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Abstract
Dietary restriction (DR) extends lifespan in a wide range of animal models. A major obstacle to
understanding how DR modulates lifespan and aging-related dysfunction is the multiplicity of
physiological and molecular changes associated with DR. Unraveling their importance to the
longevity effect of DR remains a major challenge. In this Perspective, we review the marked
genetic variation in the response to DR of multiple recombinant inbred (RI) mouse strains. We
illustrate how this genetic variation can be exploited to probe the mechanisms mediating lifespan
extension by DR, as well as uncover its limits as an intervention. RI strains exhibit marked
variation in their lifespan as well as physiological responses to DR. Quantitative genetic and
statistical tools can use this phenotypic variation to probe the importance of physiological and
molecular changes that have been hypothesized to play roles in DR-mediated lifespan extension.
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Introduction
Aging is a complex, multi-factorial process that likely results from many biological
processes. The predominant genetic approach has been to target specific genes using
transgenic approaches to overexpress or nullify specific genes in order to identify genes that
can influence aging (Liang et al., 2003). The dramatic success of this approach is evidence
of its merit. However, modulation of traits such as aging are undoubtedly multigenic and the
single-gene approach inherent in most transgenic studies may not adequately address the
goal to identify the multifactorial causality underlying aging. Indeed, single-gene-modulated
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models of extended longevity are likely the outcome of pleiotropic actions across tissues and
over time, themselves dependent on multigenic interactions. Natural genetic variation has
been recognized as a powerful means to probe mechanisms of prolongevity for several
decades (Johnson and Wood, 1982). Such studies, when undertaken in mammals, have used
the genetic variation associated with multiple laboratory mouse strains to probe the
biological basis for strain-differences in lifespan and other aging traits (Yuan et al., 2011)
(http://phenome.jax.org). Until recently, however, there have been no systematic studies of
strain variation in the response to dietary restriction (DR), one of the most robust lifespan-
extending interventions in a variety of taxa (Weindruch and Walford, 1988). Examining
genetic variation of particular aging phenotypes, such as longevity, across genetically
distinct strains that have withstood the test of laboratory survival provides an alternative
approach to the single-gene approaches to probing mechanisms of aging. This inherently
polygenic approach to the study of aging can confirm, modify and even provide novel
insights into the genetic, and ultimately, physiological and molecular underpinnings of
longevity. In other words, we can identify the array of genes that modulate and are thus
responsible for longevity and other aging traits by screening for phenotypic variation across
a species (i.e. forward genetics). Such an approach may also uncover genetic variation in the
mechanisms of longevity, i.e., that genetic context may determine efficacy of a given anti-
aging intervention, be it nutritional, pharmacologic, or genetic.

As a first step to study the longevity effects of DR in a wide variety of mouse genetic
backgrounds, we took advantage of one of the largest groups of recombinant inbred (RI)
strains of mice currently available, ILSXISS (Williams et al., 2004), now maintained at the
Jackson Laboratory. We tested the hypothesis that lifespan response to DR would exhibit
genetic variation across these genotypes. As shown in Figure 1, a major finding was that,
contrary to an extensive literature, at least as many strains showed lifespan shortening by
DR as showed lifespan lengthening (Liao et al., 2010a; Rikke et al., 2010). Although the
negative effects of DR especially have garnered critical commentary (Mattson, 2010), the
profound genetic variation observed in these studies is consistent with recent comparative
and meta-analytic studies showing that life extension by DR is genetically dependent and
variable in a variety of taxa (Nakagawa et al., 2012; Swindell, 2012). Also, a recent study of
DR in a large number yeast mutants strikingly mirrors our result, showing a continuum of
responses from life-shortening to –lengthening (Johnson et al., 2012; Schleit et al., 2012).
Variation in the effect of DR on longevity has recently extended to the long-lived rhesus
monkeys. One study provided evidence that DR extends lifespan (Colman et al., 2009) while
a more recent study reported that DR had no effect on animals’ survival (Mattison et al.,
2012). In principle, these results should not be surprising given the knowledge that intra-
species genetic variation is a fundamental tenet of biology. They also raise the likelihood
that, although DR and its presumptive pharmacologic mimetics are attractive as a means to
modulate aging in humans, the benefits are likely to vary between individuals. Indeed, DR
and its mimetics, as indicated by aforementioned studies, could even be deleterious for
some. In this Perspective, we discuss these and other issues arising from our DR studies in
ILSXISS RI mice and also discuss avenues of aging research needed to follow up on these
studies.

How representative are the ILSXISS RI strains as a model for examining
genetic variation in the response to DR?

The unexpected finding that DR shortened lifespan in as many strains as the number
showing lengthened lifespan is a departure from the literature (Liao et al., 2010). An obvious
concern is that the ILSXISS RI strains may not be representative of either non-laboratory
mice or even the commonly used laboratory strains that are considered good models for
human genetic variation. Indeed, it was argued that the lifespan shortening effects of DR in
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these strains is a specific and thus somewhat trivial consequence of “fierce competition”
among cagemates for limited food—a result of the mice being housed multiply (Mattson,
2010). Mattson argued that the results are therefore confounded by lifespan-shortening
effects of competition stress counteracting and, in some cases, overwhelming lifespan
lengthening effects of DR. In response, we published body weight and observational studies
providing no evidence of a dominance hierarchy (Liao et al., 2010a). The strongest evidence
against competition stress or any aspect of multiple housing as a factor was that both
lifespan shortening and lengthening effects of DR were also observed when strains were
housed singly (Liao et al., 2010b). It should also be noted that the variation of lifespan
responses to DR as well as lifespan shortening by DR was replicated in two separate cohorts
of ILSXISS RI strains housed at two different sites: one in San Antonio, TX and the other at
Boulder, CO (Liao et al., 2010a; Rikke et al., 2010). Moreover, the strain variation in
lifespan observed under ad libitum (AL) feeding was similar in range to that reported for the
classic inbred murine models that have been used for genetic studies for nearly a century
(Yuan et al., 2009). Indeed, the longest lived ILSXISS strains have mean lifespans that not
only exceed those of the classic inbred strains (Yuan et al., 2009), but match the lifespans of
the longest-lived mouse models reported in the literature, including the dwarf mice (Bartke,
2008; Bartke et al., 2001). Because the intent is to use strain variation to identify the genes
and underlying processes mediating DR longevity, variation in lifespan is an absolute
necessity. Thus, even if the strains are unrepresentative in terms of the response of other
mouse strains or of humans to DR, their profound genetic variation in response to DR
remains a tool for understanding biological mechanism. Indeed, it is arguable that the model
is more informative biologically than a model in which the variable response to DR was
only in the life extending spectrum. A spectrum of response from positive to negative
provides the basis for identifying both the genes and mechanisms they specify that give rise
to lifespan extension and those that give rise to lifespan shortening. Understanding both life
extension and life shortening is informative from the point of understanding the mechanisms
that enhance or limit the anti-aging effects of DR. The results of this research have already
identified such: namely, factors related to the response of fat to DR (Liao et al., 2011), rate
of hair regrowth and recovery of fertility upon return to AL feeding (Rikke et al., 2010)
appear to play a role in both the beneficial and deleterious effects of DR. It is the magnitude
of these response that distinguishes the negative from the positive responders. For example,
the strains with the greatest reduction of adiposity were at greatest risk for lifespan
shortening and, conversely, those with the least or even no reduction in adiposity were more
likely to exhibit lifespan extension by DR (Liao et al., 2011) Determining the generality of
the lifespan shortening effect of DR and the profound variation overall in response to DR
requires similar studies in other genetically diverse populations such as the BXD RI lines
(Lang et al., 2010) and the conventional inbred strains from the Jackson Laboratory (Yuan et
al., 2009). Determining the effects of DR in F1 crosses of the ILSXISS RI’s or other groups
of inbred strains is particularly important -- to determine whether the lifespan shortening
effects are consequences of homozygosity of recessive alleles. There have been too few
studies of DR in wild-derived (Harper et al.,2006) and F1 hybrids (Turturro et al., 1999) to
draw any conclusions. Our study will also be informed by studies at different degrees of DR
(e.g., 30%, 20%, 10% reductions from AL intake). If, for example, studies in other models
or at other degrees of DR reveal qualitatively similar variation of lifespan modulation by
DR, the notion that DR is not universally life extending and/or can be life shortening will be
strengthened. Further study is needed to establish more clearly both the genetic/physiologic
and environmental the limits of DR as a life-extending mechanism. Whether or not the
results from the ILSXISS studies are matched using intercrosses or other allellically
heterogeneous populations, the genetic variation of this model provides an useful tool for
probing genetic, physiological and biochemical factors underlying DR effects on aging.
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The influence of genetic background in lifespan response to DR
Mice are a powerful tool for research on the genetics of mammalian aging (Yuan et al.,
2011). During the past two decades, genetic manipulation, utilizing spontaneous mutations
or transgenic mice, has demonstrated that single genes can have marked effects on lifespan
(Liang et al., 2003). However, most of these studies have been conducted in only one
genetic background. The impact on longevity of manipulating a single gene is likely to vary
depending on the genetic background on which it is expressed. The few studies that have
examined a life-extending genetic manipulation on more than one background have revealed
the importance of genetic background on the outcome. In at least one study (Garcia et al.,
2008) that, is seldom cited, genetic background reversed the outcome of DR -- from life-
extending to life-shortening—a result that parallels our findings. DR extended lifespan of
Propdf Ames dwarf mice (Bartke et al., 2001), but shortened lifespan of Propdf mice on the
C57BL/6 background (Garcia et al., 2008). It is also noteworthy that lifespan increases
induced by the Propdf allele under ad libitum feeding also show marked variation, and some
of this variation correlates with the different backgrounds on which it has been placed
(Bartke et al., 2001; Brown-Borg et al., 1996; Garcia et al., 2008). Remarkably, few studies
showing lifespan extension in transgenic or knockout models have been conducted in more
than one strain, raising the question of the extent to which the identified genes are robust in
extending lifespan across disparate genotypes.

Using multiple mouse strains can mitigate against strain-specific idiosyncrasies that can
complicate interpretation of data from a single genetic background. Clearly, when using a
rodent model to test the mechanisms underlying the DR effects, or the effects of any genetic
or pharmacologic intervention that affects lifespan, the choices of species and strain, as well
as sex, can have a large effect on the outcome. Had the first DR studies been done in strains
or a sex that exhibit minimal benefit from life extension by DR (such as DBA/2 males, and
many of the RI strains in Liao et al. 2010a), this very informative line of research pioneered
by the work of McCay and colleagues (1935) might not have been pursued. Studies using RI
mouse strains highlight the marked genetic differences that exist among strains of mice, and
raise the question of how robust are observations limited to the strains that are commonly
used to make transgenic and knockout mice.

Is there a species-specific limit to lifespan extension in mice?
Of note, as shown in Figure 1A, the maximum average lifespan achieved by any RI strain
under DR did not exceed that achieved by the longest lived strains under AL (Liao et al.,
2010a). Also, there was no overlap between the strains with longest lifespans under DR and
those with longest lifespans under AL feeding. Moreover, a cursory survey of the literature
on murine longevity indicates that no mouse strain, whether spontaneously mutated,
genetically modified, or pharmacologically treated, has been reported to have an average
lifespan exceeding that observed in these RI strains (Bartke, 2008; Bartke et al., 2001;
Harrison et al., 2009; Liang et al., 2003). If upheld by further studies, this observation has
several implications. First, it suggests there is a ceiling to lifespan extension in mice that is
limited by the allelic variation intrinsic to the species. Second, if there are a limited number
of pathways by which lifespan can be extended, the lifespan extending biochemical
pathways modulated by DR (e.g., insulin/IGF-1, mTOR, Sirtuins; see following discussion)
may already be maximally modulated in terms of their longevity potential in strains that are
long lived under AL conditions. One reason that some of the longest-lived strains showed
lifespan shortening under DR might be that further activation (or suppression if the pathway
extends life by being downregulated) becomes deleterious and hence lifespan shortening.
These intriguing hypotheses are amenable to experimental testing. For example, one
experiment would be to evaluate the aforementioned anti-aging pathways in the longest-
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lived strains under AL feeding and in the longest-lived strains (which are distinct from the
AL strains) under DR. One hypothesis would be that among the longest-lived strains under
either AL or DR feeding, insulin/IGF-1 signaling will be similarly reduced, and/or mTOR
pathways will be similarly reduced, etc. Likewise, among the shortest-lived strains under AL
and DR conditions, respectively, those life-prolonging pathways will be similarly attenuated
in relation to their activation/suppression in the longest-lived models. This is only one
possible outcome of such a study, but it exemplifies a new and potentially useful direction in
aging research that emanates from the multi-strain RI approach to aging research.

Phenotypic strain variation across RI-strains provides an unbiased
evaluation of mechanisms hypothesized to mediate lifespan modulation by
DR

DR, because of its robust lifespan extending effect, has been a widely used tool for
elucidating the mechanisms of aging, using both invertebrate and rodent models (McCay et
al., 1935; Weindruch and Walford, 1988). A major obstacle to elucidating the molecular
mechanisms of DR is the vast array of physiological, cellular, and biochemical changes
induced by DR that are potentially causal (Masoro, 2005; Speakman and Mitchell, 2011).
By using multiple RI strains, we can test the role of potential anti-aging DR-associated traits
by exploiting the marked strain variation in those traits and determining whether that
variation corresponds to the strain variation in the effect o DR on lifespan. This strain
variation enables determination of the genetic factors mediating and hence playing a role in
lifespan modulation by DR. If any plausible trait indeed involves in lifespan modulation, the
relationship between traits and lifespan should be correlated in multiple strains. As an
example, we tested the hypothesis that fat reduction under DR is important for life extension
in ILSXISS RI strains. We found that the reduction of adiposity, which exhibited marked
genetic variation, was inversely correlated to the extension of lifespan by DR (Liao et al.,
2011). Thus, strains with the least reduction in fat were more likely to show life extension,
and those with the greatest reduction were more likely to have shortened lifespan under DR.
This result counters the notion that reduction of fat mass, presumably by reducing
deleterious metabolic effects associated with obesity, contributes to the life-extension effect
of DR (Barzilai and Gabriely, 2001; Barzilai and Gupta, 1999). The result suggests instead
that factors associated with maintaining adiposity are important for survival and life
extension under DR. The informative results from the adiposity studies are evidence of the
value of this model for dissecting the importance of other potential traits implicated in DR’s
anti-aging actions (Masoro, 2005), which presumably also exhibit genetic variation across
RI strains. High-throughput phenotyping experiments of the effect of DR on these strains,
including RNA and protein expression profiling, are obvious examples of ways to capitalize
on the power of this approach to provide genetic and mechanistic insight to the longevity
and healthspan modulating effects of DR.

Although the general effect of life extension by DR has been demonstrated in multiple
inbred, laboratory rodents (Weindruch and Walford, 1988), the numbers of strains examined
have been small and thus do not represent the various genotypes present and the various
responses of DR on lifespan that would be expected in humans. Using a small number of
animal strains without cognizance of the impact of strain variation on outcome or failing to
consider the differential sensitivity to each stimulus may bias or mislead the interpretation of
experimental findings. Correlation of plausible traits between two strains offers extremely
limited evidence of an association, let alone causality. Too often such differences have been
over-interpreted. For example, in a recent study using only two inbred strains, the
conclusion was drawn that only relatively obese mice, as represented by the C57BL/6J strain
benefited from DR. The leaner strain was DBA/2J, which did not show life extension in that
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study (Sohal et al., 2009). The results were interpreted to indicate that life extension by DR
only occurs in genotypes with a positive energy imbalance (i.e., gaining weight) under AL
feeding. In the report, body weight under AL feeding increased from 4 to 22 mo of age in
the C57BL/6J mice, whereas body weight did not increase significantly in DBA/2J mice
during that period (Forster et al., 2003). If this conclusion were correct, one would expect a
positive correlation between body weight change with age under AL feeding and lifespan
under DR in multiple mouse strains. However, we found no correlation between AL body
weight change from 3 to 22 mo and DR lifespan in ILSXISSS RI strains (males: r = 0.11, P
= 0.50; females: r = −0.11, P = 0.50; data is derived from the study in Liao et al. 2011(Liao
et al., 2011)). This result illustrates the fallacy of drawing conclusions from 2-strain
comparisons, yet such comparisons are often made in the study of DR.

The other advantage of using a panel of RI mice is the potential to identify chromosomal
regions that modulate the traits under study—in this case, those that modulate the response
to DR. These regions can be identified by quantitative trait loci (QTL) mapping, which is the
first step to identify candidate genes that underlie quantitative traits. We have found
significant correlations between lifespan and several traits that have been hypothesized to
mediate the response to DR in RI mice. These correlations at the least suggest that the
correlated variables have a genetically shared basis. For example, we identified correlations
and shared QTLs between the lifespan and fertility responses to DR (Rikke et al., 2010) as
well as lifespan and the fuel efficiency response to DR (Rikke et al., 2010). Congenics of the
two allelic variants at this “fuel efficiency” locus confirmed its role in the weight-loss
response to DR—evidence that with greater power, QTL mapping using RI strains will
uncover informative loci. These studies have also found that some responses to DR are not
correlated and hence are uncoupled. For example, body temperature and BW responses to
DR are uncoupled in the ILSXISS RI strains (Rikke and Johnson, 2007). Identifying which
responses are coupled and which are not can lead to a more comprehensive understanding of
the genetically specified factors involved in the DR response.

There is growing evidence that many life-extending pathways identified by genetic
manipulation in other animal models may also be exploited by DR: these include reduced
insulin/IGF-1 signaling (Bartke et al., 2007), reduced mTOR signaling (Fontana et al.,
2010), and up-regulation of Sirtuin-mediated pathways (Haigis and Guarente, 2006; Masoro,
2004; Picard and Guarente, 2005). Definitive experiments establishing linkage between
these pathways and the DR response are lacking. RI strains can be used to test for
correlation and genetic coregulation of these hypothesized causal pathway and lifespan
modulation by DR. For example, if reduced mTOR signaling plays a role in life extension
under DR, the magnitiude of reduction in mTOR signaling (e.g., mTOR activity or
downstream effectors) should be directly correlated with lifespan extension under DR.
Moreover, some genetic loci regulating the two DR responses (mTOR and longevity) should
be shared and identifiable. In this way, the use of the RI model approach can be used as an
important tool for probing the mechanisms whereby DR modulates lifespan.

In summary, life span and other physiologic responses to DR are genetically specified traits
that exhibit marked variation across a panel of RI strains, and are likely to do so in other
genetically diverse animal models. Our studies have revealed the power of the genetic
variation found in RI mouse strains to identify the relative importance of hypothesized traits
and mechanisms in the actions of DR. Although further study using varying DR protocols
and other genetic models is needed to establish the generality of the lifespan shortening
effect by DR, the large number of RI strains found to respond to DR with shortened lifespan
is sobering and raises an important caveat to the widely held assumption that DR is almost
universally effective in extending longevity.
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Highlights

• We review variable lifespan response of recombinant inbred mice to diet
restriction (DR).

• We discuss significance of shortened lifespan responses of some strains to DR.

• We show how this genetic variation can be used to probe mechanisms of DR.

• We show how this genetic variation can reveal limits of anti-aging interventions.
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Figure 1.
Strain variation in mean lifespan of ILSXISS recombinant inbred (RI) mice fed ad libitum
(AL) or dietary restriction (DR; 60% AL) diets. Lifespans were obtained from 10 AL and 10
DR mice from each strain (data are combined for 5 males and 5 females in each dietary
group). Mean lifespans in panel A are ranked in ascending order according the AL means.
Panel B illustrates the deviation (positive and negative) of the mean DR lifespan from the
mean AL lifespan for the same strains, ranked from the strain with the greatest increase in
lifespan under DR to the strain with the greatest decrease. Error bars represent SEM. *

p<0.05; ** p<0.01, *** p<0.001 by t-test (no experiment-wise Bonferroni correction). Data
redrawn from Liao et al., 2010a.
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