGES	OF	THEIR	DISCOVERY

A	 main	 obstacle	 hampering	 progress	 toward	 the	 development	 of	 effective
cardiac	 regeneration	 protocols	 remains	 the	 lack	 of	 consensus	 about	 the	 origin
and	number	of	CMs	which	are	born	after	the	early	post-natal	period	[(5,	6)	days
in	the	mouse,	~1	year	in	the	human],	when	heart	growth	by	CM	replication	stops
and	all	CMs	become	terminally	differentiated.

Since	at	least	2003,	we	have	known	that	the	mammalian	heart,	including	the
human,	contains	a	pool	of	resident	tissue-specific	cardiac	stem/progenitor	cells,
the	 endogenous	 CSCs	 (hereafter	 eCSCs	 when	 in	 the	 myocardium	 and	 CSCs
when	 isolated	 and	 studied	 in	 vitro)	 (20,	 22).	Originally,	 the	 eCSCs	 have	 been
identified	 as	 a	 small	 cardiac	 cell	 population	 through	 the	 expression	of	 specific
membrane	markers,	in	particular	the	stem	cell	factor	(SCF)	receptor	kinase	c-kit
(23),	Sca-1	(24),	and	MDR-1	(25).	In	vitro	and	 in	vivo	experimental	 tests	have
clearly	 shown	 that	 CSCs	 have	 all	 the	 characteristics	 expected	 from	 a	 tissue-
specific	stem	cell:	they	are	clonogenic,	self-renewing	and	multipotent.	They	are
indeed	 able	 to	 differentiate	 in	 vivo	 and	 in	 vitro	 into	 the	main	myocardial	 cell
types	 –cardiomyocytes,	 endothelial	 and	 vascular	 smooth	 muscle	 cells	 and
connective	tissue	cells	(20).

Nevertheless,	since	the	first	report	and	despite	a	burgeoning	and	reproducible
evidence	 characterizing	 tissue	 specific	 CSCs,	 several	 reports	 have	 questioned
their	 existence	 (26–28).	Unfortunately,	 oversimplification	 of	 the	 available	 data
created	the	confusion	whereby	a	single	marker,	i.e.,	c-kit	and	then	Sca-1	in	mice,
became	more	important	than	the	complex	and	exhaustive	experimental	approach
used	 in	 the	 first	 place	 to	 prove	 that	 the	 heart	 harbors	 bona	 fide	 adult	 cardiac
progenitor	cells.	Indeed,	the	experimental	evidence	that	the	adult	heart	contains	a
pool	 of	 cells	 that	 are	 clonogneic,	 self-renewing	 and	 multipotent	 was	 swiftly
reduced,	without	an	inch	of	supporting	data,	to	a	common	notion	that	cardiac	c-
kit	(or	Sca-1)	cells	are	the	CSCs.	On	this	basis,	it	was	reported	that	c-kitpos	cells
are	robustly	cardiogenic	 in	 the	neonatal	period	while	adult	c-kitpos	cardiac	cells
are	marginally,	if	at	all,	myogenic	(29).	It	was	also	correctly	shown	that	c-kitpos
cardiac	 cells	 are	 endothelial	 cells	 or	 mast	 cells,	 but	 this	 data,	 unsurprising
because	 known	 since	 decades,	 was	 used	 to	 claim	 that	 c-kitpos	 CSCs	were	 just
mast	cells	in	the	adult	human	heart	(26–28).	Despite	the	latter	negative	reports,
after	 the	 first	 identification	 of	 eCSCs	 in	 the	 adult	 rodent	 heart	 (22),	 different
groups	 have	 independently	 proven	 the	 existence	 of	 cells	 with	 similar
characteristics	 and	 regenerative	 potential	 in	 practically	 all	 the	 mammalian



species,	 including	 the	 human	 (30–37).	 Interestingly,	 the	 first	 report	 of	 the
existence	of	cardiac	tissue	specific	progenitors	from	human	tissue	was	obtained
by	Messina	et	 al.	 (32).	These	authors	 reported	 the	 isolation	of	undifferentiated
cells	 that	 grow	 as	 self-adherent	 clusters	 (termed	 “cardiospheres”)	 from
subcultures	of	post-natal	cardiac	human	biopsy	specimens	and	also	from	murine
hearts.	 These	 cells	 are	 clonogenic,	 having	 the	 properties	 of	 adult	 cardiac	 stem
cells.	Indeed,	they	are	capable	of	long-term	self-renewal	and	can	differentiate	in
vitro	 and	 after	 transplantation	 in	 SCID	 beige	 mouse	 in	 cardiomyocytes	 and
vascular	cells	(32).	Cardiospheres	appear	to	have	a	bone	marrow	origin	(38).	c-
kitpos	human	CSCs	(hCSCs)	have	been	then	isolated	by	explant	culture	technique
and	enzymatic	digestion	from	myocardial	samples	of	the	four	cardiac	chambers
of	patients	with	ischemic	and	non-ischemic	cardiomyopathy	(39).	These	c-kitpos
hCSCs	are	 self-renewing	and	clonogenic,	and	 their	capacity	 to	generate	clones
from	 a	 single	 cell	 appears	 to	 be	 similar	 to	 their	 rodent	 counterparts.	 All	 the
hCSCs	clones	tested	express	sizable	levels	of	c-kit	and	they	are	negative	for	both
hematopoietic	and	endothelial	markers.	When	grown	 in	 suspension,	 these	cells
are	able	to	form	cardiospheres	and,	under	adequate	stimuli,	they	differentiate	in
vitro	 into	 cardiomyocytes,	 vascular	 smooth	muscle	 and	 endothelial	 cells.	Also
hCSCs	support	myocardial	 regeneration	when	 injected	 in	 immunodeficient	 rats
with	 myocardial	 infarction.	 Further	 data	 on	 c-kitpos	 cardiac	 cells	 have	 been
obtained	 through	c-kitBAC-EGFP	 transgenic	mice,	 in	which	EGFP	expression	 is
placed	under	control	of	 the	c-kit	 locus	 (40,	41).	These	 reports	 showed	 that	 the
myocardial	c-kit-EGFPpos	cells	increases	in	early	post-natal	growth,	but	declines
in	the	first	weeks	after	birth	(40,	41).

c-kit-EGFPpos	cells	isolated	from	neonatal	hearts	commit	to	all	three	cardiac
lineages	and,	after	plating	in	appropriate	cardiac	differentiation	media,	many	c-
kit-EGFPpos	 cells	 differentiate	 into	 spontaneously	 contracting	 cells	 (40).	When
adult	c-kitBAC-EGFPpos	mice	underwent	coronary	ligation	to	produce	myocardial
infarction,	 it	was	 shown	 that	 c-kit	 expression	 increased	 significantly	 at	 7	 days
after	 injury	 and	 declined	 by	 4	weeks	 to	 baseline	 levels.	Modest	 c-kit-EGFPpos
expression	was	observed	 in	 striated	mature	 cardiomyocytes	 in	 the	border	 zone
(40).	On	the	contrary,	using	a	different	approach,	Fransioli	et	al.	show	elevated
c-kit	 expression	 in	 the	 infarcted	 and	 border	 regions	 throughout	 10	 days	 after
injury	(41).	Remarkably,	they	found	c-kit-EGFPpos	cell	recruitment	to	the	area	of
injury,	 with	 their	 differentiation	 into	 cardiomyocytes,	 smooth	 muscle	 and
endothelium	(41).

In	 2011	we	 showed	 that	 the	 adult	 pig	myocardium,	 a	 frequently	 used	 and
widely	 accepted	 pre-clinical	 large	 animal	 model	 for	 cardiac	 disease,	 harbors



among	the	c-kit-labeled	cells	a	significant	fraction	of	blood-committed	CD45pos
cells.	On	the	contrary,	c-kitpos/CD45neg	pig	cardiac	cells	behave	as	cardiac	tissue
specific	 stem/progenitor	 cells.	These	 c-kitpos/CD45neg	CSCs	 can	be	 activated	 to
proliferate	 when	 exposed	 to	 in	 vitro	 treatment	 with	 insulin-like	 growth	 factor
(IGF)-1	and	hepatocyte	growth	factor	(HGF),	while	in	differentiation	conditions,
they	 commit	 to	 cardiomyogenic	 lineage	 when	 treated	 with	 a	 combination	 of
IGF-1	and	HGF	(42).	These	in	vitro	data	was	the	basis	to	pre-clinical	test	of	the
intracoronary	 injection	 of	 small	 amounts	 of	 IGF-1	 and	 HGF	 (a	 single	 dose
ranging	from	0.5	to	2	μg	HGF	and	2	to	8	μg	IGF-1)	 to	pigs	subjected	to	acute
myocardial	infarction	(AMI)	by	transient	coronary	occlusion.	This	experimental
approach	 produces	 a	 robust	 activation	 of	 the	 eCSCs	 pool	with	 ensuing	 robust
cardiac	muscle	regeneration	and	cardiac	function	improvement	(42).

The	 intracoronary	 IGF-1+HGF	 cocktail,	 in	 a	 dose-dependent	 manner,
boosted	myocardial	 regeneration	 but	 also	 it	 improved	 cardiomyocyte	 survival,
and	 reduced	 both	 fibrosis	 and	 cardiomyocyte	 reactive	 hypertrophy.	 A	 single
administration	of	 IGF-1/HGF	was	sufficient	 to	have	a	pronounced	and	durable
beneficial	 effect,	 because	 through	 a	 paracrine	 effect	 on	 the	 endogenous
myocardium	 activated	 a	 feedback	 loop	 on	 the	 targeted	 cells	 for	 the	 their
production	 of	 cardiopoietic	 growth	 and	 survival	 factors.	 The	 histological
changes	correlated	with	a	reduced	infarct	size	and	a	better	ventricular	segmental
contractility	and	ejection	fraction	when	compared	to	control	animals	as	assessed
by	 cMRI	 (42).	 Similar	 positive	 effects	 were	 obtained	 when	 the	 IGF-1/HGF
combination	 was	 administered	 trans-endocardially	 in	 pigs	 with	 a	 chronic	 MI
using	 the	 NOGA	 system	 (43).	 Despite	 its	 effectiveness,	 the	 administration	 of
IGF-1/HGF	is	insufficient	for	complete	cellular	maturation	of	the	newly-formed
CMs.	 Despite	 the	 beneficial	 effect	 of	 the	 therapy	 in	 reducing	 the	 scar	 area,
pathological	remodeling,	and	partial	recovery	of	ventricular	function,	the	growth
factor	combination	must	be	still	refined	to	include	an	improved	cocktail	that	can
generate	 a	 more	 rapid	 recovery	 of	 the	 ventricular	 mass	 capable	 to	 sustain	 a
proper	adult	myocardium	force.

Subsequently,	 to	 directly	 assess	 the	 endogenous	 regenerative	 potential	 of
eCSCs	we	made	use	of	a	severe	diffuse	myocardial	damage	in	the	presence	of	a
patent	coronary	circulation	produced	by	high	doses	of	Isoproterenol	(ISO)	that,
unlike	the	segmental	myocardial	loss	produced	by	permanent	coronary	ligation,
spares	the	eCSCs	(44).	CSCs	in	culture	are	resistant	even	to	the	highest	doses	of
ISO,	 which	 at	 the	 contrary	 kills	 the	 majority	 of	 primary	 cardiomyocytes	 at
significantly	lower	doses	(44).	This	resistance	of	CSCs	to	ISO	is	equally	evident
in	animals	in	vivo	so	that	eCSCs	are	available	to	respond	to	CM	loss	by	the	ISO-



induced	 myocardial	 injury	 showing	 their	 regenerative	 endogenous	 potential.
Using	this	experimental	setting	we	have	provided	for	the	first	time	the	evidence
that	 eCSCs	 spontaneously	 and	 completely	 replace	 all	 the	 CMs	 lost	 following
diffuse	extensive	myocardial	damage	which	has	killed	~10%	of	 the	ventricular
myocytes.	If	the	eCSCs	are	ablated,	through	the	administration	of	the	antimitotic
agent	 5-flurouracil	 (5-FU),	 there	 is	 absence	 of	 CM	 replacement	 and	 the	 lost
contractile	mass	triggers	terminal	HF.	If	failing	hearts	devoid	of	their	eCSC	pool
are	 treated	 with	 adoptive	 transfer	 of	 exogenous	 CSCs,	 progeny	 of	 a	 single
syngeneic	CSC,	the	endogenous	CSC	deficiency	is	corrected,	and	CM	deficit	is
filled	up	with	new	CMs	derived	by	the	differentiation	of	the	transplanted	CSCs.
This	CSC-dependent	regenerative	process	returns	 the	myocardium	to	the	status
quo	ante,	the	tissue	damage	is	repaired	reverting	HF	and	normal	cardiac	function
is	 restored.	 Subsequent	 selective	 ablation	 of	 these	 transplanted	 and	 engrafted
CSCs	 and	 their	 differentiated	 progeny	 obtained	 by	 genetic	 activated	 suicide,
rapidly	sets	the	heart	back	in	overt	HF	followed	by	death	unless	a	new	batch	of
CSCs	 is	 transplanted	 (45).	 Thus,	 using	 a	 variety	 of	 well-accepted	 genetic,
cellular	and	molecular	approaches	we	have	provided	the	first	evidence	that	the	c-
kitpos	 eCSCs	are	necessary	and	sufficient	 for	myocardial	cell	 regeneration	 (45).
Clearly	 this	evidence	 is	proof	of	concept	because	 it	does	not	question	 that	 this
regenerative	potential	of	the	heart	is	inadequate	to	counteract	the	segmental	loss
by	myocardial	infarction.

Of	note,	to	track	c-kitpos	CSC	fate	in	vivo,	we	generated	a	c-kit/Cre	construct
containing	 a	 short	 5′	 flanking	 region	 (~0.6	kb)	of	 the	 c-kit	 promoter	 including
the	transcription	initiation	site	(TIS)	and	the	HS1	and	HS2	sequences,	important
for	cell	specific	expression	(46)	and	Cre	recombinase	cassette	inserted	in	frame
with	 the	 ATG	 site	 within	 the	 exon	 1	 of	 c-kit.	 We	 demonstrated	 that	 this
transgenic	construct	when	released	intra-myocardially	through	a	lentiviral	vector
is	not	re-expressed	either	prior	or	after	ISO	injury	in	adult	CMs	(45).	Moreover,
when	 a	 similar	 c-kit/EGFP	 construct	 was	 injected	 into	 wild	 type	 mice,	 it
correctly	 labeled	 c-kit	 interstitial	 cardiac	 cells	 including	 c-kitpos	 CSCs	 but	 no
mature	CMs	 either	 in	 normal	 hearts	 or	 after	 ISO	 injury	 (45).	Thus,	 this	 set	 of
experiments	were	able	 to	 faithfully	 track	 the	c-kitposCSC	fate	 in	vivo	 after	 ISO
establishing	their	robust	cardiomyogenic	potential.

PHENOTYPIC	IDENTITY	OF	TRUE	ENDOGENOUS	ADULT
CARDIAC	STEM	CELLS:	C-KIT	EXPRESSION	IS
NECESSARY	BUT	NOT	SUFFICIENT	FOR	THEIR
IDENTIFICATION



The	 wrong	 notion	 that	 a	 single	 marker	 on	 its	 own,	 as	 c-kit,	 can	 identify	 a
population	 of	 CSCs	 (47–51)	 has	 been	 the	 basis	 for	 apparently	 negative	 data
about	the	nature	and	regenerative	capacity	of	the	“c-kitpos	cardiac	cells”	(47–51),
which	 has	 created	 a	 significant	 and	 widespread	 skepticism	 on	 the	 validity	 of
genuine	data.	 It	 is	worth	noting	here	 that	 the	 identification	of	a	cell	population
expressing	c-kit	or	whatever	other	single	marker	 is	clearly	 insufficient	 to	score
such	 cell	 pool	 as	 an	 homogenous	 c-kit	 positive	 stem	 cell	 population	 (52,	 53).
The	adult	heart	contains	a	heterogeneous	mixture	of	c-kitpos	cardiac	cells.	These
c-kit-expressing	 cardiac	 cells	 are	 mainly	 mast	 and	 endothelial	 cells	 (52).
Specifically,	 a	 myocyte-depleted	 preparation	 of	 pure	 c-kitpos	 cardiac	 cells
contains	 more	 than	 90%	 of	 cells	 expressing	 blood	 and	 endothelial	 lineage
markers,	 such	 as	 CD45	 and	 CD31	 (Linpos).	 These	 lineage-committed	 c-kit-
labeled	 cells	 are	 not	 myogenic	 progenitors	 and	 do	 not	 possess	 stem	 cell
properties	in	vitro	and	in	vivo	(52,	54).	On	the	contrary,	10%	of	the	total	c-kit-
expressing	 cardiac	 cells	 are	 negative	 for	 all	 the	 lineage-committed	 markers,
including	 CD45	 and	 CD31	 among	 others.	 This	 c-kitposCD45/CD31neg	 (also
referred	 as	 lineage	 negative)	 cardiac	 cell	 population	 is	 enriched	 with	 a	 yet
incompletely	 phenotypic-defined	 cell	 population	 that	 shows	 the	 prototypical
stem	cell	properties	in	vitro:	i.e.,	multipotent,	self-renewal	and	clonogenesis	(52,
54).	Thus,	to	identify	and	isolate	true	multipotent	CSCs	is	essential	to	eliminate,
from	 the	 total	 c-kit-expressing	 cardiac	 cells,	 the	 most	 abundant	 lineage-
committed	 (Linpos)	 cells.	 A	 negative	 sorting	 with	 CD45/CD31	 antibodies
followed	 by	 a	 c-kit	 antibody	 positive	 selection	 allows	 to	 obtain	 a	 cardiac	 cell
population	 that	 is	 negative	 for	 CD45,	 CD31,	 and	 CD34	 (Linneg)	 (52–54)	 and
positive	yet	in	different	percentages	for	Sca-1,	Abcg2,	PDGFR-α,	Flk-1,	MDR-
1,	 and	 CD166,	 all	 markers	 previously	 used	 by	 different	 groups	 to	 isolate
endogenous	 resident	cardiac	cells	with	progenitor	potential.	Ten	percent	of	 the
CD45negCD31negc-kitpos	 cardiac	 cells	 population	 are	 clonogenic	 and	 are	 able	 to
differentiate,	 in	 vitro	 and	 in	 vivo,	 into	mature	 and	 functional	 CMs	 as	 well	 as
vascular	 cells	 (52–57).	 A	 small	 fraction	 of	 freshly	 isolated	 CD45negCD31negc-
kitpos	cardiac	cells	express	pluripotency	genes	(Oct-4,	Nanog,	Klf-4,	and	Sox-2),
but	also	stemness	regulatory	genes	and	typical	transcription	factors	of	the	early
stages	 of	 cardiac	 myogenic	 differentiation	 (Tert,	 Bmi-1,	 Gata-4,	 Mef2c,	 and
Nkx2.5)	(58–62).	On	the	other	hand,	the	lineage	positive	(CD45pos	and	CD31pos),
Linposc-kitpos	 cardiac	 cells	 are	 negative	 for	 all	 these	 mutipotency	 genes	 and
myogenic	 transcription	 factors	 and	 are	 solely	 able	 to	 differentiate	 into
endothelial	cells	(54).

To	 narrow	 down	 the	 phenotype	 of	 true	 multipotent	 CSCs	 we	 obtained
several	 clones	 from	 deposition	 of	 single	 CD45negCD31negc-kitpos	 cardiac	 cells.



These	cloned	and	sub-cloned	Linnegc-kitpos	CSCs	homogenously	maintain	a	stable
phenotype	 without	 signs	 of	 growth	 arrest,	 senescence	 or	 down	 regulation	 of
stemness	and	cardiac	gene	expression.	When	grow	in	suspension,	cloned	Linnegc-
kitpos	 CSCs	 generate	 cardiospheres,	 and	 when	 were	 placed	 in	 established
differentiation	 media	 for	 cardiomyocyte,	 smooth	 muscle	 and	 endothelial	 cell
lineages,	 they	 differentiate	 into	 CMs,	 smooth	 muscle	 and	 endothelial	 cell
lineages,	 respectively,	 at	 a	 significantly	 higher	 rate	 compared	with	 the	 freshly
isolated	CD45negCD31negc-kitpos	 cardiac	 cells	 (52,	 54).	 The	 Linnegc-kitpos	 cloned
CSCs	uniformly	express	c-kit,	PDGF-Rα,	CD166,	SSEA-1,	Nestin,	Bmi-1,	Tert,
Gata-4,	 and	Nkx2.5	 and	 are	 negative	 for	CD34,	CD45,	 and	CD31.	All	 cloned
CSCs	also	uniformly	express	the	pluripotency	genes	Oct3/4,	Nanog,	Klf-4,	and
Sox-2	(22,	52–54,	63,	64).	Thus,	these	experiments	on	single	CD45negCD31negc-
kitpos	cardiac	cell-derived	CSC	clones	prospect	the	phenotypic	identity	of	the	true
endogenous	CSC.

Cloned	 Linnegc-kitpos	 CSCs	 respond	 in	 vitro	 to	 known	 cardiac	 morphogens
like	 the	 Wnt/β-catenin	 and	 TGF-β/SMADs	 signaling	 pathways.	 Indeed,	 the
canonical	 Wnt	 pathway,	 together	 with	 FGF	 and	 Hedgehog	 pathway,	 regulate
cardiac	progenitor	cell	proliferation	in	the	mesoderm	during	embryonic	life.	On
the	contrary,	Notch	and	non-canonical	Wnt	signaling	regulate	the	differentiation
processes	 during	 heart	 development	 (65–68).	 Interestingly,	 the	 cardiomyocyte
differentiation	program,	in	c-kitpos	CSCs,	follows	a	step	by	step	finely-regulated
molecular	cascade	that	is	closely	reminiscent	of	the	known	molecular	program	at
the	 basis	 of	 the	 cardiac	 development	 from	 primary	 heart	 tube	 to	 the
fetal/neonatal	 heart	 (54).	 In	 vitro	 administration	 of	 these	 specific	 cardiac
morphogens	 allows	 to	 regulate	 the	 self-renewal	 potential	 and	 cardiomyogenic
specification	of	CSCs	 to	generate	 fully	differentiated	contracting	CMs	(52,	54,
69–72).	 CSCs	 express,	 Frizzled,	 the	 cell-surface	 receptor	 of	 Wnt/β-catenin
canonical	pathway,	as	well	as	its	co-receptor,	 lrp-6,	 the	low	density	lipoprotein
receptor-related	 protein	 6.	 Wnt-3a,	 Wnt-3a-conditioned	 medium,	 and
bromoindirubin-3′-oxime	 (BIO)	 stimulate	 CSC	 expansion	 and	 clonogenicity,
while	canonical	Wnt	inhibition	decreases	CSC	proliferation	and	clonogenicity	in
vitro.	 In	 contrast,	 Dickkopf-1	 (Dkk-1)	 increases	 CSC	 myocyte	 specification,
even	 though	 its	 effect	 is	 not	 sufficient	 to	 produce	 a	 fully	 differentiated
contracting	phenotype	in	culture.	Additionally,	clonogenic	CSCs	express	TGF-β-
R1,	the	cell	surface	receptor	for	TGF-β/SMAD	signaling.	In	CM	differentiation
medium,	 BMP-2,	 BMP-4,	 TGF-β1,	 and	 Activin-A,	 factors	 that	 exert	 crucial
roles	 in	heart	 formation	and	CM	specification	during	embryonic	 life,	drive	 the
expression	of	myogenic	 lineage	markers	 in	CSC	culture	 increasing	 the	number
of	 cTnIpos	 myocyte-committed	 cells	 (54,	 73).	 Thus,	 CSCs	 respond	 to	 known



cardiac	morphogens.	Inhibition	of	the	Wnt	canonical	pathway	and	TGF-β	family
activation,	 each	 independently,	 promote	 cardiomyogenic	 commitment.
Nevertheless,	 individual	 modulation	 of	 each	 of	 these	 cardiopoietic	 growth
factors	 c(GFs)	 is	 insufficient	 to	 generate	 fully	 differentiated	 contracting	 CMs
(74,	75).	Remarkably,	TGF-β	family	activation	followed	by	the	inhibition	of	the
Wnt	 canonical	 pathway	 in	 a	 stepwise	 differentiation	 protocol	 induce	 full
myogenic	 specification	 of	CSC	 cultures	with	 the	 appearance	 of	 spontaneously
contracting	 cell	 clusters	 in	 vitro	 (52).	 Transcriptome	 comparison	 of	 RNA-seq
data	 from	 CSCs,	 CSCs-derived	 CMs	 in	 vitro,	 neonatal	 CMs	 and	 adult	 CMs
showed	 the	 highest	 similarity	 between	CSCs-derived	CMs	 and	 neonatal	 CMs.
Therefore,	 the	 in	 vitro	 myogenic	 specification	 of	 clonogenic	 adult	 CSCs
produces	bona	 fide	 cardiomyocytes	whose	 structural,	molecular	 and	 functional
maturity	 is	 nearly	 indistinguishable	 from	 neonatal	mammalian	 cardiomyocytes
(52,	54).

The	 regenerative	 capacity	 of	 adult	 endogenous	 CD45negc-kitpos	 CSCs	 has
been	evaluated	using	different	rodent	models	of	cardiac	adaptations	to	stress	and
injury	including	diffuse	myocardial	damage	inducing	acute	transient	heart	failure
as	 well	 as	 physiological	 heart	 growth	 by	 exercise	 training	 (44,	 76).	 After
transplantation	 of	 ex	 vivo	 cloned	 and	 expanded	 c-kitpos	 cardiac	 cells	 from	 old
heart	 rodent	 donors,	 it	 was	 originally	 demonstrated	 that	 the	 infarcted
myocardium	 showed	 the	 appearance	 of	 islands	 of	 regenerated	 cardiac	 muscle
tissue,	 composed	 of	 new	 cardiomyocytes	 and	microvasculature	 (22).	Recently,
this	 evidence	has	been	 independently	 reproduced	 showing	 that	 administering	a
cell	 progeny	 derived	 from	 a	 single	CD45negc-kitpos	 clonogenic	CSC	genetically
marked	with	GFP	in	syngeneic	rats	after	experimental	AMI,	these	cells	provide
robust	 histological	 and	 functional	 myocardial	 regeneration.	 At	 28	 days	 after
AMI,	CD45negc-kitpos	clonogenic	CSC	GFPpos	 revealed	high	engraftment	 rate	 in
the	border/infarct	zone,	yielding	myocardial	regeneration	with	formation	of	new
cardiomyocytes,	capillaries	and	arterioles.	Furthermore,	 this	 regenerative	effect
was	 associated	 with	 reduced	 pre-existing	 CM	 apoptosis	 and	 hypertrophy,
significantly	 decreased	 scar	 size	 and	 left	 ventricle	 dilation.	 All	 together	 these
regenerative	and	cardioprotective	effects	improved	cardiac	function	(52,	54).	On
the	 contrary,	 the	 administration	 of	 total	 c-kitpos	 cardiac	 cells,	 which	 is	 mainly
composed	 of	 CD31posc-kitpos	 endothelial	 committed	 cardiac	 cells,	 after	 AMI
showed	 no	 regenerative	 nor	 cardioprotective	 effect	 on	 cardiac	 tissue	 histology
and	function	with	the	detection	of	rare	new	cardiomyocytes.	Most	of	the	injected
c-kitpos	total	cardiac	cells	acquired	endothelial	lineage	specification	(52).

Overall,	 these	 data	 show	 that	 only	 ~1%	 of	 the	 total	 myocardial	 c-kitpos



population	are	 real	multipotent	CSCs.	The	 latter	 implies	 that	c-kit	 is	necessary
but	not	sufficient	to	identify	true	adult	CSCs.	In	order	to	assess	the	participation
of	CSCs	in	heart	homeostasis/repair	is	therefore	mandatory	to	identify	this	very
small	 c-kit	 expressing	 regenerative	 population	 among	 the	 total	 c-kitpos	 cardiac
cells	(54).

C-KIT	FUNCTION	IN	ENDOGENOUS	CSC	BIOLOGY	AND
CARDIAC	REGENERATION	AND	AGING

While	 no	 single	 marker,	 including	 c-kit,	 exclusively	 identifies	 a	 cardiac	 stem
cell,	 there	 is	 agreement	 that	 expression	 of	 c-kit,	 a	 type	 III	 tyrosine	 kinase
receptor,	marks	a	developmental	stage	between	cardiac	mesoderm	formation	and
differentiation	into	the	specific	cardiovascular	lineages	(60,	77–79).

c-kit	 receptor's	 function	depends	from	its	phosphorylation	 that	 is	started	by
the	 binding	 of	 the	 stem	 cell	 factor	 (SCF),	 which	 is	 expressed	 as	 a	 soluble	 or
membrane	bound	splice	variant.	C-kit	activation	upon	SCF	trigger,	which	occurs
either	 by	 the	 binding	 of	 free	 ligand	 or	 by	 heterotypic	 cell-cell	 interactions,
modulates	different	cellular,	and	molecular	programs	including	stem/progenitor
maintenance,	differentiation,	proliferation,	and	migration	in	hematopoietic	(80),
germ	 (81),	 melanocyte	 (82),	 and	 other	 lineages	 [(83,	 84);	 Figure	 1].	 Several
forms	 of	 unregulated	 cell	 growth	 and	 tumor	 development	 depend	 from	 c-kit
activating	mutations	 (85).	 Undifferentiated	 as	well	 as	 terminally	 differentiated
cell	 types,	 such	 as	 neurons	 (86),	 interstitial	 cells	 of	 Cajal	 (87),	 hematopoietic
progenitor	cells	 (88),	mast	cells	 (89),	and	Leydig	cells	and	spermatogonia	 (90)
express	 c-kit	 on	 their	 membrane.	 Furthermore,	 c-kit	 plays	 a	 key	 role	 in	 the
development	 of	 most	 organ	 systems,	 particularly	 in	 pigmentation,
hematopoiesis,	oncogenesis,	and	reproduction	(Figure	1).	Worth	noting	here	that
c-kit	is	a	vital	gene	as	indeed	c-kit	deletion	in	homozygosis	is	incompatible	with
life.



FIGURE	1.	Schematic	representation	of	c-kit	expressing	cells.	The	autophosphorylation	of	the
c-kit	receptor	starts	by	the	binding	of	its	stem	cell	factor	(SCF).	As	showed	c-kit	plays	a
significant	role	in	the	development	of	most	organ	systems	such	as	neurons,	interstitial	cells	of
Cajal,	hematopoietic	progenitor	cells,	mast	cells,	Leydig	cells,	and	spermatogonia.

In	regards	with	heart	biology,	c-kit	expression	has	been	shown	in	embryonic
life	 during	 heart	 cell	 specification	 and	 it	 has	 been	 shown	 to	 play	 a	 role	 adult
heart	repair	after	injury	[(86,	91);	Figure	2].



FIGURE	2.	c-kit	involvement	in	heart	embryonic	development	and	adult	cardiac	regeneration.
During	development	c-kit	expression	appears	dispensable	for	complete	heart	formation
despite	c-kit	deletion	is	incompatible	with	life.	Moreover,	c-kit	expression	has	been	reported	to
be	important	also	during	heart	cell	specification	and	heart	repair	after	injury	through	c-kitpos

CSCs	activation.	Adapted	from	Cianflone	et	al.	(54)	under	the	Creative	Commons	license	CC
BY-NC.

To	 follow	 c-kit	 expression	 in	 cardiac	 cells,	 Tallini	 et	 al.	 (40)	 generated	 a
BAC	 transgenic	mouse	 (c-kitBAC-EGFP)	 in	 which	 the	 reporter	 gene,	 EGFP,	 is
placed	under	the	transcriptional	control	of	the	c-kit	locus	with	the	aim	to	have	a
reliable	 and	 easy-to-detect	 marker	 which	 maintains	 transcriptional	 fidelity.
Using	 these	 c-kitBAC-EGFP	 transgenic	 mice,	 it	 was	 demonstrated	 that	 c-kit
expression	 marks	 bona	 fide	 cardiac	 progenitor	 cells	 in	 the	 neonatal	 heart.
Neonatal	 c-kitposEGFPpos	 cells	 are	 indeed	 able	 to	 differentiate	 in	 vitro	 into	 the
cardiac	 cell	 lineages.	 Furthermore,	 when	 myocardial	 infarction	 is	 induced	 in
these	mice,	a	regenerative	response	is	detected	characterized	by	the	recruitment
of	c-kitposEGFPpos	cells,	neomyogenesis	and	neoangiogenesis.	Accordingly,	these
data	were	confirmed	in	human	samples	whereby	it	was	shown	that	c-kitpos	cells
are	more	abundant	in	the	right	atrial	appendage	of	neonates	while	they	decrease
within	the	first	month	of	life	(92–94).

Mice	 lacking	 the	 receptor	 tyrosine	 kinase	 c-kit	 have	 hematopoietic	 defects
causing	 perinatal	 death	 (95–97)	 and	 defective	 c-kit	 signaling	 leads	 to



compromised	cardiac	function	(98,	99);	Figure	2].	Spontaneous	murine	genetic
mutations	 in	 the	 c-kit	 locus	determine	 the	 so	 called	White	 (W)	phenotype	 and
heterozygous	W	mutant	mice	have	an	impaired	c-kit	signaling	that	is	associated
with	worsened	cardiac	remodeling	after	MI	(91).	On	the	other	hand,	transgenic
mice	with	c-kit	over-expression	mount	an	improved	reparative	response	after	MI
leading	to	an	increased	cardiac	function	(54,	100,	101).

Recently,	the	function	of	c-kit	signaling	in	CSC	biology	and	heart	repair,	has
been	investigated	(102)	through	a	transgenic	mouse	model	carrying	an	activated
c-kit	mutation.	In	particular,	cardiac	tissue	and	cardiac	cells	derived	from	these
transgenic	 mice	 are	 characterized	 by	 a	 constitutive	 activation	 of	 the	 c-kit
receptor	(54,	102),	which	exerts	a	protective	and	regenerative	role	in	myocardial
tissue	after	injury.	Stable	c-kit	activation	improves	cardiac	remodeling	and	repair
after	myocardial	injury	while	it	fosters	proliferation	and	differentiation	of	eCSCs
mainly	through	MAPK	and	AKT	signaling	activation	(54).	Indeed,	ERK1/2	and
AKT	 phosphorylation,	 the	 molecular	 effectors	 of	 c-kit	 receptor	 downstream
signaling,	are	significantly	increased	in	heart	tissue	as	well	as	in	CSCs	from	the
“c-kit-activated”	 transgenic	 mice	 (54,	 102).	 These	 signaling	 pathways	 are
instrumental	 in	 the	 modulation	 of	 the	 activation	 and	 endothelial/myogenic
differentiation	 of	 CSCs	 (54,	 102).	 These	 data	 overall	 show	 that	 c-kit	 receptor
signaling	 modulates	 CSC	 fate	 in	 vivo	 and	 CSC	 endothelial	 as	 well	 as
cardiomyocyte	 differentiation	 follows	 c-kit	 receptor	 molecular	 activation	 (54,
102).

If	on	one	hand	the	positive	modulation	of	c-kit	 receptor	function	positively
modulates	CSC	regenerative	potential,	on	the	other,	a	c-kit	null	allele,	as	the	one
produced	by	Cre	recombinase	 insertion	 in	 the	c-kit	 locus	 to	develop	c-kitCre-KI
mice,	 offers	 a	 typical	 c-kit	 loss	 of	 function	 assay	 to	 assess	 whether	 eCSC
function	depends	on	an	intact	c-kit	gene	expression	(54).	Thus,	we	further	tested
the	 regenerative	 potential	 of	Linnegc-kitpos	CSCs	obtained	 from	c-kitCre-KI	mice
compared	with	wild	 type	Linnegc-kitpos	CSCs	(wtCSCs)	before	 in	vitro	and	then
transplanting	 them	 in	 vivo	 in	 a	murine	myocardial	 infarction	model	 (54,	 103).
We	 confirmed	 that	 Cre	 knock-in	 induced	 a	 typical	White	 (W)	mutation	 in	 c-
kitCre-KI	 mice	 that	 significantly	 reduced	 CSC	 proliferation	 and	 clonogenesis
while	nearly	abolished	the	cardiomyogenic	potential	of	these	cells	in	vitro	and	in
vivo.	We	 then	 tested	 the	 effects	 of	 rescuing	 c-kit	 haploinsufficiency	 in	 c-kitCre
CSCs	 by	 BAC-c-kit	 transgenesis.	 BAC-c-kit	 transfection	 normalized	 c-kit
content	in	c-kitCre	CSCs,	which	recovered	a	normal	regenerative	potential	in	vitro
as	well	as	in	vivo	after	myocardial	infarction	(54,	103).

Therefore,	 the	 silencing	 of	 one	 c-kit	 allele,	 as	 resulting	 in	 a	 Cre	 knock-in



mouse	 model,	 profoundly	 modifies	 c-kit	 biology	 and	 therefore	 this	 approach
cannot	be	used	to	 track	c-kit	expressing	cells	 to	study	their	physiology	 in	vivo.
An	 alternative	 approach	 to	 trace	 c-kit	 and	 evaluate	 its	 function	 in	myocardial
biology	 is	 the	 use	 of	 transgenesis	 to	 minimize	 all	 the	 deleterious	 effects	 of
knock-in	 strategies.	 On	 this	 premise,	 Gude	 et	 al.	 generated	 a	 doxycycline-
inducible	transgenic	mouse	model	to	tag	c-kit	expressing	cells	with	a	long-lived,
tetracycline	 responsive	H2BEGFP	 (CKH2B)	 reporter	 (104,	 105).	 In	 particular,
they	firstly	confirmed	that	c-kit	signaling	promotes	proliferation	and	survival	of
mouse	 and	 human	 cardiac	 progenitor	 cells	 while	 c-kit	 expression	 increases	 in
response	 to	 cellular	 stress.	The	 downstream	effectors	 of	 c-kit	 phosphorylation,
ERK	and	AKT,	were	coherently	activated	by	SCF	treatment	and	their	activation
was	 necessary	 for	 CPC	 activation	 in	 vitro.	 Furthermore,	 they	 compared	 the
efficiency	of	 identification	of	c-kit-labeled	cardiac	cells	between	 the	 inducible-
Cre	 knock-in	 line	 (c-KitMCM)	 and	 the	 c-kitH2BEGFP	 transgenic	 model,	 analyzing
myocardial	tissue	sections	from	these	two	mutant	mice.	Interestingly,	they	found
a	 higher	 density	 of	 c-kitpos	 cardiac	 cells	 in	 c-kitH2BEGFP	 transgenic	 vs.	 c-KitMCM

hearts	further	demonstrating	the	negative	impact	of	the	Cre	knock-in	in	the	c-kit
locus	that	turns	in	a	significant	reduction	of	cardiac	c-kit-expressing	cells	(104).
Furthermore,	 EGFP	 tagging	 of	 c-kitpos	 cardiac	 cells	 was	 higher	 in	 c-kitH2BEGFP
transgenic	vs.	c-KitMCM	hearts	(104).

Overall,	 these	 data	 underline	 that	 genetic	 reporter	 and	 fate	 track	 mouse
models	are	imperfect	reproductions	of	endogenous	gene	expression.	Indeed,	both
employing	an	exogenous	promoter	 segment	or	exploiting	 the	endogenous	gene
via	knock-in	strategy	have	limitations	and	caveats	to	be	taken	into	account	and
precisely	 controlled	 for	 (106).	 Transgenic	 promoter	 segments	 may	 lack
important	 regulatory	 elements	 possibly	 favoring	 ectopic	 expression,	 while
knock-in	reporters	often	create	a	null	allele	of	the	gene	of	interest	with	potential
serious	consequences	on	target	cells.	Specifically,	applying	knock-in	strategy	for
c-kit-expressing	cell	lineage	tracing	creates	a	null	allele	of	the	c-kit	gene.	Indeed,
Cre	 knock-in	 site	 disrupts	 known	 regulatory	 elements	 in	 exon	 1,	 thereby
perturbing	endogenous	c-kit	biology	with	significant	consequences	for	stem	cell
function	(107).	Additionally,	reporter	expression	constrained	to	one	allele	of	the
endogenous	promoter,	coupled	with	decreased	c-kit	function,	as	it	is	the	case	of
Cre	 knock-ins	 produce	 decreased	 reporter	 sensitivity	 and	 consequent	 under
representation	of	the	tagged	c-kit	cell	population	(19,	103,	108).

Several	studies	reproduced	the	findings	that	c-kit	signaling	promotes	growth,
survival	and	proliferation	in	human	CPCs	 in	vitro	 (109),	while	W	locus	mouse
mutants	 (W/Wv)	 exhibit	 c-kit	 cell	 dysfunction	 (110,	 111).	W/Wv	mice	 indeed



display	 impaired	 cardiac	 recovery	 after	 infarction	 (98),	 diminished	 cardiac
function	with	advanced	age	(99),	and	compromised	c-kit	cell	differentiation	into
cardiomyocytes	 (99,	 112).	Bone	marrow	ckitpos	 cells	 from	W	 locus	mutants	 or
cells	 in	 which	 c-kit	 has	 been	 molecularly	 silenced	 in	 vitro	 exhibit	 blunted
reparative	responses	to	myocardial	injury	(91,	98).	Furthermore,	the	deletion	of
c-kit	 gene,	 as	 it	 occurs	 in	 homozygous	W-mutated	mice	 (113),	 causes	murine
premature	death,	because	c-kit	gene	deletion	is	incompatible	with	life.	However,
c-kit-defective	 adult	 hearts	 appear	 to	 develop	 normally	 during	 embryonic	 life
(48),	while	adult	c-kitCre-KI	mice	have	a	significant	defect	 in	 their	regeneration
potential	after	myocardial	infarction	in	vivo	(103).	Therefore,	it	appears	that	c-kit
plays	 divergent	 role	 in	 cardiac	 regeneration	 when	 compared	 to	 heart
formation/development,	which	 suggests	 that	 the	molecular	 program	underlying
cardiac	 regeneration	 does	 not	 resemble	 cardiac	 generation.	 The	 latter	 is
unpredicted	when	considering	all	 the	attempts	currently	ongoing	 to	decode	 the
pathways	of	developmental	cardiac	generation	and	neonatal	heart	regeneration	to
instruct	effective	protocols	of	adult	cardiac	regeneration	(54).

Finally,	 the	 role	 of	 c-kit	 was	 evaluated	 in	 several	 models	 of	 cardiac
pathology	 such	 as	 doxorubicin-induced	 cardiomyopathy	 (114–116),	 chronic
heart	failure	(93,	117,	118),	and	aging	cardiomyopathy	(119,	120).	In	particular,
Huang	et	al.	developed	a	pediatric	model	of	doxorubicin-induced	cardiotoxicity
in	which	 juvenile	mice	were	 exposed	 to	 doxorubicin,	 using	 a	 cumulative	 dose
that	did	not	induce	acute	cardiotoxicity	(114).	These	mice	develop	normally	and
have	 no	 obvious	 cardiac	 abnormalities	 as	 adults.	 However,	 these	 hearts	 have
abnormal	 vasculature	 and	 a	 reduced	 number	 of	 c-kitpos	 cardiac	 cells,	 which
correlated	 with	 an	 increased	 sensitivity	 to	 physiological	 and	 pathological
stimulus.	 When	 adult	 mice	 were	 subjected	 to	 myocardial	 infarction	 they
developed	a	more	pronounced	cardiac	decompensation,	which	correlated	with	a
failure	 to	 increase	 capillary	 density	 in	 the	 injured	 area.	 Subsequently,	 it	 was
demonstrated	 that	 the	 anthracycline-induced	 cardiomyopathy	 is	 caused	 by	 a
depletion	of	functional	c-kitpos	CSC	pool	and	it	can	be	rescued	by	restoring	their
function	(115).

RESOLVING	THE	CONTROVERSY	OVER	THE	ROLE	AND
MYOGENIC	PROPERTIES	OF	THE	C-KITPOS	CSCS

From	 the	 results	 summarized	 above,	 it	 was	 reasonable	 to	 expect	 that
identification	of	the	CSCs	and	characterization	of	their	properties	in	vitro	and	in
vivo	 would	 have	 put	 to	 rest	 any	 questions	 about	 the	 intrinsic	 regenerative



capacity	 of	 the	 adult	 myocardium	 and	 about	 the	 origin	 of	 the	 CMs	 born	 in
adulthood.	 Unfortunately,	 the	 notion	 that	 from	 a	 practical	 standpoint,	 the
myocardium	 has	 neither	 intrinsic	 regenerative	 potential	 nor	 harbors	 tissue-
specific	 stem	 cells	with	 any	meaningful	myogenic	 capacities	 still	 persists	 (48,
121).	 This	 backwards	 view	 has	 persisted	 without	 a	 challenge	 to	 the
reproducibility	 of	 published	 results	 which	 are	 the	 foundation	 of	 the	 new
paradigm	in	heart	biology	(22,	32,	36,	37,	45,	52).

Putting	aside	the	recent	scandal	over	Anversa's	group	(see	below),	it	remains
the	 independently	 reproduced	 evidence	 arising	 from	 more	 than	 15	 years	 of
scientific	data	 (22).	The	burden	of	available	 scientific	proof	clearly	 shows	 that
the	adult	mammalian	heart	harbors	a	pool	of	undifferentiated	cells	with	cardiac
regenerative	 potential,	 which	 are	 very	 small	 (5–7	 μm	 in	 diameter),	 and	 are
present	 in	 low	 abundance	 (1	 CSCs	 per	 every	 (1–3)	 thousand	 CMs).
Unsurprisingly,	 their	 identification,	 isolation	 and	 manipulation	 is	 naturally
complex	(53)	as	for	the	very	nature	of	all	adult	tissue	specific	stem	cells.	In	vitro
and	in	vivo	CSCs	are	bona	fide	myogenic	progenitors,	producing	immature	CMs
of	 small	 size,	 which	 in	 vitro	 express	 cardiomyocyte-specific	 genes	 at	 levels
similar	 to	 neonatal	 cardiomyocytes	 and	 in	 vivo	 undergo	 complete	 maturation
over	 time,	with	 terminal	 differentiation	 and	 permanent	withdraw	 from	 the	 cell
cycle	(45,	52,	53).

On	this	premise,	the	detection	in	the	healthy	and	pathological	myocardium	of
a	 cohort	 of	 cells,	which	 express	myocyte-specific	genes	while	 still	 undergoing
DNA	replication	 should	not	be	 interpreted	as	 evidence	of	 adult	 cardiomyocyte
un-expected	 division.	Yet	 the	 sole	 identification	 of	 small	mononucleated	 cells
expressing	CM-specific	genes	undergoing	DNA	replication	and	cytokinesis	has
been	 taken	 as	 sufficient	 proof	 that	 post-natal	 pre-exisiting	 cardiomyocyte
division	 account	 for	 adult	 CM	 renewal,	 denying	 any	 contribution	 of	 CSC
differentiation	 to	 new	 CM	 formation	 in	 adult	 cardiac	 tissue	 homeostasis	 and
after	 injury	 (50,	 122).	 Despite	 the	 latter,	 there	 is	 no	 confirmed	 evidence	 that
mature	and	terminally	differentiated	CMs	from	any	mammalian	species	can	re-
enter	 the	cell	cycle	and	undergo	productive	cytokinesis.	All	 the	so-called	“pre-
exisiting	CM	division”	 in	adulthood	occurs	 indeed	 in	 small-sized	mononuclear
CMs	(122–124),	while	in	rodents	the	vast	majority	of	the	adult	CMs	are	mature-
sized	 and	 bi-nucleated	 (125).	Without	 any	 further	 evidence,	 the	 rare	 cases	 of
cells	 expressing	 sarcomeric	 proteins	 while	 undergoing	 DNA	 replication	 and
mitosis	has	recently	been	re-interpreted	as	evidence	of	a	small	pool	of	immature
adult	 CMs	 which	 retain	 their	 proliferative	 competence	 (48,	 122).	 This
interpretation	is	based	on	the	fact	that	in	the	neonatal	life	CMs,	for	a	limited	time



window	 and	 before	 their	 terminal	 differentiation,	 can	 boost	 their	 replicative
capacity	 and	 on	 the	 indisputable	 evidence	 that	 the	 CMs	 of	 certain	 fishes	 and
amphibians	 are	mitotically	 competent	 (126,	 127).	However,	 at	 present	 there	 is
not	a	single	piece	of	experimental	evidence	in	support	that	these	two	phenomena
have	any	relevance	to	CM	renewal	in	the	adult	mammalian	heart.

In	contrast,	no	available	data	can	dispute	that	the	adult	heart	harbors	resident
CSCs	and	multiple	laboratories	have	conclusively	shown	that	these	cells	in	vitro
and	 in	 vivo	 generate	 bona	 fide	 cardiomyocytes	 together	 with	 vascular	 and
connective	 tissue	 cells	 (30–35,	 37,	 45).	 Thus,	 the	 detection	 of	 dividing	 small,
immature,	and	mono-nucleated	CMs	as	found	in	the	adult	myocardium	should	be
more	 appropriately	 interpreted	 as	 transient	 amplifying	myocytes	 differentiated
from	a	more	resident	stem/progenitor	cell	and	surely	not	the	proof	of	the	division
of	pre-existing	CMs	(20,	128).

Recently	several	genetic	murine	approaches	to	track	in	vivo	the	so-called	“c-
kitpos	 cardiac	 cells”	 (28,	 29,	 48–51,	 121,	 129)	 has	 generated	 a	 significant
confusion	 calling	 for	 “a	 re-evaluation	 of	 the	 real	 myogenic	 potential	 of	 the
cardiac	c-kitpos	CSCs”	(48).

Using	either	c-kitCre-KI	mice	or	c-kitCreER-KI	mice,	these	authors	reported	that
“cardiac	c-kitpos	cells”	mainly	differentiate	into	endothelial	cells	and	minimally,
if	not	negligibly,	contribute	CMs	either	 in	neonatal	or	adult	 life,	or	after	 injury
(48–50).	 According	 to	 these	 findings,	 it	 was	 claimed	 that	 the	 “cardiac	 c-kitpos
cells”	 are	 not	 CSCs	 at	 all	 but	 just	 endothelial	 committed	 cells	 (48,	 49).
Moreover,	 the	 regenerative	 potential	 of	 “cardiac	 c-kitpos	 cells”	 is	 limited	 to
neoangiogenesis	and	to	cardiac	interstitial	cell	formation	(54).

To	 critically	 analyze	 the	 findings	 of	 these	 reports,	 it	 must	 be	 first
remembered,	 as	discussed	above,	 that	 c-kitpos	 cardiac	cells	 are	a	heterogeneous
cell	 population	 whereby	 in	 the	 adult	 heart	 >90%	 of	 c-kitpos	 cells	 are	 mast
cell/endothelial	 lineage-committed	cells.	Genetic	fate	mapping	strategy	base	on
the	Cre-lox	recombination	system,	nowadays	considered	“the	gold	standard”	to
address	the	exact	regenerative	potential	of	a	given	cell	population,	has	been	then
customized	to	track	the	fate	of	c-kit-expressing	cells	in	vivo	(48–50).	The	latter
was	deemed	sufficient	by	the	proposed	experimental	design	to	include	also	c-kit-
expressing	 CSCs.	 Unfortunately,	 all	 the	 insertions	 and	 deletions	 required	 to
introduce	 the	Cre	 recombinase	 into	 the	c-kit	 locus	have	 resulted	 in	a	null	c-kit
mutation,	which	does	not	produce	the	corresponding	mRNA	(103).	Thus,	 these
mice	 could	 be	 used	 only	 in	 heterozygosis	while	 carrying	 a	 significant	 genetic
defect	 with	 physiological	 consequences.	 Cre	 recombinase	 detects	 DNA
sequences	 flanked	 by	 a	 specific	 34-bp	 sequence	 called	 loxP	 removing	 the



flanked	 sequence,	 and	 leaving	 single	 loxP	 site	 in	 place	 (130–133).	 This
technology	is	used	to	delete	a	transcriptional	stop	sequence	such	that	a	reporter
gene	starts	to	be	expressed	after	Cre	recombination.	The	latter	is	the	basis	of	the
“indelible	 labeling”	 by	 Cre-lox-based	 lineage-tracing	 experiments.	 In	 these
experiments,	 DNA	 excision	 at	 loxP	 sites	 is	 dependent	 on	 Cre	 expression
whereby	recombination	occurs	only	in	those	cells	that	express	or	had	expressed
Cre	recombinase.	By	placing	the	Cre	cassette	under	the	control	of	a	specific	gene
promoter,	recombination	is	directed	to	a	particular	cell	expressing	that	particular
gene.	 However,	 the	 mapping	 system	 is	 guided	 by	 Cre	 levels,	 whereby
recombination	 efficiency	 is	 proportional	 to	 Cre	 levels.	 This	 is	 crucial	 because
despite	 two	cell	 types	express	 the	Cre-targeted	gene	but	at	different	 levels,	not
necessarily	 the	 two	 cell	 types	 will	 be	 equally	 recombined	 (54).	 If	 Cre	 levels
efficiently	recombine	only	one	of	the	two	cell	types,	the	resultant	fate	map	will
underestimate	 the	 descendant	 population	 of	 the	 un-recombined	 cell	 type	 (54).
Accordingly,	 the	 cells	 with	 lowest	 expression	 of	 Cre,	 because	 of	 the	 low
expression	of	the	Cre-engineered	gene	might	fail	to	have	their	fate	tracked	(54,
133).	 In	 the	 case	 of	 c-kit	 fate	 tracking	 experiments,	 the	 Cre-dependent
recombination	efficiency	 is	directly	proportional	 to	 the	 level	of	Cre	expression
from	the	null	c-kit	allele	 (19,	133,	134).	Considering	 that	most	stem	cell	 types
express	low	level	of	c-kit	(54,	103,	135),	and	particularly	c-kitpos	CSCs	(54,	103),
it	 was	 highly	 questionable	 whether	 the	 null	 c-kitCre	 allele	 could	 recombine	 a
meaningful	fraction	of	the	c-kitpos	CSCs	to	track	their	fate	(19).

Indeed,	Vicinanza	et	al.	(103)	and	Cianflone	et	al.	(54)	have	recently	shown
that	c-kit	expression	level	 in	adult	CSCs	is	 low	and	the	c-kitCre	allele	in	c-kitCre
KI	 mice	 produces	 insufficient	 amounts	 of	 Cre	 to	 effectively	 recombine	 the
floxed	Cre-reporter	gene	to	tag	the	CSCs	and	fate	their	progeny	(54,	103).	Thus,
c-kitCre-KI	models	(48,	49)	only	minimally,	 if	not	negligibly,	 tag,	and	fate	map
resident	CSCs.	Furthermore,	Cre-KI	into	c-kit	locus	in	all	cases	has	produced	a
null	c-kit	allele	that	fatally	impairs	in	vitro	and	in	vivo	CSC	properties	(54,	103).
This	non-physiologic	and	 inefficient	 recombination	system,	produced	by	 the	c-
kitCre-KI	model,	 determines	 a	 very	 low	number	 of	 c-kitpos	 progenitor-generated
cardiomyocytes	 detected	 in	 c-Kitcre	 mice.	 This	 picture	 reflects	 the	 failure	 to
recombine	 the	 CSCs	 to	 track	 their	 progeny	 and	 the	 severe	 defect	 in	 CSC
myogenesis	 produced	 by	 the	 c-kitcre	 allele	 (54,	 103).	 For	 these	 reasons,
unavoidably,	 all	 the	 c-kitCre	 knock-in	 mice	 show	 a	 scant	 CM	 progeny	 in	 vivo
during	 homeostasis	 and	 after	 injury	 (48–50).	 Astonishingly,	 despite	 lacking
proper	controls	(19)	and	despite	the	evidence	for	their	severe	limitations	(103),
the	results	arising	from	c-kitCre	KI	mice	have	been	taken	as	evidence	that	c-kitpos
CSCs	 do	 not	 exist	 or	 have	 a	marginal	 myogenic	 regenerative	 potential	 (136).



Overall,	while	 these	papers	have	been	proven	wrong	and	unreliable,	 they	have
generated	 significant	 and	 unnecessary	 upheaval	 in	 the	 cardiac
repair/regeneration	field	(19,	20).

To	correctly	 track	 the	 fate	of	endogenous	CSCs	requires	a	c-kit-driven	Cre
KI	 mouse	 model	 that	 does	 not	 affect	 c-kit	 expression	 and	 in	 which	 Cre	 is
produced	 in	 amounts	 sufficient	 to	 recombine	 the	marker	 gene.	 Li	 et	 al.	 (137)
attempted	 to	 overcome	 this	 problem	 using	 a	 dual	 reporter	 in	 which	 two	 loxP
sites	were	interleaved	so	that	either	a	Dre-rox	or	Cre-loxP	recombination	would
remove	the	substrate	of	the	other	resulting	in	the	permanent	tagging	of	the	cell.
This	 system	 was	 used	 to	 label	 “all”	 CMs	 and	 non-CMs	 with	 two	 different
markers.	Surprisingly,	they	only	ascertained	that	the	“majority”	of	the	cells	were
labeled	but	never	 tested	whether	 this	system	was	 tagging	 the	CSCs.	Therefore,
despite	the	controversy,	they	overlooked	a	basic	rule	of	cell-fate	tracking,	which
is	that	the	marker	used	has	to	effectively	tag	the	cell	which	fate	is	to	be	tracked.
To	assert	that	the	system	used	tags	most	“non-myocyte”	cells	means	very	little,
particularly	when	the	population	to	be	tracked	(the	cardiac	stem/progenitor	cells)
represent	<1%	of	 the	non-myocyte	population	which	 is	 labeled.	Therefore,	 the
main	 issue	 in	 the	 paper	 by	 Li	 et	 al.	 is	 that	 the	 authors	 never	 tested	 whether
cardiac	 stem/progenitor	 cells	 were	 indeed	 labeled	 among	 the	 non-myocyte
population.	 The	 authors	 did	 not	 carry	 out	 this	 essential	 step.	 Furthermore,
another	issue	with	Li	et	al.	paper	is	that	because	they	never	tested	if	and	how	the
adult	 CSCs	 were	 labeled,	 they	 cannot	 exclude	 the	 hypothesis	 that	 they	 were
instead	 labeled	 by	 the	myogenic/myocyte	 promoters	 they	 used	 in	 embryo	 life.
The	latter	is	a	key	step	because	it	is	known	and	proved	that	the	Tnn2	promoter
(used	by	Li	 et	 al.)	 during	heart	 development	 in	 embryonic	 life	 not	 only	 labels
cardiomyocytes	but	also	endothelial	cells	covering	aortic	and	pulmonary	valves
(138),	a	fact	that	indirectly	shows	that	Tnn2	promoter	activity	in	embryonic	life
labels	 multipotent	 cardiac	 progenitors.	 Additionally,	 adult	 cardiac
stem/progenitor	cells	express	Tnn2	mRNA	in	vivo	(139,	140).

In	short,	despite	contradictory	publications,	any	objective	review	of	the	data
shows	that	the	eCSCs	are	genuine	cardiac	stem/progenitor	cells	and	the	main,	if
not	 the	 only,	bona	 fide	 source	 of	 new	 cardiomyocyte	 formation	 in	 the	 healthy
and	pathological	adult	heart.

CONCLUSIONS

The	 long-standing	paradigm	of	 the	heart	 as	 a	non-regenerative	organ	has	been
replaced	by	a	wealth	of	data	showing	that	new	cardiomyocyte	(CMs)	are	formed



throughout	 life	 and	 after	 injury	 in	 the	 adult	mammalian	 heart.	 It	 is	 also	 clear,
however,	that	this	regeneration	on	its	own	is	not	robust	enough	to	repair	severe
segmental	myocardial	damage	such	as	post-AMI,	the	main	cause	of	HF.	Overall,
the	 data	 available	 show	 that	 when	 correctly	 identified	 and	 expanded	 the
endogenous	 CSCs	 are	 robustly	 myogenic	 in	 vitro	 and	 in	 vivo.	 Unfortunately,
despite	this	reproducible	evidence,	some	recent	work	has	questioned	what	was	a
growing	consensus	about	the	origin,	quantity,	and	physiological	significance	of
the	 CMs	 generated	 in	 adulthood	 in	 response	 to	 wear	 and	 tear	 and/or	 injury,
which	has	severely	muddled	the	field	of	adult	cardiac	regenerative	biology.	To
move	 forward	 past	 this	 controversy	 is	 a	 crucial	 step	 for	 the	 adult	 cardiac
regenerative	biology	field.

Very	sadly	and	unfortunately,	the	recent	scandal	that	brought	to	the	request
for	and	the	retraction	of	a	significant	number	of	papers	from	the	group	of	Piero
Anversa,	 a	 group	 that	 historically	 was	 among	 the	 first	 to	 contribute	 to	 the
discovery	 and	 characterization	 of	 adult	 cardiac	 progenitors,	 has	 created	 a
“tsunami”	 for	 the	 field	 of	 adult	 cardiac	 stem	 cell	 biology	 (136).	 Clearly,
scientific	misconduct	 is	 a	 very	 serious	 issue	which	needs	 to	 be	 dealt	 seriously
but	honestly.	It	is	understandable	also	that	what	has	become	public	is	sufficient
reason	to	critically	review	Anversa's	publications	and	the	data	which	have	been
manipulated	 should	 be	 immediately	 retracted.	 However,	 it	 is	 mandatory	 that
institutions,	 journals,	 and	 the	 scientific	 establishment	 in	 general	 will	 do	 that
objectively	 and	 using	 the	 same	 parameters	 applied	 to	 others	 who	 have	 had
publications	 retracted	 and/or	 discredited.	 Instead	 and	 very	 sadly,	 some
investigators	are	using	this	turbulence	to	discredit	all	work	related	to	myocardial
repair/regeneration	and	cardiac	stem	cells,	even	though	a	significant	part	of	the
work	 which	 they	 now	 assail,	 has	 no	 relation	 to	 and	 was	 not	 authored	 by
Anversa's	 group.	 Ironically,	while	 arguing	 that,	 based	 on	 the	 revelations	 as	 to
Anversa,	 all	 papers	 about	myocardial	 repair/regeneration	 based	 on	myocardial
stem	cells	should	be	either	ignored	or	retracted,	these	investigators	fail	to	point
out	 that	 the	 work	 providing	 negative	 data	 on	 this	 subject	 has	 been	 found
incorrect	and	the	relative	methodology	and	conclusions	have	been	shown	to	be
invalid	(103).	In	short,	 to	call	 into	a	ban	all	 the	independent	work	produced	by
the	cardiac	stem	cell	field	just	on	the	basis	of	the	proven	and	alleged	Anversa's
misdeeds	is	as	unscientific	as	these	misdeeds	are.

It	 is	 clear	 that	 the	 c-kitCre-KI	 strategies	 for	CSC	 identification	 and	 cell-fate
mapping	have	such	severe	limitations	as	to	make	them	unsuitable	for	either	the
identification	or	fate-map	the	c-kitpos	CSCs.	The	very	low	number	of	endogenous
c-kitposCSC-generated	 cardiomyocytes	 detected	 in	 the	 c-kitCre	 mice	 does	 not



reflect	 a	 minimal	 myogenic	 potential	 of	 the	 CSCs	 but	 it	 simply	 reflects	 the
failure	of	the	KI-Cre	to	recombine	the	CSCs	to	track	their	progeny	together	with
the	severe	defect	in	CSC	myogenesis	produced	by	the	c-kitCre	null	allele.

When	the	pitfalls	of	the	c-kitCre-KI	are	taken	at	a	face	value	it	follows	that	the
results	of	the	experimental	approach	though	endogenous	CSC	ablation	and	their
exogenous	replacements	clearly	stand	and	indisputably	show	that	 the	CSCs	are
necessary	and	sufficient	for	robust	cardiomyogenesis	and	to	support	myocardial
regeneration/repair	 in	 response	 to	 diverse	 types	 of	 damage.	 This	 phenotype
requires	and	is	dependent	upon	a	diploid	level	of	c-kit	expression.	Confirmation
of	these	conclusions	using	novel	and	reliable	genetic	fate	map	strategies	should
clear	 the	 way	 for	 the	 potential	 development	 of	 CSC-based	 myocardial
regenerative	protocols.
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Vaginal	health	is	an	essential	component	of	active	and	healthy	aging	in	women
at	 midlife	 and	 beyond.	 As	 a	 consequence	 of	 hormonal	 deprivation	 and
senescence,	 the	 anatomy	 and	 function	 of	 urogenital	 tissues	 are	 significantly
affected	 and	 vulvovaginal	 atrophy	 (VVA)	may	 occur.	 In	 a	 high	 proportion	 of
postmenopausal	women,	progressive	and	chronic	VVA	symptoms	have	a	strong
impact	 on	 sexual	 function	 and	 quality	 of	 life.	 The	 new	 definition	 of
genitourinary	 syndrome	 of	 menopause	 (GSM)	 comprises	 genital	 symptoms
(dryness,	 burning,	 itching,	 irritation,	 bleeding),	 sexual	 symptoms	 (dyspareunia
and	 other	 sexual	 dysfunctions)	 and	 urinary	 symptoms	 (dysuria,	 frequency,
urgency,	recurrent	urinary	 infections).	Many	variables	(age,	sexual	activity	and
partnership	 status)	 influence	 the	 clinical	 impact	 VVA/GSM	 symptoms	 and
attitudes	 of	 elderly	 women	 to	 consult	 for	 receiving	 effective	 treatments.
Psychosocial	factors	play	a	critical	role	in	sexual	functioning,	but	the	integrity	of
the	 urogenital	 system	 is	 as	 well	 important	 affecting	 many	 domains	 of
postmenopausal	women's	health,	including	sexual	function.	Several	international
surveys	 have	 extensively	 documented	 the	 need	 to	 improve	 VVA/GSM
management	because	of	the	strong	impact	on	women's	daily	life	and	on	couple's
intimacy.	 Health	 care	 providers	 (HCPs)	 need	 to	 be	 proactive	 in	 the	 early
recognition	of	VVA/GSM	in	order	to	preserve	urogenital	and	sexual	 longevity,
by	using	hormonal	and	non-hormonal	strategies.	The	clinical	diagnosis	is	based
on	genital	 examination	 to	 identify	objective	 signs	and	on	 the	use	of	 subjective
scales	 to	 rate	 most	 bothersome	 symptoms	 (MBS),	 especially	 vaginal	 dryness.
Recent	studies	point	 to	 the	 importance	of	addressing	VVA/GSM	as	a	potential
early	 marker	 of	 poor	 general	 health	 in	 analogy	 with	 vasomotor	 symptoms.
Therefore,	 a	 standard	 of	 VVA/GSM	 care	 in	 elderly	 women	 is	 desirable	 to
enhance	physical,	emotional	and	mental	well-being.

Keywords:	 vulvovaginal	 atrophy	 (VVA),	 genito-urinary	 syndrome	 of
menopause	 (GSM),	 aging,	 longevity,	 vaginal	 dryness,	 dyspareunia,	 female
sexual	dysfunction	(FSD),	quality	of	life	(QoL)

INTRODUCTION

Women	live	longer	than	men	all	around	the	world	(1)	and	in	developed	countries
they	expect	to	survive	more	than	30	years	following	natural	menopause,	which
usually	 occurs	 between	 48	 and	 52	 of	 age	 (2).	 That	 being	 so,	 the	 impact	 of
reproductive	aging	on	healthy	longevity	becomes	increasingly	important	because
of	 the	 potential	 conditions	 associated	 with	 menopause-related	 hormonal
deficiency	 (3).	 Estrogen	 deprivation	 is	 the	 hallmark	 of	 ovarian	 exhaustion



leading	 to	 the	manifestation	 of	 several	 signs	 and	 symptoms	with	 a	 significant
impact	on	quality	of	 life	 (QoL)	and	on	physical,	mental	 and	 sexual	health	 (4).
Even	androgen	insufficiency,	an	endocrine	feature	more	evident	in	women	with
premature	 ovarian	 failure	 (natural,	 surgical,	 iatrogenic),	 may	 contribute	 to	 the
clinical	 events	 related	 to	 menopause	 (5).	 Separating	 the	 effect	 of	 menopause
from	 the	 variety	 of	 changes	 associated	 with	 senescence	 is	 quite	 difficult,	 but
recent	 observations	 bring	 about	 the	 idea	 that	menopause	 accelerates	 biological
aging,	especially	when	reproductive	failure	occurs	prematurely	(6).

The	 present	 narrative	 review	 points	 to	 the	 importance	 of	 addressing	 the
chronic	 condition	 of	 vulvovaginal	 atrophy	 (VVA)/genitourinary	 syndrome	 of
menopause	(GSM)	in	the	context	of	promoting	urogenital	and	sexual	 longevity
in	 women	 at	 midlife	 and	 beyond.	 It	 merely	 reflects	 the	 expert	 opinion	 of	 the
authors	 by	 analyzing	 the	 amount	 of	 available	 evidence	 (1990–2019)	 in	 this
complex	 field	 of	 research.	 Therapeutic	 strategies	 to	 effectively	manage	 sexual
symptoms	 associated	 with	 VVA/GSM	 have	 been	 reviewed	 extensively
elsewhere	(7–12)	and,	in	here,	they	will	be	discussed	briefly	to	serve	the	scope
of	preventing	severe	VVA/GSM	in	elderly	women.

MENOPAUSE	AND	UROGENITAL	AGING

Among	 the	 multitude	 of	 menopausal	 complaints,	 vasomotor	 symptoms	 (hot
flushes	 and	 cold	 or	 night	 sweats)	 and	 vaginal	 dryness	 have	 clearly	 shown	 a
strong	relationship	with	low	estrogens	during	and	after	the	menopausal	transition
(13).	Up	to	80%	of	women	experience	vasomotor	symptoms	during	menopause
with	 an	 average	 duration	 of	 10	 years	 and	 a	 variable	 degree	 of	 severity	 (14).
Untreated	 vasomotor	 symptoms	 may	 represent	 a	 biomarker	 of	 chronic
postmenopausal	 conditions	 such	 as	 cardiovascular	 disorders	 and	 osteoporosis
(15).	 However,	 they	 do	 not	 usually	 progress	 over	 time	 (16)	 and	 remain
problematic	 for	 a	 lower	 number	 of	 postmenopausal	 women	 aged	 60–65	 years
(17).	 Unlike	 vasomotor	 symptoms,	 vaginal	 dryness	 is	 highly	 present	 also	 in
older	women	because	it	is	the	cardinal	symptom	of	vulvovaginal	atrophy	(VVA)
(18),	a	chronic	condition	starting	around	menopause,	mainly	as	a	consequence	of
estrogen	deficiency	(19),	and	progressing	with	chronological	aging	and	medical
morbidity	 (20).	 The	 majority	 of	 postmenopausal	 women	 have	 signs	 of	 VVA
upon	physical	 examination,	 especially	 if	 they	consult	 for	vaginal	dryness	 (21),
but	 less	 than	 half	 of	 the	 postmenopausal	 population	 report	VVA	 symptoms	 as
bothersome	 in	 international	 surveys	 (22–25).	 There	 is	 a	 lack	 of	 understanding
surrounding	 vagina	 health	 (26)	 and	 elderly	 women	 do	 not	 discuss	 VVA



symptoms	so	easily	because	sexual	health	 is	a	sensitive	 topic	(27).	 In	addition,
the	condition	is	believed	to	be	transient	and	part	of	the	natural	aging	phenomena
(28,	 29).	 In	 the	 Vaginal	 Health:	 Insights,	 Views	 &	 Attitudes	 (VIVA)	 survey,
55%	of	women	with	vaginal	discomfort	 reported	experiencing	symptoms	 for	3
years	or	 longer	 and	only	a	minority	 (4%)	attributed	 their	 symptoms	 to	vaginal
atrophy	 (25).	 Age,	 attitudes	 toward	 menopause,	 sexual	 activity,	 chronic
disorders,	previous	and/or	current	use	of	menopausal	hormone	therapy	and	other
biopsychosocial	 determinants	 influence	 the	 level	 of	 distress	 associated	 with
VVA	symptoms	and	the	rate	of	reporting	female	sexual	dysfunction	(FSD)	(30,
31).	General	and	sexual	health	of	the	partner,	as	well	as	the	quality	and	duration
of	the	relationship,	are	also	very	important	and	addressing	age-related	changes	in
both	members	of	a	couple	may	contribute	to	a	better	management	of	VVA	and
sexual	dysfunctions	(32).

Urogenital	aging	is	an	old	problem,	newly	recognized,	which	can	be	highly
prevented	upon	early	recognition	of	signs	and	symptoms	(33).	Vaginal	dryness,
followed	 by	 dyspareunia,	 is	 the	 most	 common	 symptoms	 reported	 by
postmenopausal	women	both	in	surveys	(22)	and	in	clinical	studies	(21,	34).	In
the	REVIVE	surveys	conducted	both	in	United	States	(US)	(23)	and	in	Europe
(EU)	(24)	the	onset	of	VVA	symptoms	has	already	been	reported	in	the	majority
of	women	within	 the	perimenopause/early	postmenopause.	 Interestingly,	 in	 the
AGATA	study,	which	included	a	sample	of	Italian	women	asking	for	a	routine
gynecological	examination,	a	clinical	diagnosis	of	VVA	displayed	a	prevalence
ranging	from	64.7	to	84.2%,	starting	from	1	to	6	years	after	menopause	(35).	It	is
essential	that	health	care	providers	(HCPs)	are	proactive	to	uncover	the	topic	of
vaginal	health	because	women	who	discuss	VVA	with	HCPs	are	twice	as	likely
to	be	current	specific-treatment	users	(59.7%	as	compared	to	22.7%	who	did	not
discuss	 VVA)	 (28).	 It	 is	 frequent	 to	 encounter	 a	 disconnection	 in	 education,
communication,	 and	 information	 between	HCPs	 and	 their	menopausal	 patients
(36).	 The	 WISDOM	 survey	 outlined	 that	 the	 comfort	 level	 of	 HCPs	 when
prescribing	VVA	treatment	is	still	suboptimal,	in	particular	in	case	they	are	not
gynecologists	 (37).	 Education	 of	 women,	 adequate	 training	 of	 HCPs	 and
provision	 of	 communication	 tools	 in	 order	 to	 facilitate	 the	 “uncomfortable”
dialogue	 are	 potential	 solutions	 to	 address	 the	 barriers	 currently	 impeding
patient–clinician	interactions	around	sexual	health	(38).

Basic	 counseling	 is	 the	 first	 step	 in	 the	 management	 of	 postmenopausal
sexual	 dysfunctions	 (39)	 and	 a	 standard	 process	 of	 care	 developed	 by	 the
International	Society	 for	 the	Study	of	Women's	Sexual	Health	 (ISSWSH)	may
provide	guidance	to	HCPs	to	effectively	recognize	sexual	concerns	and	problems



in	women	(40).

VULVOVAGINAL	ATROPHY	(VVA)	OR	GENITOURINARY
SYNDROME	OF	MENOPAUSE	(GSM):	WHAT	IS	IN	THESE
TWO	NAMES?

In	 recent	 years,	VVA	has	 a	 new	name,	 genitourinary	 syndrome	of	menopause
(GSM),	 to	 underline	 the	 multitude	 of	 genital,	 sexual	 and	 urinary	 symptoms
associated	with	 the	anatomical	and	 functional	changes	of	vulvo-vaginal	 tissues
occurring	with	menopause	and	aging	(41).	A	terminology	consensus	conference
cosponsored	 by	 the	 North	 American	 Menopause	 Society	 (NAMS)	 and	 by
ISSWSH	was	held	in	May	2013	to	review	the	most	relevant	scientific	literature
in	 the	field	of	postmenopausal	urogenital	and	sexual	health.	Following	a	2-day
discussion,	 acknowledged	experts	 agreed	on	 the	need	of	having	a	new	 term	 to
describe	more	accurately	the	condition	previously	known	as	VVA.	The	choice	of
GSM	was	the	result	of	many	considerations,	including	the	need	of	a	term	more
acceptable	 in	 the	 medical	 and	 public	 arena	 to	 improve	 and	 increase
communication,	 research,	 education	 and	management	 of	 urogenital	 and	 sexual
symptoms	 in	 postmenopausal	 women.	 The	 definition	 of	 syndrome	 is	 used	 to
describe	 a	 collection	of	 clinical	 signs	 and	 symptoms	 (genitourinary)	 correlated
with	 each	 other,	 that	 do	 not	 have	 to	 be	 all	 present	 and	 related	 to	 a	 single
identifiable	 pathogenesis,	 but	 occur	 in	 a	 particular	 circumstance	 (menopause).
That	being	so,	GSM	is	defined	as	“a	collection	of	symptoms	and	signs	associated
with	a	decrease	in	estrogen	and	other	sex	steroids	involving	changes	to	the	labia
majora/minora,	 clitoris,	 vestibule/introitus,	 vagina,	 urethra,	 and	 bladder.	 The
syndrome	 may	 include	 but	 is	 not	 limited	 to	 genital	 symptoms	 of	 dryness,
burning,	 and	 irritation;	 sexual	 symptoms	 of	 lack	 of	 lubrication,	 discomfort	 or
pain,	 and	 impaired	 function;	 and	 urinary	 symptoms	 of	 urgency,	 dysuria,	 and
recurrent	urinary	tract	infections	(Table	1).	Women	may	present	with	some	or	all
of	the	signs	and	symptoms,	which	must	be	bothersome	and	should	not	be	better
accounted	for	by	another	diagnosis”	(41).

Table	1.	Most	common	subjective	and	objective	symptoms	to	diagnose	vulvovaginal	atrophy
(VVA)/genitourinary	syndrome	of	menopause	(GSM)	in	daily	practice.



VVA	is	strictly	related	to	estrogen	deficiency	and	is	an	integral	part	of	GSM
(10).	 However,	 the	 new	 definition	 GSM	 includes	 signs	 and	 symptoms	 that
cannot	 be	 all	 reversed	 by	 estrogen	 replacement	 and	 may	 require	 different
strategies	 according	 to	 their	 true	 etiology	 (42).	 As	 examples,	 vulvar
dermatological	 conditions	 (43),	 vulvodynia	 (44),	 and	 pelvic	 floor	 dysfunction
(45)	 have	 an	 increased	 prevalence	 in	 postmenopausal	 women,	 may	 co-occur
with	 VVA,	 but	 have	 their	 own	 specific	 treatment	 protocols.	 At	 present,	 the
majority	 of	 data	 were	 published	 with	 available	 questionnaires	 and	 scales
validated	to	identify	VVA-associated	signs	and	symptoms	and	further	studies	are
need	 to	 fully	 understand	 the	 multitude	 of	 disturbances	 included	 in	 the	 GSM
definition.	 Recently,	 a	 novel	 patient-reported	 outcome	 measure	 exploring
experiences	of	women	with	GSM	was	designed	for	use	in	both	clinical	care	and
research	 (46).	 The	 hope	 is	 to	 gain	 new	 insight	 into	 the	 biopsychosocial
determinants	 of	 GSM	 in	 order	 to	 tailor	 evidence-based	 treatments	 for	 the
individual	woman	across	different	stages	of	post	reproductive	lifespan.

PHYSIO-PATHOLOGICAL	ASPECTS	OF	VVA/GSM

Hormonal	 fluctuations	 driving	 the	 female	 reproductive	 life	 cycle	 highly
modulate	 the	 functional	anatomy	of	 the	uro-genital	and	pelvic	 tract.	Early	data



showed	 that	 untreated	 postmenopausal	 women	 displaying	 <50	 pg/ml	 of
circulating	estradiol	 suffer	more	 from	symptoms	associated	with	VVA	(47).	A
historical	 study	 (the	 only	 citation	 prior	 1990)	 demonstrated	 that	 even
endogenous	 androgens	may	 play	 a	 role	 because	 objective	 signs	 of	VVA	were
less	evident	in	postmenopausal	women	with	significantly	higher	mean	levels	of
androgens	 (androstenedione	 and	 testosterone)	 and	 gonadotropins	 (particularly
LH).	These	women	were	more	 sexually	 active	 (intercourse	 frequency,	 three	or
more	 times	 monthly)	 as	 opposed	 to	 the	 sexually	 inactive	 women	 (intercourse
frequency,	 <10	 times	 yearly)	 (48).	 Whether	 stronger	 sexual	 desire	 and
responsiveness	 driven	 by	 androgens	 protected	 against	 VVA	 or,	 alternatively,
androgens	 had	 a	 direct	 action	 on	 peripheral	 tissues	was	 not	 established	 by	 the
“the	use	it	or	lose	it”	theory.	However,	 these	data	are	in	line	with	the	evidence
that	 both	 circulating	 estradiol	 and	 its	 androgen	 precursors
(dehydroepiandrosterone/dehydroepiandrosteronesulphate	 [DHEA/DHEAS],
androstenedione,	 testosterone),	 as	 well	 as	 their	 local	 metabolites,	 are	 vital	 to
maintain	normal	structure	and	function	of	the	vagina	and	surrounding	uro-genital
tissues	(49).	Indeed,	the	science	of	intracrinology	supports	the	idea	that	the	age-
related	 decline	 of	 circulating	 DHEA	 translates	 into	 a	 local	 intracellular
deficiency	 of	 both	 estrogens	 and	 androgens,	 significantly	 contributing	 to	 poor
vaginal	 health	 (50).	 During	 reproductive	 life,	 the	 vagina,	 vulva,	 pelvic	 floor
muscles,	 endopelvic	 fascia,	 urethra,	 and	 bladder	 trigone	 display	 a	 significant
amount	 of	 estrogen	 receptors	 (ERs,	 both	 α	 and	 β),	 which	 decline	 with
menopause	 and	 may	 be	 restored	 by	 the	 use	 of	 systemic	 and	 local	 estrogen
treatment.	ERs	are	mainly	expressed	in	the	epithelium	and	in	stromal	and	muscle
cells	of	the	human	vagina.	Even	androgen	receptors	(ARs)	are	largely	expressed
at	multiple	 levels	 (mucosa,	 submucosa,	 stroma,	 smooth	muscles,	 and	 vascular
endothelium)	 and	 cross-talk	 with	 ERs,	 influencing	 neurovascular	 and
neuromuscular	 function	 under	 different	 endocrine	 conditions	 (51).	 Estradiol
controls	 a	 plethora	 of	 cellular	 pathways	 regulating	 growth	 and	 proliferation,
barrier	 function	 and	 pathogen	 defense	 (52).	 The	main	 consequence	 of	 lacking
estrogen	 stimulation	 is	 the	 loss	 of	 tissue	 elasticity	 by	 inducing	 fusion	 and
hyalinization	of	collagen	fibers	and	fragmentation	of	elastin	fibers.	The	mucosa
of	the	vagina,	introitus,	and	labia	minora	becomes	thin	and	pale	and	appears	less
hydrated.	 The	 vaginal	 canal	 becomes	 shorter	 and	 narrow	 because	 the	 vaginal
rugae,	 the	 epithelial	 folds	 that	 allow	 for	distensibility,	 progressively	disappear.
In	 addition,	 there	 is	 significant	 reduction	 of	 vascular	 support	 leading	 to	 a
decrease	of	 the	volume	of	vaginal	 transudate	and	of	other	glandular	 secretions
(53).	Both	estrogens	and	androgens	contribute	to	pelvic	nerve-stimulated	genital
blood	flow,	tissue	response	to	neurotransmitters	and	sensory	threshold	to	stimuli



(51).	Over	 time,	 intercellular	acid	mucopolysaccharide	and	hyaluronic	acid	are
significantly	 reduced	 in	 the	 dermal	 layer.	 Moreover,	 there	 is	 a	 progressive
dominance	of	parabasal	cells	with	fewer	intermediate	and	superficial	cells.	This
means	 the	vaginal	 squamous	epithelium	 is	quite	completely	estrogen	deprived.
Therefore,	 it	 becomes	 friable	 with	 petechiae,	 ulcerations,	 and	 eventually
bleeding	 after	 minimal	 trauma	 (54–61).	 A	 thinner	 vaginal	 epithelium	 is	 also
associated	with	a	significant	reduction	of	glycogen	which	translates	into	a	lower
amount	of	lactobacilli	causing	an	increase	in	vaginal	pH	(between	5.0	and	7.5).
The	 subsequent	 decrease	 of	 vaginal	 hydrogen	 peroxide	 allows	 the	 growth	 of
other	 pathogenic	 bacteria	 (staphylococci,	 group	B	 streptococci,	 and	 coliforms)
causing	 atrophic	 vaginitis,	 vaginal	 discharge	 and	 odor.	 Indeed,	 lactobacilli
diversity	and	abundance	significantly	decreased	 following	menopause	 (62)	and
the	vaginal	microbiota	of	women	with	mild	or	moderate	atrophy	had	a	distinct
bacterial	community	state,	which	may	predispose	to	develop	vaginitis	and	other
uro-genital	infections	(63).

The	neurovascular	and	neuromuscular	substrates	of	 the	pelvic	area	are	also
impaired	 because	 the	 vulva,	 as	 well	 as	 the	 pelvic	 floor	 and	 the	 urinary	 tract,
manifest	similar	anatomical	and	functional	changes	(64–66).	In	particular,	entry
dyspareunia,	irritation,	burning	and	itching	of	external	genitals	may	be	the	result
of	 the	 stenosis	 of	 the	 vulvar	 introitus.	 Indeed,	 hymeneal	 carunculae	 and	 the
vestibule	display	 less	 elasticity	 and	 the	urethral	meatus	 appears	prominent	 and
more	 vulnerable	 to	 trauma.	 Several	 changes	 of	 the	 urinary	 system	 (reduced
urethral	closure	pressure,	reduced	sensory	threshold	in	the	bladder,	and,	in	some
cases,	increased	risk	of	rUTIs)	may	be	observed	as	a	consequence	of	the	thinning
of	the	urinary	epithelium	and	weakening	of	the	surrounding	tissue	(53).

KEY-ELEMENTS	OF	VVA/GSM	DIAGNOSIS

Clinical	 interviews	 and	 rating	 scales	 to	 score	 the	 most	 bothersome	 symptoms
(MBS)	(Table	1)	are	useful	instruments	to	measure	subjective	symptoms	and	to
identify	 risk	 factors	 for	 VVA/GSM.	 Objective	 diagnosis	 is	 confirmed	 by	 an
accurate	pelvic	examination,	including	gentle	inspection	of	the	vulva,	vestibule,
vagina,	 and	 urethra	 in	 order	 to	 recognize	 the	 signs	 of	 VVA/GSM	 (Table	 1)
which	can	be	rated	on	validated	scales	(67).	The	Vaginal	Health	Index	Score	is	a
clinical	 tool	 that,	 by	 evaluating	 5	 parameters	 (vaginal	 elasticity,	 vaginal
secretions,	 pH,	 epithelial	 mucous	 membrane,	 vaginal	 hydration),	 allows	 to
obtain	a	final	score	defining	the	degree	of	atrophy	in	the	genitourinary	tract	by
assigning	a	single	score	to	each	parameter.	Total	score	ranges	from	5	to	25,	with



lower	 scores	 corresponding	 to	 greater	 urogenital	 atrophy	 (68).	 Vulva	 Health
Index	 evaluates	 labia,	 urethra,	 clitoris,	 introitus	 as	 well	 as	 elasticity	 and	 pain
during	 intercourse;	 total	 score	 ranges	 from	 0	 to	 24,	 with	 higher	 scores
corresponding	with	greater	vulvar	atrophy.	If	the	Vulva	Health	Index	is	over	8	or
there	is	score	of	3	(severe)	in	any	category,	vulvar	atrophy	is	suggested	(69).	In
the	 most	 severe	 cases,	 tissues	 may	 be	 easily	 traumatized	 and	 irritated	 by
touching	or	inserting	the	speculum	(70).	Organ	prolapse	or	hypertonicity	of	the
pelvic	 floor	 with	 secondary	 vaginism	 may	 be	 also	 present,	 as	 well	 as
vulvovaginal	 signs	 which	 require	 a	 differential	 diagnosis	 by	 performing
colposcopy	or	carrying	out	bacteriological	analyses	(11).	In	general,	VVA/GSM
is	typically	a	clinical	diagnosis	and	few	laboratory	tests	may	be	used	to	support
the	 evidence.	 Among	 them,	 the	 evaluation	 of	 vaginal	 pH	 and	 the	 vaginal
maturation	index	(VMI)	are	the	most	used	(41).	With	the	VMI	it	 is	possible	 to
identify	 the	 relative	 proportion	 of	 parabasal,	 intermediate,	 and	 superficial
vaginal	epithelial	cells.	Hypoestrogenism	and	atrophy	are	suggested	when	there
is	 a	 dominance	 of	 parabasal	 cells,	 calculated	 on	 specimens	 obtained	 directly
from	 the	 lateral	 upper	 vaginal	 walls.	 Thus,	 the	 shift	 to	 a	 higher	 number	 of
superficial	 cells	 is	 a	 primary	 end-point	 of	 any	 treatments	 prescribed	 to	 relieve
symptoms	 of	 VVA	 (71).	 Even,	 vaginal	 pH	 alone	 is	 a	 simple	 outpatient
procedure,	 influenced	 by	 infections	 and	 intimate	 products,	 which	 reflects	 the
hormonal	milieu	and	its	effects	on	the	vaginal	epithelium.	Indeed,	it	consistently
correlated	with	parabasal	 and	 superficial	 cells	 and	 the	visual	 vaginal	 epithelial
changes	and	symptoms	of	dryness	and	dyspareunia	(72).

In	 both	 clinical	 and	 research	 settings,	 subjective	 assessment	 (the	 MBS
approach)	 and	 objective	 assessments	 of	 VVA	 (measurement	 of	 vaginal
maturation	 index	 and	 vaginal	 pH)	 should	 be	 combined	 according	 to	 a	 recent
systematic	 literature	 search	 (73).	 Even	 though	 a	 high	 rate	 of	 subjective
symptoms	is	associated	with	a	clinical	diagnosis	of	VVA/GSM	in	over	90%	of
the	 cases	 (21),	 objective	 signs	 and	 subjective	 symptoms	 have	 a	 different
prevalence	 distribution	 in	 the	 years	 after	 menopause	 and	 are	 not	 strictly
associated	(35).	However,	self-reported	and	visible	vaginal	dryness	do	correlate
and	together	with	ph>	5,	mucosal	pallor,	and	rugae	thinning	seem	to	be	the	most
important	 objective	 signs	 to	 make	 a	 diagnosis	 (35).	 On	 the	 other	 hand,	 the
presence	 of	 other	 vulvar	 and	 urinary	 signs	 are	 relevant	 to	 the	 severity	 of
VVS/GSM	and	its	impact	on	women's	daily	living	(74).

Notwithstanding	 these	 findings,	 HCPs	 may	 pose	 very	 simple	 questions	 to
facilitate	an	open	conversation	on	urogenital	health	and	to	record	the	variety	of
vaginal,	 vulvar	 and	 urinary	 symptoms.	 Visual	 vaginal,	 vulvar	 and	 pelvic



assessment	 by	 HCPs	 is	 a	 useful	 measure	 for	 diagnosing	 VVA/GSM	 and
assessing	response	to	treatment.	Moreover,	it	may	help	HCPs	to	identify	women
at	risk	of	vaginal	dryness	and	dyspareunia,	and	allow	them	to	proactively	engage
in	conversations	about	sexual	health	(75).	Figure	1	reports	a	very	simple	check-
list	to	diagnose	VVA/GSM	in	routine	clinical	practice.

FIGURE	1.	A	very	simple	check-list	to	diagnose	VVA/GSM	in	routine	clinical	practice.

Women	with	breast	cancer	and	other	gynecological	malignancies	are	at	very
high	 risk	 of	VVA	 and	 associated	 symptoms.	 Indeed,	 endocrine	 chemotherapy,
surgery	and/or	radiation	may	induce	profound	changes	at	urogenital	levels	which
have	to	be	timely	recognized	in	the	oncologic	care	(76,	77).	Moreover,	we	lack
data	on	VVA/GSM	in	women	with	spontaneous	premature	ovarian	insufficiency,
even	though	it	is	likely	that	the	condition	is	more	distressing	due	to	the	younger
age	 of	 these	 patients	 (78).	 Older	 women	 and	 those	 who	 abstain	 from	 sexual
activity	may	suffer	even	more	of	VVA/GSM	with	vaginal	and	introital	stenosis,
fusion	of	 the	 labia	minora	 to	 the	 labia	majora,	 and	other	 urogenital	 conditions
(79).	Preventive	gynecology	is	significantly	challenged	by	the	presence	of	severe
VVA/GSM.	Indeed,	 it	may	be	difficult	 to	adequately	assess	both	cytologic	and
colposcopic	findings	to	prevent	cervical	cancer.	On	the	other	hand,	an	episode	of
postmenopausal	bleeding,	very	common	in	women	with	VVA/GSM,	may	cause
an	urgent	referral	to	exclude	endometrial	cancer	and	other	malignancies.	Finally,
even	 if	 less	 common,	 an	 early	 diagnosis	 of	 cancer	may	be	delayed	by	vaginal
synechiae	and	hematocolpos	due	to	vaginal	occlusion	(80–82).



THE	BURDEN	OF	VVA/GSM	ON	WOMEN'S	SEXUAL
FUNCTION	AND	QUALITY	OF	LIFE	(QOL)

In	the	last	decade,	many	international	surveys	attempted	to	clarify	the	impact	of
VVA/GSM	 on	 sexual	 function	 and	 QoL	 (Table	 2)	 indicating	 that	 a	 proactive
approach	 to	 conversations	 about	 vulvovaginal	 discomfort	 would	 improve
diagnosis	 and	 treatment	 (22).	 Even	 though	 the	 proportion	 of	 women	 who	 are
sexually	 active	 decreases	 with	 advancing	 age,	 the	 value	 of	 discussions	 about
sexual	health	 is	still	high	 in	elderly	women	who	are	 in	partnership	(83).	 In	 the
survey	 of	Midlife	Development	 in	 the	United	 States	 (MIDUS	 II)	women	who
were	married	 or	 cohabitating	 had	 approximately	 8	 times	 higher	 odds	 of	 being
sexually	active,	with	more	 than	30%	of	women	over	65	years	 reporting	sexual
activity	 at	 least	 once	 a	 week	 (84).	 Sexual	 satisfaction	 is	 highly	 dependent	 on
many	psychosocial	aspects	related	to	well-being	(85).	In	addition,	dimensions	of
sexual	 response	 are	 part	 of	 the	 domino	 effect	 of	 menopausal	 symptoms,
including	 weight	 gain,	 depression,	 anxiety	 and	 poor	 physical	 health	 (86).
VVA/GSM	is	a	clear	medical	condition	that	can	be	associated	with	impairment
of	 sexual	 activity	 and	 intimacy	 within	 couples	 at	 menopause	 (19).	 VVA
symptoms	 have	 an	 approximately	 linear	 relationship	 with	 sexual	 functioning
(87)	 and	VVA	correlates	with	 sexual	 inactivity	 in	 the	Hormone	Therapy	 (HT)
Trials	 of	 the	 Women's	 Health	 Initiative	 (WHI)	 (88).	 These	 findings	 are	 in
contrast	 with	 an	 early	 study	 showing	 in	 a	 little	 sample	 of	 pre-	 and
postmenopausal	 women	 that	 current	 sexual	 activity	 was	 not	 associated	 with
differences	 in	 vaginal	 length	 or	 introital	 caliber	 (89).	 On	 the	 other	 hand,	 the
international	 CLOSER	 survey	 investigated	 the	 impact	 of	 VVA	 on
postmenopausal	 women	 and	 on	 male	 partners	 demonstrating	 that	 intimacy
avoidance	was	 attributed	 to	 painful	 sex	 by	 a	 significant	 proportion	 of	women
(55%)	and	men	(61%)	(90).	That	being	so,	the	assessment	of	sexual	well-being
at	menopause	should	rule	out	not	only	the	clinical	signs	of	VVA/GSM	but	also
the	multitude	of	 aspects	 associated	with	 it,	 especially	hypoactive	 sexual	 desire
disorder	 (HSDD)	which	 is	 a	 strong	 determinant	 of	maintaining	 sexual	 activity
and	emotional	intimacy	within	the	relationship	(91).

Table	2.	Most	common	dimensions	affected	by	vulvovaginal	atrophy	(VVA)/genitourinary
syndrome	of	menopause	(GSM)	in	international	surveys.



Cultural	 aspects	 are	 strongly	 related	 to	 the	 interpretation	 of	 results	 from
surveys	 on	 VVA/GSM	 and	 explain	 differences	 in	 reporting	 bothersome
symptoms	 and	 consequences	 associated	 with	 them.	 For	 example,	 women
reporting	VVA	in	Southern	Europe	stopped	having	sex	in	18	%	of	the	cases	(92),
in	Northern	Europe	in	22%	(92),	in	UK	in	27%	(93)	and	in	North	America	(US
and	 Canada)	 in	 29%	 (94).	 In	 addition,	 both	 US	 and	 EU	 REVIVE	 surveys
underlined	 the	 strong	 impact	 of	 VVA	 on	 sexual	 satisfaction	 and	 sexual
spontaneity,	as	well	as	on	intimacy	and	relationship	with	the	partner	(23,	24).	Of
interest,	 EU	 participants	 acknowledged	 a	 significantly	 higher	 impact	 of	 VVA
symptoms	 on	 sexual	 intercourse	 and	 partner	 interaction	 than	 US	 participants,
and	 both	 cohorts	 were	 observed	 to	 have	 differences	 between	 their	 respective
VVA	symptom	profiles	(95).	Apart	cultural	attitudes	in	the	health	care	system	or
in	 the	 importance	 to	 maintain	 sexual	 activity	 over	 time,	 other	 elements	 of
difference	may	be	found	between	US	and	EU	samples	at	baseline,	including	age,
marital	 status,	 education,	 and	 working	 activity	 (95).	 Indeed,	 other	 studies
indicate	 that	 the	 true	 prevalence	 of	 each	 symptom	 and	 the	 rate	 of	 distress
associated	with	it	are	significantly	influenced	by	many	factors,	namely	age	and
sexual	 activity	 (96,	 97).	 Dyspareunia	 is	 generally	 less	 reported	 later	 in	 life
mainly	 because	 older	 women	 are	 less	 likely	 to	 still	 have	 a	 spousal	 or	 other
intimate	 relationship	 (83).	 Behavioral	 profiles	 of	 postmenopausal	women	 play
also	 a	 role	 in	 disclosing	VVA	symptomatology	 and	 actively	 seeking	 treatment
(98).	Data	 collected	 in	 the	CLOSER	 survey	 indicated	 that	 the	VVA	 condition



related	to	many	dimensions	of	womanhood,	in	particular	perception	of	aging	and
poor	 health	 (90,	 99).	 In	 the	 “women's	 voices	 in	 the	menopause”	 survey	 (27),
52%	of	 respondents	with	vaginal	 discomfort	 reported	 an	 impact	 on	 their	QoL.
Both	VIVA	and	CLOSER	international	surveys	further	explored	the	dimension
affected	 by	 self-reported	 VVA	 symptoms	 demonstrating	 an	 influence	 on
working,	 social	 activity	 and	 other	 aspects	 of	 personal	 well-being	 (24,	 25).	 In
addition,	other	data	indicated	that	VVA	is	associated	with	a	clinically	significant
impact	on	QoL	that	may	be	comparable	to	that	seen	in	serious	conditions	such	as
arthritis,	 chronic	 obstructive	 pulmonary	 disease,	 asthma	 and	 irritable	 bowel
syndrome	(100,	101).

The	EVES	study	collected	very	accurate	information	in	a	clinical	population
of	EU	(Italy	and	Spain)	postmenopausal	women	aged	45–75	years	 reporting	at
least	one	subjective	VVA	symptom	and	objectively	diagnosed	with	VVA	during
gynecological	 examination.	 Women	 scored	 19	 potentially	 VVA-related
complaints	on	a	4-point	 severity	scale	 (absent,	mild,	moderate	and	severe)	and
filled	in	both	the	EuroQol	questionnaire	(EQ-5D-3L)	(102)	and	the	Day-to-Day
Impact	of	Vaginal	Aging	(DIVA)	questionnaire	to	measure	the	impact	of	VVA
on	 several	 dimensions	 of	 QoL	 (103).	 Sexual	 function	 and	 distress	 were	 also
evaluated	by	validated	questionnaires	(104,	105).	During	gynecological	clinical
assessment,	 signs	 of	VVA	were	 rated	 in	 order	 to	 calculate	 the	Vaginal	Health
Index	 (68)	 and	 the	 Vulva	 Health	 Index	 (69).	 The	 main	 outcomes	 of	 EVES
showed	that	of	a	total	of	2,160	evaluable	women,	66.3,	30.5,	and	11.2%	suffered
from	 severe	 vaginal,	 vulvar,	 and	 urinary	 symptoms,	 respectively.	 VVA	 was
confirmed	in	more	than	90%	of	the	participants.	Both	generic	and	vaginal	aging-
related	QoL	scores	showed	a	significant	relationship	with	the	different	types	of
severe	VVA	symptoms.	QoL	questionnaires	 displayed	worse	 scores	 in	women
where	 the	 diagnosis	 of	VVA	was	 confirmed	by	gynecologic	 examination.	The
severity	 of	 urinary	 symptoms	 showed	 a	 more	 strong	 impact	 on	 all	 DIVA
components	(daily	activities,	emotional	well-being,	sexual	functioning	and	self-
concept/body	image)	compared	to	vaginal	and	vulvar	symptoms	(74).	This	data
confirmed	 recently	 reported	 observations	 on	 predictors	 of	 impact	 of	 vaginal
symptoms,	in	which	women	with	urinary	incontinence	reported	a	higher	impact
of	 VVA	 symptoms	 on	 three	 of	 the	 four	 DIVA	 dimensions	 (not	 sexual
functioning)	(106).	In	the	Italian	subset	of	1,226	postmenopausal	women,	those
with	objective	confirmation	of	VVA	had	worsened	sexual	function	and	distress
when	compared	with	the	patients	having	only	subjective	VVA	symptoms	(107).
Interestingly	 enough,	 postmenopausal	 women	 with	 VVA	 receiving	 treatment
complained	 of	 more	 severe	 symptoms	 than	 those	 untreated.	 Moreover,	 time
since	 menopause	 was	 significantly	 higher	 in	 women	 treated	 for	 VVA.



Collectively,	EVES	data	indicate	that	VVA	treatments	should	ideally	be	initiated
at	 a	 younger	 age	 when	 symptoms	 commence	 and	 cause	 distress,	 before	 the
condition	becomes	very	severe	and	difficult	to	be	reverted	(108).

GENERAL	PRINCIPLES	FOR	VVA/GSM	TREATMENT

The	 chronic	 nature	 of	 VVA/GSM	 indicates	 that	 effective	 treatments	 should
preferably	 be	 prescribed	 at	 the	 onset	 of	 the	 symptoms	 and	 signs	 of	 atrophic
changes	of	 the	vagina,	early	before	 severe	pictures	of	 the	condition	occur,	and
should	 be	 continued	 over	 time	 in	 order	 to	 maintain	 their	 benefits	 (109).	 The
therapeutic	approach	needs	to	be	personalized	and	women's	preferences	have	to
be	 taken	 into	 account	 because	 the	 level	 of	 comfort	 with	 a	 given	 therapy	 is
strongly	influenced	by	a	multitude	of	individual	and	socio-environmental	factors
(110).	 Apart	 the	 embarrassment	 to	 discuss	 an	 intimate	 condition,	 fears	 of
hormones	 are	 a	major	 barrier	 (24),	 in	 spite	 of	 the	 very	 reassuring	 safety	 data
obtained	 with	 local	 estrogen	 therapy	 (LET)	 (111),	 the	 first-line	 hormonal
treatment	 for	 VVA/GSM	 according	 to	 guidelines	 of	 menopausal	 scientific
societies	(53,	112,	113).	Various	local	estrogen	treatments	are	equally	effecting
in	 reversing	VVA/GSM	symptoms,	 including	dyspareunia	and	other	associated
sexual	dysfunction,	 alone	or	even	combined	with	 systemic	HT.	With	 low-dose
LET,	systemic	estrogen	absorption	is	minimal,	and	serum	estradiol	levels	remain
in	the	postmenopausal	range	permitting	the	use	in	women	with	or	at	high	risk	for
breast	 cancer,	 after	 a	 discussion	 of	 risks	 and	 benefits	 and	 review	 with
oncologists	 (76).	 Local	 androgens,	 such	 as	 DHEA	 pessaries	 and	 testosterone
cream,	 are	 new	 therapeutic	 options	 that	 await	 for	 further	 confirmation	 (49).
Another	 option	 approved	 by	 Medical	 Authorities	 is	 ospemifene,	 a	 third-
generation	selective	estrogen	receptor	modulator,	which	is	an	oral	medication	for
the	 treatment	 of	VVA	associated	 symptoms	 (114).	 It	 is	 currently	 indicated	 for
women,	who	are	not	candidates	for	LET	or	whenever	other	treatments,	including
LET,	were	not	effective	to	relieve	vaginal	dryness	and	dyspareunia	(15).

Non-hormonal	 strategies	 may	 be	 used	 in	 women	 of	 any	 age	 in	 which
hormonal	 treatments	 are	 contraindicated	 or	 co-treating	women	 prescribed	with
systemic/vaginal	hormone	therapy.	The	prescription	of	vaginal	moisturizers	and
lubricants	 and	 the	maintenance	of	 sexual	 activity	may	be	helpful	 in	 improving
vaginal	 dryness-related	 symptoms.	 However,	 a	 few	 clinical	 trials	 have	 been
performed	 to	 assess	 the	 efficacy	 of	 such	 products.	 Lubricants	 are	 short-acting
substances	 (water-,	 silicone-,	 or	 oil-based)	 which	 are	 useful	 to	 reduce	 friction
during	sexual	activity,	whereas	moisturizers	are	longer	acting	than	lubricants	and



may	exert	a	 trophic	effect	(115).	Pelvic	floor	muscle	 training	(PFMT)	program
in	 postmenopausal	women	with	 urinary	 incontinence	 is	 feasible	 and	 improves
VVA/GSM	 symptoms	 and	 signs,	 as	 well	 as	 displays	 a	 positive	 impact	 on
activities	 of	 daily	 living,	 QoL	 and	 sexual	 function	 (116).	 Microablative
fractional	 CO2	 laser,	 the	 non-ablative	 vaginal	 Erbium	 YAG	 laser	 (VEL)	 and
energy-based	 devices	 are	 increasingly	 used	 to	 alleviate	 VVA/GSM	 symptoms
with	promising	results	and	a	good	safety	profile	(117).

VVA/GSM	AS	A	NEGATIVE	MARKER	OF	WOMEN'S
AGING:	IS	THERE	ENOUGH	EVIDENCE?

Urogenital	 and	 sexual	 longevity	 is	 an	 integral	 part	 of	 healthy	 aging	 in
postmenopausal	women	and	 their	partners.	The	severity	of	VVA/GSM	and	 the
type	of	prevailing	symptoms	are	mostly	 influenced	by	the	multitude	of	clinical
phenotypes	 of	 postmenopausal	 women	 depending	 on	 a	 wide	 range	 of
biopsychosocial	variables	which	are	difficult	to	estimate	in	large	scale	trials.	It	is
known	that	women	loose	less	years	of	sexually	active	life	because	of	poor	health
than	 men	 (118).	 This	 data	 confirm	 the	 multidimensional	 nature	 of	 women's
sexuality	 with	 psychosocial	 factors	 (relationship	 satisfaction,	 communication
with	 romantic	 partner,	 and	 importance	 of	 sex)	mattering	more	 than	 biological
aging	to	sexual	satisfaction	among	midlife	and	older	women	(84).	That	being	so,
the	 presence	 of	 severe	VVA/GSM	 cannot	 be	 considered	 a	 negative	marker	 of
general	 health	 as	 it	 had	 been	 demonstrated	 for	 erectile	 dysfunction	 in	 aging
males	 (119).	However,	 coital	 sexual	 activity	 is	 associated	with	 an	 excellent	 or
very	good	general	health	also	in	women,	as	it	is	in	men	(83),	and	it	is	certainly
influenced	by	a	healthy	genital	response.	Even	if	it	has	been	difficult	to	establish
a	 clear	 link	 between	 cardiovascular	 and	metabolic	 health	 and	women's	 sexual
dysfunctions	 (120),	 there	 is	 no	 doubt	 that	 several	 chronic	 conditions	 may	 be
associated	with	poor	 sexual	 functioning	 (121).	 It	 is	 fascinating	 to	 speculate	on
the	 evidence	 that	 vaginal	 dryness	 is	 the	 only	 other	 symptom	 very	 sensitive	 to
estrogen	 deprivation	 apart	 hot-flushes	 (13).	 Given	 the	 clear	 association	 of
vasomotor	symptoms	with	negative	long-term	health	consequences	across	aging
(15),	 we	 cannot	 exclude	 that	 even	 severe	 VVA/GSM	may	 represent	 an	 early
marker	 of	 poor	 general	 health,	 a	 hypothesis	 that	 needs	 further	 exploration	 by
investigating	objective	parameters	of	such	chronic	condition	in	relationship	with
other	 aspects	of	women's	well-being.	 Interestingly,	 baseline	 characteristics	 and
medical	 history	 were	 tabulated	 for	 a	 VVA	 cohort	 identified	 from	 two	 US
administrative	claims	databases	 (9,080	women	aged	40–79	years)	and	matched



controls	without	VVA.	The	mean	age	at	baseline	was	60.2	years	for	both	but	the
Deyo-Charlson	comorbidity	index	was	significantly	higher,	with	a	significantly
higher	 proportion	 of	 women	 in	 the	 VVA	 cohort	 with	 a	 diagnosis	 of	 angina,
osteoporosis,	migraines,	insomnia,	or	anxiety.	As	expected	VVA	patients	had	a
significantly	higher	 incidence	of	each	of	 six	genitourinary	conditions	 (“urinary
tract	 infections,”	 “other/unspecified	 genitourinary	 symptoms,”	 “other
inflammatory	 diseases	 of	 female	 pelvic	 organs,”	 “menopausal	 disorders,”
“female	genital	pain	and	other	symptoms,”	and	“other/unspecified	female	genital
disorders”)	compared	to	controls	(122).

CONCLUSIONS

The	 management	 of	 VVA/GSM	 is	 increasingly	 important	 in	 light	 of	 the
feminilization	 of	 aging.	 Postmenopausal	 women	 are	 becoming	 aware	 that
preserving	urogenital	and	sexual	longevity	is	a	major	step	in	gender	equality	and
healthy	living.	HCPs	should	address	the	issue	in	daily	clinical	practice	with	the
aim	 to	 prevent	 the	 long-term	 health	 consequences	 associated	 with	 estrogen
deprivation	 (123).	 Early	 recognition	 of	 signs	 and	 symptoms	 of	 VVA/GSM,
individual	 counseling	 and	 personalized	 treatment	 strategies	 are	 key-steps	 in
helping	women	to	maintain	QoL.
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The	mineralocorticoid	receptor	(MR)	was	originally	identified	as	a	regulator	of
blood	 pressure,	 able	 to	 modulate	 renal	 sodium	 handling	 in	 response	 to	 its
principal	 ligand	 aldosterone.	 MR	 is	 expressed	 in	 several	 extra-renal	 tissues,
including	 the	 heart,	 vasculature,	 and	 adipose	 tissue.	More	 recent	 studies	 have
shown	that	extra-renal	MR	plays	a	relevant	role	in	the	control	of	cardiovascular
and	metabolic	functions	and	has	recently	been	implicated	in	the	pathophysiology
of	 aging.	 MR	 activation	 promotes	 vasoconstriction	 and	 acts	 as	 a	 potent	 pro-
fibrotic	agent	 in	cardiovascular	 remodeling.	Aging	 is	associated	with	 increased
arterial	 stiffness	 and	 vascular	 tone,	 and	modifications	 of	 arterial	 structure	 and
function	 are	 responsible	 for	 these	 alterations.	 MR	 activation	 contributes	 to
increase	 blood	 pressure	 with	 aging	 by	 regulating	 myogenic	 tone,
vasoconstriction,	and	vascular	oxidative	stress.	Importantly,	aging	represents	an
important	contributor	to	the	increased	prevalence	of	cardiometabolic	syndrome.
In	 the	 elderly,	 dysregulation	 of	MR	 signaling	 is	 associated	with	 hypertension,
obesity,	 and	 diabetes,	 representing	 an	 important	 cause	 of	 increased
cardiovascular	 risk.	 Clinical	 use	 of	 MR	 antagonists	 is	 limited	 by	 the	 adverse
effects	induced	by	MR	blockade	in	the	kidney,	raising	the	risk	of	hyperkalaemia
in	older	patients	with	reduced	renal	function.	Therefore,	there	is	an	unmet	need
for	the	enhanced	understanding	of	the	role	of	MR	in	aging	and	for	development
of	novel	specific	MR	antagonists	in	the	context	of	cardiovascular	rehabilitation
in	the	elderly,	in	order	to	reduce	relevant	side	effects.

Keywords:	 endothelial	 dysfunction,	 mineralocorticoid	 receptor,	 vascular
stiffness,	RAAS,	oxidative	stress

INTRODUCTION

The	mineralocorticoid	 receptor	 (MR)	 is	 essential	 for	 blood	pressure	 regulation
and	electrolyte	and	fluid	homeostasis	(1).	MR	activation	by	aldosterone	evolved
in	 response	 to	 dramatic	 changes	 in	 salt	 stress	 which	 occurred	 during	 the
transition	 from	 aquatic	 to	 terrestrial	 life.	 Indeed,	 aldosterone	 first	 appeared	 in
tetrapods	 (2)	 suggesting	 that	 the	 aldosterone-MR	 system	 was	 necessary	 to
maintain	ion	balance	during	the	transition	from	salt	water	to	land.	In	mammals,
the	kidney	maintains	osmolarity	and	extracellular	sodium	concentration,	as	well
as	 plasma	 volume	 and	 blood	 pressure	 (3).	 Aldosterone	 is	 produced	 by	 the
adrenal	 glands	 and	 represents	 the	 most	 potent	 sodium-retaining	 hormone	 in



mammals	 (4).	 Aldosterone	 secretion	 is	 stimulated	 under	 specific	 conditions,
such	as	the	increase	in	extracellular	K+	ion	concentrations	or	renin-angiotensin-
aldosterone	system	(RAAS)	activation	in	response	to	decreased	vascular	volume
(5,	6).	In	addition	to	its	well-established	role	in	the	kidney,	MR	is	expressed	in
many	 non-epithelial	 tissues	 [i.e.,	 adipose	 tissue	 (AT),	 heart,	 endothelial	 cells,
vascular	 smooth	 muscle	 cells,	 brain,	 etc.].	 In	 this	 context,	 abnormal	 MR
activation	 contributes	 to	 relevant	 cardiovascular	 alterations	 by	 multiple
mechanisms	 including	 enhanced	 oxidative	 stress,	 inflammation,	 fibrosis,
vascular	 tone,	 and	 endothelial	 dysfunction	 (7).	 Importantly,	 MR	 displays	 a
similar	 affinity	 for	 aldosterone	 and	 the	 physiological	 glucocorticoids	 (cortisol
and	 corticosterone)	 (8).	 In	 epithelial	 tissues,	 as	well	 as	 in	 endothelial	 cells	 (9)
and	 smooth	muscle	 cells	 (10),	 the	 enzyme	 11b-hydroxysteroid	 dehydrogenase
type	 2	 (11HSD2)	 is	 able	 to	 convert	 endogenous	 glucocorticoids	 to	 inactive
metabolites	 (11),	 promoting	 MR	 activation	 by	 aldosterone.	 In	 non-epithelial
tissues,	where	expression	of	11HSD2	is	virtually	absent	or	extremely	low,	such
as	brain,	cardiomyocytes,	and	adipose	tissue,	glucocorticoids	represent	the	major
ligand	of	the	MR	(12).

Aging	is	a	universal	and	independent	risk	factor	for	cardiovascular	diseases
(CVD)	including	hypertension,	coronary	artery	disease,	congestive	heart	failure
and	stroke	(13,	14).	According	to	a	report	from	the	American	Heart	Association
(15),	the	incidence	and	prevalence	of	CVD	significantly	increases	with	age,	and
about	two-thirds	of	CVD	deaths	occur	in	people	aged	75	and	older.	To	date,	the
influence	of	aging	on	aldosterone	secretion	and	function	in	humans	is	not	well-
characterized,	 and	 the	 specific	 role	 of	 MR	 activation	 in	 vascular	 aging	 still
awaits	demonstration.	In	animal	models,	MR	contributes	to	rising	blood	pressure
with	 aging	 by	 regulating	 myogenic	 tone,	 vasoconstriction,	 and	 vascular
oxidative	stress	 (16).	Both	oxidative	stress	 (17)	and	 inflammation	 (18)	are	key
factors	in	the	pathophysiology	of	age-related	cardiovascular	disease	in	humans.
Telomeres	 length	 in	 white	 blood	 cells	 can	 be	 considered	 as	 a	 biomarker	 of
oxidative	 stress	 and	 inflammation	 as	 their	 progressive	 attrition,	 due	 to	 cell
replication,	 is	 increased	 by	 oxidative	 stress,	 and	 inflammation	 determines	 an
increase	 in	 white	 blood	 cells	 turnover	 rate.	 White	 blood	 cells	 telomeres	 are
shorter	 in	 CVD	 patients.	 Aldosterone	 is	 known	 to	 accelerate	 cardiovascular
aging	through	processes	that	generate	reactive	oxygen	species	in	several	tissues
as	 well	 as	 in	 white	 blood	 cells	 (19–22)	 and	 an	 inverse	 relationship	 between
circulating	 aldosterone	 and	 white	 blood	 cells	 telomeres	 length	 has	 been
documented	in	normotensive	aged	matched	men	(23).

Several	 recent	 studies	 showed	 that	MR	 expression	 is	 increased	 in	 vascular



smooth	muscle	cells	of	aged	animals	(24,	25).	Molecular	mechanisms	have	also
been	uncovered	by	which	rising	vascular	smooth	muscle	cell	MR	contributes	to
increased	 vasoconstriction	 with	 aging	 (26).	 Moreover,	 recent	 histopathologic
findings	have	clarified	profound	alterations	of	 the	zona	glomerulosa	 in	adrenal
glands	with	 aging,	which	 together	with	 the	 increased	vascular	MR	expression,
may	provide	a	further	explanation	for	enhanced	cardiovascular	risk	in	the	elderly
(27,	28).

In	this	review,	we	will	focus	on	the	age-related	alterations	of	MR	signaling
and	 aldosterone	 secretion	 and	 will	 discuss	 their	 specific	 role	 in	 determining
increased	cardiovascular	risk	in	the	elderly.	Finally,	we	will	address	the	potential
relevance	of	MR	pharmacological	antagonism	in	the	elderly,	in	order	to	increase
arterial	 compliance	 and	 prevent	 cardiovascular	 aging	 and	 the	 associated
morbidity	and	mortality.

RAAS	ALTERATIONS	WITH	AGING

Several	studies	have	shown	that	older	healthy	individuals	display	a	reduction	in
renin-angiotensin-aldosterone	 system	 (RAAS)	 activity,	 with	 decreased	 plasma
renin	 activity	 and	 lower	 levels	 of	 plasma	 renin	 and	 aldosterone	 under	 basal
conditions	(hyporeninaemic	hypoaldosteronism)	(29–33).	The	decline	in	plasma
renin	with	age	has	been	attributed	to	the	effect	of	age-associated	nephrosclerosis
(34).	 Human	 studies	 with	 small	 sample	 sizes	 suggested	 that	 older	 individuals
secrete	 less	 aldosterone	 than	 younger	 ones	 (35),	 resulting	 in	 a	 greater	 risk	 for
hyperkalemia	 in	 older	 individuals	 (36),	 especially	when	 coupled	with	 the	 age-
associated	 decline	 in	 glomerular	 filtration	 rate	 (GFR).	 Accordingly,	 renin
synthesis	and	release	gradually	decrease	 in	aging	rats,	 resulting	 in	 lower	 levels
of	plasma	renin	(37).	Moreover,	older	subjects	also	show	an	impaired	ability	to
trigger	 adequate	 responses	 to	 RAAS	 stimuli,	 such	 as	 orthostatic	 hypotension,
potassium	infusion	or	sodium	depletion	(29,	38).

These	 age-related	 RAAS	 alterations	 have	 been	 attributed	 to	 different
mechanisms	occurring	with	aging,	namely:	(i)	glomerulosclerosis	and	reduction
in	 functional	 nephrons	 (39–41);	 (ii)	 impaired	 function	 of	 juxtaglomerular
apparatus	 (e.g.,	 reduced	 sympathetic	 stimulation	 of	 the	 juxtaglomerular
apparatus)	 (39);	 (iii)	 reduced	 renal	 production	 of	 kallikrein	 (a	 serine	 protease
contributing	 to	 the	synthesis	of	active	renin);	and	(iv)	reduced	angiotensinogen
synthesis	by	the	liver	(39,	42).

Importantly,	age-related	changes	in	RAAS	activity	lead	older	individuals	to
reduced	 ability	 to	 reabsorb	 sodium	 and	 reduced	 renal	 tubular	 potassium



excretion,	 resulting	 in	 higher	 risk	 for	 volume	 depletion,	 hyponatremia	 and/or
hyperkalemia	(36).	Of	note,	the	risk	for	hyperkalemia	is	further	enhanced	under
specific	 conditions,	 such	 as	 metabolic	 acidosis,	 reduction	 in	 GFR,	 or	 use	 of
drugs	 inhibiting	 renal	 tubular	 potassium	 excretion	 [i.e.,	 angiotensin	 converting
enzyme	 (ACE)	 inhibitors,	 angiotensin	 II	 (Ang	 II)	 type	 1	 (AT1)	 receptor
antagonists,	MR	antagonists,	non-steroidal	anti-inflammatory	drugs	(43)].

Recent	 reports	 clarified	 the	 histopathological	 changes	 occurring	 in	 adrenal
glomerulosa	 cells	 with	 aging	 (27).	 The	 development	 of	 specific	 antibodies
against	aldosterone	synthase	(CYP11B2—the	enzyme	required	for	the	final	step
of	aldosterone	production)	recently	allowed	the	detection	of	non-neoplastic	foci
of	 CYP11B2-expressing	 cells	 in	 the	 adrenal,	 referred	 to	 as	 aldosterone-
producing	cell	clusters	(APCC),	which	are	commonly	observed	in	normal	human
adrenals.	 Interestingly,	 recent	 studies	 revealed	 that	 the	 classic	 continuous
CYP11B2	expression	pattern	within	adrenal	zona	glomerulosa	 is	gradually	 lost
with	 aging,	 whereas	 accumulation	 of	 APCC	 in	 adrenal	 glands	 is	 frequently
observed	 with	 advancing	 age.	 A	 direct	 evidence	 that	 APCC	 autonomously
secrete	 aldosterone	 still	 awaits	 demonstration;	 however,	 aging	 is	 characterized
by	 the	 transition	 from	 a	 physiological	 aldosterone	 regulation	 to	 a	 pattern	 of
renin-independent	aldosterone	secretion,	which	could	be	sustained	by	increased
number	 in	 APCC	 (28),	 and	 may	 account,	 at	 least	 in	 part,	 for	 the	 increased
cardiovascular	risk	observed	in	the	elderly	(27).

Finally,	 it	 has	 been	 also	 shown	 that	 aging	 is	 associated	 with	 a	 decline	 in
11HSD2	activity,	which	results	 in	 renin	suppression	and	cortisol-mediated	MR
activation	 (44),	 thus	 providing	 another	 potential	mechanism	 for	 enhanced	MR
activation	with	aging.

Together,	previous	studies	from	both	humans	and	animals	provide	evidence
of	altered	RAAS	activity	and	secretion	with	aging,	which	play	a	pivotal	role	in
pathogenesis	of	CVD.

ROLE	OF	THE	MINERALOCORTICOID	RECEPTOR	IN
VASCULAR	DYSFUNCTION	WITH	AGING

Aging	is	associated	with	structural,	mechanical	and	functional	alterations	in	the
vasculature	 that	 are	 characterized	 by	 augmented	 vasoconstriction,	 reduced
elasticity	 and	 distensibility,	 vascular	 stiffening,	 and	 impaired	 endothelial
function	 (14,	 45).	 These	 aging-related	 vascular	 changes	 contribute	 to
cardiovascular	 disease	 and	 may	 be	 reversible;	 therefore,	 elucidating	 the
mechanisms	 driving	 vascular	 aging	 has	 substantial	 potential	 to	 identify	 new



therapeutic	 targets	 to	prevent	or	reverse	vascular	aging,	 thereby	attenuating	the
high	CVD	burden	in	the	rapidly	growing	elderly	population.

In	addition	to	the	traditional	role	of	renal	MR	in	regulating	blood	pressure	by
promoting	sodium	retention	in	the	kidney	(46),	accumulated	data	in	the	past	two
decades	 indicate	 that	 MR	 is	 also	 expressed	 in	 the	 vasculature,	 including	 the
smooth	muscle	cells,	 that	contribute	 to	vascular	 structure	and	vasoconstriction,
and	 the	 endothelial	 cells,	 that	 contribute	 to	 barrier	 function	 and	 inflammation
and	thrombosis	when	injured	(9,	10,	26).	Substantial	evidence	support	that	MR
in	 vascular	 cells	 contributes	 to	 CVD	 [reviewed	 elsewhere	 (47,	 48)].	 Animal
studies	 have	 demonstrated	 that	 treatment	 with	 MR	 antagonists	 ameliorates
vascular	 remodeling	 and	 dysfunction	 in	 the	 setting	 of	 CVD	 risk	 factors,
including	 aging,	 western	 diet-induced	 obesity	 and	 hypertension,	 without
significantly	 altering	 blood	 pressure	 (49–52),	 suggesting	 direct	 effects	 of	MR
antagonism	 on	 the	 vasculature.	 In	 clinical	 studies,	 MR	 antagonist	 treatment
reduced	vascular	stiffness	in	elderly	patients	particularly	with	hypertension	(53,
54).

MR	expression	increases	in	the	vasculature	with	aging.	Krug	et	al.	found	that
MR	gene	expression	is	higher	in	aortas	from	aged	rat	(30	months	of	age)	than	in
aortas	 from	 adult	 rat	 (8	months	 of	 age),	 and	 that	MR	 protein	 expression	 was
increased	with	aging	in	isolated	rat	aortic	smooth	muscle	cells	(24).	More	recent
studies	 have	 similarly	 shown	 increased	 MR	 gene	 expression	 in	 mouse
mesenteric	resistance	arteries	with	aging	(25).	To	investigate	the	specific	role	for
vascular	 smooth	 muscle	 cells	 MR	 in	 age-related	 mechanical	 and	 functional
changes	 in	 the	 vasculature	 with	 aging,	mice	 with	 smooth	muscle	 cell-specific
deficiency	of	MR	(SMC-MR-KO)	have	been	generated	(26).	Using	these	mice,
McCurley	 et	 al.	 found	 that	 the	moderate	 rise	 in	 blood	 pressure	 with	 aging	 in
mice	 is	 prevented	 in	 SMC-MR-KO	 mice,	 without	 defects	 in	 renal	 function.
Compared	 to	 aged	 MR-intact	 mice,	 12	 month-old	 SMC-MR-KO	 mice	 also
showed	 decreased	myogenic	 tone,	 vasoconstriction,	 and	 voltage-gated	 calcium
channel	 expression,	 and	 decreased	 oxidative	 stress	 both	 at	 baseline	 and	 in
response	to	Ang	II	(26).	These	findings	indicate	a	direct	contribution	of	smooth
muscle	cells-MR	to	increased	vasoconstriction,	vessel	tone,	and	oxidative	stress
in	aging	vessels,	which	may	contribute	 to	 the	 inexorable	rise	 in	blood	pressure
with	 aging.	 Further	 exploration	 of	 the	mechanism	 by	 unbiased	 global	miRNA
expression	 profiling	 in	 mouse	 aortas,	 identified	 microRNA	 (miR)-155	 as	 the
most	down-regulated	miRNA	in	the	aging	vasculature.	Interestingly,	such	down-
regulation	 was	 prevented	 in	 SMC-MR-KO	 mice	 (25).	 DuPont	 et	 al.	 further
demonstrated	 that	 MR	 transcriptionally	 represses	 the	 miR-155	 host	 gene



promoter.	 Thus,	 the	 increase	 in	 vascular	 MR	 expression	 with	 aging	 was
associated	 with	 repression	 of	 miR-155	 and	 increased	 expression	 of	 miR-155
target	genes	 including	 the	L-type	calcium	channel	 (LTCC)	 subunit	Cav1.2	and
the	 Ang	 II	 type	 1	 receptor	 (Agtr1),	 which	 are	 known	 to	 contribute	 to
vasoconstriction	 and	 vascular	 oxidative	 stress	 with	 aging.	 These	 aging	 effects
were	prevented	in	SMC-MR-KO	mice	further	supporting	this	as	a	mechanism	by
which	smooth	muscle	cells-MR	contributes	to	increased	vasoconstriction,	vessel
tone	and	oxidative	stress	during	aging	(25).

Smooth	muscle	 cells-MR	was	also	 recently	 found	 to	 contribute	 to	vascular
structural	 changes	 with	 aging	 that	 determine	 vascular	 stiffening	 (16),	 a
prominent	 consequence	 of	 aging	 in	 humans	 that	 correlates	 with	 risk	 of
cardiovascular	 events	 (14,	 45,	 55).	 Although	 multiple	 CVD	 risk	 factors
accelerate	vascular	stiffening,	aging	 itself	 is	associated	with	vascular	stiffening
that	 can	 occur	 independently	 and	 may	 even	 contribute	 to	 the	 development	 of
other	 risk	 factors	 including	 hypertension	 (55–57).	 An	 important	 cause	 of
vascular	 stiffness	 is	 excessive	 vascular	 fibrosis	 and	 reduced	 elasticity	 (45).
Comparison	 of	 vascular	 stiffness	 with	 aging	 in	 MR-intact	 mice	 revealed
increased	 aortic	 stiffness	 in	 12	month-	 and	 18	month-old	mice	 compared	 to	 3
month-old	mice,	along	with	increased	fibrosis	in	aorta,	carotid	arteries	and	renal
arterioles.	 These	 aging-associated	 increases	 in	 vascular	 stiffness	 and	 fibrosis
were	mitigated	in	SMC-MR-KO	mice	(16).	Gene	expression	profiling	in	aortas
revealed	that	MR	deletion	in	smooth	muscle	cells	induces	a	distinct	anti-fibrotic
gene	 profile	 in	 the	 aging	 vasculature,	 including	 downregulation	 of	 well-
characterized	pro-fibrotic	genes	such	as	connective	tissue	growth	factor	(CTGF),
matrix	metalloprotease-2	 (MMP2),	 and	 bone	morphogenetic	 protein-4	 (BMP4)
(16),	that	contribute	to	vascular	fibrosis	(14,	45).	These	findings	indicate	a	role
for	smooth	muscle	cell-MR	in	vascular	aging	as	a	 transcriptional	regulator	 that
activates	 pro-fibrotic	 genes	 with	 aging,	 consistent	 with	 prior	 studies	 showing
that	aldosterone	activates	pro-fibrotic	genes	in	mouse	vessels	(58)	and	in	human
coronary	 artery	 smooth	 muscle	 cells	 (10).	 Moreover,	 long-term	 treatment	 of
aged	mice	with	MR	antagonist	prevented	the	progression	of	vascular	stiffening,
reduced	 vascular	 fibrosis	 and	 induced	 a	 similar	 anti-fibrotic	 gene	 signature	 as
smooth	muscle	cell-MR	gene	deletion	(16).	A	small	cohort	study	in	humans	also
showed	that	MR	antagonism	treatment	for	1	month	reduced	fibrotic	biomarkers
in	 the	 serum	 from	 elderly	 patients	 compared	 to	 placebo	 treatment	 (16).
Altogether,	 the	 available	 preclinical	 data	 reveal	 that	MR	expression	 in	 smooth
muscle	 cells	 of	 the	 vasculature	 increases	 with	 aging	 and	 induces	 structural,
mechanical,	 and	 functional	 changes	 in	 vessels	 that	 contribute	 to	 vascular
stiffness	 and	 to	 rising	 blood	 pressure	 with	 age	 (Figure	 1).	 Mechanistically,



smooth	 muscle	 cell-MR	 contributes	 to	 functional	 and	 structural	 alterations	 of
vessels	with	aging	through	the	role	of	MR	as	a	transcriptional	regulator	of	genes
associated	with	vascular	tone,	oxidative	stress	and	fibrosis.	Although	larger	and
longer	 clinical	 studies	 in	 elderly	 humans	 are	warranted,	 these	 findings	 support
the	potential	benefits	of	MR	antagonism	 to	 treat	vascular	aging	and	associated
morbidity	with	aging.

FIGURE	1.	Diagram	represents	signaling	for	the	contribution	of	mineralocorticoid	receptor
(MR)	in	smooth	muscle	cell	(SMC)	to	vascular	aging.	Rises	in	SMC-MR	expression	with	aging
suppress	miR-155,	leading	to	the	up-regulation	of	angiotensin	type	1	receptors	(AgtR1)	and	L-
type	calcium	channels	(LTCC),	resulting	in	increased	calcium	influx	and	reactive	oxygen
species	(ROS)	production.	This	signaling	causes	enhanced	vasoconstriction	and	oxidative
stress.	Also,	increased	MR	in	SMC	with	aging	contributes	to	transcriptional	activation	of	pro-
fibrotic	genes,	leading	to	increased	vascular	fibrosis.	These	structural	and	functional	changes
with	aging	via	MR	in	SMC	result	in	hypertension	and	vascular	stiffening.	CTGF,	connective
tissue	growth	factor;	MMP2,	matrix	metalloproteinase-2;	BMP4,	bone	morphogenetic	protein-4;
TGFβ,	transforming	growth	factor	beta;	Col1a1,	collagen	type-1	alpha-1;	Col3a1,	collagen
type-3	alpha-1;	Cav1.2,	calcium	channel;	voltage-dependent;	L	type,	alpha	1C	subunit.

To	our	knowledge,	 the	 specific	 role	of	MR	 in	other	vascular	 cells,	 such	as
endothelial	cells,	myeloid	cells,	fibroblasts,	or	perivascular	adipose	cells,	has	not
been	 directly	 investigated	 in	 the	 setting	 of	 aging.	 However,	 studies	 have
demonstrated	 that	 endothelial	 cell-specific	 MR	 deficiency	 or	 MR	 antagonists
treatment	in	mice	prevents	hormone-	or	diet-induced	increases	in	endothelial	cell
stiffness,	 oxidative	 stress,	 leukocyte	 adhesion	 and	 the	 associated	 decrease	 in
nitric	 oxide	 (NO)	 production	 (59,	 60),	 which	 are	 prominent	 features	 of	 age-
related	vascular	dysfunction	(48).	In	addition,	although	smooth	muscle	cell	MR
does	not	contribute	to	atherosclerosis	(61),	endothelial	cell	MR	has	recently	been
implicated	 in	 vascular	 inflammation	 in	 mouse	 models	 of	 atherosclerosis,
specifically	 in	males	 (62).	Prior	studies	have	also	 implicated	MR	expressed	by



myeloid	 cells	 in	 atherosclerosis,	 in	 vascular	 inflammation,	 fibrosis	 and
remodeling	 as	well	 as	T-cell	MR	 in	 hypertension	 (63–65).	 Thus,	MR	 in	 other
cells	 contributes	 to	 important	 vascular	 phenotypes	 that	 are	 known	 to	 be
associated	 with	 vascular	 aging,	 supporting	 the	 need	 for	 future	 studies	 to
investigate	directly	the	roles	for	non-smooth	muscle	cells	MR	in	vascular	aging.

ROLE	OF	MINERALOCORTICOID	RECEPTOR	IN
MYOCARDIAL	DYSFUNCTION	WITH	AGING

The	 aging	 heart	 is	 characterized	 by	 various	 functional	 and	 structural	 changes,
partially	resembling	some	of	the	features	observed	in	animal	models	of	increased
MR	 activation	 (66),	 such	 as	 inflammation,	 oxidative	 stress,	 collagen
accumulation	and	fibrotic	remodeling	(66–68).	A	growing	body	of	evidence	has
suggested	an	important	contribution	of	aldosterone	and	MR	activation	to	cardiac
remodeling	 and	 heart	 failure	 (69,	 70).	 MR	 expression	 was	 first	 detected	 in
cardiomyocytes	and	endothelial	cells	of	atria	and	ventricles	almost	30	years	ago
(71).	 In	 the	 myocardium,	 MR	 is	 also	 expressed	 in	 cell	 types	 other	 than
cardiomyocytes,	 including	 coronary	 vasculature	 and	 macrophages	 (71,	 72).
Interestingly,	 experimental	 studies	 have	 shown	 that	mice	with	 cardiomyocyte-
specific	 overexpression	 of	 MR	 display	 oxidative	 stress-mediated	 coronary
endothelial	 dysfunction	 and	 increased	 expression	 of	 pro-fibrotic	markers	 (e.g.,
CTGF)	 (67,	 69,	 73).	 Wilson	 et	 al.	 demonstrated	 that	 rats	 exposed	 to
mineralocorticoids	excess	undergo	a	series	of	inflammatory	and	oxidative	stress
responses	before	the	onset	of	myocardial	hypertrophy	or	fibrosis	(74).	A	recent
publication	 by	 Kim	 et	 al.	 indicates	 that	 smooth	 muscle	 cell-MR	 deletion
attenuates	aging-associated	increases	in	cardiac	stiffness.	The	increase	in	cardiac
systolic	 stiffness	 with	 aging	 correlated	 with	 the	 degree	 of	 aortic	 stiffness,
suggesting	that	cardiac	benefits	of	smooth	muscle	cell	MR	deletion	in	mice	may
be	secondary	to	the	prevention	of	vascular	stiffening	(16).

Macrophage	MR	has	been	also	found	to	play	a	key	role	in	mediating	cardiac
tissue	 remodeling,	 stimulating	 the	 pro-inflammatory	 macrophage	 M1-like
phenotype	 (known	 as	 “classically	 activated”	 macrophages)	 and	 regulating	 the
transcription	of	different	 inflammatory	and	pro-fibrotic	markers,	such	as	 tumor
necrosis	factor	α	(TNFα)	and	transforming	growth	factor	β1	(TGF-β1)	(68,	75).
MR	is	also	expressed	on	T	lymphocytes	and	its	overactivation	upregulates	CD8+
cytotoxic	 T	 cells	 and	 T	 helper	 17	 (Th17)	 cells	 infiltrating	 in	 the	 heart.	 Other
studies	showed	that	MR	antagonism	decreases	Th17	polarization	and	induces	the
T	 regulatory	 cells	 phenotype	 (76,	 77).	 Interestingly,	 pharmacological	 MR



antagonism	 decreased	 the	 accumulation	 and	 activation	 of	 CD4+	 and	 CD8+	 T
cells	 in	 the	 murine	 heart	 and	 T	 cells	 specific	 MR-knockout	 mice	 displayed
reduced	cardiac	hypertrophy,	fibrosis,	and	dysfunction	(78).	Moreover,	 the	MR
selective	antagonist	eplerenone	improved	the	adverse	cardiac	effects	of	aging	in
spontaneously	hypertensive	rats,	reducing	myocardial	fibrosis	and	improving	left
ventricular	diastolic	function	and	coronary	hemodynamics	(79).

MR	 activation	 can	 also	 affect	 myocardial	 electrical	 function,	 potentially
causing	lethal	cardiac	arrhythmias	associated	with	heart	failure	(70,	80).	Gómez
et	 al.	 demonstrated	 that	 the	 overstimulation	 of	 cardiac	 MR	 pathway	 leads	 to
increased	ryanodine	receptor	activity	and	 long-lasting	and	broader	spontaneous
calcium	sparks,	which	potentially	predispose	to	arrhythmias	(81).	Another	study
has	shown	that	transgenic	mice	with	cardiac-selective	overexpression	of	human
MR	exhibit	a	high	rate	of	death	due	to	ion	channel	remodeling	(reduced	outward
K+	 transient	 current,	 increased	 Ca2+	 influx),	 which	 results	 in	 prolonged
ventricular	 repolarization	 and	 fatal	 ventricular	 arrhythmias	 in	 absence	 of
structural	 cardiac	 defects.	 Importantly,	 administration	 of	 spironolactone	 in
pregnant	 mice	 was	 able	 to	 prevent	 embryonic	 and	 postnatal	 death	 in	 the
offspring,	 suggesting	 that	 offspring	 lethality	 was	 highly	 related	 to	 MR
overexpression	and	activation	(82).

Atrial	 fibrillation	 is	 the	 most	 frequent	 cardiac	 arrythmias	 in	 the	 elderly
population	 (83).	 Interestingly,	 Tsai	 et	 al.	 found	 that	 atrial	 MR	 expression	 is
significantly	higher	in	patients	with	atrial	fibrillation	compared	with	individuals
with	 normal	 sinus	 rhythm.	 In	 the	 same	 study,	 aldosterone	 increased	 the
expression	of	α-1G	and−1H	subunits	of	the	T-type	calcium	channel	in	cultured
murine	HL-1	 atrial	myocytes,	 leading	 to	 increased	T-type	 calcium	current	 and
calcium	 overload,	 which	 was	 attenuated	 by	 the	 mineralocorticoid	 antagonist
spironolactone	(84).	Accordingly,	although	there	is	no	evidence	showing	a	direct
role	of	MR	dysfunction	in	aging	causing	atrial	fibrillation,	we	can	speculate	that
increased	MR	 signaling	 in	 heart	 tissue,	 due	 to	 aging,	 could	 represent	 a	 causal
link	between	aging	and	atrial	fibrillation.	Further	studies	are	needed	to	directly
explore	this	possibility.

In	 summary,	 accumulating	 data	 demonstrate	 that	MR	contributes	 to	 aging-
associated	 myocardial	 dysfunction	 with	 cell	 type-dependent	 mechanisms
revealed	 by	 animal	 studies,	 thus	 supporting	 the	 potential	 benefits	 of	 MR
antagonism	to	treat	cardiac	dysfunction,	especially	in	elderly	population.

ROLE	OF	MINERALOCORTICOID	RECEPTOR	IN
ENDOTHELIAL	DYSFUNCTION	AND	INFLAMMATION



WITH	AGING

Very	 little	 is	 known	 about	 the	 role	 of	 aldosterone	 and	 MR	 activation	 in	 the
vasculature	 in	 the	 context	 of	 healthy	 human	 aging.	 Healthy	 endothelial	 cells
secrete	 vasodilator	 mediators	 which	 activate	 signaling	 pathways	 inducing
smooth	muscle	cells	to	relax	and	leading	to	vasodilation	(85).	Nitric	oxide	(NO)
is	produced	by	healthy	ECs	after	activation	of	endothelial	nitric	oxide	synthase
(eNOS).	 NO	 represents	 a	 major	 mediator	 of	 endothelial-dependent
vasorelaxation	 (86,	 87).	 In	 patients	 with	 cardiovascular	 risk	 factors,	 such	 as
hypertension,	 obesity	 and	 diabetes,	 extensive	 data	 demonstrate	 that	 MR
activation	 contributes	 to	 endothelial	 dysfunction,	 through	 impairment	 of
vasodilation	 induced	 by	 the	 endothelium	 (22,	 85,	 88–91).	 In	 human	 coronary
endothelial	 cells,	 MR	 regulates	 several	 genes	 involved	 in	 inflammation	 and
oxidative	 stress	 (9,	 10).	 It	 is	 known	 that	 MR	 activation	 in	 endothelial	 cells
contributes	to	cardiac	inflammation	and	remodeling	by	promoting	the	expression
of	vascular	cell	adhesion	molecule	1	(VCAM1),	as	shown	in	animal	models	of
hypertension	 (92).	 Moreover,	 aldosterone-mediated	 endothelial	 MR	 activation
leads	 to	 the	overexpression	of	 the	 intracellular	adhesion	molecule-1	(ICAM-1),
thereby	 enhancing	 leukocyte	 adhesion	 to	 coronary	 artery	 endothelial	 cells	 (9,
93).	 In	 vivo,	 MR	 in	 the	 endothelium	 contributes	 to	 ICAM-1	 and	 E-selectin
expression	 thereby	 contributing	 to	 leukocyte	 slow	 rolling	 and	 adhesion	 to	 the
vasculature,	a	critical	step	in	the	process	of	inflammation	(62).

Reactive	oxygen	species	have	also	been	suggested	to	mediate	the	detrimental
effects	of	aldosterone	in	the	vasculature	through	MR	activation	(94,	95).	Arterial
superoxide	levels	increase	with	aging,	in	part	because	of	the	excessive	activity	of
NADPH	 oxidase.	 Increased	 oxidative	 stress	 leads	 to	 the	 inactivation	 of	 nitric
oxide	 (96)	 and	 consequent	 arterial	 stiffness	 (97).	 Several	 studies	 showed	 that
MR	 activates	 NADPH	 oxidase-dependent	 superoxide	 production	 (22,	 90)	 and
MR	blockade	decreases	NADPH	oxidase	activity,	reduces	superoxide	formation,
and	improves	nitric	oxide	bioavailability	(98).	Importantly,	the	sensitivity	of	the
MR	to	aldosterone	is	enhanced	in	arteries	from	aged	and/or	hypertensive	humans
(99).	 In	 animal	 models	 with	 enhanced	 cardiovascular	 risk,	 endothelial
dysfunction	 is	 driven	 by	 aldosterone	 activation	 of	 endothelial	 cell-MR.
Spironolactone	 significantly	 improved	 endothelial	 function	 in	 middle	 cerebral
artery	 in	 a	 spontaneously	 hypertensive	 rat	 model	 (100).	 Moreover,
pharmacological	MR	inhibition	or	selective	deletion	of	MR	in	endothelial	cells
prevented	 impaired	 vasodilation	 in	 a	 model	 of	 diet-induced	 obesity	 (101)
specifically	 in	 females	 (102).	Finally,	 selective	endothelial	cell	MR	deletion	 in



mice	 improved	 endothelial	 dysfunction	 upon	 a	 challenge	 of	 Ang	 II	 induced
hypertension	(103).

Only	few	clinical	studies	evaluated	the	effects	of	MR	antagonists	on	arterial
stiffness	 in	 hypertensive	 patients.	 In	 two	 different	 studies,	 eplerenone	 showed
higher	 efficacy	 in	 reducing	 arterial	 stiffness	 than	 atenolol	 and	 a	 thiazide	 type
diuretic	 (53,	 104).	 On	 the	 other	 hand,	 a	 study	 comparing	 eplerenone	 and
amlodipine	 showed	 that	 the	 aortic	 pulse	 wave	 velocity	 decreased	 similarly	 in
both	groups	(105).	Interestingly,	in	a	randomized	study	conducted	by	Hwang	et
al.	 on	 healthy	 older	 adults	 free	 from	 overt	 cardiovascular	 disease,
pharmacological	 inhibition	of	MR	did	not	decrease	oxidative	stress	nor	 lead	 to
improved	arterial	stiffness	and	wave	reflections.	These	findings	suggest	that	MR
may	not	substantially	contribute	to	oxidative	stress	in	healthy	human	aging	in	the
absence	of	additional	risk	factors	(106).	The	same	authors	also	showed	that	acute
inhibition	 of	 MR	 in	 healthy	 aged	 adults	 led	 to	 impairments	 in	 vascular
endothelial	 function,	 suggesting	 that	 the	 MR	 may	 induce	 beneficial
physiological	 actions	 in	 regulating	 eNOS	 activity	 and	 flow-mediated
endothelium-dependent	dilation	in	healthy	aging	(107).	Vascular	smooth	muscle
responsiveness	 to	 exogenous	 nitric	 oxide	 was	 not	 influenced	 by	 acute	 MR
antagonism	 in	 this	 population.	 Similarly,	 acute	MR	 antagonism	 did	 not	 affect
systemic	blood	pressure	or	circulating	and	endothelial	cell	markers	of	oxidative
stress	and	 inflammation	 (107).	Other	studies	demonstrated	 that	MR	deletion	 in
endothelial	 cells	 does	 not	 inhibit	 endothelium-dependent	 relaxation	 in	 healthy
aorta	(101),	mesentery	and	coronary	arteries	(103).	Conversely,	in	subjects	with
CVD	 risk	 factors,	 endothelial	 dysfunction	 seems	 to	 be	 dependent	 on	 MR
activation.	 In	 this	 regard,	 studies	 conducted	 in	 animal	models	 suggest	 that	 the
specific	 role	 of	MR	 activation	 in	 endothelial	 function	 depends	 on	 endothelial
health	 and	 integrity	 (102,	 108).	 Thus,	 it	 can	 be	 speculated	 that	MR	 activation
determines	the	induction	of	a	vasodilatory	response	in	healthy	endothelium,	and
a	 vasoconstriction	 response	 (potentially	mediated	 by	 smooth	muscle	 cell–MR)
when	the	endothelium	is	stressed	or	damaged.

Aging	 is	 associated	with	 a	 progressive	worsening	 of	 several	 physiological
processes,	leading	to	an	increased	risk	of	diseases,	particularly	at	cardiovascular
level	 (13,	 14).	 Aging	 causes	 a	 pro-inflammatory	 state,	 remodeling	 of	 the
vasculature,	 endothelial	 dysfunction	 and	 excessive	 production	 of	 reactive
oxygen	species	(13,	14,	96,	109),	mainly	by	increased	expression	and	activity	of
NAD(P)H	 oxidase,	 which	 is	 not	 efficiently	 countered	 by	 antioxidant	 enzymes
(110,	111).	In	the	elderly,	oxidative	stress	represents	the	most	important	cause	of
epigenetic	modification	(112)	of	the	genes	encoding	for	the	antioxidant	enzyme



superoxide	 dismutase	 (113).	 In	 addition,	 the	 increased	 endoplasmic	 reticulum
stress	and	proteasome	activity	elicits	the	process	of	unfolded	protein	response	in
vascular	 smooth	 muscle	 cells,	 monocytes,	 and	 endothelial	 cells	 (114).	 In	 this
particular	 context	 of	 unhealthy	 aging,	 characterized	 by	 vascular	 damage,
endothelial	 cell-MR	 activation	 can	 amplify	 cardiovascular	 adverse	 outcomes,
exacerbating	 vascular	 stiffness	 through	 the	 induction	 of	 augmented	 reactive
oxygen	 species	 production,	 collagen	 deposition,	 and	 vascular	 inflammation	 (9,
94,	 95),	 resulting	 in	 altered	 vasodilation,	 endothelial	 dysfunction,	 and
atherosclerosis	(Figure	2).

FIGURE	2.	Aging	is	associated	with	vascular	damage	characterized	by	inflammation,	vascular
thickening,	arterial	stiffness	and	overproduction	of	reactive	oxygen	species	(ROS).	In	this
setting,	mineralocorticoid	receptor	(MR)	activation	in	endothelial	cells	can	contribute	to	amplify
cardiovascular	adverse	outcomes,	exacerbating	vascular	stiffness	through	the	induction	of
augmented	ROS	production,	vascular	inflammation	and	collagen	deposition,	finally	leading	to
endothelial	dysfunction	and	atherosclerosis.	eNOS,	endothelial	nitric	oxide	synthase;	NOX4,
NADPH	Oxidase	4;	ICAM1,	Intercellular	Adhesion	Molecule	1;	VCAM1,	vascular	cell	adhesion
molecule	1.

In	 summary,	 a	 large	 body	 of	 evidence	 indicate	 that	 endothelial	 cell-MR	 is
implicated	in	the	pathological	outcomes	of	cardiovascular	risk	factors,	which	are
also	 highly	 associated	 with	 aging.	 Future	 studies	 are	 needed	 to	 determine	 if
endothelial	cell-MR	plays	a	direct	role	in	cardiovascular	aging	in	animal	models
and	humans.

MR	ANTAGONISTS	IN	THE	ELDERLY:	CLINICAL	STUDIES

MR	antagonists	are	largely	used	for	the	treatment	of	resistant	hypertension	and



hearth	failure	(HF)	(115),	which	represent	highly	prevalent	diseases	among	older
individuals	 (116,	 117).	 In	 this	 context,	 several	 clinical	 trials	 demonstrated	 that
cardiovascular	morbidity	and	mortality	are	significantly	reduced	from	the	use	of
MR	antagonists	in	moderate	to	severe	heart	failure	with	reduced	ejection	fraction
(HFrEF)	 (118–120).	 In	 the	 double-blind	 Randomized	 Aldactone	 Evaluation
Study	 (RALES),	 1,663	 patients	 with	 severe	 HFrEF	 and	 an	 average	 age	 of	 65
years	were	 randomly	 assigned	 to	 receive	 the	MR	 antagonist	 spironolactone	 or
placebo.	 After	 a	 mean	 follow-up	 period	 of	 24	 months,	 individuals	 from	 the
spironolactone	 group	 showed	 a	 significant	 improvement	 in	 the	 symptoms	 of
heart	 failure	and	a	significant	 reduction	 in	mortality,	 the	 latter	attributed	 to	 the
lower	risk	of	death	from	cardiac	causes	(118).	Thereafter,	the	Eplerenone	Post-
AMI	 Heart	 Failure	 Efficacy	 and	 Survival	 Study	 (EPHESUS)	 investigated	 the
effects	 of	 the	 selective	MR	 antagonist	 eplerenone	 on	morbidity	 and	mortality
among	6,642	patients	with	an	average	age	of	64	years	and	HFrEF	following	an
acute	 myocardial	 infarction.	 After	 a	 mean	 follow-up	 period	 of	 16	 months,
eplerenone	 significantly	 reduced	 the	 risk	 of	 death	 and	 hospitalization	 from
cardiovascular	 causes	 and	 from	any	 cause,	 as	well	 as	 the	 rate	of	 sudden	death
from	 cardiac	 causes	 (120).	 In	 contrast	 with	 these	 findings,	 the	 Treatment	 of
Preserved	Cardiac	Function	Heart	Failure	with	an	Aldosterone	Antagonist	 trial
(TOPCAT)	found	that	spironolactone	did	not	significantly	reduce	the	rates	of	the
primary	composite	outcome	of	death	from	cardiovascular	causes,	cardiac	arrest,
or	hospitalization	 for	heart	 failure	 in	patients	with	heart	 failure	with	preserved
ejection	 fraction	 (HFpEF)	 and	 a	median	 age	 of	 68.7	 years	 (121).	 However,	 a
post-hoc	 analysis	 has	 shown	 that	 spironolactone	 significantly	 reduced	 the
TOPCAT	 primary	 outcome	 in	 patients	 with	 HFpEF	 from	 the	 Americas,
suggesting	 that	 differences	 in	 demographic	 characteristics	 among	 recruited
individuals	may	have	represented	a	relevant	bias	of	the	study	(122).	On	the	other
hand,	 a	 meta-analysis	 of	 seven	 randomized	 controlled	 trials	 evaluating	 the
impact	of	MR	antagonists	on	cardiovascular	mortality	and	morbidity	outcomes
in	patients	with	heart	failure	and/or	left	ventricular	systolic	dysfunction	aged	≥65
years,	 did	 not	 confirm	 significant	 improvement	 in	 clinical	 outcomes	 among
patients	 with	 HFpEF.	 However,	 the	 same	 study	 showed	 that	 MR	 antagonism
improves	 clinical	 outcomes	 in	 selected	 cohorts	 of	 older	 patients	 with	 HFrEF
(123).	Another	sub-analysis,	which	included	1,767	of	the	TOPCAT	patients	and
was	 equally	 comprised	 of	 men	 and	 women,	 demonstrated	 that	 women	 with
HFpEF	had	a	significant	reduction	in	cardiovascular	and	all-cause	mortality	with
spironolactone,	while	men	did	not	(124).

Interestingly,	 MR	 antagonists	 were	 also	 found	 to	 exert	 clinical	 benefit	 in
patients	with	atrial	fibrillation.	In	particular,	a	clinical	trial	on	164	patients	aged



≥66	 years	 with	 recurring	 atrial	 fibrillation	 showed	 that	 spironolactone,
administered	 with	 β-blockers,	 was	 able	 to	 significantly	 prevent	 arrhythmic
events,	 compared	 to	 spironolactone	 untreated	 patients	 (125).	 Recently,	 a
retrospective	cohort	study	of	the	contemporary	ORBIT-AF	(Outcomes	Registry
for	Better	Informed	Treatment	of	Atrial	Fibrillation)	registry	showed	that	the	use
of	MR	antagonists	was	not	associated	with	reduced	atrial	fibrillation,	but	showed
a	 trend	 toward	 lower	 risk	 of	 stroke,	 transient	 ischemic	 attack,	 or	 systemic
embolism	 (126).	 However,	 the	 hypothesis	 that	 MR	 antagonists	 therapy	 may
reduce	 residual	 stroke	 risk	 in	 patients	 with	 atrial	 fibrillation	 awaits
demonstration	in	randomized	clinical	trials.

The	 recent	 2018	 ESC/ESH	 guidelines	 for	 the	 management	 of	 arterial
hypertension	now	recommend	that	systolic	blood	pressure	should	be	targeted	to
a	range	of	130–139	mmHg	in	older	(>65	years)	and	very	old	(>80	years)	patients
(127).	 Importantly,	 recommended	 treatment	of	 resistant	hypertension	considers
the	 addition	 of	 low-dose	 spironolactone	 (up	 to	 50	mg/day)	 to	 existing	 therapy
also	in	the	elderly	population,	where	loop	diuretics	and	alpha-blockers	should	be
avoided	 due	 to	 their	 association	 with	 falls	 (128),	 extending	 the	 possibility	 of
pharmacological	MR	antagonism	in	the	aging	hypertensive	population.

In	 light	of	 the	 significant	 cardiovascular	benefits	 of	MR	antagonism	 in	 the
aging	 population,	 their	 use	 in	 clinical	 setting	 is	 limited	 by	 the	 adverse	 effects
induced	 by	MR	blockade	 on	 the	 kidney,	 such	 as	 hyperkalemia,	 particularly	 in
older	patients	with	reduced	renal	function	and	by	their	anti-androgenic	properties
(particularly	 exhibited	 by	 spironolactone)	which	 can	 induce	 gynecomastia	 and
erectile	 dysfunction	 in	 men	 (129,	 130).	 Therefore,	 the	 current	 use	 of	 MR
antagonists	 is	 restricted	 to	 patients	with	 an	 estimated	 glomerular	 filtration	 rate
>45	mL/min	and	a	plasma	potassium	concentration	of	<4.5	mmol/L,	in	order	to
avoid	the	risk	of	hyperkalaemia	(127).	For	such	reasons,	there	is	an	unmet	need
for	the	development	of	more	selective	MR	antagonist	for	heart	and	vasculature,
in	order	to	minimize	the	relevant	side	effects	on	non-cardiac	tissues.

CONCLUDING	REMARKS

It	 is	now	clear	 that	 altered	MR	 function	 is	 involved	 in	 the	pathophysiology	of
endothelial	 dysfunction,	 atherosclerosis,	 oxidative	 stress,	 and	 cardiac
remodeling.	 Altogether,	 these	 conditions	 are	 highly	 prevalent	 in	 the	 aging
population	and	are	deeply	 involved	 in	 the	development	of	 ischemic	events	and
heart	 failure,	 common	 causes	 of	 morbidity	 and	 death	 in	 the	 elderly.	 Several
recent	studies	demonstrated	that	aging	is	associated	with	important	alterations	in



the	aldosterone-MR	system	with	changes	in	aldosterone	production	by	the	aging
adrenal	and	increased	MR	responsiveness	by	the	aging	cardiovascular	system.	In
accordance,	clinical	trials	revealed	the	efficacy	of	MR	antagonism	in	improving
cardiovascular	morbidity	and	decreasing	mortality.	The	mechanisms	involved	in
these	 cardiovascular	 benefits	 are	 complex	 and	 well	 beyond	 their	 well-known
blood	 pressure	 lowering	 effects.	 It	 is	 now	 clear	 that	 systemic	 pharmacological
antagonism	produces	direct	 effects	 in	 the	vasculature	and	heart.	However,	MR
pharmacological	 blockade	 in	 clinical	 practice	 has	 been	 limited	 by	 the	 risk	 of
important	 adverse	 effects,	 such	 as	 hyperkalemia	 and	 renal	 dysfunction
worsening,	which	is	particularly	frequent	in	aged	individuals.	Recently,	a	novel
class	 of	 non-steroidal	 MR	 antagonist	 has	 been	 developed	 (131).	 Finerenone
belongs	to	this	group	of	molecules	and	its	MR	selectivity	and	affinity	are	higher
compared	to	spironolactone	and	eplerenone.	Due	to	these	differences,	finerenone
may	potentially	reduce	risk	of	both	hyperkalaemia	and	renal	impairment	and,	if
so,	may	be	 safer	 to	use	 in	patients	with	heart	 failure	 affected	by	chronic	 renal
dysfunction	 (132).	 Specifically,	 five	 phase	 II	 clinical	 trials	 demonstrated	 that
finerenone	 is	 safe	 in	 patients	with	 heart	 failure	 and	 concomitant	 chronic	 renal
impairment	and/or	diabetes	mellitus,	and	neither	hyperkalemia	nor	reductions	in
kidney	 function	were	 limiting	 factors	 to	 its	 use	 in	 over	 two	 thousand	 patients
(133).	Such	 favorable	 side	 effects	 profile	 is	 reached	 in	 the	presence	of	 similar
clinical	efficacy	compared	to	other	MR	antagonists.	Importantly,	the	addition	of
finerenone	in	patients	with	diabetic	nephropathy	resulted	in	improvement	in	the
urinary	 albumin-creatinine	 ratio	 (134).	ARTS-HF	was	 the	 first	 clinical	 trial	 to
compare	 finerenone	 with	 eplerenone,	 in	 patients	 with	 worsening	 HFrEF	 and
chronic	kidney	disease	and/or	diabetes	mellitus,	with	a	mean	age	of	71.5	years.
In	 such	 vulnerable	 population,	 finerenone	 reduced	 levels	 of	 NT-proBNP	 to	 a
similar	extent	to	that	of	eplerenone,	but	showed	less	changes	in	serum	potassium
from	 baseline	 to	 the	 end	 of	 the	 study	 in	 comparison	 to	 eplerenone	 (135).
Importantly,	 finerenone	 at	 a	 dose	 of	 10–20	 mg	 demonstrated	 a	 nominally
improved	outcome	of	a	composite	clinical	endpoint	of	death	from	any	cause,	CV
hospitalizations,	or	 emergency	presentation	 for	worsening	heart	 failure	 (hazard
ratio,	 HR:	 0.56	 [95%	 CI:	 0.35–0.90])	 compared	 to	 eplerenone	 in	 ARTS-HF.
Moreover,	preclinical	studies	showed	that	finerenone	was	able	to	potently	block
cardiac	fibrosis	and	macrophages	infiltration	in	a	mouse	model	of	isoproterenol-
induced	 cardiac	 fibrosis,	 whereas	 eplerenone	 did	 not	 show	 significant	 effects
(136).	Nevertheless,	phase	III	clinical	trials	will	be	crucial	to	further	investigate
the	efficiency	and	safety	of	novel	MR	antagonists	 in	 the	aging	population,	and
studies	 on	 different	 subgroups	 of	 elderly	 people	 will	 help	 to	 identify	 new
strategies	 to	 prevent	 cardiovascular	 aging,	 and	 to	 reduce	 the	 risk	 of	 end-organ



damage	related	to	MR	activation	(137).

AUTHOR	CONTRIBUTIONS

SG	and	SK	conceived	and	wrote	the	manuscript.	MI	wrote,	in	part,	and	revised
the	manuscript.	 CM	 prepared	 the	 figures	 and	 revised	 the	manuscript.	 SL,	AF,
and	 IJ	 revised	 the	 manuscript.	MC	 conceived,	 wrote,	 in	 part,	 and	 revised	 the
manuscript.

FUNDING

This	 work	 was	 supported,	 in	 part,	 by	 a	 grant	 from	 Ministero	 della	 Salute
(Ricerca	 Corrente),	 by	 the	 European	 Research	 Area	 Network	 (ERA-Net
PREMED-CAD),	 a	 grant	 of	MIUR	 (Progetti	 di	Ricerca	 di	 interesse	Nazionale
2015-	project	code	2015ZTT5KB—to	MC,	Work	Package	Leader),	and	a	grant
from	the	National	Institutes	of	Health	(HL119290	to	IJ).

ACKNOWLEDGMENTS

We	wish	to	thank	Dr.	Peter	Kolkhof	for	critical	reading	of	the	manuscript.

REFERENCES

1.	Funder	JW.	Mineralocorticoid	receptors:	distribution	and	activation.	Heart	Fail	Rev.	(2005)	10:15–22.
doi:	10.1007/s10741-005-2344-2

2.	 Bridgham	 JT,	 Carroll	 SM,	 Thornton	 JW.	 Evolution	 of	 hormone-receptor	 complexity	 by	 molecular
exploitation.	Science.	(2006)	312:97–101.	doi:	10.1126/science.1123348

3.	 Danziger	 J,	 Zeidel	 ML.	 Osmotic	 homeostasis.	 Clin	 J	 Am	 Soc	 Nephrol.	 (2015)	 10:852–62.	 doi:
10.2215/CJN.10741013

4.	 Fu	 Y,	 Vallon	 V.	 Mineralocorticoid-induced	 sodium	 appetite	 and	 renal	 salt	 retention:	 evidence	 for
common	 signaling	 and	 effector	 mechanisms.	 Nephron	 Physiol.	 (2014)	 128:8–16.	 doi:
10.1159/000368264

5.	 Atlas	 SA.	 The	 renin-angiotensin	 aldosterone	 system:	 pathophysiological	 role	 and	 pharmacologic
inhibition.	J	Manag	Care	Pharm.	(2007)	13(Suppl.	B):9–20.	doi:	10.18553/jmcp.2007.13.s8-b.9

6.	Shibata	S.	Context-dependent	mechanisms	modulating	aldosterone	signaling	 in	 the	kidney.	Clin	Exp
Nephrol.	(2016)	20:663–70.	doi:	10.1007/s10157-016-1232-5

7.	Funder	JW.	Aldosterone	and	mineralocorticoid	receptors-physiology	and	pathophysiology.	Int	J	Mol
Sci.	(2017)	18:E1032.	doi:	10.3390/ijms18051032

8.	Arriza	JL,	Weinberger	C,	Cerelli	G,	Glaser	TM,	Handelin	BL,	Housman	DE,	et	al.	Cloning	of	human
mineralocorticoid	 receptor	 complementary	 DNA:	 structural	 and	 functional	 kinship	 with	 the
glucocorticoid	receptor.	Science.	(1987)	237:268–75.	doi:	10.1126/science.3037703

9.	Caprio	M,	Newfell	BG,	la	Sala	A,	Baur	W,	Fabbri	A,	Rosano	G,	et	al.	Functional	mineralocorticoid

https://doi.org/10.1007/s10741-005-2344-2
https://doi.org/10.1126/science.1123348
https://doi.org/10.2215/CJN.10741013
https://doi.org/10.1159/000368264
https://doi.org/10.18553/jmcp.2007.13.s8-b.9
https://doi.org/10.1007/s10157-016-1232-5
https://doi.org/10.3390/ijms18051032
https://doi.org/10.1126/science.3037703


receptors	 in	 human	 vascular	 endothelial	 cells	 regulate	 intercellular	 adhesion	molecule-1	 expression
and	 promote	 leukocyte	 adhesion.	 Circ	 Res.	 (2008)	 102:1359–67.	 doi:
10.1161/CIRCRESAHA.108.174235

10.	 Jaffe	 IZ,	Mendelsohn	ME.	Angiotensin	 II	 and	 aldosterone	 regulate	gene	 transcription	via	 functional
mineralocortocoid	receptors	in	human	coronary	artery	smooth	muscle	cells.	Circ	Res.	(2005)	96:643–
50.	doi:	10.1161/01.RES.0000159937.05502.d1

11.	Edwards	CR,	Stewart	PM,	Burt	D,	Brett	L,	McIntyre	MA,	Sutanto	WS,	et	al.	Localisation	of	11	beta-
hydroxysteroid	 dehydrogenase–tissue	 specific	 protector	 of	 the	 mineralocorticoid	 receptor.	 Lancet.
(1988)	2:986–9.	doi:	10.1016/S0140-6736(88)90742-8

12.	Marzolla	 V,	 Armani	 A,	 Feraco	 A,	 De	Martino	MU,	 Fabbri	 A,	 Rosano	 G,	 et	 al.	Mineralocorticoid
receptor	 in	 adipocytes	 and	macrophages:	 a	 promising	 target	 to	 fight	metabolic	 syndrome.	 Steroids.
(2014)	91:46–53.	doi:	10.1016/j.steroids.2014.05.001

13.	 Lakatta	 EG,	 Levy	 D.	 Arterial	 and	 cardiac	 aging:	 major	 shareholders	 in	 cardiovascular	 disease
enterprises:	part	I:	aging	arteries:	a	“set	up”	for	vascular	disease.	Circulation.	(2003)	107:139–46.	doi:
10.1161/01.CIR.0000048892.83521.58

14.	Lakatta	EG.	Arterial	and	cardiac	aging:	major	shareholders	in	cardiovascular	disease	enterprises:	part
III:	 cellular	 and	 molecular	 clues	 to	 heart	 and	 arterial	 aging.	 Circulation.	 (2003)	 107:490–7.	 doi:
10.1161/01.CIR.0000048894.99865.02

15.	Mozaffarian	D,	Benjamin	EJ,	Go	AS,	Arnett	DK,	Blaha	MJ,	Cushman	M,	 et	 al.	Heart	 disease	 and
stroke	 statistics−2015	 update:	 a	 report	 from	 the	 American	 Heart	 Association.	 Circulation.	 (2015)
131:e29–322.	doi:	10.1161/CIR.0000000000000152

16.	Kim	SK,	McCurley	AT,	DuPont	JJ,	Aronovitz	M,	Moss	ME,	Stillman	IE,	et	al.	Smooth	muscle	cell-
mineralocorticoid	receptor	as	a	mediator	of	cardiovascular	stiffness	with	aging.	Hypertension.	(2018)
71:609–21.	doi:	10.1161/HYPERTENSIONAHA.117.10437

17.	 Stocker	 R,	 Keaney	 JF.	 Role	 of	 oxidative	 modifications	 in	 atherosclerosis.	 Physiol	 Rev.	 (2004)
84:1381–478.	doi:	10.1152/physrev.00047.2003

18.	Granger	DN,	Vowinkel	T,	Petnehazy	T.	Modulation	of	 the	 inflammatory	 response	 in	cardiovascular
disease.	Hypertension.	(2004)	43:924–31.	doi:	10.1161/01.HYP.0000123070.31763.55

19.	Pu	Q,	Neves	MF,	Virdis	A,	Touyz	RM,	Schiffrin	EL.	Endothelin	antagonism	on	aldosterone-induced
oxidative	 stress	 and	 vascular	 remodeling.	 Hypertension.	 (2003)	 42:49–55.	 doi:
10.1161/01.HYP.0000078357.92682.EC

20.	Park	SK,	Kim	GY,	Lim	JY,	Kwak	JY,	Bae	YS,	Lee	JD,	et	al.	Acidic	polysaccharides	 isolated	 from
Phellinus	 linteus	 induce	 phenotypic	 and	 functional	 maturation	 of	 murine	 dendritic	 cells.	 Biochem
Biophys	Res	Commun.	(2003)	312:449–58.	doi:	10.1016/j.bbrc.2003.10.136

21.	Nishiyama	A,	Yao	L,	Nagai	Y,	Miyata	K,	Yoshizumi	M,	Kagami	S,	et	al.	Possible	contributions	of
reactive	 oxygen	 species	 and	 mitogen-activated	 protein	 kinase	 to	 renal	 injury	 in	 aldosterone/salt-
induced	 hypertensive	 rats.	 Hypertension.	 (2004)	 43:841–8.	 doi:
10.1161/01.HYP.0000118519.66430.22

22.	Keidar	S,	Kaplan	M,	Pavlotzky	E,	Coleman	R,	Hayek	T,	Hamoud	S,	et	al.	Aldosterone	administration
to	mice	stimulates	macrophage	NADPH	oxidase	and	increases	atherosclerosis	development:	a	possible
role	 for	 angiotensin-converting	 enzyme	 and	 the	 receptors	 for	 angiotensin	 II	 and	 aldosterone.
Circulation.	(2004)	109:2213–20.	doi:	10.1161/01.CIR.0000127949.05756.9D

23.	 Benetos	 A,	 Gardner	 JP,	 Kimura	 M,	 Labat	 C,	 Nzietchueng	 R,	 Dousset	 B,	 et	 al.	 Aldosterone	 and
telomere	 length	 in	 white	 blood	 cells.	 J	 Gerontol	 A	 Biol	 Sci	 Med	 Sci.	 (2005)	 60:1593–6.	 doi:
10.1093/gerona/60.12.1593

24.	 Krug	 AW,	 Allenhöfer	 L,	 Monticone	 R,	 Spinetti	 G,	 Gekle	 M,	 Wang	 M,	 et	 al.	 Elevated
mineralocorticoid	 receptor	 activity	 in	 aged	 rat	 vascular	 smooth	 muscle	 cells	 promotes	 a
proinflammatory	 phenotype	 via	 extracellular	 signal-regulated	 kinase	 1/2	 mitogen-activated	 protein

https://doi.org/10.1161/CIRCRESAHA.108.174235
https://doi.org/10.1161/01.RES.0000159937.05502.d1
https://doi.org/10.1016/S0140-6736(88)90742-8
https://doi.org/10.1016/j.steroids.2014.05.001
https://doi.org/10.1161/01.CIR.0000048892.83521.58
https://doi.org/10.1161/01.CIR.0000048894.99865.02
https://doi.org/10.1161/CIR.0000000000000152
https://doi.org/10.1161/HYPERTENSIONAHA.117.10437
https://doi.org/10.1152/physrev.00047.2003
https://doi.org/10.1161/01.HYP.0000123070.31763.55
https://doi.org/10.1161/01.HYP.0000078357.92682.EC
https://doi.org/10.1016/j.bbrc.2003.10.136
https://doi.org/10.1161/01.HYP.0000118519.66430.22
https://doi.org/10.1161/01.CIR.0000127949.05756.9D
https://doi.org/10.1093/gerona/60.12.1593


kinase	and	epidermal	growth	factor	receptor-dependent	pathways.	Hypertension.	(2010)	55:1476–83.
doi:	10.1161/HYPERTENSIONAHA.109.148783

25.	DuPont	JJ,	McCurley	A,	Davel	AP,	McCarthy	J,	Bender	SB,	Hong	K,	et	al.	Vascular	mineralocorticoid
receptor	 regulates	microRNA-155	 to	promote	vasoconstriction	and	rising	blood	pressure	with	aging.
JCI	Insight.	(2016)	1:e88942.	doi:	10.1172/jci.insight.88942

26.	McCurley	A,	Pires	PW,	Bender	SB,	Aronovitz	M,	Zhao	MJ,	Metzger	D,	 et	 al.	Direct	 regulation	of
blood	pressure	by	smooth	muscle	cell	mineralocorticoid	receptors.	Nat	Med.	(2012)	18:1429–33.	doi:
10.1038/nm.2891

27.	 Nanba	 K,	 Vaidya	 A,	 Williams	 GH,	 Zheng	 I,	 Else	 T,	 Rainey	 WE.	 Age-related	 autonomous
aldosteronism.	Circulation.	(2017)	136:347–55.	doi:	10.1161/CIRCULATIONAHA.117.028201

28.	Nanba	K,	Vaidya	A,	Rainey	WE.	Aging	and	Adrenal	Aldosterone	Production.	Hypertension.	 (2018)
71:218–23.	doi:	10.1161/HYPERTENSIONAHA.117.10391

29.	Weidmann	P,	De	Myttenaere-Bursztein	S,	Maxwell	MH,	de	Lima	J.	Effect	on	aging	on	plasma	renin
and	aldosterone	in	normal	man.	Kidney	Int.	(1975)	8:325–33.	doi:	10.1038/ki.1975.120

30.	 Noth	 RH,	 Lassman	 MN,	 Tan	 SY,	 Fernandez-Cruz	 A,	 Mulrow	 PJ.	 Age	 and	 the	 renin-aldosterone
system.	Arch	Intern	Med.	(1977)	137:1414–7.	doi:	10.1001/archinte.137.10.1414

31.	Zakharieva	S,	Ankov	V.	[Renin-angiotensin-aldosterone	system	with	regard	to	age].	Vutr	Boles.	(1982)
21:70–5.

32.	 Bauer	 JH.	 Age-related	 changes	 in	 the	 renin-aldosterone	 system.	 Physiological	 effects	 and	 clinical
implications.	Drugs	Aging.	(1993)	3:238–45.	doi:	10.2165/00002512-199303030-00005

33.	Yoon	HE,	Choi	BS.	The	renin-angiotensin	system	and	aging	in	the	kidney.	Kor	J	Intern	Med.	(2014)
29:291–5.	doi:	10.3904/kjim.2014.29.3.291

34.	Turgut	F,	Balogun	RA,	Abdel-Rahman	EM.	Renin-angiotensin-aldosterone	system	blockade	effects	on
the	 kidney	 in	 the	 elderly:	 benefits	 and	 limitations.	Clin	 J	 Am	 Soc	 Nephrol.	 (2010)	 5:1330–9.	 doi:
10.2215/CJN.08611209

35.	 Tsunoda	 K,	 Abe	 K,	 Goto	 T,	 Yasujima	 M,	 Sato	 M,	 Omata	 K,	 et	 al.	 Effect	 of	 age	 on	 the	 renin-
angiotensin-aldosterone	system	in	normal	subjects:	simultaneous	measurement	of	active	and	inactive
renin,	 renin	 substrate,	 and	 aldosterone	 in	 plasma.	 J	 Clin	 Endocrinol	Metab.	 (1986)	 62:384–9.	 doi:
10.1210/jcem-62-2-384

36.	Epstein	M,	Hollenberg	NK.	Age	as	a	determinant	of	renal	sodium	conservation	in	normal	man.	J	Lab
Clin	Med.	(1976)	87:411–7.

37.	Jung	FF,	Kennefick	TM,	Ingelfinger	JR,	Vora	JP,	Anderson	S.	Down-regulation	of	the	intrarenal	renin-
angiotensin	system	in	the	aging	rat.	J	Am	Soc	Nephrol.	(1995)	5:1573–80.

38.	Mulkerrin	E,	Epstein	FH,	Clark	BA.	Aldosterone	responses	to	hyperkalemia	in	healthy	elderly	humans.
J	Am	Soc	Nephrol.	(1995)	6:1459–62.

39.	Belmin	J,	Lévy	BI,	Michel	JB.	Changes	in	the	renin-angiotensin-aldosterone	axis	in	later	life.	Drugs
Aging.	(1994)	5:391–400.	doi:	10.2165/00002512-199405050-00007

40.	Anderson	S,	Brenner	BM.	Effects	of	aging	on	the	renal	glomerulus.	Am	J	Med.	(1986)	80:435–42.	doi:
10.1016/0002-9343(86)90718-7

41.	Kasiske	BL.	Relationship	between	vascular	disease	and	age-associated	changes	in	the	human	kidney.
Kidney	Int.	(1987)	31:1153–9.	doi:	10.1038/ki.1987.122

42.	Sealey	 JE,	Atlas	SA,	Laragh	 JH,	Oza	NB,	Ryan	 JW.	Human	urinary	kallikrein	 converts	 inactive	 to
active	 renin	 and	 is	 a	 possible	 physiological	 activator	 of	 renin.	 Nature.	 (1978)	 275:144–5.	 doi:
10.1038/275144a0

43.	Zhou	XJ,	Saxena	R,	Liu	Z,	Vaziri	ND,	Silva	FG.	Renal	senescence	in	2008:	progress	and	challenges.
Int	Urol	Nephrol.	(2008)	40:823–39.	doi:	10.1007/s11255-008-9405-0

44.	Campino	C,	Martinez-Aguayo	A,	Baudrand	R,	Carvajal	CA,	Aglony	M,	Garcia	H,	et	al.	Age-related
changes	 in	 11β-hydroxysteroid	 dehydrogenase	 type	 2	 activity	 in	 normotensive	 subjects.	 Am	 J

https://doi.org/10.1161/HYPERTENSIONAHA.109.148783
https://doi.org/10.1172/jci.insight.88942
https://doi.org/10.1038/nm.2891
https://doi.org/10.1161/CIRCULATIONAHA.117.028201
https://doi.org/10.1161/HYPERTENSIONAHA.117.10391
https://doi.org/10.1038/ki.1975.120
https://doi.org/10.1001/archinte.137.10.1414
https://doi.org/10.2165/00002512-199303030-00005
https://doi.org/10.3904/kjim.2014.29.3.291
https://doi.org/10.2215/CJN.08611209
https://doi.org/10.1210/jcem-62-2-384
https://doi.org/10.2165/00002512-199405050-00007
https://doi.org/10.1016/0002-9343(86)90718-7
https://doi.org/10.1038/ki.1987.122
https://doi.org/10.1038/275144a0
https://doi.org/10.1007/s11255-008-9405-0


Hypertens.	(2013)	26:481–7.	doi:	10.1093/ajh/hps080
45.	Harvey	A,	Montezano	AC,	Lopes	RA,	Rios	F,	Touyz	RM.	Vascular	fibrosis	in	aging	and	hypertension:

molecular	 mechanisms	 and	 clinical	 implications.	 Can	 J	 Cardiol.	 (2016)	 32:659–68.	 doi:
10.1016/j.cjca.2016.02.070

46.	Rossier	BC,	Pradervand	S,	Schild	L,	Hummler	E.	Epithelial	sodium	channel	and	the	control	of	sodium
balance:	interaction	between	genetic	and	environmental	factors.	Annu	Rev	Physiol.	(2002)	64:877–97.
doi:	10.1146/annurev.physiol.64.082101.143243

47.	 DuPont	 JJ,	 Jaffe	 IZ.	 30	 years	 of	 the	 mineralocorticoid	 receptor:	 the	 role	 of	 the	 mineralocorticoid
receptor	in	the	vasculature.	J	Endocrinol.	(2017)	234:T67–82.	doi:	10.1530/JOE-17-0009

48.	 Jaisser	 F,	 Farman	 N.	 Emerging	 roles	 of	 the	 mineralocorticoid	 receptor	 in	 pathology:	 toward	 new
paradigms	in	clinical	pharmacology.	Pharmacol	Rev.	(2016)	68:49–75.	doi:	10.1124/pr.115.011106

49.	 Lacolley	 P,	 Safar	ME,	 Lucet	 B,	 Ledudal	 K,	 Labat	 C,	 Benetos	 A.	 Prevention	 of	 aortic	 and	 cardiac
fibrosis	 by	 spironolactone	 in	 old	 normotensive	 rats.	 J	 Am	 Coll	 Cardiol.	 (2001)	 37:662–7.	 doi:
10.1016/S0735-1097(00)01129-3

50.	Benetos	A,	 Lacolley	 P,	 Safar	ME.	 Prevention	 of	 aortic	 fibrosis	 by	 spironolactone	 in	 spontaneously
hypertensive	rats.	Arterioscler	Thromb	Vasc	Biol.	(1997)	17:1152–6.	doi:	10.1161/01.ATV.17.6.1152

51.	DeMarco	VG,	Habibi	 J,	 Jia	G,	Aroor	AR,	Ramirez-Perez	FI,	Martinez-Lemus	LA,	 et	 al.	 Low-dose
mineralocorticoid	receptor	blockade	prevents	western	diet-induced	arterial	stiffening	in	female	mice.
Hypertension.	(2015)	66:99–107.	doi:	10.1161/HYPERTENSIONAHA.115.05674

52.	Virdis	A,	Neves	MF,	Amiri	F,	Viel	E,	Touyz	RM,	Schiffrin	EL.	Spironolactone	improves	angiotensin-
induced	 vascular	 changes	 and	 oxidative	 stress.	 Hypertension.	 (2002)	 40:504–10.	 doi:
10.1161/01.HYP.0000034738.79310.06

53.	Savoia	C,	Touyz	RM,	Amiri	F,	Schiffrin	EL.	Selective	mineralocorticoid	receptor	blocker	eplerenone
reduces	 resistance	 artery	 stiffness	 in	 hypertensive	 patients.	 Hypertension.	 (2008)	 51:432–9.	 doi:
10.1161/HYPERTENSIONAHA.107.103267

54.	Kithas	PA,	Supiano	MA.	Spironolactone	and	hydrochlorothiazide	decrease	vascular	stiffness	and	blood
pressure	 in	 geriatric	 hypertension.	 J	 Am	 Geriatr	 Soc.	 (2010)	 58:1327–32.	 doi:	 10.1111/j.1532-
5415.2010.02905.x

55.	O'Rourke	MF,	Nichols	WW.	Aortic	diameter,	aortic	stiffness,	and	wave	reflection	 increase	with	age
and	 isolated	 systolic	 hypertension.	 Hypertension.	 (2005)	 45:652–8.	 doi:
10.1161/01.HYP.0000153793.84859.b8

56.	Kaess	BM,	Rong	J,	Larson	MG,	Hamburg	NM,	Vita	JA,	Levy	D,	et	al.	Aortic	stiffness,	blood	pressure
progression,	and	incident	hypertension.	JAMA.	(2012)	308:875–81.	doi:	10.1001/2012.jama.10503

57.	Mitchell	GF,	Hwang	SJ,	Vasan	RS,	Larson	MG,	Pencina	MJ,	Hamburg	NM,	et	al.	Arterial	 stiffness
and	 cardiovascular	 events:	 the	 Framingham	 Heart	 Study.	 Circulation.	 (2010)	 121:505–11.	 doi:
10.1161/CIRCULATIONAHA.109.886655

58.	Newfell	BG,	Iyer	LK,	Mohammad	NN,	McGraw	AP,	Ehsan	A,	Rosano	G,	et	al.	Aldosterone	regulates
vascular	 gene	 transcription	 via	 oxidative	 stress-dependent	 and	 -independent	 pathways.	Arterioscler
Thromb	Vasc	Biol.	(2011)	31:1871–80.	doi:	10.1161/ATVBAHA.111.229070

59.	 Drüppel	 V,	 Kusche-Vihrog	 K,	 Grossmann	 C,	 Gekle	 M,	 Kasprzak	 B,	 Brand	 E,	 et	 al.	 Long-term
application	 of	 the	 aldosterone	 antagonist	 spironolactone	 prevents	 stiff	 endothelial	 cell	 syndrome.
FASEB	J.	(2013)	27:3652–9.	doi:	10.1096/fj.13-228312

60.	Jia	G,	Habibi	J,	Aroor	AR,	Martinez-Lemus	LA,	DeMarco	VG,	Ramirez-Perez	FI,	et	al.	Endothelial
mineralocorticoid	 receptor	 mediates	 diet-induced	 aortic	 stiffness	 in	 females.	 Circ	 Res.	 (2016)
118:935–43.	doi:	10.1161/CIRCRESAHA.115.308269

61.	Moss	ME,	 DuPont	 JJ,	 Iyer	 SL,	McGraw	AP,	 Jaffe	 IZ.	 No	 significant	 role	 for	 smooth	muscle	 cell
mineralocorticoid	 receptors	 in	atherosclerosis	 in	 the	apolipoprotein-E	knockout	mouse	model.	Front
Cardiovasc	Med.	(2018)	5:81.	doi:	10.3389/fcvm.2018.00081

https://doi.org/10.1093/ajh/hps080
https://doi.org/10.1016/j.cjca.2016.02.070
https://doi.org/10.1146/annurev.physiol.64.082101.143243
https://doi.org/10.1530/JOE-17-0009
https://doi.org/10.1124/pr.115.011106
https://doi.org/10.1016/S0735-1097(00)01129-3
https://doi.org/10.1161/01.ATV.17.6.1152
https://doi.org/10.1161/HYPERTENSIONAHA.115.05674
https://doi.org/10.1161/01.HYP.0000034738.79310.06
https://doi.org/10.1161/HYPERTENSIONAHA.107.103267
https://doi.org/10.1111/j.1532-5415.2010.02905.x
https://doi.org/10.1161/01.HYP.0000153793.84859.b8
https://doi.org/10.1001/2012.jama.10503
https://doi.org/10.1161/CIRCULATIONAHA.109.886655
https://doi.org/10.1161/ATVBAHA.111.229070
https://doi.org/10.1096/fj.13-228312
https://doi.org/10.1161/CIRCRESAHA.115.308269
https://doi.org/10.3389/fcvm.2018.00081


62.	Moss	ME,	Lu	Q,	Iyer	SL,	Engelbertsen	D,	Marzolla	V,	Caprio	M,	et	al.	Endothelial	mineralocorticoid
receptors	contribute	to	vascular	inflammation	in	atherosclerosis	in	a	sex-specific	manner.	Arterioscler
Thromb	Vasc	Biol.	(2019)	39:1588–601.	doi:	10.1161/ATVBAHA.119.312954

63.	 Usher	 MG,	 Duan	 SZ,	 Ivaschenko	 CY,	 Frieler	 RA,	 Berger	 S,	 Schütz	 G,	 et	 al.	 Myeloid
mineralocorticoid	 receptor	 controls	 macrophage	 polarization	 and	 cardiovascular	 hypertrophy	 and
remodeling	in	mice.	J	Clin	Invest.	(2010)	120:3350–64.	doi:	10.1172/JCI41080

64.	Sun	XN,	Li	C,	Liu	Y,	Du	LJ,	Zeng	MR,	Zheng	XJ,	et	al.	T-cell	mineralocorticoid	 receptor	controls
blood	 pressure	 by	 regulating	 interferon-gamma.	 Circ	 Res.	 (2017)	 120:1584–97.	 doi:
10.1161/CIRCRESAHA.116.310480

65.	 Shen	 ZX,	 Chen	 XQ,	 Sun	 XN,	 Sun	 JY,	 Zhang	 WC,	 Zheng	 XJ,	 et	 al.	 Mineralocorticoid	 receptor
deficiency	in	macrophages	inhibits	atherosclerosis	by	affecting	foam	cell	formation	and	efferocytosis.
J	Biol	Chem.	(2017)	292:925–35.	doi:	10.1074/jbc.M116.739243

66.	Biernacka	A,	Frangogiannis	NG.	Aging	and	cardiac	fibrosis.	Aging	Dis.	(2011)	2:158–73.
67.	Messaoudi	 S,	Gravez	B,	 Tarjus	A,	 Pelloux	V,	Ouvrard-Pascaud	A,	Delcayre	C,	 et	 al.	Aldosterone-

specific	activation	of	cardiomyocyte	mineralocorticoid	receptor	in	vivo.	Hypertension.	(2013)	61:361–
7.	doi:	10.1161/HYPERTENSIONAHA.112.198986

68.	Shen	JZ,	Morgan	J,	Tesch	GH,	Rickard	AJ,	Chrissobolis	S,	Drummond	GR,	et	al.	Cardiac	tissue	injury
and	 remodeling	 is	 dependent	 upon	 MR	 regulation	 of	 activation	 pathways	 in	 cardiac	 tissue
macrophages.	Endocrinology.	(2016)	157:3213–23.	doi:	10.1210/en.2016-1040

69.	 Young	 MJ.	 Mechanisms	 of	 mineralocorticoid	 receptor-mediated	 cardiac	 fibrosis	 and	 vascular
inflammation.	 Curr	 Opin	 Nephrol	 Hypertens.	 (2008)	 17:174–80.	 doi:
10.1097/MNH.0b013e3282f56854

70.	 Leopold	 JA.	 Aldosterone,	 mineralocorticoid	 receptor	 activation,	 and	 cardiovascular	 remodeling.
Circulation.	(2011)	124:e466–8.	doi:	10.1161/CIRCULATIONAHA.111.067918

71.	 Lombès	M,	 Oblin	ME,	 Gasc	 JM,	 Baulieu	 EE,	 Farman	 N,	 Bonvalet	 JP.	 Immunohistochemical	 and
biochemical	 evidence	 for	 a	 cardiovascular	mineralocorticoid	 receptor.	Circ	 Res.	 (1992)	 71:503–10.
doi:	10.1161/01.RES.71.3.503

72.	 Bienvenu	 LA,	 Reichelt	ME,	 Delbridge	 LM,	 Young	MJ.	Mineralocorticoid	 receptors	 and	 the	 heart,
multiple	cell	types	and	multiple	mechanisms:	a	focus	on	the	cardiomyocyte.	Clin	Sci.	(2013)	125:409–
21.	doi:	10.1042/CS20130050

73.	 Favre	 J,	 Gao	 J,	 Zhang	 AD,	 Remy-Jouet	 I,	 Ouvrard-Pascaud	 A,	 Dautreaux	 B,	 et	 al.	 Coronary
endothelial	dysfunction	after	cardiomyocyte-specific	mineralocorticoid	receptor	overexpression.	Am	J
Physiol	Heart	Circ	Physiol.	(2011)	300:H2035–43.	doi:	10.1152/ajpheart.00552.2010

74.	 Wilson	 P,	 Morgan	 J,	 Funder	 JW,	 Fuller	 PJ,	 Young	 MJ.	 Mediators	 of	 mineralocorticoid	 receptor-
induced	 profibrotic	 inflammatory	 responses	 in	 the	 heart.	 Clin	 Sci.	 (2009)	 116:731–9.	 doi:
10.1042/CS20080247

75.	 Bienvenu	 LA,	 Morgan	 J,	 Rickard	 AJ,	 Tesch	 GH,	 Cranston	 GA,	 Fletcher	 EK,	 et	 al.	 Macrophage
mineralocorticoid	 receptor	 signaling	 plays	 a	 key	 role	 in	 aldosterone-independent	 cardiac	 fibrosis.
Endocrinology.	(2012)	153:3416–25.	doi:	10.1210/en.2011-2098

76.	 Herrada	 AA,	 Contreras	 FJ,	Marini	 NP,	 Amador	 CA,	 González	 PA,	 Cortés	 CM,	 et	 al.	 Aldosterone
promotes	autoimmune	damage	by	enhancing	Th17-mediated	immunity.	J	Immunol.	(2010)	184:191–
202.	doi:	10.4049/jimmunol.0802886

77.	Bettelli	E,	Carrier	Y,	Gao	W,	Korn	T,	Strom	TB,	Oukka	M,	et	al.	Reciprocal	developmental	pathways
for	the	generation	of	pathogenic	effector	TH17	and	regulatory	T	cells.	Nature.	(2006)	441:235–8.	doi:
10.1038/nature04753

78.	Li	C,	Sun	XN,	Zeng	MR,	Zheng	XJ,	Zhang	YY,	Wan	Q,	et	al.	Mineralocorticoid	receptor	deficiency	in
T	cells	attenuates	pressure	overload-induced	cardiac	hypertrophy	and	dysfunction	through	modulating
T-cell	activation.	Hypertension.	(2017)	70:137–47.	doi:	10.1161/HYPERTENSIONAHA.117.09070

https://doi.org/10.1161/ATVBAHA.119.312954
https://doi.org/10.1172/JCI41080
https://doi.org/10.1161/CIRCRESAHA.116.310480
https://doi.org/10.1074/jbc.M116.739243
https://doi.org/10.1161/HYPERTENSIONAHA.112.198986
https://doi.org/10.1210/en.2016-1040
https://doi.org/10.1097/MNH.0b013e3282f56854
https://doi.org/10.1161/CIRCULATIONAHA.111.067918
https://doi.org/10.1161/01.RES.71.3.503
https://doi.org/10.1042/CS20130050
https://doi.org/10.1152/ajpheart.00552.2010
https://doi.org/10.1042/CS20080247
https://doi.org/10.1210/en.2011-2098
https://doi.org/10.4049/jimmunol.0802886
https://doi.org/10.1038/nature04753
https://doi.org/10.1161/HYPERTENSIONAHA.117.09070


79.	Susic	D,	Varagic	J,	Ahn	J,	Matavelli	L,	Frohlich	ED.	Long-term	mineralocorticoid	receptor	blockade
reduces	fibrosis	and	improves	cardiac	performance	and	coronary	hemodynamics	in	elderly	SHR.	Am	J
Physiol	Heart	Circ	Physiol.	(2007)	292:H175–9.	doi:	10.1152/ajpheart.00660.2006

80.	Gravez	B,	Tarjus	A,	Jaisser	F.	Mineralocorticoid	receptor	and	cardiac	arrhythmia.	Clin	Exp	Pharmacol
Physiol.	(2013)	40:910–5.	doi:	10.1111/1440-1681.12156

81.	Gómez	AM,	Rueda	A,	Sainte-Marie	Y,	Pereira	L,	Zissimopoulos	S,	Zhu	X,	et	al.	Mineralocorticoid
modulation	of	cardiac	ryanodine	receptor	activity	is	associated	with	downregulation	of	FK506-binding
proteins.	Circulation.	(2009)	119:2179–87.	doi:	10.1161/CIRCULATIONAHA.108.805804

82.	Ouvrard-Pascaud	A,	Sainte-Marie	Y,	Bénitah	JP,	Perrier	R,	Soukaseum	C,	Nguyen	Dinh	Cat	A,	et	al.
Conditional	mineralocorticoid	 receptor	 expression	 in	 the	 heart	 leads	 to	 life-threatening	 arrhythmias.
Circulation.	(2005)	111:3025–33.	doi:	10.1161/CIRCULATIONAHA.104.503706

83.	Schnabel	RB,	Yin	X,	Gona	P,	Larson	MG,	Beiser	AS,	McManus	DD,	et	al.	50	year	 trends	 in	atrial
fibrillation	prevalence,	incidence,	risk	factors,	and	mortality	in	the	Framingham	Heart	Study:	a	cohort
study.	Lancet.	(2015)	386:154–62.	doi:	10.1016/S0140-6736(14)61774-8

84.	 Tsai	 CT,	 Chiang	 FT,	 Tseng	 CD,	 Hwang	 JJ,	 Kuo	 KT,	 Wu	 CK,	 et	 al.	 Increased	 expression	 of
mineralocorticoid	receptor	in	human	atrial	fibrillation	and	a	cellular	model	of	atrial	fibrillation.	J	Am
Coll	Cardiol.	(2010)	55:758–70.	doi:	10.1016/j.jacc.2009.09.045

85.	Davignon	J,	Ganz	P.	Role	of	endothelial	dysfunction	in	atherosclerosis.	Circulation.	(2004)	109(Suppl
1):III27–32.	doi:	10.1161/01.CIR.0000131515.03336.f8

86.	Huang	PL.	Endothelial	nitric	oxide	synthase	and	endothelial	dysfunction.	Curr	Hypertens	Rep.	(2003)
5:473–80.	doi:	10.1007/s11906-003-0055-4

87.	Landmesser	U,	Drexler	H.	Endothelial	function	and	hypertension.	Curr	Opin	Cardiol.	(2007)	22:316–
20.	doi:	10.1097/HCO.0b013e3281ca710d

88.	 Abiose	 AK,	 Mansoor	 GA,	 Barry	 M,	 Soucier	 R,	 Nair	 CK,	 Hager	 D.	 Effect	 of	 spironolactone	 on
endothelial	 function	 in	patients	with	congestive	heart	 failure	on	conventional	medical	 therapy.	Am	J
Cardiol.	(2004)	93:1564–6.	doi:	10.1016/j.amjcard.2004.03.015

89.	Farquharson	CA,	Struthers	AD.	Spironolactone	increases	nitric	oxide	bioactivity,	improves	endothelial
vasodilator	 dysfunction,	 and	 suppresses	 vascular	 angiotensin	 I/angiotensin	 II	 conversion	 in	 patients
with	chronic	heart	failure.	Circulation.	(2000)	101:594–7.	doi:	10.1161/01.CIR.101.6.594

90.	 Rajagopalan	 S,	 Duquaine	 D,	 King	 S,	 Pitt	 B,	 Patel	 P.	 Mineralocorticoid	 receptor	 antagonism	 in
experimental	 atherosclerosis.	 Circulation.	 (2002)	 105:2212–6.	 doi:
10.1161/01.CIR.0000015854.60710.10

91.	Thai	HM,	Do	BQ,	Tran	TD,	Gaballa	MA,	Goldman	S.	Aldosterone	antagonism	improves	endothelial-
dependent	 vasorelaxation	 in	 heart	 failure	 via	 upregulation	 of	 endothelial	 nitric	 oxide	 synthase
production.	J	Card	Fail.	(2006)	12:240–5.	doi:	10.1016/j.cardfail.2006.01.002

92.	Lother	A,	Fürst	D,	Bergemann	S,	Gilsbach	R,	Grahammer	F,	Huber	TB,	 et	 al.	Deoxycorticosterone
acetate/salt-induced	cardiac	but	not	renal	injury	is	mediated	by	endothelial	mineralocorticoid	receptors
independently	 from	 blood	 pressure.	 Hypertension.	 (2016)	 67:130–8.	 doi:
10.1161/HYPERTENSIONAHA.115.06530

93.	Marzolla	 V,	 Armani	 A,	Mammi	 C,	Moss	ME,	 Pagliarini	 V,	 Pontecorvo	 L,	 et	 al.	 Essential	 role	 of
ICAM-1	 in	 aldosterone-induced	 atherosclerosis.	 Int	 J	 Cardiol.	 (2017)	 232:233–42.	 doi:
10.1016/j.ijcard.2017.01.013

94.	Park	JB,	Schiffrin	EL.	Cardiac	and	vascular	fibrosis	and	hypertrophy	in	aldosterone-infused	rats:	role
of	endothelin-1.	Am	J	Hypertens.	(2002)	15(Pt	1):164–9.	doi:	10.1016/S0895-7061(01)02291-9

95.	Harvey	AP,	Montezano	AC,	Hood	KY,	Lopes	RA,	Rios	F,	Ceravolo	G,	et	al.	Vascular	dysfunction	and
fibrosis	 in	 stroke-prone	 spontaneously	hypertensive	 rats:	 the	 aldosterone-mineralocorticoid	 receptor-
Nox1	axis.	Life	Sci.	(2017)	179:110–9.	doi:	10.1016/j.lfs.2017.05.002

96.	 Adler	 A,	Messina	 E,	 Sherman	 B,	Wang	 Z,	 Huang	H,	 Linke	A,	 et	 al.	 NAD(P)H	 oxidase-generated

https://doi.org/10.1152/ajpheart.00660.2006
https://doi.org/10.1111/1440-1681.12156
https://doi.org/10.1161/CIRCULATIONAHA.108.805804
https://doi.org/10.1161/CIRCULATIONAHA.104.503706
https://doi.org/10.1016/S0140-6736(14)61774-8
https://doi.org/10.1016/j.jacc.2009.09.045
https://doi.org/10.1161/01.CIR.0000131515.03336.f8
https://doi.org/10.1007/s11906-003-0055-4
https://doi.org/10.1097/HCO.0b013e3281ca710d
https://doi.org/10.1016/j.amjcard.2004.03.015
https://doi.org/10.1161/01.CIR.101.6.594
https://doi.org/10.1161/01.CIR.0000015854.60710.10
https://doi.org/10.1016/j.cardfail.2006.01.002
https://doi.org/10.1161/HYPERTENSIONAHA.115.06530
https://doi.org/10.1016/j.ijcard.2017.01.013
https://doi.org/10.1016/S0895-7061(01)02291-9
https://doi.org/10.1016/j.lfs.2017.05.002


superoxide	anion	accounts	for	reduced	control	of	myocardial	O2	consumption	by	NO	in	old	Fischer
344	rats.	Am	J	Physiol	Heart	Circ	Physiol.	(2003)	285:H1015–22.	doi:	10.1152/ajpheart.01047.2002

97.	Sindler	AL,	Fleenor	BS,	Calvert	JW,	Marshall	KD,	Zigler	ML,	Lefer	DJ,	et	al.	Nitrite	supplementation
reverses	 vascular	 endothelial	 dysfunction	 and	 large	 elastic	 artery	 stiffness	 with	 aging.	 Aging	 Cell.
(2011)	10:429–37.	doi:	10.1111/j.1474-9726.2011.00679.x

98.	Sartório	CL,	Fraccarollo	D,	Galuppo	P,	Leutke	M,	Ertl	G,	Stefanon	I,	et	al.	Mineralocorticoid	receptor
blockade	 improves	 vasomotor	 dysfunction	 and	 vascular	 oxidative	 stress	 early	 after	 myocardial
infarction.	Hypertension.	(2007)	50:919–25.	doi:	10.1161/HYPERTENSIONAHA.107.093450

99.	 Briet	M,	 Barhoumi	 T,	Mian	MOR,	 Coelho	 SC,	 Ouerd	 S,	 Rautureau	 Y,	 et	 al.	 Aldosterone-induced
vascular	 remodeling	 and	 endothelial	 dysfunction	 require	 functional	 angiotensin	 type	 1a	 receptors.
Hypertension.	(2016)	67:897–905.	doi:	10.1161/HYPERTENSIONAHA.115.07074

100.	McClain	JL,	Dorrance	AM.	Temporary	mineralocorticoid	receptor	antagonism	during	the	development
of	 hypertension	 improves	 cerebral	 artery	 dilation.	 Exp	 Biol	 Med.	 (2014)	 239:619–27.	 doi:
10.1177/1535370214522586

101.	 Schäfer	 N,	 Lohmann	 C,	 Winnik	 S,	 van	 Tits	 LJ,	 Miranda	 MX,	 Vergopoulos	 A,	 et	 al.	 Endothelial
mineralocorticoid	 receptor	 activation	 mediates	 endothelial	 dysfunction	 in	 diet-induced	 obesity.	Eur
Heart	J.	(2013)	34:3515–24.	doi:	10.1093/eurheartj/eht095

102.	Davel	AP,	Lu	Q,	Moss	ME,	Rao	S,	Anwar	IJ,	DuPont	JJ,	et	al.	Sex-specific	mechanisms	of	resistance
vessel	 endothelial	 dysfunction	 induced	 by	 cardiometabolic	 risk	 factors.	 J	 Am	 Heart	 Assoc.	 (2018)
7:e007675.	doi:	10.1161/JAHA.117.007675

103.	Mueller	KB,	Bender	SB,	Hong	K,	Yang	Y,	Aronovitz	M,	Jaisser	F,	et	al.	Endothelial	mineralocorticoid
receptors	 differentially	 contribute	 to	 coronary	 and	mesenteric	 vascular	 function	without	modulating
blood	pressure.	Hypertension.	(2015)	66:988–97.	doi:	10.1161/HYPERTENSIONAHA.115.06172

104.	 Mahmud	 A,	 Feely	 J.	 Aldosterone-to-renin	 ratio,	 arterial	 stiffness,	 and	 the	 response	 to	 aldosterone
antagonism	 in	 essential	 hypertension.	 Am	 J	 Hypertens.	 (2005)	 18:50–5.	 doi:
10.1016/j.amjhyper.2004.08.026

105.	White	WB,	Duprez	D,	 St,	 Hillaire	 R,	Krause	 S,	 Roniker	 B,	Kuse-Hamilton	 J,	 et	 al.	 Effects	 of	 the
selective	 aldosterone	 blocker	 eplerenone	 versus	 the	 calcium	 antagonist	 amlodipine	 in	 systolic
hypertension.	Hypertension.	(2003)	41:1021–6.	doi:	10.1161/01.HYP.0000067463.13172.EA

106.	Hwang	MH,	Yoo	 JK,	Luttrell	M,	Kim	HK,	Meade	TH,	English	M,	et	 al.	Role	of	mineralocorticoid
receptors	 in	 arterial	 stiffness	 in	 human	 aging.	 Exp	 Gerontol.	 (2013)	 48:701–4.	 doi:
10.1016/j.exger.2013.05.058

107.	 Hwang	 MH,	 Yoo	 JK,	 Luttrell	 M,	 Kim	 HK,	 Meade	 TH,	 English	 M,	 et	 al.	 Acute	 effect	 of
mineralocorticoid	 receptor	 antagonism	 on	 vascular	 function	 in	 healthy	 older	 adults.	 Exp	 Gerontol.
(2016)	73:86–94.	doi:	10.1016/j.exger.2015.11.017

108.	 Heylen	 E,	 Huang	 A,	 Sun	 D,	 Kaley	 G.	 Nitric	 oxide-mediated	 dilation	 of	 arterioles	 to	 intraluminal
administration	 of	 aldosterone.	 J	 Cardiovasc	 Pharmacol.	 (2009)	 54:535–42.	 doi:
10.1097/FJC.0b013e3181bfb00d

109.	 Lakatta	 EG,	 Levy	 D.	 Arterial	 and	 cardiac	 aging:	 major	 shareholders	 in	 cardiovascular	 disease
enterprises:	part	II:	 the	aging	heart	 in	health:	 links	 to	heart	disease.	Circulation.	 (2003)	107:346–54.
doi:	10.1161/01.CIR.0000048893.62841.F7

110.	Judge	S,	Jang	YM,	Smith	A,	Hagen	T,	Leeuwenburgh	C.	Age-associated	increases	in	oxidative	stress
and	 antioxidant	 enzyme	 activities	 in	 cardiac	 interfibrillar	 mitochondria:	 implications	 for	 the
mitochondrial	theory	of	aging.	FASEB	J.	(2005)	19:419–21.	doi:	10.1096/fj.04-2622fje

111.	Ungvari	Z,	Orosz	Z,	Labinskyy	N,	Rivera	A,	Xiangmin	Z,	 Smith	K,	 et	 al.	 Increased	mitochondrial
H2O2	production	promotes	endothelial	NF-kappaB	activation	in	aged	rat	arteries.	Am	J	Physiol	Heart
Circ	Physiol.	(2007)	293:H37–47.	doi:	10.1152/ajpheart.01346.2006

112.	Pogribny	IP,	Beland	FA.	DNA	hypomethylation	in	the	origin	and	pathogenesis	of	human	diseases.	Cell

https://doi.org/10.1152/ajpheart.01047.2002
https://doi.org/10.1111/j.1474-9726.2011.00679.x
https://doi.org/10.1161/HYPERTENSIONAHA.107.093450
https://doi.org/10.1161/HYPERTENSIONAHA.115.07074
https://doi.org/10.1177/1535370214522586
https://doi.org/10.1093/eurheartj/eht095
https://doi.org/10.1161/JAHA.117.007675
https://doi.org/10.1161/HYPERTENSIONAHA.115.06172
https://doi.org/10.1016/j.amjhyper.2004.08.026
https://doi.org/10.1161/01.HYP.0000067463.13172.EA
https://doi.org/10.1016/j.exger.2013.05.058
https://doi.org/10.1016/j.exger.2015.11.017
https://doi.org/10.1097/FJC.0b013e3181bfb00d
https://doi.org/10.1161/01.CIR.0000048893.62841.F7
https://doi.org/10.1096/fj.04-2622fje
https://doi.org/10.1152/ajpheart.01346.2006


Mol	Life	Sci.	(2009)	66:2249–61.	doi:	10.1007/s00018-009-0015-5
113.	 Laukkanen	 MO,	 Mannermaa	 S,	 Hiltunen	 MO,	 Aittomäki	 S,	 Airenne	 K,	 Jänne	 J,	 et	 al.	 Local

hypomethylation	in	atherosclerosis	found	in	rabbit	ec-sod	gene.	Arterioscler	Thromb	Vasc	Biol.	(1999)
19:2171–8.	doi:	10.1161/01.ATV.19.9.2171

114.	 Scull	 CM,	 Tabas	 I.	 Mechanisms	 of	 ER	 stress-induced	 apoptosis	 in	 atherosclerosis.	 Arterioscler
Thromb	Vasc	Biol.	(2011)	31:2792–7.	doi:	10.1161/ATVBAHA.111.224881

115.	 Sica	 DA.	 Mineralocorticoid	 receptor	 antagonists	 for	 treatment	 of	 hypertension	 and	 heart	 failure.
Methodist	Debakey	Cardiovasc	J.	(2015)	11:235–9.	doi:	10.14797/mdcj-11-4-235

116.	Kearney	PM,	Whelton	M,	Reynolds	K,	Muntner	P,	Whelton	PK,	He	J.	Global	burden	of	hypertension:
analysis	of	worldwide	data.	Lancet.	(2005)	365:217–23.	doi:	10.1016/S0140-6736(05)17741-1

117.	Go	AS,	Mozaffarian	D,	Roger	VL,	Benjamin	EJ,	Berry	JD,	Borden	WB,	et	al.	Heart	disease	and	stroke
statistics−2013	 update:	 a	 report	 from	 the	American	Heart	 Association.	Circulation.	 (2013)	 127:e6–
245.	doi:	10.1161/CIR.0b013e31828124ad

118.	Pitt	B,	Zannad	F,	Remme	WJ,	Cody	R,	Castaigne	A,	Perez	A,	et	al.	The	effect	of	spironolactone	on
morbidity	and	mortality	in	patients	with	severe	heart	failure.	Randomized	Aldactone	Evaluation	Study
Investigators.	N	Engl	J	Med.	(1999)	341:709–17.	doi:	10.1056/NEJM199909023411001

119.	Pitt	B,	Williams	G,	Remme	W,	Martinez	F,	Lopez-Sendon	 J,	Zannad	F,	 et	 al.	The	EPHESUS	 trial:
eplerenone	 in	 patients	with	 heart	 failure	 due	 to	 systolic	 dysfunction	 complicating	 acute	myocardial
infarction.	Eplerenone	Post-AMI	Heart	Failure	Efficacy	and	Survival	Study.	Cardiovasc	Drugs	Ther.
(2001)	15:79–87.

120.	 Pitt	 B,	 Remme	 W,	 Zannad	 F,	 Neaton	 J,	 Martinez	 F,	 Roniker	 B,	 et	 al.	 Eplerenone,	 a	 selective
aldosterone	blocker,	in	patients	with	left	ventricular	dysfunction	after	myocardial	infarction.	N	Engl	J
Med.	(2003)	348:1309–21.	doi:	10.1056/NEJMoa030207

121.	Pitt	B,	Pfeffer	MA,	Assmann	SF,	Boineau	R,	Anand	 IS,	Claggett	B,	 et	 al.	 Spironolactone	 for	 heart
failure	 with	 preserved	 ejection	 fraction.	 N	 Engl	 J	 Med.	 (2014)	 370:1383–92.	 doi:
10.1056/NEJMoa1313731

122.	Pfeffer	MA,	Claggett	B,	Assmann	SF,	Boineau	R,	Anand	IS,	Clausell	N,	et	al.	Regional	variation	in
patients	and	outcomes	in	the	treatment	of	preserved	cardiac	function	heart	failure	with	an	aldosterone
antagonist.	 (TOPCAT)	 trial.	 Circulation.	 (2015)	 131:34–42.	 doi:
10.1161/CIRCULATIONAHA.114.013255

123.	 Japp	D,	Shah	A,	Fisken	S,	Denvir	M,	Shenkin	S,	 Japp	A.	Mineralocorticoid	 receptor	 antagonists	 in
elderly	patients	with	heart	failure:	a	systematic	review	and	meta-analysis.	Age	Ageing.	(2017)	46:18–
25.	doi:	10.1093/ageing/afw138

124.	 Merrill	 M,	 Sweitzer	 NK,	 Lindenfeld	 J,	 Kao	 DP.	 Sex	 differences	 in	 outcomes	 and	 responses	 to
spironolactone	in	heart	failure	with	preserved	ejection	fraction:	a	secondary	analysis	of	TOPCAT	trial.
JACC	Heart	Fail.	(2019)	7:228–38.	doi:	10.1016/j.jchf.2019.01.003

125.	 Dabrowski	 R,	 Borowiec	 A,	 Smolis-Bak	 E,	 Kowalik	 I,	 Sosnowski	 C,	 Kraska	 A,	 et	 al.	 Effect	 of
combined	 spironolactone-β-blocker	 ±	 enalapril	 treatment	 on	 occurrence	 of	 symptomatic	 atrial
fibrillation	episodes	in	patients	with	a	history	of	paroxysmal	atrial	fibrillation.	(SPIR-AF	study).	Am	J
Cardiol.	(2010)	106:1609–14.	doi:	10.1016/j.amjcard.2010.07.037

126.	Fudim	M,	Liu	PR,	Shrader	P,	Blanco	RG,	Allen	LA,	Fonarow	GC,	et	al.	Mineralocorticoid	receptor
antagonism	 in	 patients	with	 atrial	 fibrillation:	 findings	 from	 the	ORBIT-AF.	 (outcomes	 registry	 for
better	 informed	 treatment	 of	 atrial	 fibrillation)	Registry.	 J	Am	Heart	Assoc.	 (2018)	 7:e007987.	 doi:
10.1161/JAHA.117.007987

127.	Williams	 B,	Mancia	 G,	 Spiering	W,	 Agabiti	 Rosei	 E,	 Azizi	M,	 Burnier	M,	 et	 al.	 2018	 ESC/ESH
Guidelines	 for	 the	 management	 of	 arterial	 hypertension.	 Eur	 Heart	 J.	 (2018)	 39:3021–104.	 doi:
10.1093/eurheartj/ehy339

128.	Corrao	G,	Mazzola	P,	Monzio	Compagnoni	M,	Rea	F,	Merlino	L,	Annoni	G,	et	al.	Antihypertensive

https://doi.org/10.1007/s00018-009-0015-5
https://doi.org/10.1161/01.ATV.19.9.2171
https://doi.org/10.1161/ATVBAHA.111.224881
https://doi.org/10.14797/mdcj-11-4-235
https://doi.org/10.1016/S0140-6736(05)17741-1
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1056/NEJMoa030207
https://doi.org/10.1056/NEJMoa1313731
https://doi.org/10.1161/CIRCULATIONAHA.114.013255
https://doi.org/10.1093/ageing/afw138
https://doi.org/10.1016/j.jchf.2019.01.003
https://doi.org/10.1016/j.amjcard.2010.07.037
https://doi.org/10.1161/JAHA.117.007987
https://doi.org/10.1093/eurheartj/ehy339


medications,	loop	diuretics,	and	risk	of	hip	fracture	in	the	elderly:	a	population-based	cohort	study	of
81,617	 italian	patients	newly	 treated	between	2005	and	2009.	Drugs	Aging.	 (2015)	32:927–36.	doi:
10.1007/s40266-015-0306-5

129.	Juurlink	DN,	Mamdani	MM,	Lee	DS,	Kopp	A,	Austin	PC,	Laupacis	A,	et	al.	Rates	of	hyperkalemia
after	publication	of	the	Randomized	Aldactone	Evaluation	Study.	N	Engl	J	Med.	(2004)	351:543–51.
doi:	10.1056/NEJMoa040135

130.	 Pitt	 B.	 The	 role	 of	 mineralocorticoid	 receptor	 antagonists	 (MRAs)	 in	 very	 old	 patients	 with	 heart
failure.	Heart	Fail	Rev.	(2012)	17:573–9.	doi:	10.1007/s10741-011-9286-7

131.	 Haller	 H,	 Bertram	 A,	 Stahl	 K,	 Menne	 J.	 Finerenone:	 a	 new	 mineralocorticoid	 receptor	 antagonist
without	hyperkalemia:	an	opportunity	in	patients	with	CKD?	Curr	Hypertens	Rep.	(2016)	18:41.	doi:
10.1007/s11906-016-0649-2

132.	 Liu	 LC,	 Schutte	 E,	 Gansevoort	 RT,	 van	 der	 Meer	 P,	 Voors	 AA.	 Finerenone	 :	 third-generation
mineralocorticoid	 receptor	 antagonist	 for	 the	 treatment	 of	 heart	 failure	 and	 diabetic	 kidney	 disease.
Expert	Opin	Investig	Drugs.	(2015)	24:1123–35.	doi:	10.1517/13543784.2015.1059819

133.	 Kolkhof	 P,	 Jaisser	 F,	 Kim	 SY,	 Filippatos	 G,	 Nowack	 C,	 Pitt	 B.	 Steroidal	 and	 novel	 non-steroidal
mineralocorticoid	receptor	antagonists	 in	heart	failure	and	cardiorenal	diseases:	comparison	at	bench
and	bedside.	Handb	Exp	Pharmacol.	(2017)	243:271–305.	doi:	10.1007/164_2016_76

134.	Bakris	GL,	Agarwal	R,	Chan	JC,	Cooper	ME,	Gansevoort	RT,	Haller	H,	et	al.	Effect	of	Finerenone	on
Albuminuria	 in	 patients	 with	 diabetic	 nephropathy:	 a	 randomized	 clinical	 trial.	 JAMA.	 (2015)
314:884–94.	doi:	10.1001/jama.2015.10081

135.	Filippatos	G,	Anker	SD,	Böhm	M,	Gheorghiade	M,	Køber	L,	Krum	H,	et	al.	A	randomized	controlled
study	 of	 Finerenone	 vs.	 Eplerenone	 in	 patients	 with	 worsening	 chronic	 heart	 failure	 and	 diabetes
mellitus	 and/or	 chronic	 kidney	 disease.	 Eur	 Heart	 J.	 (2016)	 37:2105–14.	 doi:
10.1093/eurheartj/ehw132

136.	 Grune	 J,	 Beyhoff	 N,	 Smeir	 E,	 Chudek	 R,	 Blumrich	 A,	 Ban	 Z,	 et	 al.	 Selective	 mineralocorticoid
receptor	 cofactor	modulation	 as	molecular	 basis	 for	Finerenone's	 antifibrotic	 activity.	Hypertension.
(2018)	71:599–608.	doi:	10.1161/HYPERTENSIONAHA.117.10360

137.	Gorini	S,	Marzolla	V,	Mammi	C,	Armani	A,	Caprio	M.	Mineralocorticoid	receptor	and	aldosterone-
related	biomarkers	of	end-organ	damage	in	cardiometabolic	disease.	Biomolecules.	(2018)	8:E96.	doi:
10.3390/biom8030096

Conflict	of	Interest	Statement:	MC	received	research	grants	from	Bayer	AG.

The	remaining	authors	declare	that	the	research	was	conducted	in	the	absence	of
any	commercial	or	financial	relationships	that	could	be	construed	as	a	potential
conflict	of	interest.
Copyright	©	2019	Gorini,	Kim,	Infante,	Mammi,	La	Vignera,	Fabbri,	Jaffe	and
Caprio.	 This	 is	 an	 open-access	 article	 distributed	 under	 the	 terms	 of	 the
Creative	 Commons	 Attribution	 License	 (CC	 BY).	 The	 use,	 distribution	 or
reproduction	 in	other	 forums	 is	permitted,	provided	 the	original	author(s)	and
the	 copyright	 owner(s)	 are	 credited	 and	 that	 the	 original	 publication	 in	 this
journal	 is	 cited,	 in	 accordance	 with	 accepted	 academic	 practice.	 No	 use,
distribution	 or	 reproduction	 is	 permitted	 which	 does	 not	 comply	 with	 these
terms.

https://doi.org/10.1007/s40266-015-0306-5
https://doi.org/10.1056/NEJMoa040135
https://doi.org/10.1007/s10741-011-9286-7
https://doi.org/10.1007/s11906-016-0649-2
https://doi.org/10.1517/13543784.2015.1059819
https://doi.org/10.1007/164_2016_76
https://doi.org/10.1001/jama.2015.10081
https://doi.org/10.1093/eurheartj/ehw132
https://doi.org/10.1161/HYPERTENSIONAHA.117.10360
https://doi.org/10.3390/biom8030096
http://creativecommons.org/licenses/by/4.0/



	Cover
	ENDOCRINE FRAILTY IN THE ELDERLY
	Editorial: Endocrine Frailty in the Elderly
	Author Contributions
	References

	ROLE of IGF-1 System in the Modulation of Longevity: Controversies and New Insights From a Centenarians' Perspective
	Introduction
	IGF-1 System and Longevity in Animal Models
	Invertebrate Models
	Vertebrate Models

	IGF-1 System in Long-lived Individuals
	IGF-1 System and Caloric Restriction
	Author's Opinion
	Conclusions
	Author Contributions
	References

	Adrenal Aging and Its Implications on Stress Responsiveness in Humans
	Introduction
	Adrenals, Aging, and Stress
	Adrenal Hormone Alterations During Aging
	Association of Adrenal Aging on Other Systems
	Adrenal Aging and Brain Function and Behavior
	Adrenal Aging: Response to Injury and Surgical Stress

	Conclusion
	Author Contributions
	References

	Impact of Paternal Age on Seminal Parameters and Reproductive Outcome of Intracytoplasmatic Sperm Injection in Infertile Italian Women
	Introduction
	Materials and Methods
	Patients
	Examination of Seminal Fluid
	Ovarian Stimulation Protocol
	Evaluation of Fertilization, Embryo Quality, and Embryo Transfer
	Statistical Analysis

	Results
	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References

	Diabetes and Aging: From Treatment Goals to Pharmacologic Therapy
	Introduction
	Epidemiology
	Pathophysiology of Diabetes in Elderly
	Diabetes and Geriatric Syndromes
	Cognitive Dysfunction and Depression
	Disability, Fractures and Urinary Incontinence
	Overtreatment and Polypharmacy

	Glycemic Control
	What Do Current International Guidelines Say on Glycemic Goals?
	Diabetes Treatments
	Oral Anti-hyperglycemic Drugs
	Injectable Anti-hyperglycemic Drugs

	Conclusions
	Author Contributions
	References

	Overt and Subclinical Hypothyroidism in the Elderly: When to Treat?
	Modification of the Hypothalamus-Pituitary-Thyroid Axis in the Older People
	Epidemiology and Clinical Effect of Overt and Subclinical Hypothyroidism
	Hypothyroidism in the Elderly: When to Treat?
	Conclusions
	Author Contributions
	References

	The Differential Effect of Excess Aldosterone on Skeletal Muscle Mass by Sex
	Introduction
	Materials and Methods
	Study Participants and Protocol
	Bioelectrical Impedance Analysis (BIA)
	Measurement of Hormone Levels and Biochemical Parameters
	Statistical Analysis

	Results
	Discussion
	Data Availability
	Author Contributions
	Funding
	Supplementary Material
	References

	Neuroimaging and Neurolaw: Drawing the Future of Aging
	Introduction
	What Is Aging-Brain Cognitive Disease?
	Which Factors Influence the Evolution of Brain Aging?
	How Can Neuroimaging Be Used to Detect Brain Aging?
	How Does Brain Aging Affect the Elderly Individual's Mental Capacity in Terms of the Law?
	How Can Neuroimaging Support Preventive Legislative Strategies and Criminal Law With Regard to the Elderly?

	Conclusions
	Author Contributions
	Acknowledgments
	References

	Androgen Deficiency and Phosphodiesterase Type 5 Expression Changes in Aging Male: Therapeutic Implications
	Introduction
	Role of Cyclic Nucleotides and PDEs in T Production and Penile Erection
	Age-Related Changes in T Production and PDE Expression in the Urogenital Tract
	Late-Onset Hypogonadism and Erectile Dysfunction
	Synergic Effects of T Plus PDE5is in the Treatment of Erectile Dysfunction in Patients With LOH
	Conclusions
	Author Contributions
	Abbreviations
	References

	Hypothyroidism as a Predictor of Surgical Outcomes in the Elderly
	Key Concepts
	Introduction
	Materials and Methods
	Clinical Features and Complications of Hypothyroidism in the Elderly
	Preoperative Screening and Treatment Considerations
	Implications of Hypothyroidism on the Surgical Risk

	Conclusions
	Author Contributions
	References

	Osteoporosis and Sarcopenia Increase Frailty Syndrome in the Elderly
	Introduction
	Sarcopenia and Osteoporosis as Concequences of an Altered Muscle-Bone Cross-Talk
	Do Sarcopenia and Osteoporosis Lead to Frailty Syndrome Development?
	Intervention Measures
	Conclusions
	Author Contributions
	Acknowledgments
	References

	Role of c-Kit in Myocardial Regeneration and Aging
	Introduction
	Biology of the Adult Heart: the Old Paradigm
	Biology of the Adult Heart: The New Paradigm
	Adult c-kitpos Cardiac Stem Cells: Retracing the Stages of their Discovery
	Phenotypic Identity of True Endogenous Adult Cardiac Stem Cells: c-kit Expression Is Necessary but not Sufficient for their Identification
	c-kit Function in Endogenous CSC Biology and Cardiac Regeneration and Aging
	Resolving the Controversy Over the Role and Myogenic Properties of the c-kitpos CSCs
	Conclusions
	Author Contributions
	Funding
	References

	Addressing Vulvovaginal Atrophy (VVA)/Genitourinary Syndrome of Menopause (GSM) for Healthy Aging in Women
	Introduction
	Menopause and Urogenital Aging
	Vulvovaginal Atrophy (VVA) or Genitourinary Syndrome of Menopause (GSM): What is in These two Names?
	Physio-Pathological Aspects of VVA/GSM
	Key-Elements of VVA/GSM Diagnosis
	The Burden of VVA/GSM on Women's Sexual Function and Quality of Life (QoL)
	General Principles for VVA/GSM Treatment
	VVA/GSM as a Negative Marker of Women's Aging: Is There Enough Evidence?
	Conclusions
	Author Contributions
	References

	Role of Aldosterone and Mineralocorticoid Receptor in Cardiovascular Aging
	Introduction
	RAAS Alterations With Aging
	Role of the Mineralocorticoid Receptor in Vascular Dysfunction With Aging
	Role of Mineralocorticoid Receptor in Myocardial Dysfunction With Aging
	Role of Mineralocorticoid Receptor in Endothelial Dysfunction and Inflammation With Aging
	MR Antagonists in the Elderly: Clinical Studies
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References



