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Abstract

Laboratory survival experiments have shown that dietary restriction (DR) can increase median and
maximum lifespan. This paper provides a meta-analysis of laboratory experiments that have
evaluated the effects of DR on lifespan in rats and mice (1934 — present). In rats, DR increased
median lifespan by 14 — 45% in half of all experiments, but in mice the effects of DR have been
much weaker (4 — 27%). The least favorable effects of DR on lifespan have been observed among
inbred rather than non-inbred mouse strains. In fact, some inbred mouse strains do not necessarily
live longer with DR, including DBA/2 male mice and several strains from the ILSXISS
recombinant inbred panel. Shortening of lifespan with DR has also been observed and confirmed
for ILSXISS strain 114. Importantly, all rodent studies may be biased by the effects of laboratory
breeding, since one study has shown that median lifespan is not improved by DR in wild-derived
mice. These findings suggest that the set of genetic backgrounds studied in rodent DR experiments
should be diversified. This will broaden the scope of genotypes studied in aging research, but may
also be critical for translation of findings from rodents to historically outbred and genetically
heterogeneous primate species.
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1. Introduction

Diet restriction (DR) has been investigated for decades as an intervention that increases the
lifespan of model organisms. This effect was initially uncovered in survival experiments
performed using laboratory rats (Osborne et al., 1917; McCay et al., 1943), and has since
been confirmed in a broad range of experimental settings (Weindruch and Walford, 1988;
Turturro et al., 1999). Such findings have laid the foundation for intensive investigations of
DR and its associated mechanisms, along with efforts to develop DR mimetic
pharmaceuticals and studies for evaluating long-term effects of DR in rhesus monkeys and
humans (Ingram et al., 2006; Holloszy and Fontana, 2007; Colman et al., 2009). The
conserved character of the DR response and its consistent effects on lifespan has often been
emphasized (Canté and Auwerx, 2009;Anderson and Weindruch, 2010;0modei and
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Fontana, 2011; Xiang and He, 2011). To support this idea, abundant evidence is available
from survival experiments using laboratory rodents (Weindruch and Walford, 1988;
Turturro et al., 1999), and DR protocols have also been shown to increase the lifespan of
diverse invertebrate species (Austad, 1989; Partridge et al., 2005; Kaeberlein et al., 2006;
Lee et al., 2006). Nevertheless, contrary evidence has been reported. For example, DR
protocols have failed to increase lifespan in D. melanogaster (Le Bourg and Minois, 1996;
Le Bourg and Minois, 2005; Libert et al., 2007; Lee et al., 2008), the nematode C. remanei
(Sutphin and Kaeberlein, 2008), medflies (Carey et al., 2002), rotifers (Kirk, 2001;
Weithoff, 2007), butterflies (Beck, 2007; Molleman et al., 2009), the spider L. hasselti
(Kasumovic et al., 2009), and houseflies (Cooper et al., 2004). Likewise, despite repeated
demonstrations that DR can increase the lifespan of laboratory rodents (Weindruch and
Walford, 1988; Turturro et al., 1999), recent studies appear to have identified strains that fail
to exhibit increased lifespan in response to DR (Harper et al., 2006a; Liao et al., 2010g;
Rikke et al., 2010). These findings have challenged the view of DR as a robust pro-longevity
intervention and suggest that connections between DR and basic aging mechanisms may be
more complex than is widely believed (Hayflick, 2010).

It has frequently been stated that DR increases the median and/or maximum lifespan of
laboratory rodents by 30-50% (e.g., Weindruch and Sohal, 1997; Wanagat et al., 1999;
Sonntag et al., 2000; Fontana et al., 2010). This has certainly been observed in some rodent
studies (e.g., Goodrick et al., 1982), but the 30-50% approximation may poorly represent the
complete spectrum of laboratory outcomes. Indication of this is provided by two studies that
evaluated effects of DR on lifespan of mice from the ILSXISS recombinant inbred panel
(Liao et al., 2010a; Rikke et al., 2010). Almost none of the inbred strains exhibited the oft-
cited 30-50% increase in median or maximum lifespan, and for most strains, DR had either
no effect on lifespan or shortened lifespan (Liao et al., 2010a; Rikke et al., 2010). While
surprising, this result was not unprecedented. DR protocols have also failed to increase
median lifespan of white rats (McCay et al., 1935; McCay et al., 1939), certain inbred
mouse strains (e.g., C57BL/6 and DBA/2) (Cheney et al., 1980; Harrison and Archer, 1987;
Forster et al., 2003), and laboratory-reared descendants of wild-caught mice (Harper, 2008).
These findings have implications for work on DR and its relationship to aging mechanisms.
First, rodent strains might be divided into those that respond positively or negatively to DR,
which would allow for comparison of DR responses between “positive control” and
“negative control” strains (Sohal et al., 2009). This could help identify effects of DR that do
and do not co-occur with increased lifespan (Ferguson et al., 2007; Rebrin et al., 2007,
Ferguson et al., 2008; Sohal et al., 2009; Hempenstall et al., 2010; Rebrin et al., 2011).
Secondly, differential effects of DR among strains demonstrate significant genetic variation
underlying responses to low-calorie diet (Rikke et al., 2003; Rikke and Johnson, 2007). This
variation can be exploited to identify quantitative trait loci associated with such responses,
and indeed, much progress has already been made along these lines using the ILSXISS
recombinant inbred strains (Rikke et al., 2004; Rikke et al., 2006; Rikke et al., 2010).
Finally, an important long-term objective of many investigators has been to explore the
utility of DR in humans (Ingram et al., 2006; Holloszy and Fontana, 2007; Colman et al.,
2009). However, humans may also be segregating genetic variants promoting variable
responses to DR, some of them leading to improved health, but some of them leading to
reduced health.

Nevertheless, studies failing to identify positive effects of DR on rodent lifespan are
challenging to interpret against the backdrop of all published data. We know, for instance,
that independent studies of the same genotype have in some cases reached conflicting
conclusions regarding the efficacy of DR for increasing lifespan (e.g., DBA mice; see
Turturro et al. (1999) and Forster et al. (2003)). This shows that failure of DR to increase
median and/or maximum lifespan should not necessarily be interpreted in terms of
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genotype-dependent effects, since negative results may instead be due to study-specific
environmental factors or to a “non-optimized” DR protocol. For instance, the abrupt onset of
a DR diet shortly after weaning may lead to premature mortality in DR-fed rodents, but this
can be circumvented by implementing DR gradually over a period of 3-4 weeks (Weindruch
and Walford, 1988). DR-type diets can also lead to unintended malnutrition unless
micronutrient supplements are provided to restricted animals (Weindruch et al., 1988;
Cerqueira and Kowaltowski, 2010). In addition, inadvertent exposure of experimental
animals to pathogens can cause premature death and absence of DR effects that would be
detected in better-controlled environments (Miller and Nadon, 2000). Such exposure seems
to bias experiments in a direction that favors DR-shortened lifespan, or absence of
significant effects on lifespan, perhaps because DR-fed rodents are more susceptible to
infection by pathogens or parasites (Gardner, 2005; Kristan, 2008; Ritz et al., 2008;
Clinthorne et al., 2010). To address this issue, recent studies have enforced strong barriers to
pathogen exposure and some have maintained “specific pathogen free” (SPF) colonies, with
regular analysis of sentinel animals and spent bedding to test for known pathogens. These
procedures, however, have evolved over time and have been enforced with little consistency.

The main goals of this paper are to evaluate evidence for rodent genotypes that fail to
exhibit increased lifespan when provided a DR diet, and to assess the degree to which pro-
longevity effects of DR in rodents should be considered genotype-dependent as opposed to
universal. The review aggregates laboratory survivorship experiments that have evaluated
the effects of DR in rats and mice over the last several decades (1934 — present; 246
experiments in total). These data are analyzed to establish a reference range reflecting the
percentage increase in lifespan that has usually been observed with DR, and further analyses
are performed to assess evidence for publication bias (Dickersin and Min, 1993). In this
context, six rodent strains are closely examined, which are not necessarily representative
cases, but for which explanation is warranted due to the failure of one or several studies to
demonstrate DR-increased lifespan (McCay's white rats, B6 mice, C3H mice, DBA/2 mice,
ILSXISS recombinant inbred mouse strains and wild-derived mice). In each case, evidence
for genotype-dependent effects is evaluated against alternative explanations related to
experimental factors and DR protocols. The final section of the review states conclusions
that can be drawn from these analyses, highlights questions that remain unanswered, and
proposes directions for future work.

2. DR protocols have typically increased median lifespan by 14 —45% in
rats and by 4 — 27% in mice (1934 — present) with significant funnel plot
asymmetry in rats (excluding ILSXISS strains)

A literature review identified 53 and 72 published survivorship experiments using rats and
mice, respectively, where each experiment included a control cohort (ad /ib access to food or
fixed high-calorie ration) paired with a DR-type cohort (restricted in caloric content)
(Supplemental Tables 1 and 2; excluding ILSXISS recombinant inbred mouse strains). In
rats, most studies used inbred strains and examined only the male sex. Half of all
experiments using rats supported a median lifespan increase between 13.8% and 45.4% with
DR, with one quarter of experiments demonstrating weaker effects (< 13.8%), and the
remaining quarter demonstrating stronger effects (> 45.4%) (Table 1). DR increased median
rat lifespan by 30.4% on average (31.3% in males; 25.8% in females), with an average
increase in maximum lifespan of 32.3% (32.6% in males; 20.4% in females) (Table 1).

The effects of DR on lifespan were weaker in mice compared to rats (Table 1 and Figure 1).
Half of all mouse experiments supported a median lifespan increase between 4.1 and 27.0%
with DR, with one quarter of experiments demonstrating weaker effects (< 4.1%), and the
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remaining quarter of experiments demonstrating stronger effects (> 27.0%) (Table 1). The
average increase in median lifespan with DR was 14.6% (12.3% in males and 15.5% in
females), while the average increase in maximum lifespan was 17.8% (14.0% in males and
20.0% in females) (Table 1). Compared to rats, the average effect of DR on mouse lifespan
was significantly lower with respect to males but not females (P < 0.01 in males, P = 0.21 in
females; two-sample t-test; Figure 1). Interestingly, in mice, effects of DR were consistently
more favorable among non-inbred genotypes as compared to inbred genotypes (Figure 2).
This trend was significant with respect to median and maximum lifespan when experiments
from both sexes were pooled (P < 0.02, two-sample t-test), and was also significant with
respect to median lifespan for females (P < 0.001, two-sample t-test) and maximum lifespan
for males (P = 0.02, two-sample t-test) (Figure 2).

There is recognized bias against publication of non-significant findings in many research
domains (Dickersin and Min, 1993). In the present context, two types of bias are plausible.
First, the standard bias against small sample size studies may be present, since such studies
are less likely to uncover statistically significant effects of DR on lifespan. Secondly,
however, bias against large sample size studies with weak effects is conceivable, since larger
studies are more expensive to maintain and reliable results are available at intermediate
points in an experiment — larger studies may therefore be subject to mid-study tabulation of
results and more likely terminated if expected trends fail to develop. To address these
possibilities, “funnel plots” were constructed to determine if treatment effect sizes were
related to the number of animals used in survivorship experiments (Figure 3). In the absence
of bias, treatment effects should be symmetrically distributed about the estimated summary
effect, with no relationship between treatment effects and sample sizes used in individual
studies (Peters et al., 2006).

A visual inspection of funnel plots did not reveal asymmetry with respect to median lifespan
estimates in rats (Figure 3A) or with respect to median and maximum lifespan estimates in
mice (Figures 3C and 3D). Consistent with this, a weighted least squares regression analysis
identified no significant association between effect sizes and sample sizes (P = 0.80, Figure
3A; P =0.54, Figure 3C; P = 0.92, Figure 3D). However, in rats, effects of DR on maximum
lifespan were stronger in those studies that had used larger sample sizes, leading to funnel
plot asymmetry, consistent with bias against large sample size studies with weak effects.
This trend was not statistically significant (P = 0.41; Figure 3B), although it was marginally
significant after removal of one outlying effect size estimate (P = 0.074; see arrow in Figure
3B). Further, if the raw difference in maximum lifespan estimates between restricted and
control cohorts was used as the main outcome metric for each study (rather than the log,-
transformed DR / control ratio as shown in Figure 3B), the resulting funnel plot was similar
in appearance, but the asymmetry was significant once the outlying effect size estimate was
removed (P = 0.029; weighted least squares regression) (Peters et al., 2006). This trend is
consistent with bias against large studies yielding weak effects of DR on maximum lifespan
in rats, although no evidence of such bias was obtained with respect to median lifespan in
rats, or with respect to median or maximum lifespan in mice (Figure 3; excluding ILSXISS
strains).

3. McCay's white rats

DR has robustly increased lifespan in rats and there were few cases in which a DR-type
protocol failed to increase both median and maximum lifespan (Figures 3A and 3B). Some
of the weakest effects of DR in rats were reported in a study by Clive McCay and colleagues
(McCay et al., 1935), which ironically, has frequently been cited as the earliest
demonstration of lifespan extension by DR in laboratory animals. An interesting feature of
this work is that experiments were performed using “random-bred” rats that had not been
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systematically inbred (Park, 2010). Additionally, compared to most present-day rodent
colonies, McCay's rats had been maintained in the laboratory for fewer generations.

McCay et al. (1935) did demonstrate that DR increased median lifespan of male white rats
by more than 50%. However, in concurrent experiments, effects of DR on female lifespan
were negligible (Figures 4A and 4B). In one cohort, restricted from the time of weaning, DR
increased median lifespan by less than 10% and in fact decreased average female lifespan by
3% (Figure 4A). The estimated effects of DR on overall female survival would not have
been significant by contemporary statistical metrics (P = 0.157, log-rank test; Figures 4A
and 4B). Even in the absence of statistical arguments, McCay et al. (1935) acknowledged
that DR did not increase lifespan of the female rats, and stated that “average life span of the
females [from the DR and AL groups] is probably the same”. In these studies, the restricted
diet was supplemented with vitamins and minerals (yeast and cod liver oil), and provided
approximately 20% fewer calories than was consumed by the ad /ib control treatment,
although the amount of feed was adjusted during the study to prevent excessive weight loss
in restricted rats (McCay et al., 1935; Cerqueira and Kowaltowski, 2010). Additionally,
some restricted rats were switched to the control diet very late in the experiment (25
months). Nevertheless, the restricted diet provided sufficiently few calories to stunt growth
and decrease body weight of both sexes by 40%.

A second attempt by McCay and colleagues did not reveal a sex difference, but failed to
clearly demonstrate an effect of DR on median survival in white rats of both sexes (McCay
etal., 1939) (Figures 4C and 4D). In this study, 33 rats were provided an AL diet and 73 rats
were provided a DR diet immediately after weaning and subsequently maintained on this
diet for at least 10 months (with vitamin and mineral supplementation). The DR protocol
was similar to that used by McCay et al. (1935), except restricted rats were switched to the
control diet at 10, 17, 23 or 33 months of age, with an average body weight decline of
20-30% among all DR-fed rats. During the first 10 months of the experiment, however, an
unexpected drop in temperature occurred (on two occasions), leading to deaths of 35 of the
73 DR-fed rats - but strikingly - none of the 33 AL-fed rats (Figures 4C and 4D). It was
stated that all such deaths were due to low temperature stress, which if correct, would
demonstrate dramatically heightened sensitivity of DR-fed rats to this condition. However,
DR did increase maximum lifespan and reduced mortality beyond 10 months of age, which
led McCay et al. (1939) to conclude that the diet “affords a means of producing very old
animals for studying aging”.

McCay and colleagues later reported a convincing demonstration that DR increased median
and maximum survivorship in both white rat sexes (McCay et al., 1943). Failure of DR to
improve survival in both earlier studies is therefore unlikely specific to the random-bred
genetic background evaluated. However, results from McCay et al. (1935) show that, given
the same laboratory environment and DR protocol, effects of DR on lifespan can be
attenuated in female relative to male rats. This trend appears to have persisted in subsequent
studies (Figure 1 and Table 1). Secondly, results from McCay et al. (1939) reveal that, while
DR is often effective at improving late-life survival, this effect can be associated with
differential sensitivity to certain stress conditions at early ages, such as low temperature or,
potentially, pathogen exposure. This principle has also received support in more recent work
(Gardner, 2005; Kristan, 2008; Ritz et al., 2008; Clinthorne et al., 2010), and may have been
a factor in later studies for which overall effects of DR on median lifespan were weakened
by early-life mortality (e.g., Harrison and Archer, 1987; Forster et al., 2003; Harper et al.,
2006a).
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4. C57BL/6 (B6) Mice

The C57BL/6 (B6) strain has been the most frequently chosen genotype in experiments that
have evaluated the effects of DR on lifespan in mice (Supplemental Table 3). B6 mice are
prone to obesity and elevated glucose levels, but are also long-lived on a standard diet, with
low IGF-1 and moderate body size (Svenson et al., 2007; Yuan et al., 2009). It has been
established with certainty that DR protocols can improve the median and maximum lifespan
of B6 mice (Turturro et al., 1999). However, there has been heterogeneity in this effect
among published studies (Supplemental Table 3). The B6 genotype therefore provides a
useful illustration of the range of DR effects that should be expected given repeated
evaluations of the same genotype under differing sets of laboratory conditions. Among 22
experiments yielding estimates, effects of DR on median lifespan have ranged from a 32.8%
decrease to a 26.8% increase (6.7% increase on average; Supplemental Table 3). Among 21
experiments yielding estimates, effects of DR on maximum lifespan have ranged from a 7%
decrease to a 43.8% increase (15.1% increase on average; Supplemental Table 3). These
average effects of DR in B6 mice are roughly consistent with those obtained among all
inbred mouse genotypes (Figure 2). Notably, among seven experiments that evaluated
effects of DR on Fq hybrids generated from crosses between B6 mice and another strain
(e.g., B6C3F1 mice), effects of DR have been more consistent and, on average, more
favorable (median lifespan: 32% increase; maximum lifespan: 27% increase).

Cheney et al. (1980) reported four experiments in which DR failed to increase median
lifespan of B6 mice. This study evaluated survival of B6 mice provided one of three diets
(ad lib, 105 calories/week or 60 calories/week). The ad /ib diet and 105 calories/week diet
appeared similar in terms of their effects on body weight and survival, but as expected, the
60 calorie/week diet consistently decreased body weight of B6 mice. In the first cohort, mice
were weaned at 21 days and then provided either 105 calories/week or 60 calories/week (14
< n< 20 per diet per sex). However, the low-calorie diet decreased median lifespan by 7-8%
in both sexes. In a second cohort (females only), mice were provided the low or high calorie
diet starting at 4 weeks of age (/7= 100 females per diet), but the low-calorie diet increased
mean lifespan by only 1%. In a third cohort (females only; 7= 75 per treatment), the same
diets were enforced after 24 days of weaning, but median lifespan was decreased by 12%.
Finally, in a fourth cohort, the experiment was performed with female mice provided a
restricted diet before weaning (9 mice/litter with every-other-day access to mother)
combined with a low-calorie diet post-weaning (60 calories/week), but median lifespan of
this group was increased by only 4% relative to controls (5 mice/litter pre-weaning and 105
calories/week post-weaning). In most of these experiments, DR did have a positive effect on
maximum lifespan, yielding increases ranging from 4 — 44% (Cheney et al., 1980).

Weak effects of DR on average lifespan of B6 mice were corroborated by the study of
Harrison and Archer (1987), which evaluated effects of 33% DR in both B6 and BGCBAF;
male mice (7= 34 per treatment), as well as in leptin-deficient obese males carrying the od/
ob mutation on the B6 background (B6-ob/0b, n= 48 AL mice; n=53 DR mice). Mice were
maintained in barrier cages (3 — 4 mice per cage) in an environmentally controlled room,
with filtered air, and tested at least once for presence of 10 standard mouse viruses. DR diets
were initiated at an early age (1 month) without stepwise reduction from AL to DR levels.
DR increased median lifespan by 21% in B6CBAF1 mice and by 59% in B6-o0b/0b mice.
However, in B6 males, DR decreased median lifespan by 33%, with approximately one-third
of the DR-fed mice dying during the first 400 days, with almost no mortality among AL-fed
mice during this same time period. Strikingly, even maximum lifespan was decreased by 2%
among the DR-fed mice. An earlier study, by the same laboratory, had also demonstrated
weak effects of DR on the survival of B6 females, with median lifespan increased by only
6% under a DR protocol initiated at 1 month of age (Harrison et al., 1984).
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At least two factors may explain why some studies have failed to demonstrate DR-increased
median and/or maximum lifespan using B6 mice. First, B6 mice may be especially sensitive
to the age and pace at which a DR protocol is initiated. Both the studies of Cheney et al.
(1980) and Harrison and Archer (1987), for instance, restricted calorie intake of DR cohorts
at or before 4 weeks of age, yielding no significant increase in median lifespan. In contrast,
when 40% DR was implemented in gradual fashion (over 3 weeks) starting at 14 weeks of
age, median lifespan of B6 mice was increased by approximately 20% in a large study
sponsored by the National Center for Toxicological Research (NCTR) (Turturro et al.,
1999). For B6 mice, therefore, the abrupt onset of DR near the time of weaning may
predispose towards early-life mortality despite an overall reduction of neoplastic diseases at
later ages (Cheney et al., 1980). A second contributing factor may be the low percentage of
fat in basal diets used by Cheney et al. (1980) and Harrison and Archer (1987). Since B6
mice are susceptible to atherosclerosis and obesity, restriction of calories in the context of a
high fat basal diet is more likely to improve lifespan. In the NCTR study, for example, 40%
DR increased median lifespan of B6 females by 25% given the standard NIH-31 diet, but the
same protocol increased median lifespan by 60% when B6 females were provided the high-
fat Emory-Morse 911 diet (Turturro et al., 1999).

5. C3H Mice

C3H is a high body weight strain reported to exhibit some features of “metabolic
syndrome”, with a tendency for substantial food intake under ad /ib conditions and notably
high cholesterol and plasma triglycerides (Jiao et al., 1990; Paigen, 1995; Champy et al.,
2008). However, both C3H sexes are relatively long-lived with moderate IGF-1 levels
(Yuan et al., 2009), and show resistance to further weight gain when provided a high fat diet
(Tsukumo et al., 2007), along with attenuated intestinal absorption of cholesterol and only
weak atherosclerotic lesion formation (Paigen et al., 1985; Paigen et al., 1990). The effects
of DR on median lifespan of C3H mice have not been consistent among independent studies
(Lee et al., 1956; Fernandes et al., 1976a; Yoshida et al., 1997).

Fernandes et al. (1976a) evaluated effects of 37% DR in female C3H/Umc mice starting at 1
month of age (7= 17 control mice and /7= 18 DR mice). However, the DR diet decreased
median survival by 7%, with a median survival time of 13 and 14 months in DR-fed and
control mice, respectively (Weindruch and Walford, 1988). Laboratory conditions from this
study may have been sub-optimal, since a recent study showed that C3H females can live
much longer under AL conditions, with a mean lifespan of 26 months on average (Yuan et
al., 2009). Nevertheless, a second study, conducted under specific pathogen free conditions,
showed that the effect of 21% DR in male C3H/HeNirMs mice was positive but modest in
magnitude (Yoshida et al., 1997). When C3H mice were restricted starting at 6 weeks of
age, mean lifespan was increased only by 2% (26.9 vs. 26.3 months; n= 70 DR-fed; n= 165
AL-fed) (Yoshida et al., 1997). A separate group of mice was restricted starting at 10 weeks
of age, but mean lifespan was still increased by only 6% (27.8 vs. 26.3 months; n= 135 DR-
fed; 7= 165 AL-fed) (Yoshida et al., 1997). In contrast to these findings, an early study
showed that DR can increase median lifespan by 80% (/7= 18 DR-fed; n= 18 AL-fed in
each of two studies) (Lee et al., 1956); however, sample sizes in this study were limited and
median lifespan of AL-fed mice was only 13-15 months (Lee et al., 1956).

C3H mice may be susceptible to excessive weight loss when provided low-calorie diets
(Rikke et al., 2006), and this characteristic could mask other positive effects of DR in this
genotype (Fernandes et al., 1976a; Weindruch and Walford, 1988). Along these lines,
Yoshida et al. (1997) reported difficulty in developing an appropriate DR protocol for C3H
males. Given a protocol corresponding to 32% DR (65 vs. 95 kcal per week), C3H males
exhibited “serious emaciation” and early mortality at one year of age (Yoshida et al., 1997).
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However, if the DR was modulated over time, with the aim of maintaining a constant body
weight of about 25 g (approximately 75 kcal per week or 21% DR), then the protocol
yielded a weak improvement in median lifespan (Yoshida et al., 1997).

6. DBA Mice

DBA/2 (D2) mice have a moderate lifespan with low IGF-1 levels and small body size
(Yuan et al., 2009). D2 mice have been viewed as a “negative control” strain for which DR
does not increase median or maximum lifespan (Ferguson et al., 2007; Rebrin et al., 2007;
Ferguson et al., 2008; Sohal et al., 2009; Rebrin et al., 2011). This designation remains
controversial, however, since four studies have shown that DR decreases D2 lifespan
(Silberberg et al., 1962a; Silberberg et al., 1962b; Fernandes et al., 1976b; Forster et al.,
2003), while a contrary result has been obtained in two other experiments (Bronson and
Lipman, 1991; Turturro et al., 1999).

Silberberg et al. (1962a) and Silberberg et al. (1962b) underfed D2 mice by 40% between 1
and 4 months of age before returning them to an ad /ib diet for the remainder of their lives.
In females, this brief period of underfeeding decreased mean lifespan by 11.6% and
decreased maximum lifespan by 1% (7= 18 restricted mice versus /7= 48 AL-fed mice)
(Silberberg et al., 1962a). In males, the early-life underfeeding decreased median lifespan by
5.1% and decreased maximum lifespan by 32.7% (/7= 18 restricted mice versus n= 47 AL-
fed mice) (Silberberg et al., 1962b). This early-life underfeeding (1 — 4 months) also had
negative or only weak effects on the lifespan of B6 and A mice, which were concurrently
evaluated in the same series of studies (Silberberg et al., 1962a; Silberberg et al., 1962Db).
However, mortality was increased most among the restricted D2 mice, which led the authors
to conclude that “D2 mice were more susceptible to the injurious effect of underfeeding than
either A or B6 mice” (Silberberg et al., 1962b).

Fernandes et al. (1976b) evaluated lifespan of male and female DBA/2f mice provided four
diets (i) AL diet with 22% protein and 5% fat, (ii) DR diet with 22% protein and 5% fat, (iii)
AL diet with 6% protein and 5% fat and (iv) DR diet with 6% protein and 5% fat. The AL
diet provided 20 calories per day per mouse, while the DR diet provided 10 calories per day
per mouse (i.e., 50% DR). Dietary treatments were initiated at 2 months of age, with n= 10
— 12 mice per sex assigned to each dietary treatment. Mice were maintained under standard
housing conditions, but no specific pathogen control and testing safeguards are described in
the research report (Fernandes et al., 1976b). For each sex and at both caloric intake levels
(AL and DR), the low protein diet increased D2 lifespan. However, for each sex and within
each protein level, median lifespan of mice provided the DR diet was shortened relative to
AL-fed mice (10% decrease for males with 22% protein; 1% decrease for females with 22%
protein; 27% decrease for males with 6% protein; 5% decrease for females with 6% protein).
In the same study, DR increased lifespan in (NZB x NZW)F4 hybrid mice (i.e., a positive
control group). To explain the DR-shortened lifespan in D2 mice, the authors noted that DR-
fed D2 mice seemed “more susceptible to infection, e.g., chronic pneumonia” (Fernandes et
al., 1976b).

These findings were corroborated in a larger study reported by Forster et al. (2003), which
evaluated effects of 40% DR on lifespan of DBA/2Nnia males provided the NIH-31 diet
(20% protein / 3.6% fat; DR initiated at 4 months of age). Importantly, Forster et al. (2003)
state that “mouse cages were maintained in positive laminar flow units, and standard
serological testing performed on sentinels verified specific pathogen-free conditions for the
time period of these studies” (Forster et al., 2003). Consistent with Fernandes et al. (1976b),
DR decreased D2 median lifespan by 6% and decreased maximum lifespan by 9%. This
result was largely due to strong mortality between 10 — 20 months of age in DR-fed mice but

Ageing Res Rev. Author manuscript; available in PMC 2013 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Swindell

Page 9

not the AL cohort. Notably, however, Forster et al. (2003) concurrently demonstrated
positive effects of DR in B6 and B6D2F; mice. The DR response of D2 males was therefore
unique as compared to these genotypes, given the same protocol and level of pathogen
control.

In contrast to these findings, two studies have reported that DR increases median and
maximum lifespan of male and female D2 mice (Bronson and Lipman, 1991; Turturro et al.,
1999). First, Bronson and Lipman (1991) evaluated effects of 40% DR using the same
NIH-31 diet from Forster et al. (2003) (#7= 30 mice per sex per diet). However, median
lifespan was increased by 56% in females and by 19% in males. Although DR increased
lifespan, the investigators noted that “survival curves for both male and female D2 mice did
not have the expected square profile seen in most longitudinal rodent experiments...curves
for both sexes and both diet groups were quite shallow” (Bronson and Lipman, 1991). In a
second study, effects of 40% DR in DBA/2JNia mice (NIH-31 diet) were evaluated as part
of the NCTR effort to develop aging biomarkers in rodents (Turturro et al., 1999). Starting
at 3.5 months of age, the DR diet was gradually implemented in stepwise fashion over a
period of 3 weeks. Mice were maintained in specific pathogen free conditions with strong
protections against pathogen exposure (e.g., sterilization of equipment, personnel showered
before entering facility and wore sterilized protective gear). DR had weaker effects on D2
survivorship compared to genotypes concurrently evaluated (C57B1/6NNia, B6D2F1 and
B6C3F1). Nevertheless, DR increased both median and maximum lifespan in D2 mice of
each sex. Finally, it is noteworthy that, in a third study, 40% DR increased average lifespan
of D2 females by 63%, although animals from this experiment were short-lived due to
treatment with the carcinogen 7,12-dimethylbenz[a]anthracene (Lipman, 2002).

The totality of evidence suggests that effects of DR on lifespan of D2 mice are sensitive to
variations among laboratory environments and DR protocols. However, there have been two
noteworthy points of consistency among experiments. First, although direction of the DR
effect has varied, experiments that have simultaneously evaluated multiple genotypes have
each shown that the effect of DR on mean lifespan of D2 males is weaker in comparison to
males of other genotypes (Silberberg et al., 1962b; Bronson and Lipman, 1991; Turturro et
al., 1999; Forster et al., 2003). However, this is not the case for females (Bronson and
Lipman, 1991). D2 males, therefore, appear to provide a strain-sex combination for which
positive effects of DR are at least attenuated. Secondly, survival curves generated from D2
mice (AL- or DR-fed) have frequently differed from those of other genotypes, with
increased early mortality during an age window between 10-20 months (Bronson and
Lipman, 1991; Turturro et al., 1999; Forster et al., 2003). This early mortality may be due to
a currently unidentified genetic disease or susceptibility that contributes to early mortality of
D2 mice under some laboratory conditions.

Several studies have compared DR responses between D2 and B6 mice, based upon the
premise that D2 provides a “negative control” genotype with DR-shortened or DR-
insensitive lifespan, while B6 provides a “positive control” strain with DR-increased
lifespan (Ferguson et al., 2007; Rebrin et al., 2007; Ferguson et al., 2008; Sohal et al., 2009;
Hempenstall et al., 2010; Rebrin et al., 2011). In fact, effects of DR on lifespan have varied
considerably and have often been weak for both D2 and B6 genotypes (see above).
Nevertheless, two main ideas have emerged from these comparisons. First, it has been noted
that body weight of AL-fed B6 mice increases by 20% from 6 to 23 months of age, but
remains constant for AL-fed D2 mice (Sohal et al., 2009). D2 mice therefore appear to
maintain a more neutral energy balance while B6 mice are disposed towards a positive
energy balance. This effect is not due to a difference in food consumption, which is similar
in the AL condition for each strain, but instead seems due to higher resting metabolic rate
and body temperature in D2 mice (Ferguson et al., 2007; Ferguson et al., 2008; Sohal et al.,
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2009). Potentially, therefore, DR corrects the positive energy balance in B6 mice, thereby
increasing lifespan, while this same effect is deleterious in strains that naturally maintain a
more neutral energy balance such as D2 (Sohal et al., 2009). A second possibility is that
disparities in glucose homeostasis contribute to differential DR responses of D2 and B6
mice (Hempenstall et al., 2010). When compared to B6 mice, D2 mice are
hyperinsulinaemic, insulin resistant, and have better glucose tolerance with AL-feeding or
following short-term DR. Since effects of DR on insulin sensitivity and glucose homeostasis
are thought to mediate favorable effects of DR (Bartke, 2008), this metabolic profile may be
a factor that mitigates positive effects of DR on D2 lifespan.

A final possibility is that D2 mice have weakened ability to withstand even the limited
pathogen challenges encountered within the laboratory environment. When compared to B6
and BALB/c mice, D2 mice develop more severe parasite burden following infection with
Babesia microtiat 2, 6, 12 and 18 months of age (Vannier et al., 2004). Establishment and
progression of infection by the tapeworm Echinococcus multilocularis is also more severe in
D2 mice compared to the AKR/N, C57BL/10 and B6 strains (Matsumoto et al., 2010). The
survival of D2 mice following infection with Bacillus anthracis is decreased relative to eight
other commonly used laboratory strains, including B6 and C3H (Welkos et al., 1986). At 18
months of age, vaccination against the intracellular pathogen Brucella abortus was less
effective in D2 relative to BALB/c mice (High et al., 2007). Moreover, inflammatory gene
expression patterns developing in response to high fat diet are uniquely blunted in D2 mice
in comparison to ten other inbred mouse strains (Shockley et al., 2009; Swindell et al.,
2010). Collectively, these results suggest that D2 mice are compromised in their capacity for
mounting immune responses, which could explain early-life mortality of D2 mice provided
either a DR or AL diet (Turturro et al., 1999; Forster et al., 2003). DR diets, in particular,
however, may exacerbate such an immunodeficiency to account for DR-decreased lifespan
in D2 mice (Gardner, 2005; Kristan, 2008; Ritz et al., 2008; Clinthorne et al., 2010).
Although most studies have implemented safeguards against accidental pathogen exposure
during survival assays, these standards have been enforced with varying degrees of
stringency (Miller and Nadon, 2000; Cerqueira and Kowaltowski, 2010). For instance, the
early studies of Silberberg et al. (1962a), Silberberg et al. (1962b) and Fernandes et al.
(1976b) housed multiple mice per cage, while in other experiments D2 mice were housed
individually with regular testing for at least some mouse pathogens (Bronson and Lipman,
1991; Turturro et al., 1999; Forster et al., 2003).

7. ILSXISS recombinant inbred strains

The Inbred Long Sleep (ILS) and Inbred Short Sleep (ISS) strains were derived from a
heterogeneous stock built from crosses among eight mouse strains (A, AKR, BALB/c, C3H/
2, C57BL, DBA/2, Is/Bi and RIII) (Williams et al., 2004). The ILS strain was subsequently
selected for increased sensitivity to the sedating effects of ethanol, while the ISS strain was
selected for decreased sensitivity. Starting in 1996, ILS and ISS strains were reciprocally
crossed to generate 125 lines. The 125 lines were then maintained by brother-sister mating
for more than twenty generations, with 75 lines (60.0%) surviving until the 33rd generation
of inbreeding (Bennett et al., 2006). These surviving lines represent the ILSXISS panel of
recombinant inbred strains that have been extensively studied in the context of research on
alcohol sensitivity (Williams et al., 2004; Bennett et al., 2006). The ILSXISS panel has also
been used to demonstrate significant strain variation with respect to the effects of DR on
body weight and temperature (Rikke et al., 2003; Rikke and Johnson, 2007), and to identify
quantitative trait loci associated with these metabolic effects of DR (Rikke et al., 2004;
Rikke et al., 2006).
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Lifespans of ILSXISS strains under DR and AL conditions have been evaluated in two
studies, which were independently conducted at the University of Texas Health Science
Center at San Antonio (UTHSCSA) and the University of Colorado at Boulder (UCB) (Liao
etal., 2010a; Liao et al., 2010b; Rikke et al., 2010). In the UTHSCSA study, males from 41
strains were evaluated along with females from 39 strains (44 strains for one or both sexes)
(Liao et al., 2010a; Liao et al., 2010b). In the UCB study, females from 42 strains were
evaluated, including 29 of the 39 strains for which females had been measured at UTHSCSA
(Rikke et al., 2010). In both studies, DR mice were provided a diet 40% less in caloric
content relative to the AL caloric intake estimated for each strain on a weekly basis,
although DR diets were initiated at a later age at UTHSCSA (2 — 5 months) relative to UCB
(1 month). In both studies and for each sex, an unexpected pattern emerged, whereby DR
decreased lifespan for 20 — 25% of strains, increased lifespan for only 5 — 25% of strains,
and had no significant effect on lifespan for the majority of ILSXISS strains (P < 0.05 by t-
test) (Liao et al., 2010a; Rikke et al., 2010). A positive control strain, known to respond
favorably to DR, was not concurrently evaluated. In Figure 5, survivorship data from both
studies are re-analyzed using an accelerated failure time (AFT) model, which provides 95%
confidence intervals for the effect of DR on lifespan in each strain (Swindell, 2009). This
analysis demonstrates significant heterogeneity among strains with respect to the estimated
effect of DR on lifespan (i.e., non-overlap of 95% confidence intervals), and shows that
these effects remain significant in 10 — 15 strains per study even following FDR correction
for multiple hypothesis testing (Figure 5).

It seems difficult to understate the potential importance of these findings to our broader
understanding of DR and its impacts on aging in the laboratory mouse. In prior decades
(1934 — present), effects of DR on lifespan had been evaluated in 27 unique genotypes
(Supplemental Table 2). In combination, the studies of Liao et al. (2010a) and Rikke et al.
(2010) have evaluated 54 new genotypes, thus tripling the number of genotypes for which
the effects of DR on mouse lifespan have been examined. Among previous experiments
(1934 — present), DR increased median and maximum lifespan in mice by 15% and 18% on
average, respectively (Table 1). However, if these average effects are re-calculated with
inclusion of the ILSXISS results, the average increase in median lifespan with DR is only
2.9% (2.9% in males; 2.0% in females; 7= 189 experiments; Table 2), while the average
increase in maximum lifespan with DR is just 5.2% (3.7% in males; 5.0% in females; n=
181 experiments; Table 2). Furthermore, consideration of the ILSXISS results leads to
significant funnel plot asymmetry (see Figure 6; median lifespan: P = 4.4 x 10-%; maximum
lifespan: P = 2.7 x 10°10) (Peters et al., 2006). The pattern is similar to that observed for
maximum lifespan in rats (Figure 3B) and is consistent with bias against large sample size
studies failing to demonstrate positive effects of DR. This could reflect a disproportionate
tendency to terminate (more expensive) large sample size studies for which expected trends
have not emerged mid-way through experiments. Alternatively, since the pattern is driven
by ILSXISS strains and is absent without them (Figures 3C and 3D), the trend may not be
due to bias, but instead the true mean effect of DR in ILSXISS strains could differ from that
of other mouse genotypes. This would be the case, for instance, if ILSXISS strains are
“genotypic outliers”, which have become fixed for unique allelic variants absent from other
mouse strains.

Previous experiments have usually evaluated 20 — 40 mice per dietary treatment in order to
assess the effects of DR on lifespan (Supplemental Table 2; Figure 6). However, sample
sizes were much lower in studies of ILSXISS mice conducted at UTHSCSA and UCB, with
only 5 - 15 mice evaluated for each strain-sex-diet combination (Figure 6). If the effects of
DR on female lifespan are compared between the two study sites, there is a trend suggesting
that cases of DR-increased lifespan are better replicated than cases of DR-decreased lifespan
(see Figures 5C and 5D). Among 8 strains for which DR significantly increased lifespan at
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UTHSCSA, the effect was confirmed in 5 strains at UCB (P < 0.05; AFT model). However,
among 6 strains for which DR significantly decreased lifespan at UTHSCSA (P < 0.05; AFT
model), the effect was confirmed in only two cases at UCB (strains 7 and 114), while in two
other such cases DR increased lifespan at UCB (strains 115 and 122). Across all strains,
female lifespan estimates under the AL condition were significantly correlated between
study sites (Spearman r= 0.45; Figure 7). However, under the DR condition, estimates of
median and maximum lifespan were not significantly correlated (Spearman r< 0.28), and
consequently, the estimated effects of DR on female lifespan were not significantly
correlated between sites (Spearman r< 0.23; Figure 7).

In studies that have failed to demonstrate a positive effect of DR on median lifespan, it has
often been possible to discern a trend towards improved late-life survivorship (McCay et al.,
1935; McCay et al., 1939). Figure 8 plots DR versus AL lifespan, based upon median
survival times of all mice in each treatment (Figure 8; left column), the average of the two
shortest survival times per treatment (Figure 8; middle column) and the average of the two
longest survival times per treatment (Figure 8; right column). In most cases, effects of DR
on lifespan were similar regardless of whether only early or only late survival times are
considered (Figure 8). However, in the UCB study, there was some indication that DR
increased early mortality and decreased later mortality (Figures 8K and 8L). In 29 of 42
strains evaluated (69%), the average of the two shortest survival times per dietary treatment
was lower in DR-fed mice compared to AL-fed mice (P = 0.02; sign test; Figure 8K). In 25
of the 42 strains evaluated (59%), the average of the two longest survival times per dietary
treatment was greater in DR-fed mice compared to AL-fed mice (P = 0.28; sign test; Figure
8L). It will be valuable to repeat survivorship assays for selected strains with larger sample
sizes per dietary treatment (e.g., 7= 50), which would better allow age-specific effects of
DR on survival to be estimated. One possibility, for instance, would be to concurrently
evaluate the effects of DR on the survival of three strains — one with DR-shortened lifespan
(e.g., Strain 114), one with DR-lengthened lifespan (e.g., Strain 89), and one strain for
which DR appears to have no effect on lifespan (e.g., Strain 48).

A follow-up study has indicated that some variation in the effects of DR among ILSXISS
strains can be explained by body fat maintenance as reflected by changes in body
composition under DR conditions (Liao et al., 2011). Among all strains, the effect of DR on
lifespan (DR — AL lifespan) was negatively correlated with its effect on body fat at 15 - 17
months of age (AL — DR body fat), such that lifespan tended to decline most in strains
exhibiting the strongest late-life declines in body fat with DR. Strains losing the most body
fat with DR thus appeared most susceptible to lifespan-shortening, which may contradict the
idea of fat loss as a factor mediating pro-longevity effects of DR (Liao et al., 2011).
However, as acknowledged by Liao et al. (2011), shifts in body fat mass with DR were
evaluated only at 15 — 17 months age. At this late age, apparent cause and effect may be
reversed, with DR-shortening of lifespan in fact precipitating decreased fat mass in DR-fed
ILSXISS strains. In several strains, median lifespan of DR-fed mice was less than 15
months, or only slightly greater (Figure 6). At 15 months, therefore, disease processes
contributing to mortality may have been driving “terminal weight loss” in DR-fed mice,
similar to that described in senescent rats prior to death (Black et al., 2003), as well as in
frail humans at increased risk of near-term mortality (Fried et al., 2001). Loss of body fat
with DR at 15 — 17 months, therefore, may only be an indicator of disease progression and
impending death among the sickest DR-fed strains, reflecting what can already be discerned
on the basis of mortality patterns. Given this interpretation, the correlation between body fat
decline (AL — DR fat) and effect of DR on lifespan (DR — AL lifespan) may become more
negative for body fat measurements recorded at increasingly later ages, while at an early
age, the correlation may be absent or even reversed in direction. These predictions can be
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tested in further studies, which should clarify the role of fat maintenance in the effects of DR
on lifespan across the panel of ILSXISS recombinant inbred strains.

The demonstrated effects of DR on lifespan across ILSXISS strains challenge the view of
DR as a robust pro-longevity intervention. To some degree, these effects appear out-of-step
with previous decades of experimentation (Figure 6), and an important direction for future
work will be to understand the significance of this observation. On the one hand, ILSXISS
strains may be representative of many more mouse genotypes for which effects of DR on
lifespan have not yet been studied. However, the genetic heritage of ILSXISS strains is also
unique. The strains were derived from an ancestral population that had undergone
differential selection for ethanol sensitivity, which might have eliminated alleles with
indirect effects on DR responses (Bennett et al., 2006). In Drosophila, for instance, direct
laboratory selection for sensitivity to ethanol has indirect effects on other traits, such as body
weight and reproductive capacity (Cohan and Hoffmann, 1986; Hoffman and Cohan, 1987).
Whether aberrant DR responses are an indirect effect of selection on ethanol sensitivity in
mice is unknown, but the possibility cannot be altogether dismissed. Additionally, following
selection for ethanol sensitivity, ILSXISS strains were inbred at a fast rate for more than 30
generations (i.e., sib mating) (Bennett et al., 2006). As with other inbred strains, this
enforced period of close inbreeding is expected to promote randomized fixation of
deleterious recessive alleles within lines, yielding the fixation of deleterious allele
combinations, some of which might drive idiosyncratic late-life genetic diseases (Swindell
and Bouzat, 2006a). This process appears to reduce the likelihood of observing favorable
responses to DR (Figure 2), and may also have engendered a late-life disease spectrum in
ILSXISS strains that is unique relative to other mouse genotypes. These possibilities can be
explored by further post-mortem pathology studies of ILSXISS mice, as well as by
evaluating effects of DR on the lifespan of F1 hybrids generated from crosses between
ILSXISS strains.

8. Laboratory-reared descendants of wild-caught mice not adapted to
laboratory conditions

Studies discussed above had been performed with rodent strains maintained for many
generations under laboratory conditions. Laboratory environments, however, can decrease
lifespan and promote age-related genetic illness by at least three evolutionary mechanisms.
First, laboratory breeding directly selects for early reproduction, which can lead to fixation
of alleles that increase early-life fitness, but which have deleterious effects on late-life
fitness and lifespan (i.e., antagonistic pleiotropy) (Hughes and Charlesworth, 1994; Reed
and Bryant, 2000). Second, relative to wild conditions, laboratory environments further
diminish the “force” of natural selection with increased age, and in the absence of such
selection, spontaneous mutations affecting late-age characteristics accumulate, contributing
to genetic drift within inbred lineages over time and leading to degradation of health at older
ages and decreased lifespan (i.e., mutation accumulation) (Promislow and Tatar, 1998; Gong
et al., 2006; Joyner-Matos et al., 2009). Third, laboratory breeding almost always involves
maintenance of populations at low effective population sizes, which in the absence of strong
selection can lead to fixation of deleterious recessive alleles, idiosyncratic genetic illness,
and shortened lifespan (i.e., inbreeding depression) (Vermeulen and Bijlsma, 2004; Swindell
and Bouzat, 2006a). In combination, all these effects render it difficult to gauge whether
positive effects of DR in laboratory-bred animals reflect general mechanisms applicable
outside the laboratory, or whether DR is only attenuating one of the genetic consequences of
laboratory maintenance.

Studies of wild-derived mice, recently introduced into the laboratory, have identified distinct
phenotypic features relative to standard lab mice, including increased or at least similar
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lifespan (Miller et al., 2002; Harper et al., 2006a; Harper, 2008), reduced serum IGF-1
(Harper et al., 2006b), increased food consumption (Austad and Kristan, 2003), decreased
fat mass (Harper et al., 2005), hyperglycemia (Harper et al., 2005), slower maturation and
smaller litter sizes (Bronson, 1984) and elevated glucocorticoid levels with heightened
hypothalamic-pituitary-adrenal activity (Harper et al., 2006b) (see Harper (2008) for
review). All of these characteristics may render the DR response of laboratory-adapted mice
aberrant in comparison to wild-derived mice. Such effects of laboratory maintenance may
even have been noticed during early experiments performed by McCay et al. (1935), who
stated that “the tendency of white rats to attain a greater body weight then they did 20 years
ago has been observed”. Likewise, detailed investigations of long-term laboratory data are
consistent with genetic decay fostering an accumulation of age-related illness over time in
lab mice. For example, over 30 generations from 1971 to 1981, assays of F344/N rats
identified a temporal trend towards faster growth, elevated body weight, increased frequency
of leukemia and several types of tumors (anterior pituitary, thyroid C-cell, adrenal
pheochromocytomas and mammary tumors), and progressive declines in average lifespan
(Rao et al., 1990). Likewise, in B6C3F1 mice, during the period from 1981 to 1990,
successive laboratory assays revealed a temporal trend towards increasing body weight at 12
months of age and increasing frequency of liver tumors (Turturro et al., 1996).

The effects of DR have seldom been evaluated in wild-derived mice that have not yet been
adapted to the laboratory environment. In one study, however, wild mice were trapped in
and around buildings near University of Idaho (Moscow, Idaho, USA), and subsequently
bred in the laboratory to avoid close mating between related mice and attendant inbreeding
depression (Harper et al., 2006a). The number of founders used to establish the laboratory
population was not reported; however, a larger founder size would lessen sampling effects to
impart greater generality to the findings. The DR diet reduced calories by 40% relative to
the ad /ib control treatment (7= 39 AL and 7= 35 DR mice), but led to a non-significant 2%
decrease in mean lifespan, despite a lower percentage of mice with tumors at necropsy (12%
versus 58.3%) (Harper et al., 2006a). There was further indication that DR shifted the shape
of the mortality curve towards increased early-life mortality and decreased late-life
mortality, with maximum lifespan increased 14% in the DR group. A limitation of this study
is that a positive control cohort was not included, and thus it was not definitively
demonstrated that the DR protocol and laboratory conditions recapitulate those known to
foster positive DR effects with other genetic backgrounds. Additionally, early-life mortality
was increased within the DR group, which potentially, could be due to infectious disease
since the study was not specific pathogen free; however, only 2 of 49 necropsy results
uncovered evidence for death related to bacterial infection (Harper et al., 2006a).

These findings suggest that DR is less effective for increasing the (mean) lifespan of wild-
derived mice in the laboratory as compared to other mouse strains that are adapted to
laboratory conditions. This result seems contrary to the trend shown in Figure 2, which
shows more favorable effects of DR in non-inbred mice as compared to inbred mice. This
pattern is most likely due to the effects of inbreeding depression on mortality rates, and in
particular, may represent a case of inbreeding-by-environment interaction, whereby the
severity of inbreeding depression is increased under the more “stressful” DR condition
relative to the less “stressful” AL condition (Swindell and Bouzat, 2006b; Fox and Reed,
2011). The conundrum, however, is that wild-derived mice are non-inbred and genetically
diverse. It is therefore surprising to observe weak effects of DR on lifespan, since inbreeding
depression should be absent, and effects of DR on lifespan should resemble those of other
non-inbred mouse strains — but this is not the case.

One explanation is that positive effects of DR in both inbred and non-inbred strains have
been inflated by laboratory breeding, since both classes of genotypes have undergone
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adaptation to laboratory environments. Decades of laboratory breeding, for instance, may
favor genetic variants that predispose mice towards higher energy consumption when fed ad
1ib, since the excessive energy intake could support faster growth and earlier reproduction,
yielding greater reproductive success under lab breeding protocols (Austad, 2001; Austad
and Kristan, 2003; Martin et al., 2010). This would yield laboratory-adapted genotypes that
consume more calories with ad /ib feeding compared to the ancestral populations. Evidence
of this was provided by the study of Austad and Kristan (2003), which showed that wild-
derived Mus musculus consumed approximately 45 kJ of energy per day when provided an
ad lib diet in the laboratory (n7= 2 estimates). However, laboratory-adapted strains
consumed, on average, 33% more energy per day (59.9 kJ) when provided an ad /ib lab diet
(n =12 estimates; range: 42 — 75 kJ/day). When energy consumption estimates were
adjusted for total body mass, which is lower in wild-derived mice, the consumption
difference narrowed, but mass-adjusted energy consumption estimates remained 11% lower
among wild-derived mice (P = 0.038; see Figure 2 from Austad and Kristan (2003)). This
suggests that, in laboratory-adapted mice, standard DR treatments may simply nullify the
unhealthy effects of lab-adaptation on energy intake, leading to increased lifespan as
observed in many studies (Martin et al., 2010). Wild-derived mice, however, are inclined to
consume fewer calories in the laboratory environment, and 40% DR relative to their AL
intake may amount to a near starvation diet, yielding smaller effects on longevity overall and
potentially increased early-life mortality, despite the absence of inbreeding depression.

The confounding influence of laboratory adaptation on DR responses could be of even
greater importance in Drosophilaand C. elegans. With their brief generation time, some
strains have been maintained in the laboratory for thousands of generations. Over such time
scales, spontaneously arising mutations would have an even stronger impact on late-life
genetic disease, in combination with inbreeding depression and positive selection for early-
life fitness (Shabalina et al., 1997; Promislow and Tatar, 1998; Vassilieva et al., 2000; Gong
et al., 2006). In flies, effects of laboratory adaptation on the DR response have not been
investigated; however, it is known that laboratory adaptation selects for increased pre-adult
development time, increased early fecundity, decreased late fecundity and curtailed lifespan
(Sgro and Partridge, 2000; Swindell and Bouzat, 2006a). For C. elegans, an advantage is that
inbreeding depression is less likely to occur when a wild-derived strain is initially cultured

in the laboratory, since the species is hermaphroditic and mostly self-fertilizing in the wild
(Johnson and Hutchinson, 1993). In principle, moreover, C. elegans cultures can be frozen
to prevent mutation accumulation under relaxed selection in the lab; although, since its
establishment in 1956, the N2 strain was continually passaged in axenic for many years prior
to freezing by any laboratory (Nicholas et al., 1959; Johnson and Hutchinson, 1993), and
mutation accumulation does appear to have diminished lifespan for at least some N2 sub-
lineages (Gems and Riddle, 2000).

One study has evaluated the effects of DR (by bacterial deprivation) on the C. elegans N2
strain, five “wild-derived” strains (JU262, MY2, PS2025, PX176 and PX178), and females
of C. remanei strains (EM464 and SB146) (Sutphin and Kaeberlein, 2008). Interestingly, the
N2 strain, all five of the wild-derived strains, and the EM464 C. remanei strain (females) did
exhibit increased lifespan with bacterial deprivation; in contrast, the SB146 C. remanei
strain (females) did not exhibit significantly increased mean lifespan with bacterial
deprivation (although maximum lifespan was increased). In these experiments, wild-derived
strains were not directly isolated from the wild, but had been passaged in the laboratory for
an unknown, though presumably limited, number of generations (Sutphin and Kaeberlein,
2008). The exact number of generations, however, could impact results from such a study,
since most genetic variation within the wild-derived isolate may be depleted (non-randomly)
during the initial generations of laboratory cultivation. Additionally, it is unclear whether
other C. elegans DR protocols would have similar effects on the lifespan of wild-derived
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strains. Potentially, for instance, laboratory adaptation could involve modulation of the
insulin-FOXO pathway. This may not influence DR responses to bacterial deprivation,
which is independent of insulin-FOXO, but may influence DR responses to other forms of
DR that are insulin-FOXO dependent (e.g., dilution of peptone and serial dilution of the
bacterial food source) (Greer and Brunet, 2009).

9. Conclusions and Future Directions

Dietary restriction (DR) has been advanced as an intervention that reliably increases median
and maximum lifespan in rodents, and it is believed that these effects are mediated by
conserved pathways closely tied to basic aging mechanisms (Weindruch and Walford, 1988;
Cantd and Auwerx, 2009; Anderson and Weindruch, 2010; Omodei and Fontana, 2011;
Xiang and He, 2011). In rats, the literature is dominated by studies of the male sex only, but
the middle 50% of experiments support a 14 — 45% increase in median lifespan with DR
(Table 1). In mice, however, effects of DR have been less robust, with nearly all studies
reporting weak or negative effects of DR on lifespan having used mice rather than rats
(Fernandes et al., 1976a; 1976b; Cheney et al., 1980; Harrison and Archer, 1987; Forster et
al., 2003; Harper et al., 2006a; Liao et al., 2010a; Rikke et al., 2010). The middle 50% of
mouse studies support a 4 — 27% lengthening of median lifespan with DR, although this
range drops considerably if results from ILSXISS strains are considered (8% decrease —
20% increase in median lifespan; Table 2) (Liao et al., 2010a; Rikke et al., 2010). Notably,
in both rats and mice, most studies have evaluated inbred genotypes, which may have been a
factor mitigating favorable effects of DR in many experiments (Figure 2). These results
show that our understanding of DR and its effects, both in terms of its magnitude and
consistency, still remain a developing picture. An implication of these findings is that
connections between DR and basic aging mechanisms may lack a universal character, and
that greater attention to species- and genotype-specific effects will be valuable for
developing a nuanced model of how DR impacts aging and longevity.

This review identified a number of rodent experiments in which DR failed to improve
median and/or maximum lifespan, but it is challenging to discern genotype-dependent
effects from these cases. B6 mice provide an illustrative example. There were 21
experiments that yielded estimates for the effect of DR on median lifespan, but study
outcomes have ranged from a 32% lifespan decrease to a 27% increase (Supplemental Table
3). It is likely that any other genotype would exhibit a similar range of DR responses if
repeatedly evaluated to the same degree, suggesting that confirmation of results through
independent experiments should be viewed as an important criterion in weighing evidence
for genotype-dependent effects of DR on lifespan. Given this standard, three observations
appear to be well-supported. First, in DBA/2 males, any positive effects of DR on lifespan
are at least attenuated relative to males of other genotypes (Silberberg et al. 1962b; Bronson
and Lipman, 1991; Turturro et al., 1999; Forster et al., 2003). Second, the mouse ILSXISS
strain 114 provides an example of a genotype for which lifespan is negatively affected by
40% DR, since a significant lifespan decrease has been observed in all trials, including
separate studies conducted at UTHSCSA and UCB (Liao et al., 2010a; Rikke et al., 2010)
(Figure 5). Third, there are 15 other ILSXISS strains for which significant and positive
effects of DR on lifespan have not been observed in each of four experiments (see Figure 5),
including both sexes and studies conducted at UTHSCSA and UCB (Liao et al., 2010a;
Rikke et al., 2010). It is interesting to note that each of these is an inbred rather than non-
inbred mouse genotype. At present, no non-inbred genotype has been identified that, in
multiple studies, has failed to exhibit greater longevity with a DR diet (but see Harper et al.,
2006a).
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There also remain several backgrounds for which DR has failed to improve lifespan in a
single experiment, or for which the effects of DR on lifespan differ among published studies
(e.g., white rats, C3H mice, B6 mice and wild-derived mice) (McCay et al., 1935; Cheney et
al., 1980; Harrison and Archer, 1987). In these cases, it is either already established, or
cannot yet be ruled out, that effects of DR are protocol-dependent, and will be sensitive to
the age at which DR is initiated, whether calories are restricted gradually over 3-4 weeks or
immediately upon weaning, composition of the basal diet, pathogen controls, individual
versus group housing, litter sizes of experimental and control animals, or potentially other
factors not often controlled in survivorship studies. B6 mice, for instance, are susceptible to
atherosclerosis, and positive effects of DR appear strongest when the basal diet is high in fat
(Turturro et al., 1999). C3H mice, on the other hand, may represent a strain with poor “fuel
efficiency” and limited ability to convert food resources into growth and body mass (Rikke
et al., 2010), leading to negative energy balance with low-calorie diets (Sohal et al., 2009),
thus rendering the strain prone to shortened lifespan under 40% DR protocols (Fernandes et
al., 1976a; Yoshida et al., 1997). Potentially, however, a less intense protocol of 20% DR
enforced 1-2 months after weaning could bolster positive effects of DR in C3H mice. This
may also be the case with respect to DBA/2 and wild- derived mice, as well as some
ILSXISS strains, for which effects of DR on lifespan have only been evaluated using 40%
DR protocols.

It is often expected that DR will increase lifespan by 30 — 50% in rodents, but this appears
more realistic for rats rather than mice (Table 1). In rats, the effects of DR have been more
consistent, with few studies having obtained negative results or only weak effects of DR
(Figures 1 and 3). These robust DR responses seem surprising, particularly since nearly all
studies have evaluated inbred genotypes (Supplemental Data File 1). Compared to mice,
however, effects of DR have been evaluated in only a small number of rat genotypes.
Among all DR studies, for instance, only 11 rat genotypes have been evaluated, with 36 of
53 experiments having used Fisher 344, Sprague Dawley, or Wistar rats (Supplemental
Table 1). In contrast, among mouse DR studies, 27 distinct genotypes have been evaluated
in addition to 54 ILSXISS strains (Supplemental Table 2). In mice, therefore, the broader
range of genotypes could provide a more representative estimate of the effects of DR on
lifespan, and potentially, the rat-mouse disparity will shift if and when more rat genotypes
are studied in future work. It is also possible that metabolic differences exist between rats
and mice, such that rats should be expected to respond more favorably to DR. Under ad /ib
conditions, for instance, the Fisher 344, Sprague Dawley, and Wistar rats appear more
susceptible to obesity as compared to many mouse strains (Weindruch, 1996). Potentially,
therefore, the standard rat genotypes (e.g., Fisher 344, Sprague Dawley and Wistar) may
better resemble those mouse strains with a “fuel efficient” metabolism, which are best able
to maintain positive energy balance and more likely to exhibit favorable responses to DR
(Sohal et al., 2009; Rikke et al., 2010). Alternatively, such differences may be related to the
larger size of rats relative to cage dimensions, which would limit activity levels and thus
contribute to obesity with ad /ib feeding (Weindruch, 1996).

Unfortunately, nearly all rodent studies that have evaluated the effects of DR on lifespan are
complicated by the consequences of laboratory breeding. On the one hand, inbred strains are
less vigorous due to inbreeding depression and/or mutation accumulation, and this appears
to weaken positive effects of DR on lifespan (Figure 2). This issue is addressed by the use of
F1 or F, hybrid strains, but results from non-inbred hybrids are still complicated by the
effects of laboratory adaptation, as suggested by the failure of DR to improve mean lifespan
in wild-derived mice (Harper et al., 2006a). To avoid all possible artifacts, therefore,
including the effects of inbreeding depression, mutation accumulation and laboratory
adaptation, the most promising direction for future work is greater focus on wild-derived
mice recently introduced into the laboratory (Austand and Kristan, 2003; Harper et al.,
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2006a; Harper, 2008), as well as wild-derived rats (for which effects of DR on lifespan are
currently unknown). The main disadvantage of wild-derived rodent colonies is difficulty
associated with their establishment and their lack of genetic stability (Harper, 2008). For this
reason, wild-derived inbred strains could provide a more feasible option for some
laboratories, or better still, F1 hybrids formed by the crossing of wild-derived inbred strains.
One interesting example is the WSB/EiJ strain, which has been inbred in the laboratory for
more than 80 generations, but is among the longest-lived of all inbred strains with extremely
low IGF-1 levels (Yuan et al., 2009). Compared to standard lab strains, wild-derived WSB
mice also have a healthy lean metabolic phenotype with low body fat, striking resistance to
obesity, low fasting insulin and glucose levels, and high insulin sensitivity and glucose
tolerance (Lee et al., 2011).

This line of investigation will have implications for the translation of findings from rodents
to primate species, including humans. Given the diversity of rodent genotypes available to
the research community, some genotypes may provide more suitable models for primate
species, while others may prove to be less appropriate. IGF-1, for instance, is a key
endocrine factor that regulates aging trajectory and lifespan in rodents, which is also
suppressed by DR in at least some rodent strains (Breese et al., 1991; Dunn et al., 1997;
Sonntag et al., 1999). However, in both humans and rhesus monkeys, long-term DR may not
attenuate IGF-1 levels as observed in rodents (Ramsey et al., 2000; Fontana et al., 2008).
Given that circulating IGF-1 levels differ 2-to 3-fold across 31 inbred mouse strains (Yuan
et al., 2009), some strains may better recapitulate the primate IGF-1 response to DR. In a
similar way, certain genetic backgrounds may provide better models for understanding how
DR influences inflammation, body composition or cardiovascular function in humans and
monkeys. Potentially, such backgrounds will be identified by further exploring the genetic
and phenotypic diversity across rodent strains. This can lead to stronger rodent models of the
human DR response, which can in turn improve translation of findings from rodents to the
historically outbred and genetically heterogeneous primate species.
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Figure 1. Stronger increasesin median and maximum lifespan in DR-fed rats compared to DR-
fed mice (1934 — present; excluding I L SXISS strains)

A literature review identified 53 and 72 laboratory experiments that evaluated the effects of
DR-type diets on survival in rats and mice, respectively (Supplemental Tables 1 and 2). For
each experiment, the percent change in median and maximum lifespan with DR was
estimated. The height of each bar corresponds to the average effect of DR on median or
maximum lifespan among 77 experiments for which the necessary information was available
(rats, grey bars; mice, white bars). The average effect and associated standard error were
calculated by assigning greater weight to studies that used larger sample sizes. The asterisk
symbol is used to denote cases in which the average effect of DR on rat lifespan is
significantly different from the average effect of DR on mouse lifespan (P < 0.05; two-
sample t-test and Wilcoxon rank sum test).
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Figure 2. DR has mor e favor able effects on the lifespan of non-inbred mice compared to inbred
mice (1934 — present; excluding IL SXI1SS strains)

A literature review identified 72 laboratory experiments that evaluated the effects of DR-
type diets on survival in mice (Supplemental Table 2). Of these 72 experiments, 24 were
performed using non-inbred mouse genotypes, including F4 offspring derived from inbred
line crosses, F, offspring derived from a four-way cross of inbred lines, or wild-derived
genetically heterogeneous mice. The height of each bar corresponds to the average effect of
DR on median or maximum lifespan among 77 experiments for which the necessary
information was available (non-inbred strains, grey bars; inbred strains, white bars). The
average effect and associated standard error were calculated by assigning greater weight to
studies that used larger sample sizes. For a given category, asterisk symbols are used to
denote cases in which the average effect of DR on the lifespan of inbred strains is
significantly different from the average effect of DR on the lifespan of non-inbred strains (P
< 0.05; two-sample t-test and Wilcoxon rank sum test).
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Figure 3. Funnel plot analysis of publication biasin studiesthat have evaluated the effects of DR
on rodent lifespan (excluding IL SXISS strains)

A literature review was carried out to identify survivorship experiments that have evaluated
effects of DR on lifespan in rodents (Supplemental Tables 1 and 2). A total of 53 rat
experiments (A and B) and 72 mouse experiments (C and D) were identified, where each
experiment included a control cohort (ad /ib access to food or fixed high-calorie ration)
paired with a DR cohort (restricted in caloric content). Survivorship experiments using the
ILSXISS recombinant inbred strains were excluded from this analysis (Liao et al., 2010a;
Rikke et al., 2010). The effect of DR on median or maximum lifespan was estimated in each
experiment (horizontal axis; note log, scale), and this effect was plotted against the size of
each experiment (vertical axis). The size of each experiment is defined as min(r, /), where
m_ is the number of animals assigned to the DR cohort while 71, is the number of animals
assigned to the control cohort. Experiments for which DR decreased median or maximum
lifespan are plotted within the grey region in each figure. The dotted vertical line denotes the
average effect size among all experiments (i.e., average treatment effect weighted by study
size). In the absence of publication bias, it is expected that effect sizes from individual
experiments will be symmetrically distributed to the left and right of the average effect size
(dotted line). In (A) and (B), the arrow denotes an outlying effect size estimate derived from
the study of Ross (1961) (Supplemental Table 1). Analyses were performed with and
without this outlying effect size estimate (see text).
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Figure 4. Effects of DR on survivorship of whiteratsin early laboratory studies from McCay
and colleagues

Survivorship curves were generated based upon experiments reported by McCay et al.
(1935; 1939). Grey regions in (A) — (D) outline the survival curve of AL-fed rats, while the
solid line represents the survival curve of DR-fed rats. Dotted lines denote one standard
error above and below the estimated survival curve of DR-fed rats. P-values shown in (A) —
(D) were generated from a log-rank test of the difference between the AL-fed and DR-fed
survival curves. (A) Female rats were restricted in caloric intake at the time of weaning (7=
23 DR-fed; n=22 AL-fed). At 25 months of age (arrow), half of the restricted rats were
placed on the control diet, while the other half remained on the restricted diet. (B) Female
rats were restricted in caloric intake two weeks after weaning (7= 19 DR-fed; n=22 AL-
fed). At 25 months of age (arrow), half of the restricted rats were placed on the control diet,
while the other half remained on the restricted diet. (C) Male rats were provided a DR diet
starting at an early age and maintained on this diet for at least 10 months (r7= 35 DR-fed; n
=17 AL-fed). Prior to 10 months of age (arrow), temperature declines in the laboratory
caused deaths in approximately half of the DR-fed rats. (D) Female rats were provided a DR
diet starting at an early age and maintained on this diet for at least 10 months (n= 37 DR-
fed; 7= 17 AL-fed). Prior to 10 months of age (arrow), temperature declines in the
laboratory caused deaths in approximately half of the DR-fed rats.
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Figure5. Accelerated failure time model-based estimates of DR effects on survivorship in 44
ILSXISS strains

Effects of DR on survivorship across ILSXISS recombinant inbred mouse strains were
evaluated based upon survivorship experiments performed at the University of Texas Health
Science Center at San Antonio (UTHSCSA) or University of Colorado at Boulder (UCB)
(Liao et al., 2010a; Rikke et al., 2010). For each strain, the percent increase in survivorship
due to DR was estimated by fitting an accelerated failure time model to survival data
(Swindell, 2009). Calculations were performed using UTHSCSA data pooled from both
sexes (A), UTHSCSA data from males only (B), UTHSCSA data from females only (C) or
UCB female data (D). Filled symbols represent the estimated percent increase in
survivorship due to DR and error bars span the 95% confidence interval associated with this
estimate. Shaded regions denote significant effects of DR (P < 0.05), including significantly
elevated survivorship due to DR (up-triangles) or significantly decreased survivorship due to
DR (down-triangles). Strain labels in the left margin have an asterisk symbol (*) if the
estimated effect of DR on lifespan remained significant following FDR adjustment of p-
values for multiple testing among all ILSXISS strains.
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Figure 6. Funnel plot analysis of publication biasin studiesthat have evaluated the effects of DR
on mouse lifespan (including I L SX1SS strains)

The funnel plot analyses shown in Figures 3C and 3D were repeated using survival data
from 72 mouse experiments in combination with 121 experiments that had evaluated
ILSXISS recombinant inbred mouse strains (193 experiments total; Supplemental Table 2)
(Liao et al., 2010a; Rikke et al., 2010). Experiments for which DR decreased median or
maximum lifespan are plotted within the grey region in each figure. The dotted vertical line
denotes the average effect size among all experiments (i.e., average treatment effect
weighted by study size). In the absence of publication bias, it is expected that effect sizes
from individual experiments will be symmetrically distributed to the left and right of the
average effect size (dotted line).
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Figure 7. Female IL SXISS lifespan estimates are correlated between independent studies under
the AL condition but not the DR condition

Female lifespan of the ILSXISS recombinant inbred mouse strains was measured at
University of Texas Health Science Center at San Antonio (UTHSCSA) and independently
measured at the University of Colorado (UCB) (Liao et al., 2010a; Rikke et al., 2010).
Figures (A) and (B) show the association between median lifespan estimates from the two
studies. In part (C), a comparison is made between ratios (DR / AL) of the median lifespan
estimates derived from each study. Figures (D) and (E) show the association between
maximum lifespan estimates from the two studies, where maximum lifespan is calculated by
averaging the two longest survival times for each strain and each study. In part (F), a
comparison is made between ratios (DR / AL) of the maximum lifespan estimates derived
from each study. The Spearman rank correlation is shown in the lower-right of each figure,
and an asterisk symbol is used to denote correlation estimates that are significant (P < 0.05).
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Figure 8. Effects of DR on median, early and late survival in IL SXISS recombinant inbred
mouse strains

Effects of DR on median, early and late survivorship were evaluated across ILSXISS strains
based upon experiments performed at University of Texas Health Science Center at San
Antonio (A — 1) and University of Colorado at Boulder (J — L) (Liao et al., 2010a; Rikke et
al., 2010). In the left column (A, D, G and J), the median lifespan is plotted for each strain
under the AL and DR conditions. In the middle column (B, E, H and K), the lowest two
survival times for each strain were averaged and plotted for the AL and DR conditions. In
the right column (C, F, 1 and L), the highest two survival times for each strain were averaged
and plotted for the AL and DR conditions. In each plot, the percentage of strains with a
larger survival estimate in the DR condition (i.e., above-diagonal points) is indicated in the
upper left (dark grey region). The percentage of strains with a larger survival estimate in the
AL condition (i.e., below-diagonal points) is indicated in the lower right (light grey region).
In one case, survival estimates were significantly more likely to be lower under the DR
condition in comparison to the AL condition (see Figure 8K; P = 0.02; sign test with 7= 42
strains).
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