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Abstract
Epidemiological	 studies	of	human	 longevity	 found	 two	 interesting	 features,	 robust	
advantage of female lifespan and consistent reduction of lifespan variation. To help 
understand	 the	 genetic	 aspects	 of	 these	 phenomena,	 the	 current	 study	 examined	
sex differences and variation of longevity using previously published mouse data sets 
including	data	on	lifespan,	age	of	puberty,	and	circulating	insulin-like	growth	factor	1	
(IGF1)	levels	in	31	inbred	strains,	data	from	colonies	of	nuclear-receptor-interacting	
protein 1 (Nrip1)	knockout	mice,	and	a	congenic	strain,	B6.C3H-Igf1.	Looking	at	the	
overall	data	for	all	inbred	strains,	the	results	show	no	significant	difference	in	lifes-
pan	and	 lifespan	variation	between	sexes;	however,	 considerable	differences	were	
found	among	and	within	strains.	Across	strains,	lifespan	variations	of	female	and	male	
mice	are	significantly	correlated.	Strikingly,	between	sexes,	IGF1	levels	correlate	with	
the	lifespan	variation	and	maximum	lifespan	in	different	directions.	Female	mice	with	
low	IGF1	levels	have	higher	variation	and	extended	maximum	lifespan.	The	opposite	
is	detected	in	males.	Compared	to	domesticated	inbred	strains,	wild-derived	inbred	
strains have elevated lifespan variation due to increased early deaths in both sexes 
and	extended	maximum	lifespan	in	female	mice.	 Intriguingly,	the	sex	differences	 in	
survival	curves	of	 inbred	strains	negatively	associated	with	age	of	 female	puberty,	
which	is	significantly	accelerated	in	domesticated	inbred	strains	compared	to	wild-de-
rived	strains.	In	conclusion,	this	study	suggests	that	genetic	factors	are	involved	in	the	
regulation	of	sexual	disparities	 in	 lifespan	and	lifespan	variation,	and	dissecting	the	
mouse genome may provide novel insight into the underlying genetic mechanisms.
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1  |  INTRODUC TION

Epidemiological studies of human lifespan data revealed that the sex 
difference in human longevity is one of the most robust features of 
human	populations	(reviewed	in	Austad	&	Fischer,	2016).	According	
to	information	from	38	countries	in	the	Human	Mortality	Database	
(http://www.morta	lity.org/),	for	all	countries	each	year	in	the	data-
base,	female	life	expectancy	at	birth	exceeds	that	of	males.	Another	
evidence of greater female longevity is provided by data from the 
Gerontology	 Research	 Group	 (http://www.grg.org/Adams/	Tables.
htm),	 which	 shows	 that	 women	 comprise	 90%	 of	 supercentenari-
ans	(individuals	living	to	110	years	or	longer).	However,	little	about	
the	underlying	biological	mechanisms	is	known,	not	only	because	of	
the	complexity,	but	also	due	to	the	lack	of	a	suitable	animal	model	
for	 studying	 this	 phenomenon.	 In	 fact,	 unlike	 in	 the	 human,	 com-
mon	used	laboratory	models,	worms,	fruit	flies,	rats	and	mice,	show	
there	is	no	robust	difference	in	longevity	between	sexes	(Austad	&	
Fischer,	2016).

Another	important	feature	of	human	lifespan	data	identified	by	
epidemiological studies is the inverse association between increased 
lifespan	expectancy	and	decreased	lifespan	variation,	which	refers	
to	the	variation	of	age	at	death	(Austad	&	Fischer,	2016;	Raalte	et	al.,	
2018).	Although	 lifespan	variation	 is	routinely	reported	along	with	
other	 lifespan	 parameters,	 such	 as	 mean,	 median,	 and	 maximum	
lifespan,	 it	 is	 rarely	analyzed.	From	a	social-economic	perspective,	
understanding lifespan variation has profound impacts on the ability 
to	predict	an	individual	 life	expectancy,	the	organization	and	man-
agement	of	health	care,	and	other	policies	(Raalte	et	al.,	2018).	For	
gerontologists,	understanding	variation	of	biomarkers	of	aging	will	
improve	 the	 assessment	 of	 physiological	 dysregulation,	which	 has	
attracted	 recent	 attention	 (Bartke	 et	 al.,	 2019).	 In	 aging	 research,	
the variation of lifespan is related to the resilience and robustness of 
resisting the exponentially increased death rate with increasing age; 
therefore,	it	may	be	used	as	a	parameter	to	evaluate	health	span	of	a	
population	and	provide	clues	for	delaying	aging.	Analysis	of	lifespan	
variation	 in	mice	 subjected	 to	anti-aging	 interventions	 (pharmaco-
logical,	dietary,	or	genetic	modification)	shows	that	the	inverse	as-
sociation between lifespan and variation of individual age at death 
described in human cohorts is not consistently observed in these 
animals	(Bartke	et	al.,	2019).	In	fact,	the	impact	of	anti-aging	inter-
ventions	on	the	lifespan	variation	of	mice,	defined	as	the	median	of	
absolute	difference	(MAD)	between	individual	lifespan	and	the	me-
dian	 lifespan	of	a	population,	 is	 treatment-dependent	and	sexually	
dimorphic	(Bartke	et	al.,	2019).	These	results	indicate	that	biological	
mechanisms might be involved in regulating variability of lifespan.

In	 this	 paper,	we	 used	 an	 extensive	 set	 of	 available	 data	 from	
several	 of	our	previous	 studies	 that	 investigated	 longevity-related	
phenotypes	 in	 a	 variety	 of	 mouse	 strains,	 including	 inbred	 and	
genetically	modified	 strains	 (Wang	et	 al.,	 2018;	Yuan	et	 al.,	 2012,	
2009).	Our	lifespan	study	of	inbred	strains	was	specifically	designed	
to cover most of the genetic diversity of the mouse (Mus musculus 
species,	 including	 representatives	 of	 four	 subspecies).	 These	 data	

provided us with a unique opportunity to investigate the genetic 
regulation of lifespan variation—including conditions that generate 
sex differences in lifespan and lifespan variation—across a wide vari-
ety	of	well-studied	genotypes.

2  |  RESULTS

2.1  |  Similarities in longevity parameters between 
female and male mice

We	 previously	 reported	 significant	 differences	 in	 lifespan	 among	
inbred	mouse	strains	(Yuan	et	al.,	2012,	2009).	Strain	names	and	ab-
breviations	are	listed	in	the	Supplementary	Information,	Table	S1.	In	
the	current	study,	we	first	examined	potential	sex	effects	on	lifespan	
(Table	S2	and	Figure	S1).	Although	it	is	generally	believed	that	female	
and	male	mice	have	different	lifespans,	our	study	comparing	lifespan	
parameters	of	1,851	female	and	950	male	mice,	in	aggregate	from	31	
mouse	inbred	strains,	shows	that	any	sex	effect	on	survivorship	(at	
25%,	50%,	and	75%)	is	small,	including	median	lifespan,	ranging	from	
0.8%	to	1.7%	(median	test:	z	=	−1.6844,	p	=	0.092;	Table	S2).	The	
survival curves of female and male mice virtually overlap (log rank 
test: χ2 =	0.3,	p	=	0.590;	Figure	S1).

The similarity in survivorship between sexes is also evident for 
the	variation	of	longevity.	In	this	study,	to	accommodate	non-normal	
data	distributions,	we	used	the	MAD	between	individual	and	median	
lifespan	to	represent	variability	 (Bartke	et	al.,	2019).	There	was	no	
sex	effect	on	lifespan	variation	(variation	test:	z	=	−1.29,	p	=	0.200;	
Table	S2).

2.2  |  Identification of individual strains having 
significant sex effects on lifespan

Although	 the	 global	 analysis	 of	 our	 complete	 set	 of	mice	 did	 not	
show	a	sex	effect	on	longevity,	genetic	effects	on	possible	sex	dif-
ferences	may	be	found	in	individual	strains.	Therefore,	we	compared	
median	and	maximum	 lifespans	 (upper	10%	of	corrected	 lifespan),	
as	well	 as	 female	 and	male	 survival	 curves	 (Table	 S1).	 “Corrected	
lifespans” were calculated by subtracting the median lifespan of the 
group from the lifespan of individuals. It is well known that genetic 
factors	play	 important	 roles	 in	 regulating	 lifespan.	Hence,	 it	 is	not	
surprising	 that	median	 lifespan,	 as	well	 as	 the	median	of	 the	10%	
longest	corrected	 lifespans,	significantly	correlated	between	sexes	
among	the	inbred	strains	(Figure	1a,b).

The significance of the difference in maximum lifespan is deter-
mined	by	 the	combination	of	quantile	 regression	and	Fisher	exact	
probability	test,	which	takes	the	difference	of	sample	size	 into	ac-
count to avoid the potential bias caused by the inequality in sample 
size	between	groups.	 In	this	study,	we	defined	a	difference	in	 lon-
gevity between sexes as a significant difference between survival 
curves	(log	rank	test,	p	<	0.05),	plus	a	significant	difference	in	either	

http://www.mortality.org/
http://www.grg.org/Adams/Tables.htm
http://www.grg.org/Adams/Tables.htm
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median and/or maximum lifespan (p	 <	 0.05).	 Males	 from	 strains	
129S1,	 NOD.B10,	 and	 NZW	 had	 significantly	 greater	 longevity	
than	females.	Females	from	strains	B10	and	P	mice	had	significantly	
greater	longevity	than	males.	Interestingly,	female	MRL	mice	had	a	
significantly	shorter	median	lifespan;	however,	females	significantly	
outnumbered	males	 in	 the	 longest	 10%	 survivorship,	 indicating	 a	
higher death risk after the age of the median lifespan in males than 
in	females	of	MRL.

2.3  |  Identification of strains with significant 
differences in lifespan variation

To	 identify	 inbred	 strains	 with	 significantly	 different	 MADs,	 we	
conducted	a	permutation	test,	defining	the	significantly	higher	or	
lower	MAD	as	outside	of	the	2.5%–97.5%	range	of	1,000	permuta-
tions.	For	that,	we	pooled	the	mice	per	gender	and	drew	per	strain	
1,000	 times	a	 random	sample	of	 the	 same	 size	 as	 the	number	of	
mice	of	 that	 gender	 in	 that	 strain.	Of	each	 sample	 the	MAD	was	
calculated.	 This	 gave	 the	 expected	 distribution	 of	 MAD	 of	 that	
gender	in	that	strain,	which	was	used	to	estimate	the	2.5%–97.5%	
range	of	MAD	of	that	strain.	It	is	worth	noting	that	the	permutation	
test	was	conducted	according	to	the	real	sample	size	of	each	group;	

therefore,	the	difference	in	the	sample	size	does	not	cause	statistic	
bias.	The	significance	level	of	the	MAD	differences	between	sexes	
of	each	strain	was	also	determined	by	the	same	method.	For	the	sex	
difference	comparison,	seven	strains	showed	significantly	different	
MADs	between	female	and	male	(Table	S3).	In	females,	ten	strains	
had	significantly	higher	MADs	than	other	strains;	three	strains	had	
significantly	 lower	MADs.	 In	males,	eight	 strains	had	 significantly	
higher	 MADs	 than	 other	 strains;	 three	 strains	 had	 significantly	
lower	MADs.	In	both	sexes,	strains	C57L	and	MRL	had	significantly	
reduced	MADs,	while	BUB,	SWR,	CAST,	and	WSB	had	significantly	
elevated	MADs.	WSB	had	 the	 highest	MAD	 in	 both	 females	 and	
males,	and	its	MAD	was	also	significantly	different	between	sexes	
(Table	S3).

In	human	populations,	 increased	 lifespan	expectancy	 is	consis-
tently	accompanied	with	decreased	variation	of	age	at	death	(Austad	
&	Fischer,	2016;	Raalte	et	al.,	2018).	In	the	current	study,	an	exam-
ination of correlation showed that increased lifespan is correlated 
with	 reduced	 variation	 in	males,	while	 in	 females,	MAD	 is	 slightly	
increased	with	 longer	median	 lifespan.	However,	 none	of	 the	 cor-
relations is significant (p	=	0.688	and	0.235	 in	 females	and	males,	
respectively;	 Figure	 1c).	 Interestingly,	 as	 shown	 in	 Figure	 1d,	 the	
variation of longevity in female and male mice was significantly cor-
related (R	=	0.59,	p	<	0.001).

F I G U R E  1 Association	of	median	lifespan	and	MAD	between	sexes	of	inbred	mouse	strains.	Median	lifespan	(a)	and	median	of	the	
longest	10%	lifespan	(b)	are	significantly	correlated	between	sexes	among	inbred	strains.	There	is	no	significant	association	between	MAD	
and	median	lifespan	among	inbred	strains	(c).	Female	and	male	MADs	are	significantly	associated	(d)
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2.4  |  Association of circulating IGF1 concentration, 
female reproductive maturation, and strain derivation 
with lifespan parameters

Our large strain study included analysis of a number of factors rel-
evant	 to	 aging	 (Yuan	 et	 al.,	 2012,	 2009).	 In	 the	 current	 study,	we	
evaluated the potential association of three of these factors on lifes-
pan	variation:	non-fasting	circulating	IGF1	concentration,	female	re-
productive	maturation,	and	strain	derivation.

2.4.1  |  Association of IGF1 levels with 
lifespan parameters

Across	 inbred	 strains,	we	 found	 that	median	 level	 of	 IGF1	 associ-
ated	with	the	MAD	lifespan,	but	in	an	age-	and	sex-specific	way.	As	
shown	in	Figure	2a–c,	in	females,	at	all	three	time	points,	6,	12	and	
18	months,	lower	IGF1	associated	with	increased	MAD	and	the	asso-
ciation is significant at age of six months (p	=	0.048,	0.144	and	0.464,	
respectively).	 In	males,	higher	 IGF1	at	all	 three	time	points	associ-
ated	with	reduced	MAD	and	the	association	is	significant	at	age	of	
18 months (p	=	0.056,	0.106	and	0.010,	respectively).	Importantly,	at	
all	three	ages,	the	difference	between	sexes	is	significant	(p	<	0.05,	
Table	1).	These	results	indicate	there	might	be	sex-specific	effects	of	
IGF1	on	longevity.

We	previously	 reported	 that	 IGF1	 levels	 negatively	 associated	
with	 lifespan,	 and	 identified	 strains	 with	 significantly	 higher	 and	
lower	 IGF1	at	 age	of	 six	months	 in	both	 females	 and	males	 (Yang	
et	al.,	2009).	To	further	 investigate	the	relationship	between	 IGF1	
and	 lifespan,	as	well	as	the	variation	of	 lifespan,	we	compared	the	

survival	density	plots	(Figure	3a,b)	and	survival	curves	(Figure	S2a,b)	
of	the	mice	in	the	strains	with	significantly	 lower	and	higher	IGF1.	
The	lists	of	strains	with	respectively	low	and	high	IGF1	levels	per	sex	
are	given	in	the	figures.	Log	rank	tests	of	the	survival	curves	compar-
ison show that these two groups of mice have significantly different 
longevities in both sexes (p	<	0.001).

In	females,	the	group	with	low	IGF1	had	an	elevated	death	rate	at	
young	age.	As	shown	in	Table	2,	the	death	risk	estimation	based	on	
lognormal	fit	at	the	age	of	180	days,	before	which	mice	are	considered	
as	young,	is	significantly	higher	in	the	mice	with	low	IGF1	than	that	of	
the	mice	with	high	IGF1	(0.38%	vs.	0.01%,	p	<	0.05).	The	median	lifes-
pan	of	female	mice	with	low	IGF1	level	is	significantly	longer	than	that	
of	the	females	with	high	IGF1	level	(763	vs.	615.5	days	respectively,	
p	<	0.0001,	Figure	S2a,	Figure	3a,	Table	2).	Moreover,	comparing	the	
density	plots,	when	lifespan	is	corrected	by	median	lifespan,	low	IGF1	
females	 having	 longer	 maximum	 lifespans	 than	 high	 IGF1	 females	
(Figure	3a).	Among	 the	mice	of	 10%	 longest	 corrected	 lifespan,	 97	
are	low	IGF1	mice	and	31	are	high	IGF1	mice.	Quantile	regression	test	
found the difference to be significant (p	<	0.001,	Table	2).	The	ele-
vated	rates	of	early	deaths,	as	well	as	the	extended	median	and	maxi-
mum	lifespan,	result	in	the	increased	lifespan	variation	in	the	low	IGF1	
group	compared	to	the	high	IGF1	group	(z	=	−8.86,	p	<	0.001,	Table	2).

In	males,	different	 from	the	 females,	 there	 is	no	significant	dif-
ference	in	MAD	between	the	high	and	low	IGF1	groups	of	male	mice	
(z	=	−1.05,	p	=	0.296,	Table	2).	The	death	risk	at	180	days	is	similar	in	
the	high	and	low	IGF1	group	(0.83%	vs.	0.62%,	respectively).	The	me-
dian	lifespan	is	significantly	extended	in	the	males	with	low	IGF1	than	
the	males	with	high	IGF1	(730	and	615	days	respectively,	p	<	0.001).	
Surprisingly,	among	the	70	mice	of	10%	longest	corrected	lifespan,	52	
mice	belonging	to	seven	strains	are	from	the	high	IGF1	group.	Only	

F I G U R E  2 Association	of	MAD	lifespan	with	median	level	of	circulating	IGF1	at	ages	of	6	(a),	12	(b),	and	18	(c)	months.	At	all	three	time	
points,	the	correlations	are	positive	in	females	but	negative	in	males.	The	correlations	at	6	months	in	females	and	at	18	months	in	males	are	
significant. The differences between sexes are significant at all three time points. The slopes and p-values	are	listed	in	Table	1
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18	mice	are	from	the	low	IGF1	group.	Quantile	regression	test	shows	
the difference is significant (p	<	0.001).	These	 results	 indicate	 that	
male	mice	with	high	IGF1	have	longer	maximum	lifespan.

It is interesting that our results show the opposite directions 
of	the	association	between	IGF1	with	maximum	lifespan	between	
sexes	(Figure	S3),	and	the	sexual	differences	are	significant	at	all	
three	time	points	(6,	12,	and	18	months,	Table	S4).	Importantly,	in	
males,	the	IGF1	levels	at	18	months	have	the	most	significant	cor-
relation with maximum lifespan compared with the other two time 
points	(Table	S4).	In	female	mice,	among	the	three	time	points,	the	
IGF1	 levels	 at	 six	months	 correlate	with	maximum	 lifespan	 bet-
ter	 than	 the	other	 two	 time	points	 (none	of	 them	 is	 significant).	
Based	 on	 these	 results,	 it	 is	 reasonable	 to	 hypothesize	 that	 the	
IGF1	levels	of	male	mice	at	old	age	and	female	mice	at	young	age	

are important for predicting the maximum lifespan. The strains 
with	high	IGF1	levels	in	males	at	old	age	and	in	females	at	young	
age would favor males when comparing maximum lifespan be-
tween	sexes,	while	the	opposite	is	true	for	strains	with	low	IGF1	
in	females	at	young	age	and	in	males	at	old	age.	According	to	our	
previous	 analyses	 (Yang	 et	 al.,	 2009),	 three	 strains,	 NOD,	 BUB,	
and	NZO,	fit	the	first	scenario,	and	two	strains,	SM	and	WSB,	fit	
the	second	scenario.	In	the	first	scenario,	compared	with	females,	
males of NOD and BUB have significantly longer maximum lifes-
pan,	and	NZO	has	a	suggestively	longer	maximum	lifespan	(Table	
S1).	As	expected,	female	mice	of	SM	and	WSB	have	significantly	
longer	maximum	lifespan	than	males.	Taken	together,	our	results	
suggest	that	IGF1	plays	an	important	role	in	the	sexual	disparity	of	
the regulatory mechanisms of maximum lifespan.

Age (month)

Female Male Diff. sexes Model

Slope p Slope p Slope p
adj. 
R2 p

6 −0.40 0.048 0.49 0.056 0.89 0.007 0.08 0.051

12 −0.34 0.144 0.50 0.106 0.84 0.032 0.04 0.169

18 −0.18 0.464 0.95 0.010 1.13 0.012 0.08 0.058

p-values	in	bold	are	smaller	than	0.05.

TA B L E  1 Association	of	MAD	lifespan	
with	circulating	IGF1	levels	at	6,	12,	and	
18 months.

F I G U R E  3 Comparison	of	survival	density	plots	of	strains	with	high	and	low	IGF1	levels	(a	&	b),	and	of	the	domesticated	and	wild-derived	
inbred	strains	(c	&	d),	females	and	male	are	shown	separately.	Strains	with	high	and	low	level	of	IGF1	are	listed	in	(a)	and	(b).	Statistical	
comparisons of the groups are in Table 2. The X-axes	represent	the	corrected	lifespan.	The	Y-axes	represent	the	probability	that	mice	will	
survive up to the corrected lifespan. The probability density function is the kernel density estimation of R using default settings

Females Males

Corrected lifespan (days) Corrected lifespan (days)
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We	also	examined	the	difference	in	IGF1	levels	between	sexes.	
Strains	with	 significant	 sex	disparities	 in	 IGF1	 levels	 at	 three	 time	
points	were	identified	(Table	S5a–c).	We	also	calculated	the	variation	
of	 IGF1	and	examined	the	relationship	between	the	 lifespan	MAD	
and	IGF1	MAD,	but	found	no	significant	association.	Comparing	the	
MAD	of	IGF1	between	sexes,	only	a	few	strains	had	significant	dif-
ference	at	the	three	time	points	(Table	S5a–c).

2.4.2  |  Association of the variation of age of 
vaginal patency (AVP) with lifespan variation and 
IGF1 levels

AVP,	a	biomarker	of	female	sex	maturation,	like	lifespan	itself,	is	a	life	
history	trait.	We	have	demonstrated	that,	in	mice,	delayed	AVP	as-
sociates	with	extended	longevity	in	female	mice	(Yuan	et	al.,	2012).	
In	the	current	study,	we	evaluated	variation	of	AVP	and	its	relation-
ship	 to	 IGF1	and	variation	of	 lifespan.	We	 found	 that,	 as	with	 the	
association	between	 IGF1	and	variation	of	 lifespan,	 IGF1	 levels	 at	
six	months	negatively	associated	with	 the	MAD	of	AVP	 (R	=	0.37,	
p	=	0.046,	Figure	4a).	Furthermore,	the	variations	of	AVP	and	lifes-
pan associated positively (R	=	0.43,	p	=	0.020,	Figure	4b),	suggesting	
that	IGF1	coordinately	regulates	life	history	traits	throughout	life.

2.4.3  |  Differences in life history traits between 
domesticated and wild-derived inbred strains

This	 study	 includes	27	domesticated	 inbred	strains	and	 four	wild-
derived	 inbred	 strains	CAST/EiJ,	MOLF/EiJ,	 PWD/PhJ,	 and	WSB/
EiJ that represent four different subspecies Mus musculus castaneus,	
Mus musculus molosinus,	Mus musculus musculus,	 and	Mus musculus 
domesticus. More details of the originations of the strains involved 
in	this	study	can	be	found	in	the	website	of	The	Jackson	Laboratory	
(www.jax.org/strain).	Although	the	median	lifespan	was	not	signifi-
cantly	different	between	the	domesticated	and	wild-derived	inbred	
strains	(Figure	S4a,b,	Table	2),	the	survival	curves	were	significantly	
different for both females and males (p < 0.001 and p	 =	0.003	 in	
females	 and	 males,	 respectively;	 Figure	 S2c,d,	 Table	 2).	 Similarly,	
lifespan	variations	of	domesticated	and	wild-derived	mice	were	also	
significantly	different	in	both	sexes	(Table	2).	Interestingly,	for	both	
sexes,	wild-derived	 inbred	mice	 have	 a	 significantly	 greater	 death	
risk	 at	 age	of	 180	days,	 but	 only	 female	wild-derived	mice	 exhib-
ited	a	significantly	greater	maximum	corrected	lifespan	(Figure	3c,d,	
Figure	S2c,d,	Table	2).

2.5  |  Association of AVP with lifespan disparity 
between female and male mice

Interestingly,	 we	 found	 a	 suggestive,	 negative	 correlation	 of	 AVP	
with the χ2	of	the	log	rank	test	for	sex	differences	in	survival	curves,	
suggesting	 that	 accelerated	 AVP	 increases	 the	 disparity	 of	 the	TA
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survival	curves	between	females	and	males	(Rho	=	−0.32,	p	=	0.083,	
Figure	4C).	This	 idea	is	supported	by	the	comparison	between	do-
mesticated	and	wild-derived	strains.	The	process	of	domestication	
and inbreeding favors the selection of alleles that accelerate sexual 
maturation,	and	we	have	previously	reported	that	wild-derived	 in-
bred	 strains	 have	 significantly	 delayed	 AVP	 compared	 to	 domes-
ticated	 inbred	 strains	 (Yuan	et	 al.,	 2012).	 In	 the	 current	 study,	we	
found	 that	 wild-derived	 inbred	 strains	 have	 significantly	 lower	 χ2 
values for the comparison of survival curves of different sexes com-
pared	to	the	domesticated	inbred	strains	(Figure	4D),	indicating	that	
the	female	and	male	survival	curves	are	more	similar	in	wild-derived	
inbred strains than that in the domesticated inbred strains. These 
results suggest that strain differences in the sex effects on survival 
might	have	emerged	during	the	process	of	domestication,	accompa-
nied with the accelerated female reproductive maturation.

To	verifying	this	hypothesis,	 in	this	study,	we	examined	the	re-
lationship	 of	 AVP	 and	 lifespan	 disparity	 between	 sexes	 by	 using	
two	genetically	engineered	mouse	models	(Yuan	et	al.,	2012).	In	the	

nuclear-receptor-interacting	 protein	1	 (Nrip1)	 deletion	model,	AVP	
is significantly delayed compared to Nrip1-wild	controls.	In	B6.C3H-
Igf1,	 a	 congenic	 strain	 carrying	 an	 IGF1-increasing	 allele	 derived	
from	C3H	on	B6	background,	females	had	significantly	higher	IGF1	
level	and	accelerated	AVP	than	the	parental	B6	strain.	In	both	stud-
ies,	delayed	AVP	was	associated	with	extended	median	and	maxi-
mum	lifespan	of	females,	while	males	with	the	same	genotypes	did	
not	show	extended	lifespan	(Yuan	et	al.,	2012).	In	the	current	study,	
we found that the alteration of age at sexual maturation alters the 
similarity	of	survival	curves	between	sexes	(Figure	5).	In	male	and	fe-
male control mice from the Nrip1-control	cohort,	the	lifespan	curves	
are significantly different (χ2 =	7.36,	p	=	0.007);	however,	deletion	
of Nrip1,	including	heterozygous	and	homozygous	deletion,	reduced	
the difference (χ2	=	2.77,	p	=	0.10).	A	comparison	between	female	
and	male	mice	of	the	B6	strain,	the	parental	strain	of	B6.C3H-Igf1,	
showed	no	significant	difference	in	the	survival	curves.	Strikingly,	in	
the	B6.C3H-Igf1	colony,	the	survival	curves	of	female	and	male	mice	
were dramatically different (χ2	=	35.52,	p	<	0.001).

F I G U R E  4 Association	of	sexual	maturation	with	lifespan	and	IGF1	and	the	similarity	of	survival	curves	between	sexes	among	inbred	
strains.	Each	marker	represents	one	strain.	Lower	IGF1	at	6	months	significantly	correlates	with	Higher	MAD	of	AVP	(a).	Higher	MAD	
of	AVP	significantly	correlates	with	higher	MAD	of	lifespan	of	female	mice	(b).	Earlier	AVP	suggestively	correlated	with	higher	χ2	(c).	χ2,	
calculated	by	log	rank	test,	represents	the	degree	of	difference	between	survival	curves	of	female	and	male	mice.	Wild-derived	strains	have	
significantly lower χ2	than	that	of	domesticated	inbred	strains	(d)
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3  |  DISCUSSION

Lifespan	advantage	in	women	has	existed	for	as	long	as	reliable	de-
mographic	information	is	available,	and	is	robust	across	diets,	mat-
ing	 patterns,	 and	 environmental	 vagaries	 (reviewed	 in	 Austad	 &	
Fischer,	2016).	Backtracking	the	historic	demographic	data,	the	sex	
bias	in	survival	widened	for	mid-	to	late	life	survival	in	the	very	late	
19th and early 20th centuries as a consequence of a rapid increase 
in cardiovascular disease in men that may be due to food supera-
bundance	and	sex	difference	in	smoking	behavior	(Beltran-Sanchez	
et	 al.,	2015).	 Interestingly,	 the	widened	 female	 survival	 advantage	
can	 also	 be	 seen	 in	 21th	 century	 by	 analyzing	worldwide	 lifespan	
data	 (2007	 world	 population	 data	 sheet,	 Population	 Reference	
Bureau	 of	 United	 States,	 www.prb.org).	 Comparing	 the	 short-
est-	 and	 longest-lived	countries,	 the	 sex	difference	 in	 the	 lifespan	

expectancy	at	birth	 (LEAB)	 is	 significantly	 lower	 in	 the	short-lived	
countries,	 in	 both	 terms	 of	 years	 or	 the	 percentage	 of	 the	 LEAB	
(data	not	 shown),	 indicating	 the	 sex	bias	 increased	along	with	 the	
extended	lifespan,	which	mimics	the	changes	that	have	been	seen	in	
western	countries	in	the	past	two	centuries	(Beltran-Sanchez	et	al.,	
2015;	Beltran-Sancheza	et	al.,	2012).	On	the	other	hand,	over	 the	
past	 200	 years,	 in	 the	 human	 population,	 increasing	 lifespan	 has	
been	accompanied	by	a	decline	 in	the	variation	of	 lifespan,	mostly	
resulting	from	strong	reductions	in	infectious	disease,	maternal	and	
child	mortality,	 injuries,	 and,	more	 recently,	 cancers	 (Raalte	 et	 al.,	
2018).	Although	 the	decreased	 longevity	variation	 in	 a	population	
can reduce uncertainty that may make it easier to plan a life course 
or	social-economic	policy,	it	also	presents	a	sign	of	a	“ceiling	effect,”	
as longevity approaches the value of maximal lifespan for a popula-
tion with given genetic diversities and under specific environmental 

F I G U R E  5 Altering	age	of	sexual	maturation	alters	the	sex	inequity	in	longevity.	Significance	of	the	difference	in	survival	curves	between	
sexes is determined by log rank test. In Nrip1-control	mice,	the	survival	curves	are	significantly	different	between	sexes	(a).	In	the	Nrip1-
deficient	mice,	no	significant	difference	in	survival	curves	between	sexes	is	found	and	the	χ2	is	less	than	that	of	control	mice,	indicating	
the sex inequality is reduced in Nrip1-deficient	mice	compared	to	the	control	mice	(b).	The	survival	curves	of	B6	mice	are	not	significantly	
different	between	sexes	(c).	In	the	B6.C3H-Igf1	colony,	which	carries	an	IGF1-increasing	allele	derived	from	strain	C3H	on	the	B6	genetic	
background,	there	is	significant	difference	in	the	survival	curves	of	female	and	male	mice	(d).	Mice	are	not	significantly	different	between	
sexes	(c).	In	the	B6.C3H-Igf1	colony,	there	is	significant	difference	in	the	survival	curves	of	female	and	male	mice	(d).	Significance	of	the	
difference between survival curves is determined by log rank test
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conditions.	Although	healthspan	is	one	of	the	major	focuses,	aging	
researchers	 are	 eager	 to	break	 through	 the	 “ceiling.”	Using	 inbred	
mouse	 strains,	 our	 results	may	help	 reveal	 the	 underlying	 genetic	
mechanisms	 for	 these	 two	 long-known,	 but	 not	 well-understood,	
human longevity features. It should be noted that these inbred 
strains were selected to represent the major diversity in the genome 
of Mus musculus	 (Yang	et	 al.,	 2009).	 It	has	been	 reported	 that	ge-
nome diversity in Mus musculus is one to two orders of magnitude 
higher than the level of sequence diversity observed in the human 
population	(Ideraabdullah	et	al.,	2004).	Therefore,	investigating	ge-
netics of lifespan in mice may result in identifying novel mechanisms 
that could not be identified in human population.

3.1  |  Lifespan differences of female and male mice

In	an	analysis	of	118	survival	studies	of	laboratory	mice,	Austad	et al. 
reported that mice display no robust or consistent sex difference 
in	 longevity	 (Austad,	 2011).	 The	 current	 study	 supports	 these	 re-
sults	when	looking	at	our	complete	data	set.	This	indicates,	in	gen-
eral,	that	the	longevity	of	male	and	female	Mus musculus is similar. 
However,	analysis	of	the	individual	mouse	strains	shows	that	a	few	
strains do exhibit differences in longevity between sexes. Combining 
log	rank	tests,	comparisons	of	median	and	maximum	lifespan	found	
that	males	have	greater	longevity	in	three	strains	(129S1,	NOD.B10,	
and	NZW),	while	female	B10	and	P	mice	have	a	significantly	greater	
lifespan than males.

Understanding the sex inequality in lifespan is important for de-
signing	 experiments,	 interpreting	 data	 of	 aging	 research,	 in	which	
the	mouse	strains	are	involved.	For	instance,	many	embryonic	stem	
cell lines used for generating transgenic and knockout mouse mod-
els	are	derived	from	strains	within	the	129S	lineage	(Linder,	2006),	
including	129S1,	examined	in	the	current	report.	Transgenic	strains	
often	backcross	with	B6,	of	which	female	and	male	mice	have	sim-
ilar	median	 and	maximum	 lifespan,	 as	well	 as	 the	 survival	 curves.	
These	 strain-specific	 features	 in	 lifespan	 parameters	 may	 be	 a	
source of phenotypic difference among aging studies that use dif-
ferent	genetic	backgrounds,	and	a	source	of	bias,	when	the	genetic	
background	is	mixed.	Importantly,	the	differences	in	the	lifespan	of	
female	and	male	129S1	mice	indicate	the	potential	different	patho-
logical mechanisms in determining the aging rate and longevity in 
different	sexes	of	this	strain.	Therefore,	when	129S1	genetic	back-
ground	is	involved	in	an	aging	study,	its	sexual	disparities	need	to	be	
considered in experimental design and data interpretation.

Sex	 inequality	 in	 lifespan,	 in	some	cases,	may	reflect	 the	sex-re-
lated	pathological	difference.	For	instance,	in	nonobese	diabetic	(NOD)	
mice,	alleles	at	multiple	genetic	loci,	including	the	major	histocompati-
bility	complex	(MHC),	prompt	the	development	of	autoimmune	diabe-
tes.	NOD.B10	is	a	congenic	strain,	in	which	the	MHC	H2b is substituted 
the nonpathogenic allele from the B10 strain on the NOD background. 
Although	NOD.B10	does	not	develop	insulitis,	cyclophosphamide-in-
duced	diabetes,	or	spontaneous	diabetes,	it	does	develop	autoimmu-
nity as shown by the extensive lymphocytic infiltration in pancreas and 

submandibular	glands	(Wicker	et	al.,	1992).	It	has	been	shown	that	fe-
male mice are more susceptible to autoimmune disorder and androgen 
treatment	could	reduce	the	risk	(Fox,	1992;	Voskuhl,	2011).	Whether	
or not the difference in the susceptibility to autoimmune disorders is 
involved in the regulation of sex disparity in lifespan needs to be fur-
ther	investigated.	Importantly,	although	the	differences	in	the	lifespan	
parameters between sexes of one inbred strain can provide new clues 
for	 investigating	specific	pathologic	 factor(s)	 that	may	have	sex-spe-
cific	 impacts	on	health,	 from	a	broader	genetic	perspective,	utilizing	
a	 well-defined	 heterogeneous	 colony,	 such	 as	 four-way	 cross	 mice	
(Miller	et	al.,	1999)	or	diversity	outbred	mice	(Churchill	et	al.,	2012),	is	
necessary	to	further	explore	the	genetic	regulation	of	sex-dimorphic	
lifespan.

3.2  |  Lifespan differences of female and male mice 
may have evolved from domestication

The difference in lifespan between sexes may be related to the pro-
cess of domestication. Most of the inbred strains were developed 
from mice that have been domesticated for thousands of years and 
raised	 as	 “fancy”	mice	 for	 hundreds	of	 years	 (Silver,	 1995).	 In	 this	
study,	four	strains	(CAST,	PWD,	WSB,	and	MOLF)	were	developed	
from	wild-caught	mice	that	were	housed	in	laboratory	for	only	a	few	
generations	(Beck	et	al.,	2000;	Silver,	1995;	Tucker	et	al.,	1992).	The	
χ2	of	the	survival	curve	comparison	showed	that	wild-derived	inbred	
strains have significantly higher similarity between sexes than that 
of	the	domesticated	inbred	strains,	suggesting	that	some	of	the	dif-
ferences between sexes might have evolved during the process of 
domestication.

Previous	 studies	 revealed	 that	 the	 processes	 of	 domesticating	
and inbreeding have profound effects on mice development and 
aging.	Bronson	F.	H.	 reported	 that	compared	 to	wild-caught	mice,	
domesticated	 mice	 (not	 inbred)	 had	 significantly	 earlier	 onset	 of	
fertility,	accompanied	with	greater	food	consumption,	growth	rate,	
and	final	body	weight,	but	depressed	 locomotor	activity	 (Bronson,	
1984).	Miller	R.	A.	observed	a	similar	 result	 in	the	comparison	be-
tween heterogeneous stock produced by crossing four inbred 
strains	and	wild	stocks	(wild-caught	mice)	(Miller	et	al.,	2002).	These	
results indicate the domestication process does accelerate female 
sexual maturation. The acceleration of female sexual maturity by do-
mestication	is	further	verified	in	our	previous	report,	in	which	AVP	
of domesticated inbred strains is significantly accelerated than that 
of	wild-derived	 inbred	strains	 (Yuan	et	al.,	2012).	We	also	showed	
that the alleles responsible for delayed development might also be 
involved	in	extending	lifespan	(Yuan	et	al.,	2012).

In	 the	 current	 study,	 we	 found	 that	 across	 the	 inbred	 strains,	
later	 sexual	maturation	measured	by	AVP,	 suggestively	 associated	
(p	=	0.083)	with	reduced	difference	between	sexes	among	the	inbred	
strains,	suggesting	the	delayed	female	sexual	maturation	is	accom-
panied with increased similarity between female and male longevity. 
Therefore,	these	results	raise	an	interesting	hypothesis	that	the	al-
leles delaying sexual maturation may not only extend longevity but 
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may also reduce the sexual differences of lifespan. The observations 
in Nrip1	knockout	and	B6.C3H-Igf1	mouse	colonies	strongly	support	
this	hypothesis.	Sexual	maturation	 is	delayed	 in	Nrip1-deficient	fe-
males	and	accelerated	 in	B6.C3H-Igf1	 females	 (Yuan	et	al.,	2012).	
In	the	current	study,	we	found	that	along	with	the	delayed	AVP,	the	
sex	 difference	 in	 lifespan	 diminished	 in	 the	NRIP1-deficient	mice,	
compared	to	littermate	controls.	B6.C3H-Igf1	females	consistently	
have	earlier	AVP	than	B6,	and	the	survival	curve	of	females	 is	ob-
viously	separated	from	the	curve	of	males.	Meanwhile,	among	the	
control	 B6	mice,	 there	 is	 no	 significant	 difference	 in	 the	 survival	
curves between sexes. This hypothesis is also supported by previous 
studies.	Miller	R.	A.	and	his	colleagues	reported	that,	compared	to	
heterogeneous	stock	produced	by	crossing	four	inbred	strains,	two	
of	three	wild-derived	populations,	with	little	domestication	and	no	
inbreeding,	have	delayed	female	sexual	maturation.	The	difference	
between	sexes	in	mean	lifespan	of	the	outbred	mice	is	18.5%	(723	
vs.	909	days,	female	and	male	respectively),	while	the	difference	is	
1%	or	 less	 for	 two	of	 three	wild-derived	populations	 (Miller	et	al.,	
2002),	thus	indicating	the	non-domesticated,	wild-caught	mice	carry	
alleles that delay sexual maturation and reduce the difference in 
lifespan between sexes.

Interestingly,	observations	in	SM	mice	further	support	that	the	
selection of developmental traits can affect sexual maturation and 
lifespan	difference	between	sexes.	SM	mice	were	selectively	bred	
for	small	body	weight	during	inbreeding	(MacArthur,	1944).	Genome	
haplotype	analysis	found	that	the	SM	strain	shares	the	same	haplo-
types	as	the	wild-derived	strains	at	two	of	three	quantitative	trait	loci	
of	AVP,	which	is	not	seen	in	other	domesticated	inbred	strains.	AVP	
of	SM	females	is	one	of	the	latest	and	is	significantly	later	than	in	14	
domesticated	inbred	strains	(Yuan	et	al.,	2012).	Interestingly,	in	this	
study,	we	found	that	survival	curves	of	SM	females	and	males	are	
more	similar	than	24	of	27	domesticated	inbred	strains	(Table	S1).

It	 is	worth	 pointing	 out	 that	AVP	 is	 one	of	 the	markers	 of	 fe-
male sexual maturation. Other commonly used markers include age 
of vaginal cornification and onset of cyclicity. It has been reported 
that	among	three	inbred	strains,	B6,	D2,	and	C3H,	differences	in	the	
onset of vaginal opening and first vaginal cornification did not par-
allel	those	for	the	onset	of	cyclicity,	indicating	that	the	set	of	genes	
specifying the timing of vaginal opening and first vaginal cornifi-
cation differs from those specifying the onset of cyclicity (Nelson 
et	al.,	1990).	A	systematic	study	of	the	biological	markers	of	female	
sexual	maturation,	as	well	as	the	biomarkers	of	female	reproductive	
life	traits,	such	as	age	of	first	litter	and	first	successful	weaning,	may	
provide more valuable data to investigate the relationship between 
female reproduction and aging.

3.3  |  Examining lifespan variation among 
inbred strains provides clues for identifying novel 
mechanisms of extending longevity

In	the	human	population,	 increased	lifespan	is	consistently	accom-
panied	by	 reduced	variation	 (Raalte	et	 al.,	 2018).	 In	our	 study,	we	

found	no	significant	correlation	between	MAD	and	median	lifespan.	
In	male	mice,	there	was	a	slight	inverse	correlation,	while	in	female	
mice,	MAD	was	slightly	increased	with	longer	median	lifespan.	This	
pattern	 was	 also	 found	 in	 the	 mouse	 colonies	 used	 for	 the	 NIH	
Interventions	Testing	Program	(ITP;	Bartke	et	al.,	2019).	Examining	
each	of	the	strains,	the	current	study	showed	that	there	is	consider-
able	difference	in	MAD	among	the	inbred	strains.	In	female	mice,	the	
most	significant	difference	in	MAD	was	found	between	WSB	(a	wild-
derived	inbred	stain),	and	C57L	mice.	WSB	females	have	16%	longer	
median	 lifespan	than	that	of	C57L	females.	However,	 the	MAD	of	
WSB	 is	11.3	 times	higher	 than	 the	MAD	of	C57L.	Males	 from	an-
other	wild-derived	 inbred	strain,	CAST,	had	an	18.3%	shorter	me-
dian	lifespan	than	MRL,	but	its	MAD	was	5.5	times	higher	than	that	
of	MRL.	Importantly,	the	significant	correlation	of	MAD	between	fe-
males	and	males	indicates	that,	in	addition	to	the	median	and	maxi-
mum	lifespan,	genetic	factors	are	also	involved	in	the	regulation	of	
lifespan variance.

Interestingly,	as	shown	 in	Table	2,	 the	variation	of	 longevity	 in	
wild-derived	 strains	 is	 significantly	 higher	 than	 those	 of	 domes-
ticated inbred strains. Comparison of survival curves showed that 
the	increased	lifespan	variation	of	wild-derived	inbred	mice	resulted	
from the increased death at an early age of both sexes as well as ex-
tended	maximum	lifespan	in	females.	Although	further	investigation	
is	needed,	combining	the	results	of	this	study	with	the	knowledge	
that deletion of Nrip1	delays	AVP	and	extends	lifespan,	and	that	the	
upregulation	 of	 IGF1	 accelerates	 AVP	 but	 reduces	 lifespan	 (Yuan	
et	al.,	2012),	suggests	that	antagonistic	alleles	selected	by	domesti-
cation,	which	favor	early	development	but	are	detrimental	to	health	
at	old	age,	are	responsible	for	the	alterations	 in	the	 lifespan	varia-
tion. Testing this hypothesis may provide innovative approaches for 
identifying novel aging genes along with clues to develop new in-
terventional methods to delay aging and extend maximum lifespan. 
These	studies	will	require	use	of	wild-derived	(instead	of	the	domes-
ticated)	animals	because	the	responsible	alleles	may	have	been	lost	
in	domesticated	inbred	strains.	Importantly,	our	results	also	suggest	
a need for caution of the potential risk of increasing early deaths 
by	 interventions	 of	 extending	 longevity.	 Supporting	 this	 concern,	
Harper	J.	M.	and	his	colleagues	reported	that	dietary	restriction	in	
wild-derived	 heterogeneous	 male	 mice	 increased	 early	 death	 but	
extended	maximum	 lifespan	 (Harper	et	al.,	2006).	Consistent	with	
results	in	mice,	dietary	restriction	in	short-lived	fish	Nothobranchius 
furzeri	extended	maximum	lifespan	in	both	wild-derived	and	inbred	
lines,	but	increased	the	early	mortality	rate	in	the	wild-derived	line	
(Terzibasi	 et	 al.,	 2009).	 A	meta-analysis	 across	 species	 found	 that	
early	life	dietary	restriction	increases	variability	in	longevity	(Senior	
et	al.,	2017).	In	addition,	for	evaluating	early	death,	it	may	be	crucial	
to	 include	data	 from	pups	before	weaning,	and	even	prenatal	em-
bryos. In our previous report of extended lifespan in Nrip1 knockout 
mice,	we	did	not	find	significantly	increased	early	deaths	(Yuan	et	al.,	
2012).	However,	we	recently	found	that	the	number	of	successfully	
weaned Nrip1	homozygous	knockout	females,	produced	by	the	par-
ents with Nrip1	heterozygous	knockout,	is	only	30%	of	the	numbers	
estimated	by	 the	basic	 laws	of	genetics,	 indicating	higher	 rates	of	
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early death before weaning and/or failure of embryo development 
(Yuan,	unpublished	data).

3.4  |  IGF1 is involved in regulating sexual 
differences of lifespan parameters

Our	previous	 studies	 suggest	 that	 IGF1	 is	 a	 co-regulator	 that	me-
diates	the	trade-off	relationship	between	the	age	of	female	sexual	
maturation	 and	 longevity.	 Strains	 with	 lower	 IGF1	 have	 delayed	
AVP	 and	 greater	 longevity	 (Yuan	 et	 al.,	 2012).	 Delayed	 puberty	
and markedly extended longevity are characteristic of several ge-
netically	 growth	 hormone	 (GH)-deficient	 or	 GH-resistant	mice,	 in	
which	circulating	 IGF1	 levels	are	profoundly	suppressed	 (reviewed	
in	Aguiar-Oliveira	&	Bartke,	2019;	Bartke,	2019).	The	current	study	
shows	that	 lower	 IGF1	 levels	associate	with	 increased	variation	of	
AVP,	which	 positively	 associates	with	 lifespan	 variation	 of	 female	
mice.	Therefore,	not	surprisingly,	lower	IGF1	levels	associated	with	
extended maximum lifespan but increased variation in female mice.

However,	this	correlation	is	completely	opposite	in	the	male	mice,	
which	 is	one	of	the	 interesting	findings	 in	the	current	study.	At	all	
three	time	points,	the	correlations	are	in	opposite	directions	and	the	
differences between sexes are significant (p	<	0.05),	demonstrating	
the robustness of this phenomenon. Examining the survival curves 
and	survival	density	plots	of	mice	with	high	and	low	IGF1	levels	helps	
us	understand	this	pattern.	In	both	sexes,	mice	with	lower	IGF1	have	
extended	median	lifespan	than	mice	with	higher	IGF1.	However,	fe-
male	mice	with	lower	IGF1	have	increased	death	rate	at	young	age	
and	 longer	maximum	 lifespan	 than	 the	 females	with	 higher	 IGF1,	
mimicking	the	pattern	seen	in	the	comparison	between	wild-derived	
inbred	females	and	the	domesticated-derived	inbred	females.	In	the	
males,	mice	with	 lower	 IGF1	 do	 not	 have	 increased	 death	 rate	 at	
young	age,	but	have	significantly	shortened	maximum	lifespan	than	
that	 of	mice	with	 higher	 IGF1.	 These	 results	 suggest	 that	 IGF1,	 a	
key	 component	 of	 nutrient-sensing	 pathways,	 regulates	 aging	 and	
longevity	in	a	sex-specific	manner.	Evidence	for	sexual	dimorphism	
in	the	impact	of	nutrient-sensing	pathways	on	longevity	is	provided	
also	by	studies	of	mice	with	deletion	of	genes	related	to	insulin/IGF1	
signaling	(IIS)	and	mammalian	target	of	rapamycin	(mTOR)	signaling.	
Heterozygous	IGF1	receptor	inactivation	(IGF1R+/-)	and	deletion	of	
ribosomal	S6	kinase	1	or	insulin	receptor	substrate	1	genes	extend	
longevity	of	 female,	but	not	male	mice	 (Holzenberger	et	al.,	2003;	
Selman	et	al.,	2008,	2009).	While	the	magnitude	of	the	extension	of	
longevity	in	IGF1R+/-	mice	was	strongly	dependent	on	the	genetic	
background,	the	sex	specificity	of	this	effect	was	seen	consistently	
in	different	studies	(Bokov	et	al.,	2011;	Holzenberger	et	al.,	2003;	Xu	
et	al.,	2014).	Differences	in	the	magnitude	of	life	extension	in	IGF1R	
+/-	mice	seen	in	different	studies	were	related	and	presumably	due	
to	differences	in	the	constitutive	level	of	activation	of	the	IGF	path-
ways	in	the	employed	strains	(Xu	et	al.,	2014).	Moreover,	treatment	
of	18-month-old	mice	with	a	monoclonal	antibody	to	IGF1	receptor	
extended median lifespan in females only and improved health span 
preferentially	in	females	(Mao	et	al.,	2018).

Interestingly,	major	sex	differences	are	also	seen	in	the	life-ex-
tending effects of pharmacologic interventions targeting glucose 
homeostasis	or	other	metabolic	 parameters	 related	 to	 IIS	 (Garratt	
et	al.,	2017;	Harrison	et	al.,	2014,	2019).	In	the	ITP	studies,	chemicals	
that extending longevity in male mice also reduced early death of 
the	male	mice,	thereby	reducing	lifespan	MAD	(Bartke	et	al.,	2019).	
In	 female	mutant	mice	with	 reduced	GH	signaling,	dietary	 restric-
tion increased early death while increasing the maximum lifespan; 
therefore,	the	lifespan	variation	also	increased	(Bartke	et	al.,	2019).	
These	results	suggest	that	although	suppressing	the	IGF1	pathway	
might be a common mechanism for extending median lifespan of 
female	and	male	mice,	the	underlying	mechanisms	might	be	differ-
ent	between	sexes.	More	importantly,	the	approaches	of	extending	
maximum	 lifespan	 by	manipulating	 IGF1	 signal	might	 be	 different	
between sexes.

Furthermore,	the	genetic	diversities	in	IGF1	pathway	regulations	
may	all	have	impacts	on	the	IGF1	signaling.	It	will	be	interesting	to	
determine	whether	or	not	the	IGF1	level	positively	correlates	with	
the	IGF1	signaling	across	the	inbred	strains.	Fully	addressing	these	
questions	 is	out	of	 the	scope	of	 the	current	 report.	However,	 it	 is	
worth	noting	that	the	significant	opposite	correlation	between	IGF1	
and maximum lifespan of different sexes indicates the importance of 
sexual disparity in the regulatory mechanisms instead of the genetic 
diversity	in	IGF1	pathway	genes.

In	addition,	regulatory	mechanisms	of	IGF1	signaling	may	reach	
beyond	 genetics.	 For	 instance,	 decreased	 total	 energy	 intake	 and	
protein-calorie	malnutrition	may	result	in	growth	hormone	(GH)	re-
sistance,	in	which	the	IGF1	level	is	reduced	although	the	GH	level	is	
upregulated	(Fazeli	&	Klibanski,	2014).	 Interestingly,	recent	studies	
have	 linked	 undernutrition,	 gut	microbiota,	 and	 the	 signal	 of	GH/
IGF1	axis.	In	humans,	undernutrition	has	been	associated	with	major	
alterations	in	gut	microbiota,	which	correlate	with	retarded	juvenile	
growth	 (Subramanian	 et	 al.,	 2014).	 In	 mouse	 models,	 it	 has	 been	
reported	 that	 short-chain	 fatty	 acids	 (SCFAs),	 produced	when	mi-
crobiota	ferment	fiber,	also	induce	IGF1	(Yan	et	al.,	2016).	Because	
of	 its	 impact	on	human	metabolism	and	 immune	function,	 the	gut	
microbiome has been proposed as a possible determinant of healthy 
aging	(Caracciolo	et	al.,	2014;	Claesson	et	al.,	2012).	It	will	be	inter-
esting	to	determine	if	the	alteration	of	IGF1	signaling	is	involved	in	
the mechanisms of extending healthspan via the improvement of gut 
microbiota.

4  |  CONCLUSION

This	 study	 reveals	 that	 variation	 of	 lifespan	 might	 be,	 at	 least	
partly,	 genetically	 regulated.	 The	 differences	 in	 lifespan	 traits	
between	domesticated	and	wild-derived	inbred	strains	provide	a	
unique model to investigate the genetic regulation of the varia-
tion	and	the	sex	disparity	of	lifespan.	Importantly,	the	results	show	
that	accelerated	sexual	maturation	in	females,	which	evolved	dur-
ing	the	process	of	domestication,	is	accompanied	by	the	increased	
sexual disparity of longevity. This may provide a novel angle to 



12 of 15  |     YUAN et Al.

investigate the mechanisms of sexuality of lifespan in the human 
population.	Importantly,	the	specific	pattern	of	survival	curves	of	
the	female	wild-derived	inbred	mice,	in	which	the	extended	maxi-
mum lifespan is accompanied by an increased death rate at young 
age,	emphasizes	the	trade-off	relationship	between	development	
and	aging.	This	may	lead	to	identification	of	anti-aging	alleles	car-
ried	by	wild-derived	inbred	mice	that	will	help	break	through	the	
“ceiling”	of	maximum	lifespan.	Finally,	the	sex	disparities,	including	
the	opposite	correlations	between	IGF1	with	the	variation	of	lifes-
pan,	as	well	as	the	different	effects	of	reduced	IGF1	on	the	rate	of	
early	deaths	and	the	maximum	lifespan,	indicate	the	mechanisms	
and	 approaches	of	 extending	 longevity,	 especially	 the	maximum	
lifespan,	should	be	sex	specific.

5  |  MATERIAL S AND METHODS

5.1  |  Mice and data sets

All	mice	were	housed	in	The	Jackson	Laboratory,	and	housing	con-
ditions	 have	 been	 previously	 described	 (Yuan	 et	 al.,	 2012,	 2009).	
The longevity data in the current study contain three sets of data. 
The	first	data	set	of	 inbred	strains	has	been	reported	 (Yang	et	al.,	
2009).	 In	 that	 report,	 any	mice	 that	died	due	 to	unnatural	 causes,	
such	as	fighting	or	mishandling,	were	included	in	longevity	study	as	
censored	data.	However,	since	the	major	focus	of	this	study	is	the	
variation	of	natural	 lifespan,	we	excluded	 the	censored	data	here.	
Additionally,	we	also	excluded	 the	AKR/J	mice	 that	were	used	 for	
the	previous	report,	because	the	AKR/J	mice	have	limited	relevance	
to	aging	research,	with	most	of	them	dying	before	300	days	of	age	
due	 to	 leukemia	 or	 lymphoma	 (Herr	&	Gilbert,	 1983).	 Early	 death	
due	 to	 specific	malignant	 tumors	 likely	 increases	 the	 “background	
noise”	 in	 investigating	aging-related	 lifespan	variation.	The	second	
set	of	data	contains	mostly	female	mice	of	the	same	inbred	strains,	
along	with	a	few	male	mice,	to	increase	the	statistical	power	on	the	
base of the first set of data. The information of these mice is in the 
Table	 S6a.	 The	 first	 and	 second	 sets	 of	 data	 are	 labeled	 as	 “LG1”	
and	“LG2.”	In	total,	1,851	female	and	950	male	mice	are	involved	in	
the current report. The average numbers of mice of each strain are 
59.7	±	7.4	females	and	30.6	±	2.7	males.	The	strain	names	and	their	
abbreviations,	 as	well	 as	 the	 numbers	 of	 each	 strain,	 are	 listed	 in	
Table	S1.	The	third	set	of	data	is	the	lifespan	data	of	Nrip1 knockout 
and	B6.C3H-Igf1	colonies	that	have	also	been	previously	reported	
(Yuan	et	al.,	2012).	Whole	cohort	information	is	provided	in	the	sup-
plemental	material	(Table	S6b,c).

The current study also revisited the data that have been pre-
viously	reported	regarding	non-fasting	 IGF1	 levels	and	AVP	of	the	
inbred	 strains,	 B6.C3H-Igf1,	 and	 Nrip1 knockout colonies (Yuan 
et	al.,	2012;	Yuan	et	al.,	2009).	The	details	of	measuring	IGF1	con-
centration	and	determining	AVP	were	fully	described	in	the	previous	
publications	 (Yuan	et	al.,	2012,	2009).	The	 IGF1	data	are	available	
in	Mouse	Phenome	Database	 at	 The	 Jackson	 Laboratory	 (https://
pheno	me.jax.org/proje	cts/Yuan1;	Bogue	et	al.,	2016).

5.2  |  Statistical analysis

Survival	 curves	 were	 drawn	 using	 the	 Kaplan–Meier	 method.	
Differences	between	curves	were	analyzed	by	the	log	rank	test.	The	
death risk at age of 180 days is calculated based on lognormal fit. 
These	analyses	were	conducted	by	using	JMP	10	(SAS	Inst.	Cary,	NC).

All	other	analyses	were	done	using	R	software	version	3.6.0	(R	
Core	Team,	2019).

For	 studying	 lifespan	 and	 variation	 in	 lifespan,	 we	 calculated	
the median longevity of the females and males of all mice combined 
across	strains,	and	of	 the	 females	and	males	per	strain.	We	chose	
median instead of mean because we could not assume that the vari-
ation	in	lifespan	was	normally	distributed.	For	the	variation	in	lifes-
pan,	we	calculated	the	MAD,	that	is,	the	Median	Absolute	Deviation,	
a	 robust	metric	 fit	 for	non-normal	distributions	 (Leys	et	al.,	2013).	
All	median	and	MAD	per	 strain	were	calculated	with	 the	 function	
describeBy() of the package psych	(Revelle,	2018).	For	testing	the	dif-
ference	 in	median	 lifespan	between	groups,	we	used	 the	 function	
median_test(),	and	for	testing	the	difference	in	variance	of	lifespan,	
we used the function fligner_test(); both functions are from the pack-
age coin	 (Strasser	&	Weber	1999).	Density	plots	were	drawn	with	
the densityPlot() function of the package car	(Fox	&	Weisberg,	2019).

For	testing	the	difference	 in	maximum	lifespan,	we	applied	the	
quantile	regression	approach,	choosing	the	10%	longest	living	indi-
viduals,	 combined	with	 the	Fisher	exact	probability	 test	as	 recom-
mended	by	Wang	et	al.	(2004).	To	determine	the	longest	living	mice,	
we followed the procedures developed by Redden et al. whereby one 
estimates the percentiles of a distribution using conventional quan-
tile regression in a reduced predictive model that does not include 
the	 independent	 variable	 of	 interest	 (Redden	 et	 al.,	 2004).	 So,	 for	
example,	one	selects	the	10%	mice	with	the	longest	lifespan	of	the	
complete	data	set,	then	counts	the	number	of	males	and	females	in	
this	selection,	and	then	tests	whether	the	proportion	of	males	and	
females	is	equal	to	the	proportion	in	the	complete	data	set.	For	that	
test,	we	used	the	fisher.exact() function of the exact2X2	package	(Fay,	
2010).	For	assessing	the	longest	living	individuals	of	a	group	of	mice,	
we first subtracted the median lifespan of the lifespans of the indi-
vidual so that the test of the difference in maximum lifespan was not 
affected	by	the	median	of	the	group.	We	called	this	the	“corrected	
lifespan.”	For	calculating	the	correlation	between	the	maximum	lifes-
pan	of	females	and	males,	we	took	the	median	of	the	20%	longest	
living females and males after correction for the median lifespan.

To	assess	whether	the	MADs	of	the	females	and	males	per	strain	
were	 exceptional	 high	 or	 low	 as	 compared	 to	 the	MAD	of	 all	 the	
females	and	males,	we	performed	a	permutation	test.	For	that,	we	
took per strain 1000 times a random sample from all females or 
males	of	 the	size	equal	 to	 the	number	of	 females	or	males	of	 that	
strain.	For	each	of	these	samples,	we	calculated	the	MAD.	This	gave	
us	 the	 distribution	 of	 1000	 random	MADs	 per	 gender	 per	 strain.	
Then	we	assessed	whether	the	observed	MAD	of	the	females	and	
males	per	 strain	was	below	the	2.5%	quantile	or	above	 the	97.5%	
quantile	of	these	distributions.	If	so,	we	regarded	the	MAD	as	either	
extremely	low	or	extremely	high	(gray,	respectively	bold	in	Table	S3).

https://phenome.jax.org/projects/Yuan1
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For	calculating	the	slope,	that	is,	the	regression	coefficient,	per	
gender	between	median	 IGF1	 level	at	different	 times	of	measure-
ment	and	MAD	of	strains,	we	applied	a	linear	model,	 including	the	
interaction	 factor	 between	 median	 IGF1	 level	 and	 sex,	 using	 the	
function lm().

For	 the	correlations	between	any	 two	variables,	we	calculated	
the	Pearson's	R,	unless	the	residuals	were	not	distributed	normally.	In	
that	case,	we	calculated	Spearman's	Rho	with	the	function	cor.test().

ACKNOWLEDG MENTS
We	appreciate	Dr.	Kevin	Flurkey	for	the	contribution	to	data	interpre-
tation.	We	also	appreciate	Joanne	Currer	and	Lisa	Hensley	for	editing	
the	manuscript.	This	study	is	supported	by	NIA	grants	K01AG046432,	
R03AG046605,	 and	 R21AG034349	 to	 Rong	 Yuan;	 NIA	 grant	
AG038070	 to	 The	 Jackson	 Laboratory	 Nathan	 Shock	 Centre	 of	
Excellence	 in	 the	Basic	Biology	of	Aging;	 as	well	 as	 the	 grant	ADA	
1-19-IBS-126	from	American	Diabetes	Association	grant	and	funding	
from	William	E.	McElroy	Charitable	Foundation	to	Andrzej	Bartke.

CONFLIC T OF INTERE S T
The authors declare that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS
RY	designed	and	managed	the	study,	contributed	to	data	analysis,	
interpretation	of	results,and	manuscript.	CJM	carried	out	the	data	
analyses,	contributed	to	results	 interpretation	and	manuscript.	YZ,	
TE,	and	YS	contributed	to	the	manuscript.	LLP,	DEH,	and	AB	contrib-
uted to experiment design and manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Lifespan	 data	 of	 inbred	 strains,	 NRIP1	 deficient	 mice	 as	 well	 as	
B6.C3H-Igf1	 and	 control	 mice	 are	 provided	 in	 Table	 S6a-c.	 The	
circulating	 IGF1	data	of	 inbred	strains	at	 three	time	points	are	ac-
cessible	 in	Mouse	 Phenome	DataBase	 at	 The	 Jackson	 Laboratory	
(https://pheno	me.jax.org/proje	cts/Yuan1).

ORCID
Rong Yuan  https://orcid.org/0000-0001-9996-7331 
David E. Harrison  https://orcid.org/0000-0003-2298-0954 

R E FE R E N C E S
Aguiar-Oliveira,	M.	H.,	&	Bartke,	A.	(2019).	Growth	hormone	deficiency:	

Health	 and	 longevity.	Endocrine Reviews,	40(2),	 575-601.	 https://
doi.org/10.1210/er.2018-00216

Austad,	 S.	 N.	 (2011).	 Sex differences in longevity and aging.	 Academic	
Press.

Austad,	 S.	 N.,	 &	 Fischer,	 K.	 E.	 (2016).	 Sex	 differences	 in	 lifespan.	
Cell Metabolism,	 23(6),	 1022-1033.	 https://doi.org/10.1016/j.
cmet.2016.05.019

Bartke,	A.	(2019).	Growth	hormone	and	aging:	Updated	review.	The World 
Journal of Men's Health,	 37(1),	 19-30.	 https://doi.org/10.5534/
wjmh.180018

Bartke,	 A.,	 Evans,	 T.	 R.,	 &	 Musters,	 C.	 J.	 M.	 (2019).	 Anti-aging	 inter-
ventions	 affect	 lifespan	 variability	 in	 sex,	 strain,	 diet	 and	 drug	

dependent fashion. Aging (Albany NY),	11(12),	4066-4074.	https://
doi.org/10.18632/	aging.102037

Beck,	 J.	 A.,	 Lloyd,	 S.,	 Hafezparast,	 M.,	 Lennon-Pierce,	 M.,	 Eppig,	
J.	 T.,	 Festing,	 M.	 F.,	 &	 Fisher,	 E.	 M.	 (2000).	 Genealogies	 of	
mouse inbred strains. Nature Genetics,	 24(1),	 23-25.	 https://doi.
org/10.1038/71641

Beltran-Sanchez,	H.,	Finch,	C.	E.,	&	Crimmins,	E.	M.	 (2015).	Twentieth	
century surge of excess adult male mortality. Proceedings of the 
National Academy of Sciences of the United States of America,	112(29),	
8993-8998.	https://doi.org/10.1073/pnas.14219	42112

Beltran-Sancheza,	H.,	Crimmins,	E.,	&	Finch,	C.	(2012).	Early	cohort	mor-
tality predicts the rate of aging in the cohort: a historical analysis. 
Journal of Developmental Origins of Health and Disease,	3(5),	 380-
386.	https://doi.org/10.1017/S2040	17441	2000281

Bogue,	M.	A.,	 Peters,	 L.	 L.,	 Paigen,	B.,	Korstanje,	 R.,	 Yuan,	R.,	Ackert-
Bicknell,	C.,	Grubb,	S.	C.,	Churchill,	G.	A.,	&	Chesler,	E.	 J.	 (2016).	
Accessing	data	resources	in	the	mouse	phenome	database	for	ge-
netic analysis of murine life span and health span. The Journals of 
Gerontology Series A, Biological Sciences and Medical Sciences,	71(2),	
170-177.	https://doi.org/10.1093/geron	a/glu223

Bokov,	A.	F.,	Garg,	N.,	 Ikeno,	Y.,	 Thakur,	 S.,	Musi,	N.,	DeFronzo,	R.	A.,	
Zhang,	N.,	Erickson,	R.	C.,	Gelfond,	J.,	Hubbard,	G.	B.,	Adamo,	M.	L.,	
&	Richardson,	A.	(2011).	Does	reduced	IGF-1R	signaling	in	Igf1r+/-	
mice alter aging? PLoS One,	6(11),	e26891.	https://doi.org/10.1371/
journ	al.pone.0026891

Bronson,	F.	H.	(1984).	Energy	allocation	and	reproductive	development	
in wild and domestic house mice. Biology of Reproduction,	31(1),	83-
88.	https://doi.org/10.1095/biolr	eprod	31.1.83

Caracciolo,	B.,	Xu,	W.,	Collins,	S.,	&	Fratiglioni,	L.	 (2014).	Cognitive	de-
cline,	 dietary	 factors	 and	 gut-brain	 interactions.	 Mechanisms of 
Ageing and Development,	136–137,	59-69.	https://doi.org/10.1016/j.
mad.2013.11.011

Churchill,	G.	A.,	Gatti,	D.	M.,	Munger,	S.	C.,	&	Svenson,	K.	L.	(2012).	The	
diversity outbred mouse population. Mammalian Genome,	23(9–10),	
713-718.	https://doi.org/10.1007/s0033	5-012-9414-2

Claesson,	M.	J.,	 Jeffery,	 I.	B.,	Conde,	S.,	Power,	S.	E.,	O'Connor,	E.	M.,	
Cusack,	 S.,	 Harris,	 H.	 M.,	 Coakley,	 M.,	 Lakshminarayanan,	 B.,	
O'Sullivan,	O.,	Fitzgerald,	G.	F.,	Deane,	J.,	O'Connor,	M.,	Harnedy,	
N.,	 O'Connor,	 K.,	 O'Mahony,	 D.,	 van	 Sinderen,	 D.,	 Wallace,	 M.,	
Brennan,	L.,	…	O'Toole,	P.	W.	(2012).	Gut	microbiota	composition	
correlates with diet and health in the elderly. Nature,	488(7410),	
178-184.	https://doi.org/10.1038/natur	e11319

Fay,	M.	 P.	 (2010).	 Confidence	 intervals	 that	Match	 Fisher’s	 exact	 and	
Blaker’s	exact	tests.	Biostatistics,	11,	2.

Fazeli,	 P.	 K.,	 &	Klibanski,	 A.	 (2014).	Determinants	 of	GH	 resistance	 in	
malnutrition. Journal of Endocrinology,	220(3),	R57-65.	https://doi.
org/10.1530/JOE-13-0477

Fox,	H.	 S.	 (1992).	 Androgen	 treatment	 prevents	 diabetes	 in	 nonobese	
diabetic mice. Journal of Experimental Medicine,	175(5),	1409-1412.	
https://doi.org/10.1084/jem.175.5.1409

Fox,	J.,	&	Weisberg,	S.	(2019).	An R companion to applied regression (3rd 
ed.).	Sage.

Garratt,	M.,	Bower,	B.,	Garcia,	G.	G.,	&	Miller,	R.	A.	 (2017).	Sex	differ-
ences	 in	 lifespan	extension	with	acarbose	and	17-alpha	estradiol:	
gonadal	hormones	underlie	male-specific	improvements	in	glucose	
tolerance and mTORC2 signaling. Aging Cell,	 16(6),	 1256-1266.	
https://doi.org/10.1111/acel.12656

Harper,	J.	M.,	Leathers,	C.	W.,	&	Austad,	S.	N.	 (2006).	Does	caloric	re-
striction extend life in wild mice? Aging Cell,	5(6),	441-449.	https://
doi.org/10.1111/j.1474-9726.2006.00236.x

Harrison,	 D.	 E.,	 Strong,	 R.,	 Alavez,	 S.,	 Astle,	 C.	 M.,	 DiGiovanni,	 J.,	
Fernandez,	 E.,	 Flurkey,	 K.,	 Garratt,	 M.,	 Gelfond,	 J.	 A.	 L.,	 Javors,	
M.	A.,	Levi,	M.,	Lithgow,	G.	J.,	Macchiarini,	F.,	Nelson,	J.	F.,	Sukoff	
Rizzo,	S.	J.,	Slaga,	T.	J.,	Stearns,	T.,	Wilkinson,	J.	E.,	&	Miller,	R.	A.	

https://phenome.jax.org/projects/Yuan1
https://orcid.org/0000-0001-9996-7331
https://orcid.org/0000-0001-9996-7331
https://orcid.org/0000-0003-2298-0954
https://orcid.org/0000-0003-2298-0954
https://doi.org/10.1210/er.2018-00216
https://doi.org/10.1210/er.2018-00216
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.5534/wjmh.180018
https://doi.org/10.5534/wjmh.180018
https://doi.org/10.18632/aging.102037
https://doi.org/10.18632/aging.102037
https://doi.org/10.1038/71641
https://doi.org/10.1038/71641
https://doi.org/10.1073/pnas.1421942112
https://doi.org/10.1017/S2040174412000281
https://doi.org/10.1093/gerona/glu223
https://doi.org/10.1371/journal.pone.0026891
https://doi.org/10.1371/journal.pone.0026891
https://doi.org/10.1095/biolreprod31.1.83
https://doi.org/10.1016/j.mad.2013.11.011
https://doi.org/10.1016/j.mad.2013.11.011
https://doi.org/10.1007/s00335-012-9414-2
https://doi.org/10.1038/nature11319
https://doi.org/10.1530/JOE-13-0477
https://doi.org/10.1530/JOE-13-0477
https://doi.org/10.1084/jem.175.5.1409
https://doi.org/10.1111/acel.12656
https://doi.org/10.1111/j.1474-9726.2006.00236.x
https://doi.org/10.1111/j.1474-9726.2006.00236.x


14 of 15  |     YUAN et Al.

(2019).	Acarbose	improves	health	and	lifespan	in	aging	HET3	mice.	
Aging Cell,	18(2),	e12898.	https://doi.org/10.1111/acel.12898

Harrison,	 D.	 E.,	 Strong,	 R.,	 Allison,	 D.	 B.,	 Ames,	 B.	 N.,	 Astle,	 C.	 M.,	
Atamna,	H.,	Fernandez,	E.,	Flurkey,	K.,	Javors,	M.	A.,	Nadon,	N.	L.,	
Nelson,	J.	F.,	Pletcher,	S.,	Simpkins,	J.	W.,	Smith,	D.,	Wilkinson,	J.	E.,	
&	Miller,	R.	A.	 (2014).	Acarbose,	17-alpha-estradiol,	 and	nordihy-
droguaiaretic acid extend mouse lifespan preferentially in males. 
Aging Cell,	13(2),	273-282.	https://doi.org/10.1111/acel.12170

Herr,	W.,	 &	Gilbert,	W.	 (1983).	 Somatically	 acquired	 recombinant	mu-
rine	 leukemia	 proviruses	 in	 thymic	 leukemias	 of	 AKR/J	 mice.	
Journal of Virology,	 46(1),	 70–82.	 https://doi.org/10.1128/
JVI.46.1.70-82.1983

Holzenberger,	M.,	Dupont,	J.,	Ducos,	B.,	Leneuve,	P.,	Geloen,	A.,	Even,	P.	
C.,	Cervera,	P.,	&	Le	Bouc,	Y.	(2003).	IGF-1	receptor	regulates	lifes-
pan and resistance to oxidative stress in mice. Nature,	421(6919),	
182-187.	https://doi.org/10.1038/natur	e01298

Ideraabdullah,	F.	Y.,	de	 la	Casa-Esperon,	E.,	Bell,	T.	A.,	Detwiler,	D.	A.,	
Magnuson,	T.,	Sapienza,	C.,	&	de	Villena,	F.	P.	(2004).	Genetic	and	
haplotype	 diversity	 among	 wild-derived	 mouse	 inbred	 strains.	
Genome Research,	 14(10A),	 1880-1887.	 https://doi.org/10.1101/
gr.2519704

Leys,	 C.,	 Ley,	 C.,	 Klein,	 O.,	 Bernard,	 P.,	 &	 Licata,	 L.	 (2013).	 Detecting	
outliers:	Do	not	use	standard	deviation	around	the	mean,	use	ab-
solute deviation around the median. Journal of Experimental Social 
Psychology,	49(4),	3.

Linder,	C.	C.	 (2006).	Genetic	 variables	 that	 influence	phenotype.	 ILAR 
Journal,	47(2),	132-140.	https://doi.org/10.1093/ilar.47.2.132

MacArthur,	J.	W.	(1944).	Genetics	of	body	size	and	related	characters.	II.	
Satellite	characters	associated	with	body	size	in	mice.	The American 
Naturalist,	78(776),	14.

Mao,	K.,	Quipildor,	G.	F.,	Tabrizian,	T.,	Novaj,	A.,	Guan,	F.,	Walters,	R.	O.,	
Delahaye,	F.,	Hubbard,	G.	B.,	Ikeno,	Y.,	Ejima,	K.,	Li,	P.,	Allison,	D.	B.,	
Salimi-Moosavi,	H.,	Beltran,	P.	J.,	Cohen,	P.,	Barzilai,	N.,	&	Huffman,	
D.	M.	 (2018).	 Late-life	 targeting	 of	 the	 IGF-1	 receptor	 improves	
healthspan and lifespan in female mice. Nature Communications,	
9(1),	2394.	https://doi.org/10.1038/s4146	7-018-04805	-5

Miller,	 R.	 A.,	 Burke,	D.,	&	Nadon,	N.	 (1999).	 Announcement:	 four-way	
cross	 mouse	 stocks:	 a	 new,	 genetically	 heterogeneous	 resource	
for aging research. The Journals of Gerontology Series A, Biological 
Sciences and Medical Sciences.,	 54(8),	 B358-B360.	 https://doi.
org/10.1093/geron	a/54.8.b358

Miller,	R.	A.,	Harper,	 J.	M.,	Dysko,	R.	C.,	Durkee,	S.	 J.,	&	Austad,	S.	N.	
(2002).	 Longer	 life	 spans	 and	delayed	maturation	 in	wild-derived	
mice. Experimental Biology and Medicine,	227(7),	500-508.

Nelson,	J.	F.,	Karelus,	K.,	Felicio,	L.	S.,	&	Johnson,	T.	E.	 (1990).	Genetic	
influences on the timing of puberty in mice. Biology of Reproduction,	
42(4),	649-655.	https://doi.org/10.1095/biolr	eprod	42.4.649

Redden,	D.	T.,	Fernandez,	J.	R.,	&	Allison,	D.	B.	(2004).	A	simple	signif-
icance test for quantile regression. Statistics in Medicine,	 23(16),	
2587-2597.	https://doi.org/10.1002/sim.1839

Revelle,	 W.	 (2018).	 Procedures	 for	 Personality	 and	 Psychological	
Research.	 Northwestern	 University,	 Evanston,	 Illinois.	 Retrieved	
from	 https://CRAN.R-proje	ct.org/packa	ge=psych	Versi	
on=1.8.12.2018.

Selman,	 C.,	 Lingard,	 S.,	 Choudhury,	 A.	 I.,	 Batterham,	 R.	 L.,	 Claret,	M.,	
Clements,	 M.,	 Ramadani,	 F.,	 Okkenhaug,	 K.,	 Schuster,	 E.,	 Blanc,	
E.,	 Piper,	 M.	 D.,	 Al-Qassab,	 H.,	 Speakman,	 J.	 R.,	 Carmignac,	 D.,	
Robinson,	I.	C.,	Thornton,	J.	M.,	Gems,	D.,	Partridge,	L.,	&	Withers,	
D.	 J.	 (2008).	Evidence	 for	 lifespan	extension	and	delayed	age-re-
lated biomarkers in insulin receptor substrate 1 null mice. The FASEB 
Journal,	22(3),	807-818.	https://doi.org/10.1096/fj.07-9261com

Selman,	C.,	Tullet,	J.	M.,	Wieser,	D.,	Irvine,	E.,	Lingard,	S.	J.,	Choudhury,	A.	
I.,	Claret,	M.,	Al-Qassab,	H.,	Carmignac,	D.,	Ramadani,	F.,	Woods,	A.,	
Robinson,	I.	C.,	Schuster,	E.,	Batterham,	R.	L.,	Kozma,	S.	C.,	Thomas,	
G.,	 Carling,	D.,	Okkenhaug,	 K.,	 Thornton,	 J.	M.,	 …	Withers,	D.	 J.	

(2009).	Ribosomal	protein	S6	kinase	1	signaling	regulates	mamma-
lian life span. Science,	326(5949),	140-144.	https://doi.org/10.1126/
scien	ce.1177221

Senior,	A.	M.,	Nakagawa,	S.,	Raubenheimer,	D.,	Simpson,	S.	J.,	&	Noble,	
D.	 W.	 (2017).	 Dietary	 restriction	 increases	 variability	 in	 longev-
ity. Biology Letters,	 13(3),	 20170057.	 https://doi.org/10.1098/
rsbl.2017.0057

Silver,	L.	M.	(1995).	OF MICE, MEN, AND A WOMAN mouse genetics con-
cepts and applications.	Oxford	University	Press.

Strasser,	H.,	&	Weber,	C.	(	1999).	On	the	asymptotic	theory	of	permuta-
tion statistics. Mathematical Methods of Statistics,	8(2),	31.

Subramanian,	S.,	Huq,	S.,	Yatsunenko,	T.,	Haque,	R.,	Mahfuz,	M.,	Alam,	M.	
A.,	Benezra,	A.,	DeStefano,	J.,	Meier,	M.	F.,	Muegge,	B.	D.,	Barratt,	
M.	J.,	VanArendonk,	L.	G.,	Zhang,	Q.,	Province,	M.	A.,	Petri,	W.	A.	
Jr,	Ahmed,	T.,	&	Gordon,	J.	I.	(2014).	Persistent	gut	microbiota	im-
maturity in malnourished Bangladeshi children. Nature,	510(7505),	
417-421.	https://doi.org/10.1038/natur	e13421

Terzibasi,	 E.,	 Lefrancois,	 C.,	 Domenici,	 P.,	 Hartmann,	 N.,	 Graf,	 M.,	
&	 Cellerino,	 A.	 (2009).	 Effects	 of	 dietary	 restriction	 on	 mor-
tality	 and	 age-related	 phenotypes	 in	 the	 short-lived	 fish	
Nothobranchius	 furzeri.	 Aging Cell,	 8(2),	 88-99.	 https://doi.
org/10.1111/j.1474-9726.2009.00455.x

Tucker,	 P.	 K.,	 Lee,	 B.	 K.,	 Lundrigan,	 B.	 L.,	 &	 Eicher,	 E.	 M.	 (1992).	
Geographic origin of the Y chromosomes in "old" inbred strains of 
mice. Mammalian Genome,	3(5),	254-261.	https://doi.org/10.1007/
bf002	92153

van	Raalte,	A.	A.,	Sasson,	I.,	&	Martikainen,	P.	(2018).	The	case	for	moni-
toring	life-span	inequality.	Science,	362(6418),	1002-1004.	https://
doi.org/10.1126/scien	ce.aau5811

Voskuhl,	R.	 (2011).	Sex	differences	 in	autoimmune	diseases.	Biology of 
Sex Differences,	2(1),	1.	https://doi.org/10.1186/2042-6410-2-1

Wang,	C.,	Li,	Q.,	Redden,	D.	T.,	Weindruch,	R.,	&	Allison,	D.	B.	 (2004).	
Statistical	 methods	 for	 testing	 effects	 on	 "maximum	 lifespan".	
Mechanisms of Ageing and Development,	125(9),	 629-632.	 https://
doi.org/10.1016/j.mad.2004.07.003

Wang,	 J.,	 Chen,	 X.,	 Osland,	 J.,	 Gerber,	 D.	 S.,	 Luan,	 C.,	 Delfino,	 K.,	
Goodwin,	L.,	&	Yuan,	R.	(2018).	Deletion	of	Nrip1	extends	female	
mice	 longevity,	 increases	 autophagy,	 and	 delays	 cell	 senescence.	
The Journals of Gerontology: Series A,	73(7),	 882–892.	 https://doi.
org/10.1093/geron	a/glx257

Wicker,	L.	S.,	Appel,	M.	C.,	Dotta,	F.,	Pressey,	A.,	Miller,	B.	J.,	DeLarato,	N.	
H.,	Fischer,	P.	A.,	Boltz,	R.	C.	Jr,	&	Peterson,	L.	B.	(1992).	Autoimmune	
syndromes	 in	 major	 histocompatibility	 complex	 (MHC)	 congenic	
strains	of	nonobese	diabetic	(NOD)	mice.	The	NOD	MHC	is	domi-
nant	for	insulitis	and	cyclophosphamide-induced	diabetes.	Journal 
of Experimental Medicine,	 176(1),	 67–77.	 https://doi.org/10.1084/
jem.176.1.67

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

Yan,	J.,	Herzog,	J.	W.,	Tsang,	K.,	Brennan,	C.	A.,	Bower,	M.	A.,	Garrett,	
W.	 S.,	 Sartor,	 B.	 R.,	 Aliprantis,	 A.	O.,	 &	Charles,	 J.	 F.	 (2016).	Gut	
microbiota	induce	IGF-1	and	promote	bone	formation	and	growth.	
Proceedings of the National Academy of Sciences of the United States 
of America,	 113(47),	 E7554-E7563.	 https://doi.org/10.1073/
pnas.16072	35113

Yuan,	R.,	Meng,	Q.,	Nautiyal,	J.,	Flurkey,	K.,	Tsaih,	S.	W.,	Krier,	R.,	Parker,	
M.	G.,	Harrison,	D.	 E.,	 &	 Paigen,	 B.	 (2012).	 Genetic	 coregulation	
of age of female sexual maturation and lifespan through circulat-
ing	 IGF1	among	 inbred	mouse	strains.	Proceedings of the National 
Academy of Sciences of the United States of America,	109(21),	8224-
8229.	https://doi.org/10.1073/pnas.11211	13109

Yuan,	 R.,	 Tsaih,	 S.	W.,	 Petkova,	 S.	 B.,	Marin	 de	 Evsikova,	 C.,	 Xing,	 S.,	
Marion,	M.	A.,	Bogue,	M.	A.,	Mills,	K.	D.,	Peters,	L.	L.,	Bult,	C.	J.,	

https://doi.org/10.1111/acel.12898
https://doi.org/10.1111/acel.12170
https://doi.org/10.1128/JVI.46.1.70-82.1983
https://doi.org/10.1128/JVI.46.1.70-82.1983
https://doi.org/10.1038/nature01298
https://doi.org/10.1101/gr.2519704
https://doi.org/10.1101/gr.2519704
https://doi.org/10.1093/ilar.47.2.132
https://doi.org/10.1038/s41467-018-04805-5
https://doi.org/10.1093/gerona/54.8.b358
https://doi.org/10.1093/gerona/54.8.b358
https://doi.org/10.1095/biolreprod42.4.649
https://doi.org/10.1002/sim.1839
https://CRAN.R-project.org/package=psychVersion=1.8.12.2018
https://CRAN.R-project.org/package=psychVersion=1.8.12.2018
https://doi.org/10.1096/fj.07-9261com
https://doi.org/10.1126/science.1177221
https://doi.org/10.1126/science.1177221
https://doi.org/10.1098/rsbl.2017.0057
https://doi.org/10.1098/rsbl.2017.0057
https://doi.org/10.1038/nature13421
https://doi.org/10.1111/j.1474-9726.2009.00455.x
https://doi.org/10.1111/j.1474-9726.2009.00455.x
https://doi.org/10.1007/bf00292153
https://doi.org/10.1007/bf00292153
https://doi.org/10.1126/science.aau5811
https://doi.org/10.1126/science.aau5811
https://doi.org/10.1186/2042-6410-2-1
https://doi.org/10.1016/j.mad.2004.07.003
https://doi.org/10.1016/j.mad.2004.07.003
https://doi.org/10.1093/gerona/glx257
https://doi.org/10.1093/gerona/glx257
https://doi.org/10.1084/jem.176.1.67
https://doi.org/10.1084/jem.176.1.67
https://doi.org/10.1111/acel.12145
https://doi.org/10.1073/pnas.1607235113
https://doi.org/10.1073/pnas.1607235113
https://doi.org/10.1073/pnas.1121113109


    |  15 of 15YUAN et Al.

Rosen,	C.	J.,	Sundberg,	J.	P.,	Harrison,	D.	E.,	Churchill,	G.	A.,	&	Paigen,	
B.	(2009).	Aging	in	inbred	strains	of	mice:	study	design	and	interim	
report	on	median	 lifespans	and	circulating	 IGF1	 levels.	Aging Cell,	
8(3),	277–287.	https://doi.org/10.1111/j.1474-9726.2009.00478.x

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section.

How to cite this article: Yuan	R,	Musters	CJ,	Zhu	Y,	et	al.	
Genetic	differences	and	longevity-related	phenotypes	
influence lifespan and lifespan variation in	a	sex-specific	
manner in mice. Aging Cell. 2020;00:e13263. https://doi.
org/10.1111/acel.13263

https://doi.org/10.1111/j.1474-9726.2009.00478.x
https://doi.org/10.1111/acel.13263
https://doi.org/10.1111/acel.13263

	Genetic differences and longevity-related phenotypes influence lifespan and lifespan variation in a sex-specific manner in mice.
	Authors

	/var/tmp/StampPDF/fbS7II2ESp/tmp.1604414102.pdf.ijhgE

