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Abstract
Even	in	healthy	aging,	cardiac	morbidity	and	mortality	increase	with	age	in	both	mice	
and	 humans.	 These	 effects	 include	 a	 decline	 in	 diastolic	 function,	 left	 ventricular	
hypertrophy,	 metabolic	 substrate	 shifts,	 and	 alterations	 in	 the	 cardiac	 proteome.	
Previous	work	 from	our	 laboratory	 indicated	 that	 short-term	 (10-week)	 treatment	
with	 rapamycin,	 an	 mTORC1	 inhibitor,	 improved	 measures	 of	 these	 age-related	
changes.	 In	 this	 report,	 we	 demonstrate	 that	 the	 rapamycin-dependent	 improve-
ment	of	diastolic	 function	 is	highly	persistent,	while	decreases	 in	both	cardiac	hy-
pertrophy and passive stiffness are substantially persistent 8 weeks after cessation 
of	an	8-week	treatment	of	rapamycin	in	both	male	and	female	22-	to	24-month-old	
C57BL/6NIA	mice.	The	proteomic	and	metabolomic	abundance	changes	that	occur	
after 8 weeks of rapamycin treatment have varying persistence after 8 further weeks 
without	the	drug.	However,	rapamycin	did	lead	to	a	persistent	increase	in	abundance	
of	electron	transport	chain	(ETC)	complex	components,	most	of	which	belonged	to	
Complex	I.	Although	ETC	protein	abundance	and	Complex	I	activity	were	each	dif-
ferentially	affected	in	males	and	females,	the	ratio	of	Complex	I	activity	to	Complex	
I protein abundance was equally and persistently reduced after rapamycin treatment 
in	 both	 sexes.	 Thus,	 rapamycin	 treatment	 in	 the	 aged	mice	 persistently	 improved	
diastolic	function	and	myocardial	stiffness,	persistently	altered	the	cardiac	proteome	
in	the	absence	of	persistent	metabolic	changes,	and	led	to	persistent	alterations	in	
mitochondrial respiratory chain activity. These observations suggest that an optimal 
translational regimen for rapamycin therapy that promotes enhancement of health-
span	may	involve	intermittent	short-term	treatments.
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1  | INTRODUC TION

It	 is	estimated	that	by	2030,	over	8	million	people	will	suffer	from	
heart	 failure	 (HF)	 in	 the	 United	 States	 alone	 (Heidenreich	 et	 al.,	
2013).	In	the	developed	world,	HF	is	the	condition	most	responsible	
for	poor	healthspan	in	males	(age-standardized	years	lived	with	dis-
ability;	Moran	et	al.,	2014).	The	estimated	cost	of	HF	in	the	United	
States	 is	 estimated	 to	 be	 $70	 billion	 by	 2030	 (Heidenreich	 et	 al.,	
2013).	Historically,	most	attention	has	been	focused	on	HF	with	re-
duced	ejection	fraction	(HFrEF),	such	as	may	result	after	myocardial	
infarction;	however,	the	Atherosclerosis	Risk	in	Communities	study	
reported	that	47%	of	US	hospitalizations	due	to	HF	were	due	to	HF	
with	preserved	ejection	fraction	(HFpEF;	Chang	et	al.,	2014).	HFpEF	
is	generally	defined	clinically	by	signs	and/or	symptoms	of	HF	com-
bined	with	preserved	 left	ventricular	 (LV)	ejection	 fraction	 (EF).	 In	
this	setting,	reduced	cardiac	output	 is	related	to	 impaired	diastolic	
LV	filling,	and	this	results	in	exercise	intolerance	and	contributes	to	
frailty.	Cardiac	aging	 in	both	humans	and	mice	 is	 characterized	by	
a	 progressive	 decrease	 in	 diastolic	 function	 and	 an	 increase	 in	 LV	
hypertrophy	 (Chiao	&	 Rabinovitch,	 2015).	 These	 similarities	make	
aging rodents a good model for study of pharmacotherapies directed 
toward	 correcting	 diastolic	 function	 (Dai	 &	 Rabinovitch,	 2009).	
While	in	recent	decades	medical	management	has	enjoyed	substan-
tial	success	in	improving	health	and	survival	of	patients	with	HFrEF,	
effective	treatment	for	HFpEF	has	been	elusive.	Despite	the	efforts	
of	several	large	randomized	clinical	trials	designed	to	improve	quality	
of	life	in	patients	with	HFpEF,	results	have	thus	far	been	largely	dis-
appointing	(Plitt,	Spring,	Moulton,	&	Agrawal,	2018).

Rapamycin	 is	 an	 FDA-approved	 drug	 that	 directly	 inhibits	 the	
mechanistic	 target	of	 rapamycin	 (mTOR)	Complex	 I	 (C1).	 Inhibition	
of	 mTORC1	 has	 wide-ranging	 effects	 in	 vivo,	 including	 altering	
protein	 synthesis,	 inhibiting	cell	growth,	and	stimulating	stress	 re-
sponse mechanisms and autophagy. Transient or lifelong treatment 
extends	lifespan	and/or	healthspan	in	many	organisms,	ranging	from	
nematodes	to	primates	(Bitto,	Wang,	Bennett,	&	Kaeberlein,	2015).	
Rapamycin	 extends	murine	 lifespan	 in	 both	 sexes,	 even	when	 ad-
ministered at 9 or 20 months of age in genetically heterogeneous 
mice	(Harrison	et	al.,	2009;	Miller	et	al.,	2011),	and	in	C57BL/6	mice	
at	19	(Zhang	et	al.,	2014)	or	20–21	months	of	age	(Bitto	et	al.,	2016).	
The	 lifespan	 and	 healthspan	 extension	 due	 to	 rapamycin	 is	 both	
dose-	and	sex-dependent	 (Miller	et	al.,	2014).	Clinically,	 rapamycin	
and	 so-called	 “rapalogs”	 are	used	 to	prevent	 rejection	 after	organ	
transplantation	(Fine	&	Kushwaha,	2016)	and	for	the	prevention	of	
restenosis	after	insertion	of	cardiac	stents	(Park	et	al.,	2013).	Major	
concerns in considering potential clinical translation of rapamycin 
treatment are potential detrimental effects that include immuno-
modulation,	 gonadal	 atrophy,	 and	 stomatitis	 (Boers-Doets	 et	 al.,	
2013;	Pallet	&	Legendre,	2013).	However,	these	adverse	effects	are	
generally	 reversible,	 leading	 to	 the	 question	of	whether	 the	more	
desirable healthspan effects of rapamycin might persist after the un-
desirable effects have resolved.

Work	 from	our	 laboratory	and	others	has	shown	that	continu-
ous	rapamycin	improves	cardiac	function,	most	specifically	diastolic	

function,	when	administered	to	middle-	or	late-aged	mice	(Dai	et	al.,	
2014;	Flynn	et	al.,	2013).	Rapamycin	can	also	improve	cardiac	struc-
ture	and	function	in	the	context	of	various	genetic	and	experimental	
conditions	that	promote	cardiac	disease	(Das	et	al.,	2014;	Paul	et	al.,	
2014).

In	 this	 study,	we	 analyzed	 functional	 and	molecular	 outcomes	
from	 continuous	 and	 transient	 rapamycin	 treatment	 in	 aged,	male	
and	female	C57BL/6	mice.	In	both	sexes,	rapamycin	treatment	repli-
cated our previous results showing a significant improvement in car-
diac	diastolic	function,	and	this	effect	was	persistent	for	2	months	
after rapamycin was eliminated from the diet. By focusing on molec-
ular changes due to rapamycin treatment that persist after drug re-
moval,	we	hoped	to	shed	light	on	the	specific	mechanisms	of	cardiac	
functional rejuvenation induced by rapamycin treatment.

2  | RESULTS

2.1 | Rapamycin persistently improves diastolic 
function

In	 both	 humans	 and	mice,	 diastolic	 function	 is	measured	 by	 com-
paring	the	relative	proportion	of	LV	filling	that	takes	place	in	early	
diastole	by	LV	relaxation	(Ea)	versus	that	takes	place	in	late	diastole,	
secondary	to	atrial	contraction	(Aa).	In	healthy	hearts,	the	early	com-
ponent	is	greater	than	the	late	component,	and	diastolic	dysfunction	
is	conventionally	ascribed	when	there	is	a	reversal	of	this	ratio,	that	
is,	an	early-to-late	filling	ratio	below	1.0.	At	the	start	of	the	study,	
the	24-month-old	male	and	22-month-old	female	mice	(both	at	75th	
percentile	of	lifespan;	Turturro	et	al.,	1999)	demonstrated	an	Ea/Aa	
ratio	 averaging	 close	 to	1	 (approximately	half	 the	mice	 above	 and	
half	below	1.0),	which	is	typical	of	this	age	in	C57BL/6NIA	mice.	In	
the	control	group,	this	ratio	stayed	steady,	but	animals	exposed	to	
rapamycin for 8 weeks improved their diastolic function significantly 
(Figure	1a).	As	noted	previously,	this	level	of	improvement	brought	
the	Ea/Aa	ratio	back	approximately	halfway	to	that	of	young	mice	
(Chiao	et	al.,	2016;	Dai	et	al.,	2014).	After	cessation	of	treatment,	ra-
pamycin-induced	improvement	persisted	for	an	additional	8	weeks,	
with cardiac performance maintained at levels near those of mice 
receiving	16-week	continuous	rapamycin	treatment	(diastolic	func-
tion,	82%	persistent	in	females	and	78%	in	males	at	16	weeks).

Our	previous	work	in	24-	to	26-month-old	female	C57BL/6NIA	
mice showed no significant change in systolic functional measures 
(fractional	 shortening,	 FS	 and	 EF)	 during	 10	 weeks	 of	 rapamycin	
treatment	(Dai	et	al.,	2014).	Concordantly,	there	were	no	measurable	
differences	in	FS	or	EF	in	the	female	mice	at	16	weeks	in	this	study	
(Figure	1b).	However,	males	showed	a	small,	but	statistically	signif-
icant,	 reduced	 FS	 and	 EF	 in	 old	 compared	 to	 young	 control	mice.	
While	 rapamycin-treated	 old	mouse	 EF	 and	 FS	were	 intermediate	
between	young	and	old	values	for	both	sexes,	these	differences	did	
not reach significance.

We	 quantitated	 cardiac	 hypertrophy	 by	 measuring	 cardiac	
weight	 normalized	 to	 tibia	 length	 at	 necropsy	 (Figure	 1c).	 Female	
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mice at 16 weeks showed a decrease in cardiac hypertrophy after 
rapamycin	 treatment,	 and	 this	 effect	 trended	 toward	 persistent	
(p	=	.086)	by	t test. Males also showed a reduction in hypertrophy 
with	rapamycin	treatment	(p	=	.012),	and	again,	this	difference	ap-
proached	significance	in	the	persistence	group	(p	=	.081)	by	t test. 
Combining	both	sexes	by	scaling	all	data	to	the	same-sex	control	av-
erage did yield a significant difference between old and persistence 
groups	(Figure	S1).	The	reduction	in	cardiac	hypertrophy	cannot	be	
explained	by	reduction	in	overall	body	size,	as	the	body	weight	over	
time	in	all	groups	was	similar	and	relatively	stable	(Figure	1d).	Young	
animals	were	smaller	for	both	sexes	(mean	±	SEM	F:	21.01	±	0.60,	M:	
29.57	±	0.39).

2.2 | Passive stiffness of the left ventricle is 
decreased with rapamycin

To	examine	whether	the	change	 in	diastolic	function	could	be	due	
to	passive	rather	than	active	relaxation	of	the	left	ventricle,	we	ex-
tracted	 LV	multicellular	 preparations	 from	our	 control,	 rapamycin,	
persistence,	and	young	animals	(n	=	5~8	per	group)	and	tested	how	
much force it took to passively stretch the demembranated myo-
cardium	 (Figure	 2a).	 This	 stiffness	 generally	 increases	with	 age	 in	

mice,	dogs,	and	humans	(Asif	et	al.,	2000;	Campbell	&	Sorrell,	2015).	
We	 found	 that	 rapamycin	 treatment	 significantly	 and	 persistently	
reversed	 the	age-related	 increase	 in	passive	 stiffness	of	 the	prep-
arations.	We	did	not	detect	 a	 significant	difference	 in	 the	passive	
stiffness	 of	 rapamycin-treated	 groups	 compared	 to	 persistence	
groups. These data suggest that myocardial passive stiffness is a sig-
nificant contributor to the diastolic dysfunction seen with aging and 
that rapamycin can persistently reverse this effect. One potential 
cause	of	increased	passive	stiffness	is	increased	fibrosis	of	the	extra-
cellular	matrix	of	the	ventricular	wall	(Jalil	et	al.,	1989).	We	examined	
this by staining with picrosirius red and quantifying percent of col-
lagen	deposition	 detected	under	 polarizing	 light.	We	observed	no	
significant	differences	between	old	groups	(control,	rapamycin,	and	
persistence;	Figure	2b).

2.3 | Rapamycin dramatically alters protein 
abundance in both sexes; however, the 
persistence of these changes varies by sex

In	our	previous	work,	we	applied	proteomics	to	detect	many	differ-
ences	 in	 protein	 abundances	 due	 to	 10-week	 rapamycin	 treatment	
beginning	at	24	months	in	female	C57BL/6NIA	mice	(Dai	et	al.,	2014).	

F I G U R E  1  Rapamycin	persistently	improves	diastolic	function	and	reverses	cardiac	hypertrophy.	(a)	Ea/Aa	ratios	of	female	and	male	
mice	over	the	course	of	treatment	(average	±	SEM).	Continuous	rapamycin	treatment	(rapa,	dotted	line),	persistence	(pers,	dashed	line),	
and	aged	control	(control,	solid	line).	Both	rapa	and	persistence	groups	are	statistically	significantly	higher	than	controls	for	weeks	8,	12,	
and	16	by	one-way	ANOVA	followed	by	Tukey's	post	hoc	for	all	groups	at	each	time	point	per	sex.	Rapa	and	persistence	groups’	Ea/Aa	
increased	significantly	by	one-way	ANOVA	with	repeated	measures	for	each	group	over	time.	(b)	Systolic	function	parameters	measured	by	
echocardiography	at	16	weeks.	EF:	ejection	fraction;	FS:	fractional	shortening.	Black	bars,	%EF;	white	bars,	%FS;	C	=	control,	P	=	persistence,	
R	=	rapa,	Y	=	young.	*significant	by	t	test	between	old	control	and	young	groups,	†significant	by	t test between pers and young groups. 
(c)	Heart	mass	in	grams	normalized	to	tibia	length	(mm)	for	all	groups	at	16	weeks.	p-values	from	Tukey's	post	hoc	tests	when	sex-specific	
one-way	ANOVA	was	significant.	*	versus	young,	#	versus	control,	and	versus	rapa.	(d)	Body	mass	in	grams	for	all	groups	over	time.	*p	<	.05,	
**p	<	.01,	***p < .001
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Thus,	an	 important	question	was	whether	 the	changes	 in	proteome	
abundance with rapamycin treatment were persistent after drug re-
moval.	Figure	3a	shows	heatmaps	of	the	set	of	all	proteins	in	each	sex	
which had a significant difference between control and continuous 
rapamycin	treatment	at	the	16-week	time	point	(by	Student's	t	test,	
adjusted	for	multiple	comparisons,	as	described	in	Methods).	(Figure	
S2	shows	principal	component	analysis	 for	males	and	females	using	
the	same	data	as	Figure	3a)	 In	 the	comparison	between	continuous	
treatment	and	persistence	groups,	females	had	close	similarities	be-
tween	these	two	groups,	while	the	males	showed	persistence	group	
protein abundances that were intermediate between old control and 
continuous	rapamycin.	Qiagen	Ingenuity	Pathway	Analysis	(IPA)	soft-
ware was used to identify significantly changed canonical pathways. 
This revealed that eight of the top 10 pathways were conserved be-
tween	 sexes.	The	 five	most	 significantly	 changed	pathways	 in	 each	
sex	are	 shown	 in	 the	heatmap	of	Figure	3b,	 four	of	which	are	con-
served	between	 sexes;	 again,	 it	 is	 apparent	 that	 the	 rapamycin	and	
persistence	groups	are	similar	in	the	females,	but	in	the	male	cohort,	

the persistence group is more intermediate. Gene names and z-scores	
for	 all	 heatmaps	 are	 listed	 in	Tables	 S1–S4.	The	distribution	of	 per-
cent	persistence	of	the	proteins	within	each	IPA	category	is	plotted	in	
Figure	3c.	It	can	be	seen	that	for	all	top	six	pathways	but	mitochondrial	
dysfunction,	the	median	protein	abundance	in	the	female	persistence	
groups	is	actually	a	larger	change	(120%–125%	effect	in	the	same	di-
rection)	than	in	the	continuous	rapamycin	treatment	group,	whereas	
the	median	mitochondrial	dysfunction	pathway	persistence	 is	~86%	
persistent	in	females	(Table	S5).	As	predicted	by	the	overall	proteom-
ics,	persistence	within	IPA	pathways	was	appreciably	lower	in	males	
than females and differences between pathways were less apparent.

The mitochondrial dysfunction pathway is a larger set of proteins 
(females	n	=	27,	males	n	=	55)	compared	to	the	other	top	five	path-
ways	 (females	n	 =	 6–18,	males	n	 =	 19–29),	 and	was	more	 hetero-
geneous.	When	electron	transport	chain	(ETC)	proteins	alone	were	
examined,	persistence	was	varied	between	the	sexes	and	the	indi-
vidual	complexes	of	the	ETC	(Table	1),	with	the	females	again	gen-
erally	showing	greater	persistence	in	each	complex	than	the	males.	
Interestingly,	the	mean	persistence	of	proteins	in	Complex	V	of	the	
respiratory	chain	(ATP	synthase)	was	very	high	in	both	sexes.	Many	
of	the	proteins	found	to	be	altered	significantly	in	both	sexes	for	the	
mitochondrial	dysfunction	category	were	associated	with	Complex	I	
(NADH:ubiquinone	oxidoreductase)	of	the	ETC;	persistence	of	pro-
teins	in	this	complex	was	76.90%	in	females	and	26.34%	in	males.

One	explanation	for	variation	in	the	degree	of	persistence	of	pro-
teins	might	be	a	 relationship	with	protein	half-life,	 in	 that	proteins	
with faster turnover might show less persistent changes after with-
drawal	of	rapamycin	treatment.	However,	we	did	not	find	any	signifi-
cant correlation between persistence of protein abundance changes 
due	to	rapamycin	and	our	previously	measured	half-lives	of	the	same	
proteins	in	the	heart	(Dai	et	al.,	2014;	data	not	shown).

2.4 | Rapamycin differentially alters respiratory 
chain complex activity by sex

Since	 rapamycin	 did	 persistently	 alter	 ETC	Complex	 I	 (CI)	 peptide	
abundances	for	both	sexes,	we	hypothesized	that	there	may	be	a	con-
nection	between	ETC	complex	activity	and	diastolic	function—that	
is,	rapamycin	might	persistently	alter	the	function	of	the	ETC	in	both	
sexes	and	more	specifically	that	rapamycin	might	change	the	ratio	of	
complex	activity	to	complex	abundance,	thereby	changing	the	flux	
through	the	ETC.	Electron	flux	is	largely	responsible	for	determining	
the	mitochondrial	membrane	potential	 (ΔΨM),	by	creating	a	proton	
gradient	across	in	the	inner	mitochondrial	membrane.	An	increase	in	
ΔΨM	has	been	correlated	with	an	increase	in	the	production	of	ROS	
in	myocardium	and	in	isolated	cardiac	mitochondria	(Aon,	Cortassa,	
&	O’Rourke,	2008;	Chen	&	Zweier,	2014).	Rapamycin	has	previously	
been shown to lower ΔΨM,	through	a	mechanism	independent	of	its	
well-known	cellular	targets	(Schieke	et	al.,	2006).	Thus,	changing	the	
ratio	 of	 complex	 activity	 to	 complex	 abundance	might	 reduce	 the	
ΔΨM	 from	a	more	pathological	 level	 in	 the	 aging	heart,	 to	 a	more	
physiological	level.	The	impact	of	this	could	be	reduced	ROS,	while	

F I G U R E  2   Passive stiffness increases with age and is 
persistently	decreased	with	rapamycin.	(a)	Passive	force	for	each	
mouse	in	each	condition	is	shown	for	six	length	changes.	All	data	
were	normalized	to	the	control	animals	at	24%	length	change.	
Mean	±	SEM is shown for each group at each length change. p-
values	are	from	linear	modeling	of	log-transformed	data.	N = 3~12 
mice	per	group.	(b)	Percent	positive	picrosirius	red	staining	in	
ventricle	slices.	Each	dot	is	median	%	fibrosed	area	for	one	mouse.	
C: control; R: rapamycin; P: persistence; Y: young
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maintaining	appropriate	ATP	production,	as	needed	for	cardiac	cy-
cling	activity.	We	therefore	compared	activity	levels	of	the	individual	
ETC	complexes	to	the	abundance	of	Complex	proteins	 in	the	ETC,	
thereby	obtaining	a	measure	of	activity/quantity	of	ETC	protein.

In	the	female	cohorts,	we	were	unable	to	detect	significant	dif-
ferences	in	activity	of	CI,	CII,	and	CIV	between	treatment	groups	(by	
ANOVA;	Figure	4).	There	was,	however,	an	age-related	increase	 in	
CIII	activity	in	females,	which	was	reduced	persistently	by	rapamycin.	
Males	showed	a	significant	increase	in	CI	activity	with	aging,	which	
was	partially	reversed,	again	persistently,	with	rapamycin	(Figure	4).	
Males also showed a significant increase in CII activity with rapamy-
cin,	though	this	was	not	persistent	eight	weeks	after	drug	removal.	
All	complex	activity	data	were	normalized	to	mitochondrial	content,	
as	determined	by	citrate	synthase	(CS)	activity	(see	Figure	S3).	We	
also	measured	mitochondrial:nuclear	DNA	ratios	in	all	samples	and	
determined that mitochondrial content by this metric was similar be-
tween	all	old	groups	within	each	sex	(Figure	S3).

TA B L E  1  Average	percent	persistence	per	individual	complex	of	
the	respiratory	chain	by	sex

Females Males

% SD n % SD n

CI 76.90 41.55 41 26.34 38.27 39

CII 67.61 22.01 3 19.00 49.78 4

CIII 94.25 78.93 9 −6.54 68.64 9

CIV 92.70 85.36 14 32.24 54.82 16

CV 145.75 108.29 8 143.24 238.64 7

Note: The	four	complexes	of	the	ETC,	along	with	ATP	synthase,	are	
shown along with the average percent persistence of all proteins 
found	in	each	category.	The	standard	deviation	(SD)	and	the	
number	of	proteins	in	each	complex	(n)	are	also	shown.	The	data	
were	limited	to	eliminate	outliers	(Q1-IQR*1.5	<	protein	percent	
persistence	<	Q3	+	IQR*1.5).

C

P
R ♀

♂
C

R
P

♀ ♂

C PR

Ac
tin

cy
to

sk
el

.
si

g.

Ca
lc

iu
m

si
g.

IL
K 

si
g.

PK
A

 s
ig

.
M

ito
 D

ys
f.

&
 O

xP
ho

s

M
ito

 D
ys

f.
&

 O
xP

ho
s

PK
A

 s
ig

.
IL

K 
si

g.
Ac

tin
cy

to
sk

el
.

si
g.

Pr
ot

ei
n

U
bi

q.
si

g.

C PR

0

50

100

150

200

A
ct

in
 C

yt
os

k.
si

g.

C
al

ci
um

 S
ig

.

IL
K

 S
ig

.

M
ito

 D
ys

f. 
&

 O
xP

ho
s

P
K

A
 s

ig
.

P
ro

te
in

 U
bi

q.
 P

at
hw

ay

%
 p

er
si

st
en

t 8
 w

ks
 

af
te

r r
ap

a 
re

m
ov

al

F M

(a)

(b)

(c)

F I G U R E  3   Persistence of abundance changes in proteins in 
top	IPA	pathways	differs	by	sex.	(a)	Dendrograms	and	heatmaps	
showing all significantly altered protein abundances due to 
rapamycin	for	each	sex.	Dendrograms	show	Spearman's	distance	
as a measure of relatedness. Color shows z-scores	of	protein	
abundance	differences	by	protein,	with	red	indicating	greater	
abundance	and	blue	meaning	less	abundance	(−1.15	>	z	>	1.15).	(b)	
Z-score	heatmaps	of	protein	abundance,	organized	into	the	five	
most	significantly	altered	pathways	(by	IPA)	for	each	sex—females	
on	the	left	and	males	on	the	right.	(c)	Asymmetrical	beanplots	
show	the	range	of	the	percent	persistence	for	proteins	in	each	IPA	
category	(y-axis),	with	females	(light	gray)	on	the	left	side	of	each	
bean	and	males	(dark	gray)	on	the	right.	Black	bars	denote	the	
median	of	the	range	for	each	sex/category.	The	data	range	was	
limited	to	0%–200%	for	easier	visualization.	All	data	shown	are	
from	tissue	collected	at	the	16-week	time	point	in	the	old	mice.	
C—untreated	control,	R—continuous	rapamycin	treatment,	and	P—
persistence	8	weeks	after	cessation	of	8-week	treatment.	Protein	
names	are	shown	in	Tables	S1~S4
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While	 there	was	 sexual	 dimorphism	 in	 the	 abundance	 and	 ac-
tivity	 of	 components	 of	 ETC	 CI	 and	 CIII,	 both	 sexes	 consistently	
demonstrated a much greater ratio of activity:abundance in old 
controls	 than	 in	young	animals	 (Figure	5;	 see	Discussion).	The	16-
week rapamycin and the persistence treatment groups both showed 
a	significant	decline	in	the	ratio	of	activity:abundance	of	CI,	bringing	
levels toward that of the young animals. Inclusion of accessory com-
ponents in addition to core components of CI did not substantially 
alter	this	effect.	In	CIII,	females,	but	not	males,	showed	a	reversal	of	
the	age-dependent	increase	in	activity:abundance	ratio	in	rapamycin	

and	 persistence	 groups	 (Figure	 5).	 Consistent	 changes	 were	 not	
found	in	CII	or	CIV.

2.5 | Metabolome differences seen at 8 weeks of 
rapamycin treatment are largely not persistent

Previous studies by our laboratory and others have shown evi-
dence	of	an	age-related	metabolic	substrate	switch	from	depend-
ence	on	fatty	acid	oxidation	(FAO)	to	glycolysis	(Chiao	et	al.,	2016;	

F I G U R E  4  Rapamycin	alters	ETC	Complex	activity	differentially	by	sex.	(a)	Boxplots	of	the	activity	in	nmol/min	mg−1 of each of the 
complexes,	normalized	to	the	activity	of	citrate	synthase	for	each	sample,	then	as	a	ratio	against	the	control	average	activity	per	complex.	
Each	data	point	is	one	mouse	(average	from	technical	triplicates).	N	per	group	is	8	to	16.	C—control	at	16	weeks,	P—persistence,	R—rapa,	
Y—young.	Stars	indicate	significance,	by	Tukey's	post	hoc	after	an	ANOVA	of	all	groups	per	sex/complex	which	had	an	ANOVA	p	<	.05,	
compared	to	control.	*p	<	.05,	**p	<	.01,	***p < .001
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CI core proteins CI core & accessory proteins CIII proteins

0.0

0.5

1.0

1.5

2.0

C P R Y

♀ ♂ ♀ ♂ ♀ ♂

Ac
tiv

ity
/a

bu
nd

an
ce

 
re

la
tiv

e 
to

 c
on

tr
ol ***

***
***

***
***

***
***

***
***

***
**

** ** **
*

C P R Y C P R Y C P R Y C P R Y C P R Y



     |  7 of 12QUARLES Et AL.

Wende,	 Brahma,	 McGinnis,	 &	 Young,	 2017).	 Concordant	 with	 a	
more	youthful	function,	we	previously	found	evidence	of	a	reversal	
of this aging substrate shift in mice treated for 10 weeks with rapa-
mycin	(Dai	et	al.,	2014).	This	was	confirmed	by	13C glucose labeling 
and	 nuclear	magnetic	 resonance	 in	 Langendorff-perfused	 hearts	
(Chiao	et	al.,	2016).	In	the	present	study,	we	found	that	the	metab-
olomic changes after eight weeks of rapamycin treatment largely 
disappear after treatment with rapamycin is continued for a further 
eight	weeks	 (Table	 2).	 Categories	 shown	 in	 Table	 2	were	 related	
to the metabolic substrate switch previously seen at 10 weeks of 

treatment	 with	 rapamycin.	 (See	 Figures	 S4	 and	 S5	 for	more	 de-
tailed	 information	 on	 the	metabolite	 and	 enzyme	 abundances	 in	
the	TCA	cycle	and	glycolysis,	respectively.)	This	does	not	appear	to	
be simply a survivorship effect because the control hearts continue 
to show poor diastolic function at this later time point. It thus ap-
pears more likely that the rapamycin effects on cardiac metabolism 
are transient in nature. The metabolic shift may contribute to per-
sistent	cardiac	remodeling,	but	it	appears	unlikely	to	be	one	of	the	
major causes of the persistent functional changes that we observe 
(Figure	5).

TA B L E  2   Metabolome changes due to aging are not persistently reversed by rapamycin

Note: P/C:	persistence/control;	R/C:	rapa/control;	Y/C:	young/control.	Up/down	arrows	indicate	increased	or	decreased	abundance	compared	to	old	

control,	respectively.	Gray	arrows—not	significantly	different	by	ANOVA.	Significance	was	determined	by	one-way	ANOVA	(metabolites)	or	two-way	

ANOVA	(proteins),	and	that	with	(FDR-corrected)	p-values	under	.05	was	further	subjected	to	a	Tukey	post	hoc	test	for	group	comparisons.	*p	<	.05,	

**p	<	.01,	***p < .001.
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3  | DISCUSSION

Age-related	diastolic	dysfunction	is	a	pervasive	problem	with	no	cur-
rent	 well-targeted	 treatment	 options.	 Diastolic	 dysfunction	 limits	
cardiac	reserve,	which	can	lead	to	symptoms	of	exercise	intolerance,	
and	ultimately	muscle	wasting,	loss	of	independence,	and	pulmonary	
venous	congestion	(Borlaug,	2014).	Rapamycin	has	been	shown	to	re-
verse	age-related	diastolic	dysfunction	in	rodents	(Chiao	et	al.,	2016;	
Luck,	DeMarco,	Mahmood,	Gavini,	&	Pulakat,	2017)	and	dogs	(Urfer	et	
al.,	2017).	However,	thus	far	there	have	not	been	studies	that	include	
both	sexes	and	test	for	the	persistence	of	the	rapamycin-dependent	
improvement.	Our	work	indicates	that	in	C57BL/6NIA	mice,	rapamy-
cin can persistently improve diastolic function in aged animals of both 
sexes,	even	8	weeks	after	cessation	of	an	8-week	treatment.	We	also	
explored	possible	mechanisms	for	this	persistent	benefit.

3.1 | Echocardiography, hypertrophy, and stiffness

Both	sexes	of	C57BL/6	mice	show	age-related	diastolic	dysfunction,	
which is partially reversed by rapamycin treatment. This occurred 
in the absence of systolic changes in females and with only small 
changes	 in	 systolic	 function	 in	 males.	 Furthermore,	 this	 improve-
ment was persistent for two months after drug removal. This is an 
exciting	 finding	because	 it	 suggests	 that	 future	 treatments	 for	di-
astolic	dysfunction	may	be	transient,	potentially	reducing	cost,	side	
effects	 (Pallet	&	 Legendre,	 2013;	Verhave	 et	 al.,	 2014),	 and	 other	
negative effects of chronic drug treatment.

Rapamycin	 treatment	 also	 reduced	 cardiac	 hypertrophy,	 as	
previously found. Persistence of this effect was smaller than that 
of	 diastolic	 function,	 although	 it	was	 significant	when	 sexes	were	
combined.	 Passive	 stiffness	 of	 the	 LV	 trabeculae	was	 persistently	
reduced	in	the	rapamycin-treated	animals.	Reduction	in	hypertrophy	
and stiffness together indicate that at least some of the improve-
ment in diastolic function was due to an improvement in passive 
filling	 (dependent	 on	 elastic	 properties	 of	 the	 tissue),	 rather	 than	
active	 (energy-	 and	 calcium	 sequestration-dependent)	 relaxation	
of the left ventricle. This did not appear to be related to changes 
in	 cardiac	 fibrosis.	 Literature	 in	 the	area	of	 rapamycin	and	cardiac	
stiffness	is	sparse,	but	at	least	one	paper	suggested	that	rapamycin	
can	decrease	 large	artery	stiffness	 in	aged	mice	 (Lesniewski	et	al.,	
2017).	Further	study	is	needed	to	determine	which	extracellular	ma-
trix	or	cellular	changes	are	altered	by	rapamycin	in	the	myocardium.	
Another	potential	 source	of	 increased	passive	 stiffness	 is	 changes	
in	myofilaments	and	their	posttranslational	modification,	especially	
phosphorylation	of	key	sites	(Stienen,	2015);	these	also	remain	open	
for future study.

3.2 | Proteomics and ETC activity

We	 interpreted	 the	 large	 proteomic	 abundance	 changes	 seen	 after	
10-week	rapamycin	treatment	in	previous	experiments	as	evidence	of	

improved proteostasis in the myocardium and postulated that these 
effects	might	remain	persistent	after	cessation	of	the	drug.	Using	shot-
gun	proteomics	(MS/MS),	we	found	sex-specific	differences	in	protein	
abundance	with	 rapamycin	 treatment,	 and	while	 these	 differences	
were	highly	persistent	 in	females	after	cessation	of	treatment,	they	
were	 less	 so	 in	males.	The	 IPA	pathway	most	 significantly	affected	
by	rapamycin	treatment	in	both	sexes	was	mitochondrial	dysfunction	
and	oxidative	phosphorylation.	Within	this	category,	many	of	the	pro-
teins	found	to	be	significantly	altered	were	related	to	Complex	I	of	the	
ETC,	as	either	assembly	factors,	core	proteins,	or	accessory	proteins.	
This	led	us	to	hypothesize	that	there	are	activity-level	changes	to	the	
ETC,	or	at	least	to	Complex	I,	with	rapamycin	treatment.

We	found	that	both	sexes	had	persistent	decreases	in	ETC	com-
plex	activities	with	rapamycin	(Figure	4).	CI	activity	was	significantly	
reduced	with	 rapamycin	 in	male	mice,	 and	CIII	was	 reduced	 in	 fe-
males. These changes were not coordinated with the abundance 
proteomics.	 However,	 we	 reasoned	 that	 the	 ratio	 of	 activity	 to	
abundance of proteins involved in CI and CIII might be coordinately 
altered	by	 rapamycin	 treatment	 in	both	males	 and	 females,	which	
proved	to	be	the	case	(Figure	5).	In	both	sexes,	this	change	(a	reduc-
tion	in	activity:abundance	ratio)	was	also	persistently	reduced	in	CI,	
and	a	similar	effect	was	seen	in	CIII	in	females.	Thus,	both	the	males	
and females may have accomplished a similar functional outcome via 
modulating	the	relationship	of	ETC	activity	and	abundance.

Both CI and CIII have been implicated as prominent sources of 
ROS	in	mitochondria,	and	an	increase	in	ΔΨM has also been shown to 
lead	to	an	increase	in	ROS	in	myocardial	cells,	especially	at	higher	ΔΨM 
(Zhou	&	Chen,	2014).	This	may	be	in	part	due	to	higher	ΔΨM driving 
reverse	electron	flux	through	the	respiratory	chain,	primarily	through	
Complex	 I	 (Selivanov	 et	 al.,	 2011).	 Rapamycin	 has	 been	 previously	
demonstrated to reduce ΔΨM	(Schieke	et	al.,	2006).	This	information,	
especially combined with various clinical and animal model studies that 
demonstrate	an	increase	in	ROS	generation	in	HF	(Chen	&	Knowlton,	
2010),	suggests	that	in	old	hearts,	rapamycin	may	persistently	reduce	
the	electron	flux	through	the	respiratory	chain,	 leading	to	a	reduced	
ROS	generation,	with	subsequent	beneficial	effects.

There are additional reports that rapamycin may be abrogating 
levels	of	ROS	through	manipulation	of	CI	and	CIII.	Martínez-Cisuelo	
and	colleagues	published	that	16-month-old	mice	showed	age-related	
increase	in	ROS	production	at	CI	 in	 liver	mitochondria,	and	this	was	
abrogated	 by	 7-week	 rapamycin	 treatment	 (Martinez-Cisuelo	 et	 al.,	
2016).	Further,	CIII	ROS	generation,	at	 least	 in	adipocyte	differenti-
ation,	 is	dependent	on	mTORC1	signaling	(Tormos	et	al.,	2011).	Still,	
more	groups	have	found	that	mitochondrial	ROS	levels	decrease	with	
inhibition	of	TOR	or	mTORC1	(Xia,	Sun,	Xie,	&	Shu,	2017)	and	that	this	
is	associated	with	changes	in	ETC	complex	abundance	(Pan	&	Shadel,	
2009).	 Combined	 with	 previous	 work	 from	 our	 laboratory	 demon-
strating	a	reduction	in	protein	carbonylation	in	rapamycin-treated	old	
hearts	(Dai	et	al.,	2014),	we	speculate	that	the	observed	changes	in	CI	
and CIII activity and abundance may be coordinated to reduce mito-
chondrial	ROS.	Studies	that	directly	test	this	hypothesis	are	needed	to	
more	fully	understand	the	connection	between	ETC	complex	activity	
and	abundance	and	rapamycin's	organ-wide	functional	improvement.
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3.3 | Metabolomics

Our	laboratory	has	previously	shown	that	10-week	rapamycin	treat-
ment	reverses	the	age-related	metabolic	switch	from	dependence	on	
FAO	(beta-oxidation,	FAO)	to	glycolysis.	Since	this	change	was	con-
current	with	improved	diastolic	function,	we	analyzed	global	metabo-
lomics to see whether this shift was persistent 8 weeks after drug 
removal.	While	we	found	some	evidence	of	the	switch	to	glycolysis	
occurring	in	the	cohorts	in	this	study,	those	changes	did	not	persist	
8	weeks	later—all	old	groups	from	both	sexes	(continuous	rapamycin	
and	persistence)	were	indistinguishable	from	each	other	at	this	time	
point.	 Thus,	 the	 metabolomes	 of	 the	 16-week	 rapamycin-treated	
animals	(28	month	of	age	at	that	time)	seemed	to	revert	back	to	re-
sembling the old control animals. Other studies have indicated that 
rapamycin's	effects	on	glucose	metabolism	and	insulin	regulation	are	
also	phasic	 and	 reversible	 (Blum,	2002;	 Liu	 et	 al.,	 2014).	While	 the	
metabolomic profile change that is evident within the first few weeks 
of	rapamycin	treatment	(Chiao	et	al.,	2016)	may	be	important	for	di-
astolic	 functional	 improvement,	 it	does	not	appear	 to	be	necessary	
for	the	persistent	benefits.	These	data	emphasize	the	importance	at	
studying	the	kinetics	of	phenotypes,	 rather	than	single	time	points,	
when trying to determine possible mechanisms of drug effects.

4  | CONCLUSION

We	have	found	that	rapamycin	treatment	in	vivo	leads	to	a	persistent	
improvement	 in	diastolic	 function,	with	mechanism	that	 includes	re-
duction	of	passive	stiffness	of	the	left	ventricle,	changes	in	the	cardiac	
proteome,	and	a	reduction	in	cardiac	hypertrophy.	Diastolic	function	
can	also	be	modulated	by	energy-dependent	processes,	including	cal-
cium	reuptake;	we	observed	persistent	changes	 in	both	sexes	 in	the	
relationship	of	ETC	activity	and	abundance,	although	how	this	may	af-
fect	diastolic	function	needs	to	be	more	directly	examined.

We	also	observed	considerable	sexual	dimorphism	in	cellular	and	
molecular	changes	due	to	rapamycin;	thus,	changes	that	are	concor-
dant	and	persistent	in	both	sexes	may	provide	a	focus	to	best	explain	
the	mechanisms	of	rapamycin	benefits,	as	well	as	those	of	other	new	
therapies and more targeted approaches.

The	goal	of	any	treatment	in	humans	is	to	maximize	the	benefits	
while	minimizing	the	undesirable	effects,	with	as	low	and	infrequent	
of	dosing	as	possible.	To	that	end,	many	clinical	studies	have	mon-
itored	the	side	effects	of	 rapamycin	 treatment	 (Pallet	&	Legendre,	
2013;	Verhave	et	al.,	2014)	and	animal	model	studies	have	sought	
to modulate those by either changing treatment duration or amount 
(Bitto	et	al.,	2016;	Miller	et	al.,	2014).	Most	side	effects	of	rapamycin	
are,	however,	reversible	upon	cessation	of	treatment	(Kaplan,	Qazi,	
&	Wellen,	 2014),	 although	 this	 was	 not	 addressed	 in	 the	 present	
study.	Our	work	thus	reinforces	the	approach	of	minimizing	poten-
tial	detrimental	side	effects	of	rapamycin	treatment	by	utilizing	an	
intermittent dosing regimen. Our results complement the prior body 
of work by showing that transient rapamycin treatment may be suf-
ficient	to	confer	a	longer-term	health	benefit.

5  | E XPERIMENTAL PROCEDURES

5.1 | Animals and husbandry

C57BL/6J	female	and	male	mice	(3–28	months	old)	from	the	National	
Institute	of	Aging	(NIA;	originating	from	Charles	River)	were	housed	
and	maintained	according	to	the	guidelines	of	the	Institutional	Animal	
Care	and	Use	Committee	of	the	University	of	Washington.	Both	sexes	
began	treatment	at	the	75%	survival	mark	for	the	National	Institutes	
of	Aging	colony	of	C57BL/6	mice	(Turturro	et	al.,	1999),	24	(male)	or	
22	(female)	months	of	age.	Animals	were	randomized	and	divided	into	
three	experimental	groups.	Treated	animals	received	EUDRAGIT	en-
capsulated	rapamycin	(purchased	from	the	University	of	Texas	Health	
Science	Center,	San	Antonio)	at	42	ppm	(males)	or	14	ppm	(females)	
in	standard	chow	(rapa	group),	or	EUDRAGIT	encapsulation	alone	in	
the	chow	(control	group),	 for	8	or	16	weeks.	The	persistence	group	
received	rapamycin	chow	for	8	weeks,	followed	by	control	chow	for	
a further 8 weeks. Young mice of the same genotype were acquired 
from	the	NIA	at	3	months	and	used	for	the	studies	at	4	months	of	age.	
Animals	were	removed	from	the	study	whenever	one	of	the	several	
possible	conditions	was	met:	(a)	loss	of	20%	body	weight,	(b)	tumors	
or	masses	interfered	with	daily	activity,	or	(c)	inability	to	feed	or	drink	
with signs of impending death. Three of each old male group were cen-
sored.	Censored	old	females	included	were	six	control,	one	rapa,	and	
two	persistence	mice.	No	young	animals	were	censored.	Diet	was	pre-
pared	in	house,	by	combining	powdered	standard	rodent	diet	(LabDiet	
PicoLab	Rodent	Diet	20,	#5053)	with	food	coloring,	agar,	water,	and	
either	 EUDRAGIT	 or	 encapsulated	 rapamycin.	 This	 mix	 was	 then	
compressed	into	patties	and	frozen	until	used.	Animals	had	ad	libitum	
access	to	food	and	water	with	a	12-hr	light/dark	cycle.	Experimental	
animals	were	euthanized	by	cervical	dislocation.	A	2-mm	mid-vertical	
section	was	 fixed	 in	 4%	 formalin	 with	 the	 remainder	 of	 the	 tissue	
minced	 and	 flash-frozen	 in	 liquid	 nitrogen	 (LN2).	 Frozen	 tissue	was	
powdered	with	a	TissueLyser	II	(Qiagen)	and	stored	in	LN2 until use.

5.2 | Echocardiography

Longitudinal	echocardiography	occurred	0,	8,	12,	and	16	weeks	after	
start	of	treatment.	Mice	were	anesthetized	with	1%–2%	isoflurane	to	
keep the heart rate between 500 and 550 bpm. Breathing and heart 
rates	were	continuously	monitored,	and	body	temperature	was	kept	
stable using a circulating warm water pad. Images were captured using 
a	 13	MHz	 probe	 with	 a	 Siemens	 Acuson	 CV-70	 (Siemens	Medical	
Solution),	using	M-mode	and	B-mode	views	along	with	LV	parasternal	
long-axis	view	(D-mode	and	TDI).	Images	taken	when	the	heart	rate	
was	not	within	the	500–550	bpm	range	were	excluded	from	analysis.

5.3 | Proteomics

Flash-frozen	 and	 pulverized	 heart	 tissues	 were	 processed	 and	
trypsin-digested,	 and	 LC-MS/MS	 analysis	 was	 performed	 with	
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a	 Waters	 nanoAcquity	 UPLC	 and	 an	 Orbitrap	 Fusion	 Mass	
Spectrometer.	 For	 detailed	 methods	 on	 tissue	 processing,	 see	
Supplementary	Methods.

Statistical	analyses	were	performed	using	R	(R	Core	Team,	2016)	
and	 Bioconductor	 (Fred	 Hutchinson	 Cancer	 Research	 Center).	 R	
scripts used in the proteomic analysis pipeline are available upon 
request from the corresponding author. Peptides that mapped to 
a	single	UniProt	 (Apweiler	et	al.,	2004)	protein	accession	 for	Mus	
musculus	were	used	for	quantification	of	protein	abundance.	A	total	
of	 31,791	 entries	 (male	 dataset)	 and	 27,165	 entries	 (female	 data-
set)	from	UniProtKB/Swiss-Prot	and	UniProtKB/TrEMBL were found. 
Where	one	protein	consisted	of	multiple	peptides,	statistical	models	
were modified to appropriately account for this by using the peptides 
in each protein as a blocking factor. The total number of proteins 
found	 is	as	 follows:	7,166	 (males)	and	5,870	 (females).	Statistically	
significant abundance changes in proteins between groups were 
determined	 by	 Student's	 t	 test,	 and	 p-values	 were	 corrected	 for	
multiple testing by calculating q-values;	q-values	under	0.05	were	
considered	statistically	significant.	See	Supporting	Information	for	
detailed methods on pathway analysis and creation of heatmaps.

5.4 | Passive stiffness

Experiments	 were	 performed	 as	 described	 in	 Moussavi-Harami	 et	
al.	 (2015).	In	brief,	excised	hearts	were	demembranated	overnight	at	
4°C	 in	a	 relaxing	solution	 (in	mM:	100	KCl,	10	 imidazole,	2	EGTA,	5	
MgCl2,	and	4	ATP)	containing	50%	glycerol	(vol:vol),	1×	protease	inhibi-
tor	cocktail	(Sigma-Aldrich,	P8340),	and	1%	Triton	X-100.	Hearts	were	
then	stored	at	−20°C	in	the	same	solution	without	Triton	X-100	for	up	
to	1	week.	LV	multicellular	 tissues	were	dissected	out	and	wrapped	
between	 aluminum	 t-clips,	 then	mounted	 between	 a	motor	 (Aurora	
Scientific,	Model	312B)	and	force	transducer	(Aurora	Scientific,	Model	
403A).	 Preparations	were	moved	 to	 a	 bath	 containing	 experimental	
relaxing	solution	at	pH	7.0	and	15°C	containing	(in	mM):	15	phospho-
creatine,	15	EGTA,	80	MOPS,	1	 free	Mg2+,	10–6 Ca2+,	1	DTT,	and	5	
Mg2	ATP.	Preparations	were	set	to	 length	 just	above	slack	 (L0),	 then	
sequentially	stretched	at	4%	increments	up	to	24%	L0.	We	calculated	
median	passive	force	(mN/mm2)	per	mouse	from	multiple	preparations	
(1–4	per	heart).	We	scaled	all	data	to	controls	at	24%	length	change	for	
each	experiment	to	compare	3	experiments	at	once.	N	=	3–12	mice	per	
group.	Scaled	data	were	log-transformed,	and	linear	modeling	was	per-
formed. p-values	are	from	linear	modeling.	All	groups	have	both	sexes	
combined.	We	did	not	observe	sex-related	differences.

5.5 | Picrosirius red staining

Formalin-fixed/paraffin-embedded	 mid-ventricle	 sections	 from	
each	heart	were	 counterstained	 to	 visualize	 nuclei	with	Weigert's	
hematoxylin	(MilliporeSigma)	and	then	stained	with	0.1%	sirius	red	
in	 saturated	 picric	 acid	 (Rowley	 Biochemical).	 Slides	 were	 briefly	
washed	in	acidified	water	(87	mmol	glacial	acetic	acid),	dehydrated,	

and	mounted	 in	 Permount	 (Fisher	 Scientific).	 All	 images	were	 ob-
tained	with	the	same	exposure	time,	white	balance,	and	saturation	
on	a	Leica	DMLS	outfitted	with	a	circular	polarizer	and	a	AmScope	
MU	300	camera.

Positive picrosirius red signal and total tissue area were quan-
tified in ImageJ. Percent positive signal was determined for each 
image	(n	=	8–22	images	per	heart),	and	median	%	positive	signal	was	
calculated	per	animal.	N	per	group:	C-6,	P-6,	R-4,	and	Y-2.

5.6 | Metabolite extraction and analysis

Metabolic	 profiling	 by	 LC-MS	 was	 performed	 as	 previously	 de-
scribed	(Dai	et	al.,	2014).	For	detailed	tissue	extraction	methods,	see	
Supplementary	Methods.

Data	were	 log2-transformed,	centered	and	scaled	 (by	standard	
deviation),	 and	 then	 analyzed	 using	 one-way	ANOVA	per	 sex	 and	
metabolite	in	R.	Sample	sizes	for	each	group	(old	control,	old	rapa,	
old	persistence,	and	young	controls)	were	8,	8,	8,	and	6	(females)	and	
8,	7,	8,	and	7	(males).

5.7 | Statistical analysis

For	 specific	 statistical	 analyses,	 see	 each	 methods	 subsection.	 In	
general,	all	tests	involving	one	sex	with	more	than	two	groups	were	
one-way	ANOVAs.	Two-way	ANOVA	with	repeated	measures	was	
used,	when	one	sex	with	more	than	two	groups	was	tested	over	mul-
tiple	time	points	(i.e.,	for	Ea/Aa	ratios).	Following	ANOVAs,	Tukey's	
post	 hoc	 tests	 were	 used	 to	 determine	 group–group	 differences.	
Student's	t	tests	or	Welch	two-sample	tests	were	used	when	com-
paring two groups. Multiple testing corrections were performed 
using the Bioconductor package q-value.	p-values	and	q-values	less	
than .05 were considered statistically significant.
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