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INTRODUCTION: Aging is the progressive decline
in physical, mental, and reproductive capaci-
ties that is accompanied bymultiple morbid-
ities and associated with increased mortality.
Despite advances in identifying aging path-
ways and drugs that extend life span inmodel
systems, an integrative understanding of the
interplay between genetics, sex, and environ-
ment in aging and life-span determination
is largely lacking.

RATIONALE: Although there is no single mea-
sure of aging, studies depend on surrogate or
related traits such as longevity, life history,

age-related disease onset, and physiological
markers. Characterizing genetic and non-
genetic determinants of longevity at the popu-
lation level may identify genes and pathways
involved in aging, providing avenues for tar-
geted anti-aging therapies and extension of
healthy longevity. We set out to query genetic
regulators of longevity in a total of 3276
UM-HET3 mice used in longevity studies by
the National Institute on Aging’s Interventions
Testing Program (NIA ITP). We interrogated
whether the genetic basis of longevity is sex
and age dependent, and whether nongenetic
factors such as litter size and the effect of early

access to nutrients on growth contribute to
longevity determination.We characterized the
age- and genotype-dependent changes in liver
gene expression inmice from the same genetic
cross. Finally, we integrated these results with
orthogonal datasets to obtain a resource of
prioritized candidate genetic loci and genes
for further investigation.

RESULTS: When jointly analyzing males and
females, we obtained a single, previously
described, longevity locus on chromosome
12. However, when analyzed separately, males
and females had distinct genetic determi-
nants of longevity. In females, a single locus
on chromosome 3 was uncovered, whereas
in males, loci were detected only when early
deaths were excluded, suggesting that some
genetic variations had an effect on longevity
beyond a certain age. Increased body weight
associated with earlier death and some of the
variation in adult body weight are explained
by litter size. Hence, early access to nutrients
may affect mouse longevity through its effect
on growth.WeusedMendelian randomization
to replicate the relationships between early
growth, adult size, and longevity in humans.
To prioritize genes under the longevity loci,
we profiled liver gene expression of adult and
old mice to look for sex-, age-, and genetically
driven differences in expression. Female livers
had higher interferon-related gene expression,
and older mice had overexpressed immune-
related genes. Genetic regulation of gene
expression was assessed, with the majority
being conserved across sexes and age. We
combined our results with data from multiple
sources in model organisms and humans to
compile an interactive resource for conserved
longevity gene prioritization (https://www.
systems-genetics.org/itp-longevity). Worm life-
span experiments validated some of the most
highly scoring genes and identified Hipk1,
Ddost, Hspg2, Fgd6, and Pdk1 as candidates.

CONCLUSION: This study provided insights into
determinants of longevity, highlighting genetic
mediators that can be sex or age specific, and
nongenetic effects such as early access to nu-
trients. The combined body of information as-
sembled from this study and the external data
constitute a hypothesis-building resource for
future studies on, and therapies for, aging, age-
related disease, and longevity.▪
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Genetic analyses in UM-HET3 mice used in the Interventions Testing Program highlight sex- and
age-specific longevity loci. Body weight associates with longevity, as does litter size, through its effect on
body weight. Mendelian randomization in humans recapitulated these relationships between early growth
and life span. Gene expression analyses, cross-species integration, and Caenorhabditis elegans life-span
experiments highlight candidate longevity genes and provide a resource for further investigation.
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Giacomo V. G. von Alvensleben1, Hao Li1, Saunak Sen6, David E. Harrison7, James F. Nelson8,
Randy Strong8,9, Richard A. Miller10, Zoltán Kutalik3,4,5, Robert W. Williams2*, Johan Auwerx1*

DNA variants that modulate life span provide insight into determinants of health, disease, and aging.
Through analyses in the UM-HET3 mice of the Interventions Testing Program (ITP), we detected a
sex-independent quantitative trait locus (QTL) on chromosome 12 and identified sex-specific QTLs, some
of which we detected only in older mice. Similar relations between life history and longevity were
uncovered in mice and humans, underscoring the importance of early access to nutrients and early
growth. We identified common age- and sex-specific genetic effects on gene expression that we
integrated with model organism and human data to create a hypothesis-building interactive resource of
prioritized longevity and body weight genes. Finally, we validated Hipk1, Ddost, Hspg2, Fgd6, and Pdk1 as
conserved longevity genes using Caenorhabditis elegans life-span experiments.

A
ging is a time-dependent functional
decline in molecular, cellular, and orga-
nismal homeostasis that is affected by
multiple environmental and genetic
factors (1). Genetic studies, such as loss

or gain of function or forward genetic screens,
have identified many of its conserved genes
and mechanisms (2, 3). From the metabolic
perspective, nutrient-sensing pathways such
as the growth hormone and insulin-like growth
factor axis (GH/IGF1), target of rapamycin
(TOR), adenosine 5´-monophosphate (AMP)–
activated protein kinase (AMPK), and sirtuins
control aging or affect longevity (1, 3). In ad-
dition to metabolic decline, other features
such as loss of proteostasis, increased genome
instability, changes in epigenetic marks, and
alterations in telomere length have been pro-
posed to promote aging (1, 4, 5). Here we used
an unbiased genetic andmolecular cross-species
approach to highlight drivers of aging, starting
with genetic mapping of loci that modulate

variation in life span in a large multicenter
andmultiyear four-way intercross of male and
female untreated control mice from the Inter-
ventions Testing Program (ITP).

Multicenter and multiyear analysis identifies
sex- and age-specific longevity loci

The ITP was funded by the National Institute
on Aging starting in 2004 to test putative
positive effects of dietary and drug interven-
tions on life span (healthy aging) (6, 7). For
each intervention, a large and sex-balanced
subcohort of control animals was aged until
close to natural death along with the treated
cases (8). All controls and cases were from a
four-way intercrossmadebymatingBALB/cByJ×
C57BL/6J F1 females—JAX Stock #100009—to
C3H/HeJ × DBA/2J F1 males—JAX Stock #
100004—the so-called UM-HET3 cross. Animals
were bred at three independent testing sites
(Jackson Laboratory, University of Michigan,
and University of Texas Health Science Center
at San Antonio) using F1 animals from the
Jackson Laboratory. The combination of a high
level of genetic heterogeneity, very large family
sample size, and balanced replication across
sites has led to an unprecedented resource of
longevity research (9). Tail biopsies were sys-
tematically collected from almost all mice, thus
enabling the genotyping and subsequent genetic
analyses presented here (8) (Fig. 1A).
We generated genotype data on 3276 mice,

including 2356 control and 920 drug-treated
mice (fig. S1, A and B, and data S1). The treated
cases included animals subjected to 20 differ-
ent drugs that had no population-level influ-
ence on longevity; this complexity renders the
statistical inference of genetic and drug ef-
fects more challenging, and we therefore used
this group in combination with the controls in

supplementary quantitative trait locus (QTL)
analyses. In addition to being a genetically
heterogeneous panel with a wide range of
variation in longevity and body weight, the
cohort (year of birth) and site have effects on
body weight and longevity (most prominently
in males) despite all efforts of standardization
(10) (fig. S1, C and D). To avoid biases due to
these nongenetic effects, we accounted for
center and year in all analyses.
As previously shown in the UM-HET3 cross

(10), females have a higher median life span
than males (female median = 886 days, 95%
confidence interval (CI) [871–897], male
median = 836 days, 95% CI [816–851]), with
the largest difference in the survival curves at-
tributable to increased early mortality in males
between ages of about 300 and 800 days.
Between 800 and 1000 days, females have
a higher rate of mortality (fig. S1B). As of
1000 days, mortality rates are similar, indicat-
ing similar hazard rates at later ages and
similar maximum longevity (fig. S1, A to C).
Given such age- and sex-specific hazards, we

asked whether segregating loci affect life span
in both sexes at all ages or whether sex- and
age-specific effects are predominant (fig. S2).
To determine whether genetic loci are sex
specific, we performed four QTL mapping
analyses: for each sex separately, and for the
combined dataset with and without sex-by-
genotype interaction term. To accommodate
the multicenter and multiyear study design,
we used mixed-effects Cox models with site
and cohort as random effects and sex as
fixed effect when appropriate. To assess the
statistical significance of the results, we cal-
culated empirical p values for the associations
based on permutations (8) and characterized
QTLs with p < 0.2.
A genome scan including both sexes identi-

fied a single QTL at chromosome 12, which
may be a previously described locus in the
UM-HET3 and BXD cohorts (Fig. 1B, data S2,
and table S1) (11, 12). We also detect one sig-
nificant female-specific locus at chromosome
3 (p = 0.006) but no significant exclusive male
loci. There is no evidence for sex-by-haplotype
interaction, which may be related to power
limitations due to sample size.
Early male mortality raised the possibility

that some early pathologies or behavioral fac-
tors, possibly genetically driven, may mask
genetic effects on longevity. Previously, this
potential confounding was dealt with through
removal of data from mice with early deaths,
and this strategy has proven to be useful in
identifying longevity-associated QTLs (11). We
therefore performed successive QTL scans by
removing increasing proportions of early deaths
(Fig. 1C). To define peaks in these scans based
on smaller subsets of the mice, we also relaxed
the significance thresholds from0.05 to 0.2. This
approach revealed that the female chromosome3
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Fig. 1. QTL mapping of longevity identifies sex- and age-specific loci.
(A) General scheme of the UM-HET3 four-way intercross and the end points
examined in this study. The UM-HET3 mice come from a cross of a female
(BALB/cByJ × C57BL/6J) F1 and a male (C3H/HeJ × DBA/2J) F1. The
3276 mice in this study are either controls (n = 2356) or were treated with
20 drugs that had no population-level effect on longevity (n = 920, data S1),
from the NIA ITP conducted at two different sites (UT and UM) and spanning
years 2004 to 2011. Natural life span, body weight, and DNA were collected
from these mice. A separate UM-HET3 cohort (Glenn Center, UM) was used to
obtain livers from young and old males and females for RNA sequencing to
study sex- and age-related gene expression changes and haplotype-specific
expression. (B) (Left) Distribution of female and male life spans. (Right)
QTL mapping results for longevity in four analyses. The “Both, no sex int”

includes all mice with sex as a fixed effect and site as a random effect and
cohort year as a nested random effect within site. The “Both, sex int” tests for
sex-by-haplotype interactions. The Male and Female models are restricted to one
sex. Solid and dashed horizontal lines indicate permutation-based significance
thresholds for a = 0.05 and 0.2, respectively. (C) QTL scans for life span performed
after excluding different percentiles of mice that die early. (Left) Distribution of life-
span values after exclusion of mice. The labels indicate the minimal life span in days
and the number of mice. (Right) Overlaid QTL scans, colored by truncation level for
females and males. Solid and dashed horizontal lines indicate permutation-based
significance thresholds as in (B). (D) Median longevity ofmice stratified by haplotype at
male loci on chromosomes 2 and 10, female loci on chromosomes 3, and male and
females at the chromosome 12 locus, after exclusion of different proportions of early
deaths. Alleles B, C, H, and D correspond to CBy, B6, C3, and D2 strains, respectively.
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QTL is robust to removal of early deaths as it
only slightly decreased in significance (empirical
p value=0.006and0.081when0and80%ofmice
are removed, respectively) even upon removal of
80% of early deaths—that is, when only 20% of
the longest-lived female mice were retained. One
female-specific locus emerged on chromosome
19 only in the 20% of longest-lived females.
In contrast to females, multiple male loci

increased in significance upon exclusion of
early deaths. Specifically, the most significant
locus is on chromosome 4 (at 20% truncation,
empirical p value = 0.017) followed by less sig-
nificant ones on chromosomes 2, 9, 10, and 12
(at 60, 20, 80, and 20% truncation, respectively;
0.05 < p < 0.2). Upon observing the longevity
distribution of mice carrying different allelic
combinations at the chromosome 2 locus, we
could appreciate how allelic effects become
significant when early-death animals were
progressively removed (Fig. 1D). Male mice
carrying the B/H allele combination in the
chromosome 2 locus do not differ from the
whole male population (p = 1, Fig. 1D, left
panel), but are the longest lived aswe removed
earlier deaths (p = 0.137 at 80% truncation).
The age-specific and male-specific chromo-
some 10 locus (p = 1 and 0.185 at 0 and 80%
truncation, respectively) overlaps with another
previously described UM-HET3 longevity locus
(11). The chromosome 12 locus detected inmales
overlaps with the one that we found in the
analysis incorporating males and females
and already identified inUM-HET3 (11).When
examining sex-specific scans, the C/D allele
combination offers an advantage in males
(Fig. 1C, lowest empirical p value = 0.06 at 20%
truncation in males) but not in females (Fig. 1C,
lowest empirical p value = 0.357, no truncation).
To further explore whether QTLs overlap

with known genetic associations, we looked
for correspondence with known longevity,
growth, and body size QTLs in the Mouse
Genome Informatics database (13) (table S1).
Except for the chromosome 10 and 12 loci in
males, there is no overlap with longevity or
life-span loci, which is not surprising given
the general dearth of longevity QTLs likely
due to limited power of existing studies. Instead,
we found extensive overlap with known growth
or body weight loci, pointing to the impor-
tance of genetic determination of growth rates
on longevity.

Interplay between early growth, size, and
longevity in mice and humans

The relation between growth, body size, and
longevity has been extensively studied (10, 14, 15).
This and our observation of overlap between
longevity loci and growth QTLs prompted us
to explore this relation further. At the pheno-
typic level, we observed an inverse relation-
ship between early body weight and longevity
that is more pronounced in males (Fig. 2, A

and B). For instance, the hazard ratio of a 10-g
increase at 6months is ~1.8 and ~1.20 inmales
and females, respectively (mixed-effects Cox
model p values < 0.00001 and 0.0016). This
relation progressively decreased inmagnitude,
yet remained detectable until 18months. At 24
months, the relation disappeared in females
and reversed in males, suggesting that lower
body weight at an advanced age (between 18
and 24 months) may be a predictor of earlier
mortality in males as they lose weight prior
to death. These observations are not only in
agreement with studies in UM-HET3 mice
(10, 14) but also with findings in humans, in
which higher childhood weight is associated
with higher morbidity andmortality, especially
inmales (16, 17), andweight loss at older ages is
associated with increased frailty and mortality
risk (18, 19).
Before exploring the genetic determinants

of body weight variation, we characterized the
effects of nongenetic factors on body weight
and whether they can contribute to variation
in longevity in the UM-HET3 mice. Because
the differences in body weight can be attributed
to genetic and environmental factors, we
wondered whether early access to nutrients as
a result of litter size differences could affect
growth, and consequently adult body weight
and longevity (20). We used litter size infor-
mation of a subset of 1575 control mice aged at
theUniversity of Texas, San Antonio. Indeed, a
significant negative effect of litter size onmale
and female body weights at 6, 12, 18, and
24 months of age was observed, indicating
long-lasting effects of early growth due to
differential access to nutrients (p < 0.05
for female 24-month body weight, p < 0.001
for the rest; fig. S3, A and B). Furthermore, we
observed an effect of litter size on longevity,
apparently acting through body weight, as
smaller litter size is associated with higher
weight, which, in turn, is associated with
shorter life span (8) (Fig. 2C). We therefore
investigated whether including body weight
and litter size as covariates in a longevity
QTL scan would affect the results. Life span
was remapped for males and females sepa-
rately, without body weight, with body weight
at 6 months (an age at which the relation is
strongest), and with body weight at 6 months
and litter size (fig. S3C). This analysis was
performed for a total of 1122 control mice of
both sexes, which resulted in similar link-
ages to the analysis excluding litter size as a
covariate, albeit with reduced significance
(highest peak in females is at chromosome 3
with empirical p value = 0.399). Logarithm
of the odds (LOD) scores and significance
are reduced by inclusion of body weight only
in males. The inclusion of litter size in ad-
dition to body weight has little to no effect, in
agreement with the mediation analysis in
which the effect of litter size on longevity is

mediated by body weight. Although the indi-
vidual findings and pairwise relationships
between litter size-growth and growth-longevity
are not novel, here we provided an integrated
view in a large and genetically heterogeneous
mouse population.
We next asked if these relations are specific

to UM-HET3 mice and whether we could es-
tablish similar associations in humans. We ap-
plied aMendelian randomization (MR) strategy
to largehumandatasets. Specifically,weassessed
whether early and adult body size or height
relate to parental longevity (a proxy of the
individual’s longevity) and indeed, early body
weight at 10 years, height at 10 years, adult
body mass index (BMI), but not adult height
have potential negative effects on longevity
(Fig. 2D) (21–23). An interesting finding is
that the early body size effect is completely
mediated by adult BMI (Fig. 2E). Height, by
contrast, has a more complicated relationship
with longevity, likely because it is also asso-
ciated with higher socioeconomic status, which
itself extends life span, and may be affected by
population stratification (Fig. 2F) (24). Faster
early growth may therefore be detrimental,
but adult height may have antagonistic effects
on longevity as it is jointly affected by growth
and socioeconomic status.
To further deconstruct this, we performed

an MR analysis for early and late height while
excluding shared instrumental variables; that
is, we used genetic instruments that are specific
to each stage (Fig. 2G). Notably, the opposing
effects become larger and more significant,
supporting the hypothesis of distinct antag-
onistic age-specific effects of early and adult
height on longevity. Finally, we analyzed
whether the early height’s effect is mediated
by adult BMI in a manner similar to early
weight throughMRmediation and found that
this is not the case, supporting a distinct rela-
tionship between early weight and height and
longevity (Fig. 2H). An analogous investiga-
tion is not possible in our mouse population,
as only body weight is available and not length
or adiposity. Taken together, the interplay be-
tween different life-history traits that is similar
between mice and humans shows that determi-
nants of longevity can be decomposed into
distinct genetic factors acting on other life-
history traits, as well as nongenetic factors
such as early growth, which may be controlled
by early access and use of nutrients.

Analysis of body weight QTLs in relation to
the longevity QTLs

Given the conserved age-dependent relation-
ship between longevity and body weight across
sexes and that this is also the case in humans,
we explored whether variation in these traits
is explained by the same genetic alleles. If that
is the case, one explanation would be that
the same genes may be universally affecting
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different facets of aging, for which body weight
and longevity act as surrogate traits. For that, we
performedQTLmapping in the UM-HET3mice
with a total of four models, as we had done for
longevity (Fig. 3A, and fig. S4A).

We detected sex-specific body weight QTLs
that are conserved at different ages. For in-
stance, we identified a female body weight
QTL at chromosome 7 at all ages, and one at
chromosome 6 that is significant until 18months

(p < 0.05). Some other QTLs were also conserved
in at least two different ages such as those on
chromosomes 5,6, and 15 in females and 9 and
17 in males. Indeed, a previous QTL study in
UM-HET3 combining two sexes had already
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Fig. 2. Interplay between early growth, size, and longevity in mice and
humans. (A) Inverse relationship between body weight and longevity is stronger
in males than in females and at younger ages. Body weight trajectories of UM-HET3
mice, separated by sex. Each line represents body weight evolution of a single mouse.
Body weight measurements were performed at 6, 12, 18, and 24 months, which are
marked by vertical dashed gray lines. Mice are split into seven groups and colored
on the basis of their longevity. Violin plots show the distribution of body weight
at the measured ages. (B) Mixed-effects Cox model hazard ratio of an increase
in 10 g in body weight in males and females, as well as the 95% confidence interval
and p value (8). (C) Effect of litter size on survival mediated by body weight at
different ages using mediation analysis (b indicates effect size, and n is the number

of instruments). (D) Inverse variance weighted Mendelian randomization results
for body weight and height and parental life span (22). Early body size and heights
are the comparative body weight and heights at age 10 of ~500,000 individuals
from the UK Biobank (data fields 1687 and 1697, respectively). BMI (body mass index)
is from ~700,000 individuals (23). (E) MR-Mediation analysis shows that the
effect of early body weight is completely mediated by BMI. (F) MR-Mediation shows
that the effect of early height is not mediated by height. (G) Because adult and
early height share genetic associations (or instrumental variables, IVs), MR was
performedwith the IVs that are specific to each phenotype, excluding the common IVs,
further enhancing the opposing effects of early and adult height. (H) MR-Mediation
shows that the effect of early height is not mediated by BMI.
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Fig. 3. QTL mapping of body weight identifies sex-specific loci and
evidence of shared genetic effects on longevity in males. (A) QTL mapping
results for sex-specific body weight at different ages and longevity scans at
different exclusion levels. Each locus is colored by the −log10(empirical p value),
and QTL peaks are marked with a black line [see (8) for peak definition]. The
peak location of each locus is marked by a white dot. Red arrows mark the two
loci on chromosomes 9 and 10 where QTL signals for longevity and body weight
colocalize. (B) Scatterplot of the LOD scores at each marker for longevity and
body weight at 6 months on the vertical and horizontal axes, respectively. Each
marker is labeled and colored by the chromosome on which it resides. Circles
show the markers that were further examined in (C) and (D). (C) Effect plots for
body weight at 6 months by genotype, as well as survival curves, at the

chromosome 9 and 10 loci in males (excluding 20 and 80% of early deaths,
respectively). In the effect plot, the mean body weight and standard deviations
per genotype are represented, as well as the difference between the highest
and lowest averages. The dashed red lines are visual aids to connect the
longevity and body weight QTL colocalizations in (A) and the allelic effects in (C).
(D) Mixed-effects Cox model of the association of genotype and body weight as
a function of different truncation proportions (nine truncation levels from 0 to
0.8). Points are drawn when the p value is less than the Bonferroni-corrected
p-value threshold (0.05/9 = 0.0056). B/H is the reference genotype to which all
others are compared. The mediation analysis is performed at the indicated
truncation levels (0.2 and 0.8 for chromosome 9 and 10 loci, respectively) to
match the longevity association results.
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identified the loci on chromosomes 6, 7, and
15 (14) that also agreewith the findings here in
terms of directionality and magnitude (Fig.
3B). Notably, these earlier results were per-
formed in one site, whereas the current data
are from two sites across many years. With the
exception of a locus on distal chromosome 9
for male and female body weight, which also
overlaps with the male longevity QTL, there
were no instances of the same QTL emerging
in both sexes (fig. S4A), indicating that the
genetic effects on bodyweight are predominantly
sex specific. In sex-combined QTL scans, some
QTLs overlap with existing sex-specific QTLs
(chromosomes 10 and 17 for males and 5, 6, 7,
and 15 for females), and some additional QTLs
are evident on chromosomes 2 and 11. In
terms of sex-by-genotype interaction, we iden-
tified loci on chromosomes 7 and 15. We also
performed QTL scans for body weight change
that yielded a single QTL on chromosomes 4
in males and 5, 6, and 7 in females, over-
lapping with body weight QTLs (fig. S4A).
These results do not support the presence of
genetic modifiers of rates of body weight
changes in adult mice that are distinct from
the determinants of body weight.
Although we identified significant QTLs in

most analyses, this ensemble of QTL mapping
results for longevity, body weight, and body
weight change suggests that there is little QTL
sharing across sexes and traits (Fig. 3A; fig. S4,
A and B; and data S2 and S3). There are no
overlaps in females, whereas in males, the
chromosome 4 and 9 loci and the age- and
male-specific longevity locus at chromosome
10 overlap with body weight loci. Indeed,
when we observed the genome-wide relation-
ship between the LOD scores for longevity and
body weight QTL scans, we saw that they cor-
relate in males but not in females, paralleling
the strong relationship at the phenotypic level
(Pearson correlation inmales = 0.339, p = 2.33 ×
10−12, Fig. 3B). The male-specific colocaliza-
tion may either be the result of the two traits’
correlation or due to genetic effects on longevity
being mediated by genetic regulation of body
weight. To distinguish between these two pos-
sibilities,we examined the effect of each genotype
on longevity and body weight and performed
mediation analyses.
We foundno relationship between thegenetic

association with body weight and longevity on
chromosome 4 (fig. S4C). That is, mice carrying
the lightest allele are not the longest-lived or
vice versa. This is an indication that bodyweight
modulation and longevity are distinctly affected
by genetic variants in this locus. By contrast,
male mice with the B/D combination on the
distal chromosome 9 locus are the heaviest
at 6 months and the shortest-lived (Fig. 3C).
Similarly, mice carrying the C/H at the chromo-
some 10 longevity locus (when80%of deaths are
excluded) are the lightest at 6 months and the

most long-lived (Fig. 3C). These patterns chro-
mosomes 9 and 10 raise the possibility that the
effect of genetic variationon longevity is through
modulation of body weight or growth.
To further examine these two loci, we tested

whether including bodyweight in a Coxmodel
would extinguish the genetic effect we observe
on longevity (Fig. 3D). For chromosome 9, we
observed that body weight, and not genotype,
is significantly associated with hazard (p =
6.15 × 10−11). In addition, a mediation analysis
illustrates that the effect of genotype on longevity
is predominantly mediated by body weight.
The chromosome 10male locus, however, shows
signs that the genetic effect on longevity is
independent on the effect on bodyweight. The
C/H genotype combination is significantly
associated with male longevity when at least
70% of early deaths are removed even when
controlling for body weight (p = 0.0021). In
addition, the mediation analysis shows that
the effect of genotype is direct andnot through
body weight. Taken together, these results de-
signate the loci on chromosomes 4 and 10 as
male-specific longevity modifiers through an
unknown mechanism, whereas a locus on chro-
mosome 9 may be modulating longevity through
its effect on growth or body weight.

Liver gene expression reveals age- and
sex-related differences in gene- and
haplotype-specific expression

Having identified several QTLs for longevity
and body weight, we next explored the genes
under the QTL peaks in an effort to shortlist
candidate longevity genes. Because the identi-
fied QTLs are large owing to limited recombi-
nation in a four-way intercross, there may be
dozens of genes under each QTL. Further-
more, genetic variationwithin or around these
genes may affect the gene’s function either
directly or through regulatory variation (25).
We devised multiple strategies to home in on
candidate causal genes within these loci, none
of which provides enough confidence in isola-
tion. For instance, endophenotypes such as
gene expression allow a more fine-grained
investigation of genetic effects on quantitative
traits and typically have a simpler genetic
architecture. We performed RNA sequencing
(RNA-seq) of 33 livers from adult (6 month)
and old (22month),male and female UM-HET3
mice to identify genes with allele- and haplotype-
specific expression (HSE).
Prior to HSE analysis, we characterized the

effects of sex and age by performing differen-
tial gene expression for age, sex, and age-by-sex
interaction, followed by gene set enrichment
analysis (8) (fig. S5A and data S4). Although
most of these age-related changes in gene ex-
pression are not expected to be causal (26), they
provide insights into the footprint of aging
(27, 28). Differential expression in livers of
UM-HET3 mice has already uncovered genes

whoseexpression is related to life span–extending
interventions (29). However, it is not clear if
differentially expressed genes are more likely
to explain interindividual differences in aging
or longevity than genes whose expression re-
mains stable with age. There were 444 sex- and
190 age-related differentially expressed genes
(absolute log2 fold change > 1, BH-adjusted p<
0.05). The most significant functional enrich-
ment for the sex effect is in the “cellular response
to interferon-b” gene ontology term, with genes
expressed higher in females (adjusted p = 0.047;
Fig. 4, A and B). The interferon response is not
only sexually dimorphic and higher in female
mice (30) but also a major determinant in
mediating severity of infections, including
COVID-19, likely explaining higher mortality
in men who have lower type I interferon acti-
vity than women (31, 32). It is therefore possible
that differences in interferon response may play
a contributing role in the sex- and age-specific
differences in disease susceptibility.
As for the effect of age on liver expression,

we observed very significant enrichment of
immune-related terms in genes whose expres-
sion increases with age (adjusted p < 0.05) and
no significant enrichment in those with de-
creased expression (Fig. 4A). This is in line
with previous findings that there are more
genes that are consistently expressed with age
than are underexpressed and that the overex-
pressed genes tend to be immune related (33).
Specifically, themost enriched biological proces-
ses relate to leukocyte activation and prolif-
eration, possibly reflecting a change in tissue
composition due to increased number or ac-
tivity of infiltrating or resident immune cells
in the aged liver. Indeed, published single-cell
RNAseq data indicate that changes in liver
cellular composition, as well as an increase in
immune signature, occur with age (34). Specif-
ically, the relative number of hepatocytes de-
creases, whereas the number of liver sinusoidal
endothelial cells (LSECs) increases. By contrast,
Kupffer cells seem to remain stable in numbers,
but more of them express Il1b in older mice. To
corroborate these findings,we performed single-
cell deconvolution analysis on the bulk RNA-
seq results (8) (Fig. 4C). We detected changes
in estimated cell type proportions only in
males, with significant loss in hepatocyte num-
ber (Dirichlet regression p value = 0.00024) and
gain in B cells, Kupffer cells, and LSECs (p =
0.011, 0.013, 9 × 10−4, respectively), in line with
single-cell analyses (34). Taken together, the
age-related changes in gene expression in
UM-HET3 livers support established functional
and compositional changes, an indication of
the conservation of major age-related changes
across studies.
We also exploited the presence of segregat-

ing UM-HET3 variants to detect HSE (8) (Fig.
4, D and E; fig. S5, B to E; and data S5).
Allelic imbalance is a pervasive phenomenon
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in mice that is affected by parent-of-origin
effects and regulatory variation, which con-
tributes to complex traits (35–37). The main
rationale is that an allelic imbalance under a
QTL of a complex trait may be causal and
underlying variation in longevity or bodyweight.
The fact that allele-specific expression is directly
implicated in disease or useful in inferring causal
mechanism of disease-associated loci provides
further support to this approach (38). Briefly,

we inferred genotypes on the basis of the RNA-
seq data and used a binomial generalized
linear mixed model to infer whether sex, age,
or specific haplotype combinations affect the
ratio of maternal to paternal transcripts or
allelic imbalance. The data and specific exper-
imental design allowed us to assess HSE in
~6000 genes, using ~70,000 variants (Fig. 4E).
Using this strategy, we attributed themeasured
bias in maternal to paternal reads to age, sex,

or one of the genotypes. For example, there are
23 and 62 genes for which a bias in expression
can be attributed to sex and age, respectively.
As expected, identifiedHSE ismostly attributed
to genotype effects, with B/D having the most
and C/H the fewest HSE events (596 and 351
significant, respectively). It is noteworthy that
the UM-HET3 parental strains are not genet-
ically equidistant from each other, with B6
being the most distant from the three other
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Fig. 4. Liver gene expression reveals age- and sex-related differences in
gene and haplotype-specific expression. (A) Gene set enrichment analysis of
biological processes in sex- and age-related differences in UM-HET3 liver gene
expression. A positive value indicates an enrichment of a gene set driven by
higher expression of its genes in males (in the left panel) or an expression
increase due to age (in the right panel). (B) Heatmap illustrating the expression
levels of genes contributing to the enrichment of cellular response to IFN-b in
females when compared to males. (C) Cell type proportions as estimated using
single-cell deconvolution analysis. NK, natural killer; LSECs, liver sinusoidal
endothelial cells. For each cell type and sex, the mean difference in cell
proportions is represented along with the p values for the age group effect
from Dirichlet regression was applied to each sex separately. (D) Workflow
and results of haplotype-specific expression (HSE) analysis. Each mouse

was first genotyped at every polymorphic locus, then haplotype calling was
performed. The numbers of maternal and paternal reads were collected and
used in several binomial generalized linear mixed models to test for the
effect of haplotype, age, and sex. (E) HSE results for the whole dataset. Within
each model, genes were divided into whether the parameter’s p value is
significant (at a BH-adjusted p < 0.05). “Not tested / NA” indicates that
coefficients could not be estimated for a model component for a certain gene.
Stacked bar plots indicate the number of genes in each group. Text labels are
the number of genes. (F) Hierarchical clustering of genetic relatedness of
parental strains explains differences in the number of detected HSE genes
per genotype. The more distant the strain pair, the more HSE genes are
detected (8). (G) UpSet plot of the number and sharing of genes with
significant HSE across different analysis subsets.
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strains and C3 and cBy being the closest pair
(Fig. 4F). This genetic relatedness, coupledwith
the cross design, implies that some haplotype
combinations are more likely to have HSE
than others, simply because of differences in
the abundance of variants enabling HSE infer-
ence (Fig. 4, E and F). Specifically, it is more
likely to detect HSE in genes in mice that are
carrying the Bmaternal allele, as the B6 strain
is genetically the most distant from the three
other strains.
We compared the results of HSE sepa-

rately on different subsets (males of both ages,
females of both ages, young adults of both
sexes, old of both sexes) by finding overlaps
of genes with HSE (Fig. 4G). The largest set
of genes (n = 504) is the intersection of all
subsets and consists of genes that have HSE
independent of sex or age, likely ones with
robust determinants in cis. The next largest
set (n = 184) is male specific, followed by one
that is specific to oldmice (male and female),
suggesting that some of the observed HSE
effects may be mediated by sex- or age-specific
factors.

Cross-species search of candidate genes
implicated in longevity modulation

Having identified QTLs for body weight and
longevity, gene expression differences by sex
and age, and HSE for different ages and sexes,
we combined all this information to catalog
and develop a simple scoring scheme for genes
under QTLs (8) (table S2, Fig. 5, and data S6).
Because genetic variation can affect a protein-
coding gene’s function, we examined whether
genes have high-impact variants (HIVs) that
may affect their splicing or coding potential
in one of the parental strains. We further
determined whether these variants segregate
in the UM-HET3 in a way that is consistent
with the observed QTL effect. We postulated
that genes under the QTL with age-related
differential expression (DE) could be of inter-
est in hypothesis building, even if DEmay be a
result and not a cause of aging, so we inves-
tigated whether the gene is differentially
expressed in the liver dataset. Finally, to detect
regulatory variant effects on gene expression,
which could be driving the QTL signal, we
asked whether the genes exhibit HSE.
Going beyond UM-HET3, we expanded the

search toward other mouse and model orga-
nism databases. We examined whether QTL
genes are differentially expressed in all the
tissues of Tabula Muris Senis (TMS) (34) and
gave an additional point if they are differen-
tially expressed in multiple tissues. In addition,
we extended the search tomodel organisms and
cross-referenced the genes and their orthologs
with the GenAge database, which contains a
curated list of longevity genes (39). Additional
points were given if a gene is a known longevity
gene in mice or in more than one species.

In addition to analysis of mouse data, we
also characterized the genes’ human orthologs
by mirroring the available mouse data gen-
erated in this study that span the genetic, gene
expression, and genetically driven gene expres-
sion (8). First, we checked for age-associated
DE in all GTEx tissues (40). Additional points
were given if the gene is differentially expressed
in more than one tissue. Then we looked at
whether there is any human genome-wide
association study (GWAS) hit for longevity
(or BMI for the mouse body weight QTLs). To
establish genetic links between gene expres-
sion and BMI and longevity, we performed
transcriptome-wide Mendelian randomiza-
tion (TWMR) (41). The combination of all these
data serves as a hypothesis-building knowledge
base for longevity and bodyweight genes. Figure
5B shows genes with a minimum score of 5
under the longevity QTLs of females, andmales
with 20% and males with 80% truncation,
representing early and late determinants of
male longevity (data S6 includes all the an-
notations and scores). Although the results of
this investigation cannot attribute causal roles
to these genes in longevity modulation, they
provide valuable candidates for in-depth me-
chanistic studies that capitalize on our system’s
genetics observations. We illustrate this by per-
forming survival analyses in C. elegans to test
whether RNA interference (RNAi)–knockdown
of the worm orthologs of the top-scoring genes
would modulate longevity, therefore highlight-
ing interesting genes for follow-up (Fig. 5C
and fig. S6).
In the female longevity locus on chromo-

some 3, the five highest-scoring genes are Ctss,
Ecm1, Fcrl1, Hipk1, and Etv3 (aggregate score ≥
5; Fig. 5B and data S6). Among those, we could
validate the orthologs of Ctss (K02E7.10 and
Y113G7B.15) and Hipk1 (hpk-1) in the worm
and find that hpk-1 RNAi significantly reduces
life span (p<0.0001; Fig. 5C and fig. S6). Indeed,
hpk-1 is already annotated as a worm pro-
longevity gene in GenAge (42), and the tran-
scriptional cofactor that it encodes has been
shown to maintain proteostasis and extend
longevity (43). The ETS Variant Transcription
Factor 3 (Etv3), which has an HIV with segre-
gation patterns concordant with longevity and
is differentially expressed in UM-HET3 and in
TMS, has not been implicated in mammalian
aging. However, the Drosophila ETS family
members, Aop and Pnt, have been found to
control longevity (44). Similarly, Ctss has HIV,
HSE, and is differentially expressed in mul-
tiple TMS tissues, yet has not been implicated
in mammalian aging. More in-depth studies
would be required to assess the roles of the
top-scoring genes.
For the early male longevity QTLs excluding

20% of deaths, the top-scoring genes are Alpl,
Eif4g3,Ece1,Pafah2,Hspg2, andDdost (aggregate
score > 5; Fig. 5B and data S6). The highest-

scoring gene is the tissue-nonspecific or liver,
bone, kidney-type alkaline phosphatase (Alpl)
gene that also harbors an HIV, exhibits HSE
but has a decreasing expression in theUM-HET3
liver, and is differentially expressed in GTEx
adipose tissue. More investigation is required
to confirm this gene and establish a mecha-
nistic link with longevity. We tested orthologs
of all genes except Alpl, which does not have a
worm ortholog, and found that unc-52 (Hspg2)
and ostb-1 (Ddost) RNAi both significantly shorten
life span (p < 0.0001; Fig. 5C and Fig. S6). Al-
thoughunc-52 is already known to affectworm
life span (45, 46), ostb-1 or its ortholog (Ddost)
has not yet been directly linked to longevity.
However, Dolichyl-diphosphooligosaccharide–
protein glycosyltransferase noncatalytic sub-
unit (DDOST) is implicated in processing
advanced glycation end products (AGEs) (47),
which accumulatewith age and exacerbate the
aging phenotype (48). In the UM-HET3, the
gene has HIVs as well as HSE, which may
affect rates of AGE processing and ultimately
longevity.
In the late male longevity QTLs excluding

80% of deaths, 11 genes have an equal ag-
gregate score of 5: Ank3, Slc25a3, Vezt, Stab2,
Gnptab, Tdg, Fgd6, Slc17a8, Abcb11, Slc25a12,
and Pdk1 (Fig. 5B and data S6). We tested the
orthologs of Ank3, Slc25a3, Fgd6, Slc17a8,
Abcb11, Slc25a12, and Pdk1 in C. elegans (Fig.
5C and fig. S6). Of those, tag-77 (Fgd6) and
pdhk-2 (Pdk1) shortened and increased life
span, respectively (p = 0.0019 and p < 0.0001).
Whereas the tag-77RNAi life-span reduction is
modest compared with the other significant
RNAi effects (~14% reduction in median and
maximum life span), a locus near human FGD6
(rs12830425) has been recently found to be
associated with health span, life span, and
exceptional longevity, rendering it a very inte-
resting cross-species aging and longevity candi-
date gene (49). Pyruvate dehydrogenase kinase
1 (Pdk1) regulates cellular energetics, as its
kinase activity inactivates pyruvate dehydrogenase
(PDH) activity, thereby shutting down glucose
oxidation in the mitochondrion. In agreement
with our results, RNAi andmutations in pdhk-
2 have been previously shown to extend worm
life span (50). As PDH complex has been
proposed to be a therapeutic target for age-
related diseases, Pdk1 modulation may be ap-
pealing as an anti-aging intervention because
it is a known target of dichloroacetate (51). Some
of the top-scoring latemale longevity QTL genes
encode mitochondrial proteins (Slc25a3,
Slc25a12, Pdk1). Mitochondrial dysfunction
has been extensively linked to growth and
longevity regulation in model organisms (52–54).
In addition to their metabolic role, mitochondria
affect other features of aging such as epigenetics
and proteostasis, hence acting as a central hub
in the aging process (4, 5). As a case in point,
mitochondrial health is associated with a 31%
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longer life span in rats selectively bred for higher
intrinsic exercise capacity (55). It is worth
noting, however, that the late male longevity
locus on chromosome 10 also contains genes
known to affect aging such as Igf1, Sirt1, and

Sirt6, yet these genes have not been priori-
tized on the basis of criteria used in this
study (data S6).
As the results here serve for hypothesis gen-

eration rather than to establish causal relations,

they provide a resource for the community.
For that purpose, we developed an interactive
web application that is helpful to explore the
entirety of the results (https://www.systems-
genetics.org/itp-longevity).
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Fig. 5. Annotation, prioritization, and validation of candidate longevity
genes. (A) Diagram of the gene annotation and scoring pipeline. Scores are
indicated in red. Genes under longevity QTL peaks were annotated based on
whether they (i) have a high impact variant (HIV) in one of the UM-HET3 parents;
(ii) have an HIV whose parental alleles are in line with the direction of the QTL’s
effect; (iii) are differentially expressed in the UM-HET3 livers; (iv) show haplotype-
specific expression in UM-HET3 livers; (v) are differentially expressed in any tissue in
the Tabula Muris Senis (TMS); (vi) are differentially expressed in more than one TMS
tissue; (vii) are or have orthologs that are already in GenAge; (viii) are in GenAge in
the mouse; (ix) are in GenAge in multiple species; (x) have a differentially expressed
human ortholog in any GTEx tissue; (xi) are differentially expressed in GTEx in

multiple tissues; (xii) have been identified in human GWAS for longevity or age-
related disease; or (xiii) have a link to longevity through transcriptome-wide
Mendelian randomization (TWMR) (41). Genes that have a worm ortholog and an
available RNAi clone were further validated and marked based on whether there is
shortened, extended, or unchanged life span. (B) Top-scoring genes under
selected longevity QTL genes. (C) Significant effects of RNAi-mediated knockdown
of worm orthologs of some of the highest-scoring genes. Eighty worms were used
per group and the log-rank test was performed. Worms that escaped from the
plates or had vulva explosions were censored from the life span measurements.
Nominal p values are indicated and significance is determined after Bonferroni
correction (n = 19 genes tested in total; see fig. S6 for all tested genes).
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Discussion
Our analyses draw a general picture in which
the effects of genetic factors are mostly sex,
age, and trait specific. One key finding is that
many of the QTLs seem to modulate life span
only in mice beyond a certain age, especially
in males. We find that genetic determinants
of longevity and body weight variation are dif-
ferent and sex specific even though the two
traits are highly correlated. These two traits
are more correlated in males, leading to some
overlaps in the identified QTL peaks. Using
mediation analysis, we could discern whether
overlaps in male-specific longevity and body
weight QTL are due to distinct genetic effects
on each trait (chromosomes 4 and 10) or genetic
effects on body weight affecting longevity
(chromosome 9).
Although our work did not document a

large number of segregating loci with detect-
ably large effects on life span in bothmale and
female mice, it is possible that life span is in-
stead modulated by a large number of loci with
smaller individual effects. It is also possible that
life span is modulated by interactions among
segregating loci (gene-by-gene interactions).
Regulation of insulin-like growth factor 1 (IGF1)
levels in UM-HET3 mice, for example, has been
shown to be influenced largely by three-gene
and four-gene combinations (56), so that ex-
treme levels of IGF1 require allele combinations
present in only 1/8 or 1/16 of the population.
Our methods do not consider gene-by-gene
interactions of this kind and may have missed
life span loci that have effects only in specific
genetic contexts.
The combination of high heterozygosity in

any single mouse combined with variability
across mice means that the UM-HET3 are
more heterogeneous thanmostmice currently
used in research, most of which are inbred.
However, we note that all four inbred grand-
parents of the UM-HET3 population have
undergone hundreds of generations of selec-
tion for breeding success in laboratory con-
ditions and may well have lost genetic
variants, present in natural mouse popula-
tions, with major effects on maturation rate,
growth rate, body size, IGF1 levels, and life
span. There is evidence, for example, that off-
spring of crosses between wild-trapped mice
and laboratory-adapted stocks of mice vary in
IGF1 levels, with high life span associated with
lower IGF1 levels within these segregating F2
populations (57). Restricting our genetic anal-
ysis to alleles present in laboratory-adapted
stocks would prevent us from detecting alleles
present only in wild mouse populations.
It is also plausible that segregating alleles

that do influence life span in UM-HET3 mice
are principally effective in one but not both
sexes. Genetic analysis ofDrosophila longevity
(58) has shown that most life-span loci are
indeed sex specific, and studies of drugs that

modulate mouse life span have also shown sex
specificity for more than half of the effective
drugs (59–61). The apparent near-absence of
loci with strong, sex-independent effects on
life span does not preclude the possibility that
shared processes—such as proteostasis, mito-
chondrial protection, inflammation, stress-
resistance pathways, and many others—could
contribute to regulation of aging and longevity
in both sexes.
In addition to genetics, nongenetic factors

such as very early growth and access to nu-
trients play a role in determining longevity.
Although the relationship between early growth,
metabolism, and growth has been established
through direct experimentation (14, 62), it is
important to shed light on these effects in
the ITP UM-HET3mice. Understanding how
genetics affects longevity will thus inevitably
require accounting for the different effects
of genetics, life history, and environment on
processes that affect aging, disease risk, and
mortality. Indeed, we show that litter size has
a negative association with body weight and a
marked indirect effect on longevity.
Not all aspects of mouse physiology are ex-

pected to be identical in humans, as has been
shown in a study showing that, in contrast to
humans, mouse fasting glucose levels increase
with age and higher glucose is associated with
longer life span (63). In the same study, how-
ever, the longitudinal trajectories of bodyweight
and fat were shown to be similar between mice
and humans. Therefore, there may be sufficient
similarities for genetic studies in mouse pop-
ulations to inform studies on human aging.
Here we show that relationships between early
growth, body size, and longevity are also con-
served in humans. Specifically, theMR andMR-
mediation analysis of the UK Biobank data
indicate that early growth is likely causal in
determining adult longevity, through its effect
on adult BMI. BMI is determined by adiposity
and size in different ways than body weight
in mice; hence exploring similarities between
mice and humans will require measurements
of body composition and size in mice, data
which are not available in the ITP.
In terms of gene expression, the liver

profiles reveal a strong increase in immune-
related transcripts with age, which is indica-
tive of chronic inflammation or inflammaging
(64). Another case in point is that females,
who are longer-lived thanmales, haveahigher
expression of interferon-b (IFN-b)–related
genes, consistent with previous observations
(30). This is reminiscent of the situation in
humans where the more vigorous IFN-b re-
sponse in women has been invoked to explain
the attenuated severity of infections, including
COVID-19, likely explaining higher mortality
in males (31). It is therefore possible that dif-
ferences in interferon response gene activity
may play a contributing role in the sex- and

age-specific differences in disease suscepti-
bility. We capitalized further on the fact that
UM-HET3 mice are heterozygous to detect
extensive haplotype-specific expression across
two sexes and two ages. This information was
used to help prioritize genes under QTL peaks
and could also serve as a resource for more in-
depth study of the effect of regulatory varia-
tion on gene expression.
The characterization of genes under QTLs

provides a resource for further investigation
of their putative roles in mediating longevity
and body weight variation (see interactive ap-
plication: https://www.systems-genetics.org/
itp-longevity). Future studies that include more
ITP mice as well as denser genetic maps may
yield improved QTL results. Finally, more longi-
tudinal data collection accompanied by exten-
sive phenotyping would be required to shift the
focus from longevity to a better understand-
ing of genetics of healthy aging or health span.
There is therefore great potential to reach valu-
able insights into aging by feeding into the
virtuous cycle between mouse genetics and
human drug discovery, which has already been
a successful paradigm in identifying disease
genes for drug discovery (65).

Materials and methods summary
Phenotype and genotype data of UM-HET3 mice
from the ITP

The UM-HET3 mice are genetically heteroge-
neous progeny of CByB6F1 females and C3D2F1
males, produced at each of three sites—the
Jackson Laboratory (JL), the University of
Michigan at Ann Arbor (UM), and the Univer-
sity of Texas Health Science Center at San
Antonio (UT) (6). Experiments at the JL, the
UM, and the UT were reviewed and approved
annually by the Institutional Animal Care and
UseCommittees at each site. Life spanandweight
data for ITP mice were compiled by the labo-
ratories of D. Harrison, R.Miller, and R. Strong,
and are available in the Mouse Phenome
Database (66). Litter size data were provided by
J. Nelson. Tail samples were sent to GeneSeek
(NeogenCorporation),where genomicDNAwas
extracted, followed by single-nucleotide poly-
morphism (SNP) genotyping by matrix-assisted
laser desorption/ionization–time-of-flight mass
spectrometry (67) at amaximumof 270markers.

QTL mapping
Longevity

To assess the effect of haplotype on longevity,
we used the coxme package to fit multiple
mixed-effects Cox models. The full model in-
cludes the two sexes and has sex as a fixed
effect and site as a random effect. The cohort
year was included as a random effect that is
nested in site. The sex-specific models do not
have sex as a fixed effect. To define significance
thresholds, we performed 1000 permutations
with label swapping.Wesystematicallyperformed
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QTLmapping for longevity by eliminating dif-
ferent percentiles (or quantiles) of the shortest-
lived mice.

Body weight

We employed a similar strategy as for longev-
ity but using the lme4 package to fit mixed
linear models.

Web application

We developed an application using the R Shiny
package to allow researchers to browse the raw
data and results of this project: https://www.
systems-genetics.org/itp-longevity.
Full materials and methods are available in

the supplementary materials (8).
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Long live the mice (and humans)
The question of what determines our longevity has preoccupied humans throughout the ages, and different
researchers have tried to address this in a variety of ways. Bou Sleiman et al. approached this question on a large
scale, examining the growth patterns and genetics of thousands of mice from a multicenter study of aging (see the
Perspective by Magalhães). From this analysis, the authors identified the contributions of various genes to the animals’
longevity, which differed between male and female mice. The genes involved were well conserved between species,
as evidenced by the finding of similar effects in humans and worms. In addition to genetics, early-life nutrition appeared
to play a major role. —YN
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