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Abstract
Dietary restriction (DR) was reported to either have no effect or reduce the lifespan 
of the majority of the 41-recombinant inbred (RI) lines studied by Liao et al. (Aging 
Cell, 2010, 9, 92). In an appropriately power longevity study (n > 30 mice/group), we 
measured the lifespan of the four RI lines (115-RI, 97-RI, 98-RI, and 107-RI) that were 
reported to have the greatest decrease in lifespan when fed 40% DR. DR increased 
the median lifespan of female RI-115, 97-RI, and 107-RI mice and male 115-RI mice. 
DR had little effect (<4%) on the median lifespan of female and male 98-RI mice and 
male 97-RI mice and reduced the lifespan of male 107-RI mice over 20%. While our 
study was unable to replicate the effect of DR on the lifespan of the RI mice (except 
male 107-RI mice) reported by Liao et al. (Aging Cell, 2010, 9, 92), we found that the 
genotype of a mouse had a major impact on the effect of DR on lifespan, with the 
effect of DR ranging from a 50% increase to a 22% decrease in median lifespan. No 
correlation was observed between the changes in either body composition or glucose 
tolerance induced by DR and the changes observed in lifespan of the four RI lines 
of male and female mice. These four RI lines of mice give the research community a 
unique resource where investigators for the first time can study the anti-aging mecha-
nism of DR by comparing mice in which DR increases lifespan to mice where DR has 
either no effect or reduces lifespan.
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1  |  INTRODUC TION

The first and the most studied manipulation shown to increase 
lifespan in mammals is dietary restriction (DR). The classic study by 
McCay et al. (1935) showed that one could increase the lifespan of 
rats by dramatically reducing their food consumption early in life. 
Since this initial observation, numerous laboratories have confirmed 
these results and have shown that reducing food consumption 30% 
to 50% (without malnutrition) consistently increased the mean and 
maximum lifespan of both laboratory rats and mice (Masoro, 2005; 
Weindruch & Walford, 1988). The increase in lifespan by DR was 
found to be similar for laboratory rats and mice used in aging re-
search and similar for females and males, that is, no pronounced sex-
ual dimorphism was observed (Austad, 2017; Turturro et al., 1999), 
which is different than has been reported for other manipulations 
that the Intervention Testing Center has shown to increase the lifes-
pan of mice. The exception is DBA2 mice where DR increased the 
lifespan of female mice twice as much as male mice.

The effect of DR on longevity is not limited to rodents as DR has 
been reported to increase the lifespan of a large number of diverse 
animal models in addition to rodents: invertebrates (Kapahi et al., 
2017), dogs (Lawler et al., 2005), and non-human primates (Mattison 
et al., 2017; Pifferi et al., 2018). Because of the broad effect of DR 
on lifespan, it became accepted that the effect of DR on lifespan 
was universal, that is, it occurs in all organisms. However, the uni-
versality of DR’s effect on longevity was called into question in 2010 
when Liao et al. reported the effect of 40% DR on the lifespans of 
41 different recombinant inbred (RI) lines of female and male mice. 
Surprisingly, less than one-third of the RI lines showed a significant 
increase in lifespan as was expected. On the contrary, approximately 
one-third of the RI lines mice showed a decrease in lifespan on the 
DR diet and one-third showed no effect of DR on lifespan. These 
data were a surprise to the many in the research community because 
the data contradicted the prevailing view that DR was a universal, 
beneficial intervention with respect to lifespan and aging. However, 
a few previous studies, which had largely gone ignored, also reported 
that some mouse strains did not show an increase in lifespan when 
fed a DR diet, for example, male wild-caught mice (Harper et al., 
2006) and male DBA/2 mice (Forster et al., 2003), although Turturro 
et al. (1999) showed DR increased life span of male DBA/2 mice. In 
addition, Mattison et al. (2012) reported that DR did not significantly 
increase the lifespan of rhesus monkeys.

One of the major limitations of the study by Liao et al. (2010) was 
the number of mice used to measure lifespan in each RI line of male 
and female mice, which was limited to 10 or less mice per group. In 
addition, a report from the same team was unable to replicate the ef-
fect of DR on the lifespan of many of the female RI lines (Rikke et al., 
2010). Therefore, the goal of this study was to determine the replica-
bility of the lifespan data for the RI lines of mice when a larger num-
ber of mice (e.g., 30 to 45 mice/group) were used to assess the effect 
of DR on lifespan. Because we could only study a limited number of 
strains of mice using larger numbers of mice to measure lifespan, we 
focused our attention on those RI lines reported to show a decrease 

in lifespan for the following reasons. First, we felt that the data from 
the RI lines that showed no significant increase in lifespan could have 
simply resulted from the small number of mice studied, resulting in 
the inability to detect a significant difference in lifespan. Therefore, 
we felt it was more likely that the RI lines showing a decrease in lifes-
pan would give us the best opportunity to identify RI lines that did 
not respond to DR. Second, we were interested in determining if DR 
actually resulted in a decrease in the lifespan of the RI lines because 
such an observation is rare, and in many cases where it has been 
observed, it has not been replicated. We describe below the effect 
of DR on the lifespans of male and female mice from four RI lines of 
mice: 115-RI, 107-RI, 98-RI, and 97-RI. Our data show that four out 
of the eight groups of mice studied showed a significant increase 
in lifespan with DR while the other four show either no significant 
effect of DR on lifespan or reduced lifespan.

2  |  RESULTS

2.1  |  Lifespan analysis

One possible explanation for the contradictory data on the effect 
of DR on the lifespan of the RI mice could arise because the level of 
DR required to increase lifespan is genotype-dependent. In other 
words, it is possible that 40% restriction used by Liao et al. (2010) 
had a negative effect on lifespan of some of the RI lines. Therefore, 
a lower level of DR might increase the lifespan of the genotypes that 
did not respond or responded negatively to DR. This possibility is 
supported by two studies that showed lower levels of DR are effec-
tive at increasing the lifespan of rats (Richardson et al., 2016) and 
mice (Mitchell et al., 2016). To test this possibility, we first studied 
the effect of various levels of DR (10%, 20%, and 40%) on the RI 
line that Liao et al. (2010) reported DR to have the greatest nega-
tive effect on the lifespan of male and female mice, 115-RI mice, 
for example, DR (40%) reduced the mean survival of female and 
male 115-RI mice ~85% and ~70%, respectively. Figure 1 shows the 
lifespan curves we obtained from the female and male 115-RI mice 
fed ad libitum (AL) on the three levels of DR, and Table 1 gives the 
lifespan data and the statistical analysis of these data. It is apparent 
that the lifespan of the female 115-RI mice is much shorter than the 
male mice, for example, median lifespan is ~30% less for female mice 
compared with male mice. Liao et al. (2010) also reported a similar 
difference in the lifespan of male and female 115-RI mice. As can 
be seen from Figure 1a and Table 1, 40% DR significantly increased 
the lifespan of both female and male mice whether measured by the 
mixed effects Cox models or the parametric models with Gompertz 
distribution. However, DR had a much greater effect on the lifespan 
of the female 115-RI mice than male mice, for example, median sur-
vival was increased 50% for female mice compared with only 9% for 
males. DR (40%) also significantly increased both the median and 
mean survival of the female 115-RI mice; however, the increase in 
the median or mean survival of the male 115-RI mice was not statis-
tically significant. The 90th percentile survival was increased by 35% 
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and 12% for female and male mice, respectively, fed 40% DR. We 
also used the maximum lifespan test developed by Gao et al. (2008) 
to statistically test for significant differences in maximum lifespan 
by testing for differences in the upper tail of the distribution in the 
survival data. The maximum lifespan test did not quite reach statisti-
cal significance for the female 115-RI mice but was significant for 
the male 115-RI mice.

As can be seen from Figure 1 and Table 1, lower levels of DR had 
a smaller effect on lifespan than 40% DR such that in male 115-RI 
mice, 10% and 20% DR did not significantly increase any measure 
of lifespan. In contrast, the survival curves for 10%, 20%, and 40% 
DR show a graded effect of DR on lifespan of female 115-RI mice, 
that is, greater the level of DR the greater the increase in survival. A 
similar trend was observed when the lifespan data were presented 
as violin plots (Figure 1b). The lifespan of the female 115-RI mice 
was significantly increased by 20% DR as measured by either the 
mixed effects Cox models or the parametric models, resulting in a 
16%, 27%, and in 24% increase in mean, median, and 90th percentile 
survival, respectively. However, the increase in mean and median 
survival was not significant and the maximum lifespan test was not 
significant. Although 10% DR increased both the median and 90th 
percentile survival of the female 115-RI mice by 12%, none of the 
measures of lifespan were significantly increased by 10% DR.

Because 10% and 20% DR did not show any evidence of a greater 
increase in lifespan of the 115-RI mice compared with 40% DR, we 
focused our effort on the effect of 40% DR on lifespan, which al-
lowed us to study the effect of DR on three other RI lines: 97-RI, 
98-RI, and 107-RI mice. Liao et al. (2010) reported that the mean 
survival of both female and male 97-RI mice was reduced over 50% 
by 40% DR. As Figure 2a and Table 1 show, we found that 40% DR 

significantly increased the lifespan of female 97-RI mice as measured 
by the parametric hazard analysis, as well as a significant (10%) in-
crease in median survival. DR increased the 90th percentile survival 
6%, and the maximum lifespan test was also significant. The violin 
plots in Figure S1 also show a shift toward the DR mice living longer. 
In contrast, 40% DR had no significant effect on any measure of the 
lifespan of male R97-RI mice. However, as can be readily observed 
from the survival curves in Figure 2a or the violin plots in Figure S1, 
DR resulted in an increase in deaths in the first half of life in the male 
97-RI mice; however, the survival was similar in the later-half of the 
lifespan.

We next studied 98-RI mice because Liao et al. (2010) reported 
that 40% DR reduced the mean survival of both female and male 
98-RI mice over 40%. The survival curves and lifespan data for 
the female and male 98-RI mice in Figure 2b and Table 1  show 
that 40% DR had no significant effect on the lifespan of the fe-
male mice. On the contrary, we observed a statistically significant 
decrease in the lifespan of male 98-RI mice as measured by both 
the mixed effects Cox models and the parametric models. The de-
crease in mean, median lifespan, and 90th percentile of 10%, 2%, 
and 4% was small and not significant for mean and median lifes-
pan. However, the maximum lifespan test showed a significant dif-
ference for the DR mice compared with AL mice. The violin plots 
in Figure S1 in the supplement also show that the distribution of 
the lifespan data is similar for AL and DR in both female and male 
98-RI mice.

The 107-RI mice were the last RI line we studied. We selected 
these mice because Liao et al. (2010) reported that this RI line 
showed one of the greatest sex differences in the effect of 40% DR 
on lifespan. DR had no effect on the lifespan of female 107-RI mice 

F I G U R E  1 Lifespan of female and male 
115-RI mice fed AL and DR. Panel a shows 
the Kaplan–Meier survival curves for 
mice fed AL (blue) and 10% (yellow), 20% 
(green), and 40% (red) DR. The number of 
mice in each group and the analysis of the 
survival data are given in Table 1. Panel b 
shows the violin plots for the distribution 
of the lifespans for the age at death for 
each of the mice in the four groups of 
115-RI mice. The solid lines show the 
quartiles and the dashed line the median
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but reduced the mean survival of male 107-RI mice by 50%. The 
lifespan data in Figure 2c and Table 1 show that 40% DR increased 
the lifespan of female 107-RI mice as measured by either the mixed 
effects Cox models or the parametric models, resulting in a 24% 
increase in both mean and median survival and a 10% increase in 
90th percentile survival. The increase in median survival was sig-
nificant; however, either the change in mean survival or the maxi-
mum lifespan test was statistically significant. In contrast, 40% DR 
resulted in a statistically significant decrease in the lifespan of male 

107-RI mice as measured by either the mixed effects Cox models 
or the parametric models, resulting in a 22%–23% decrease in the 
mean and median survival, which was statistically significant for 
both. A 13% decrease in the 90th percentile survival was observed, 
which was a statistically significant difference as measured by the 
maximum lifespan test. The violin plots in Figure S1 also show that 
DR shifted the distribution of lifespan of female 107-RI mice to a 
longer lifespan while DR shifted the distribution to a shorter lifes-
pan in male mice.

TA B L E  1 Effect of DR on the lifespan of female and male RI mice

Diet N Mean (± SEM)a Mediana 90th %a
Max life- 
span test Maxa,b p Value for lifespan

RI-115-Females

AL 33 676 ± 25 p Valuec 620 p Valued 846 p Valuee 1115 Coxf Parametricg

10% 35 720 ± 34 0.460 697 0.493 949 0.099 1155 0.087 0.120

20% 38 782 ± 37 0.071 788 0.061 1052 0.113 1112 0.006 0.002

40% 38 845 ± 48 0.006 929 0.006 1139 0.054 1217 <0.001 <0.001

RI-115-Males

AL 36 851 ± 32 882 1078 1161

10% 41 822 ± 45 0.604 918 0.849 1110 0.228 1181 0.520 0.585

20% 40 887 ± 33 0.534 882 0.638 1107 0.240 1174 0.310 0.340

40% 43 914 ± 43 0.266 960 0.241 1202 0.007 1240 <0.001 0.008

RI-97-Females

AL 34 892 ± 34 951 1038 1082

40% 32 957 ± 44 0.387c 1050 0.013d 1105 0.004e 1128 0.078f 0.004g

RI-97-Males

AL 34 953 ± 11 966 1005 1042

40% 25 868 ± 37 0.499c 936 0.538d 1035 0.061e 1128 0.980f 0.862g

RI-98-Females

AL 39 930 ± 50 1060 1192 1248

40% 29 968 ± 47 0.625c 1079 0.698d 1163 0.516e 1204 0.470f 0.888g

RI-98-Males

AL 31 1071 ± 19 1069 1172 1211

40% 30 967 ± 37 0.321c 1045 0.198d 1132 0.024e 1156 0.049f 0.019g

RI-107-Females

AL 35 774 ± 41 846 1032 1231

40% 45 956 ± 34 0.096c 1049 0.006d 1141 0.121e 1172 0.006f <0.001g

RI-107-Males

AL 34 894 ± 30 930 1068 1137

40% 45 684 ± 35 0.005c 729 0.003d 925 0.001e 1018 <0.001f <0.001g

aData are given in days.
bAge when the last mouse in the group died.
cLinear Mixed Models used to test significance in mean lifespans compared to AL mice.
dQuantile mixed regression used to test the difference in median lifespans compared to AL mice.
eMaximum lifespan test based on both the number past the 90th percentile as well as longevity in that old sub-group compared to AL mice.
fMixed effects Cox proportional hazards analysis
gParametric proportional hazard models with Gompertz distribution were used to test for differences in lifespan curves between each DR group and 
mice fed AL.
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2.2  |  Analysis of body mass/composition and 
glucose tolerance

In their study with the RI mice, Liao et al. (2010) reported that the ef-
fect of 40% DR on lifespan was inversely correlated fat reduction, that 
is, mice showing the lowest reduction in fat when fed 40% DR were 
more likely to have extended lifespan. In comparing male and female 
C57BL/6 and DBA/2 mice fed 20% and 40% DR, Mitchell et al. (2016) 
also found that the mice that preserved their fat mass in response to 
DR showed the greatest increase in survival. Therefore, we measured 
the effect of DR on body and fat mass in the four RI lines of male 
and female mice to determine if changes in body mass or composi-
tion were correlated with the ability of DR to increase the lifespan of 
the mice. The data in Figure 3 show the body weights of the four RI 
lines of mice fed AL or 40% AL. As expected, all of the mice showed 

a decrease in body weight. When measuring body composition, we 
observed no significant change in the percent of lean body mass with 
DR in most of the RI lines at any age (Figure S2). However, the changes 
in fat mass by DR varied in the four RI lines. Figure S4 in the supple-
ment shows the fat mass in grams, and Figure 4 shows the percent fat 
for the four lines from ~2 to 18 months of age. The percent body fat 
was reduced by DR in male and female 115-RI mice, which show an 
increase in lifespan, and in male 97-RI and 107-RI mice, which show 
no change or a decrease in lifespan, respectively. On the contrary, DR 
did not reduce the percent body fat in the female 97-RI and 107-RI 
mice, which show an increase in lifespan, and male 98-RI mice, which 
show a small decrease in lifespan. Interestingly, the percent body fat 
was significantly increased by DR in the female 98-RI mice, which 
show an increase in lifespan. To determine if there was a correlation 
between the change in body mass or composition induced by DR and 

F I G U R E  2 Effect of 40% DR on the 
lifespan of female and male RI mice. 
Panel a, Panel b, and Panel c shows the 
Kaplan–Meier survival curves for female 
and male 97-RI, 98-RI, and 107-RI mice, 
respectively, fed AL (blue) and 40% (red) 
DR. The number of mice in each group 
and the analysis of the survival data are 
given in Table 1
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lifespan, we plotted the percent change in fat mass, body mass, and 
lean body mass induced by DR at 12 and 18 months of age versus the 
change in medium lifespan induced by DR. As shown in Figure 5, we 
found no significant correlation between the changes in fat mass and 
lifespan. Interestingly, the group (female 98-RI mice) that showed the 
least change (actually slight increase) in fat mass by DR showed no 
increase in lifespan by DR. We also observed no correlation between 
changes in body mass or lean body mass and lifespan.

One of the hallmarks of DR is improved glucose tolerance and 
insulin sensitivity, and these changes have been proposed to play a 
role in the life-extending action of DR (Bartke et al., 2001; Barzilai 
et al., 1998). Therefore, we compared the effect of 40% DR on glu-
cose tolerance in the four RI lines of male and female mice. Because 
we previously showed that 40% DR can enhance glucose tolerance 
in C57BL/6 mice within 10 days after implementation of DR (Matyi 
et al., 2018), we measured glucose tolerance 30 and 90 days after 

implementing DR (e.g., at 2.5 and 4.5 months of age). Figure S6 shows 
the curves for the glucose tolerance tests, and Figure 6 shows the 
data when expressed as the area under the curve. Most of groups 
showed improved glucose tolerance; however, DR had no signifi-
cant effect on glucose tolerance in 115-RI females, which showed 
the greatest increase in lifespan by DR. Glucose tolerance was sig-
nificantly reduced at 4.5 months of age by DR in female 98-RI mice, 
which showed no increase in lifespan. Thus, we found no relationship 
between the impact of 40% DR on glucose tolerance and lifespan.

3  |  DISCUSSION

Over the past four decades, there have been a large number of 
studies showing that DR increased the lifespan of different strains 
of rats and mice. However, there are limited data comparing the 

F I G U R E  3 Effect of 40% DR on the 
body mass of female and male RI mice. 
The data show the mean ± SEM. The 
number of mice per group is shown above 
each bar: Panel a 115-RI mice, Panel b 97-
RI mice, Panel c, 98-RI mice, and Panel d 
107-RI mice. The data for each time point 
were analyzed as AL vs DR by two-tailed 
Students t test. Values where the DR mice 
(red bars) are significantly different from 
AL mice (blue bars) are shown by *p > 
0.05, **p 0.01, and ***p > 0.001
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effect of DR on different strains of rats or mice under identi-
cal conditions conducted by the same laboratory. Turturro et al. 
(1999), as part of the NIA’s Biomarkers Aging Program, conducted 
the first study in which the effect of DR on the lifespan was di-
rectly compared at the same time in different strains of rats and 
mice commonly used in aging research and available from the NIA 
animal colony. These lifespan studies were conducted using an 
identical degree of DR, 40%. They studied both sexes of three 

strains of rats (F344, BN, and BNF344F1) and four strains of mice 
(C57BL/6N, DBA2/N, B6D2F1, and B6C3F1). DR was initiated at 
14 weeks of age and was found to increase significantly the lifes-
pans of all strains of female and male rats and mice. For example, 
the median increase in survival for mice ranged from 15% (male 
DBA2/N and C57BL/6N mice) to 52% (DBA2/N female mice) with 
the average increase in median survival of ~30%. Interestingly, 
the increase in lifespan by DR was similar in males and females 

F I G U R E  4 Effect of 40% DR on the 
percent fat mass of female and male RI 
mice. The percent fat mass is expressed 
as the fat mass divided by the body mass 
of each animal, and the data show the 
mean ± SEM. The number of mice per 
group is shown above each bar: Panel a 
115-RI mice, Panel b 97-RI mice, Panel c, 
98-RI mice, and Panel d 107-RI mice. The 
data for each time point were analyzed as 
AL Vs DR by two-tailed Students t test. 
Values where the DR mice (red bars) are 
significantly different from AL mice (blue 
bars) are shown by *p > 0.05, **p 0.01, and 
***p > 0.001
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for all the rats and the mice, except for DBA2/N mice, which 
showed a much greater effect of DR in females. In 2010, Liao 
et al. (2010) conducted a more extensive study of the effect of 
genotype on the response of mice to 40% DR when initiated at 2 
to 5 months of age. They used male and female mice of 41 ILSXISS 
(formerly called LXS) RI lines. These inbred RI mice were gen-
erated by Williams et al. (2004) to analyze genetic variation in 
alcohol sensitivity (Bennett et al., 2006) and were derived from 
an eight-way cross of the inbred strains: A, AKR, BALB/c, C3H/2, 
C57BL, DBA/2, Is/Bi, and RIII. As described above, Liao et al. 
(2010) observed that less than a third of the RI lines they stud-
ied showed a significant increase in lifespan when placed on 40% 
DR. Of particular interest was the observation that approximately 
one-third of the mice showed a shortened lifespan on 40% DR, 
which was unexpected. The study by Liao et al. (2010) has been 
the most extensive study to date on the effect of genotype on the 
life-extending action of DR because they used a large number of 
strains of inbred mice, which were genetically diverse because of 
the RI lines came from an eight-way cross. However, because of 
the large number of RI lines compared, the study suffered from 
the small number of mice they used to measure lifespan for each 
sex and each RI line.

As noted above, the goal of this study was to determine if the 
inability of certain RI lines of mice to respond to DR could be rep-
licated when a larger number (30 to 45 mice/group) of mice were 
used, which would allow us to detect a 10% change in lifespan (Liang 
et al., 2003). Of the eight groups of mice (female and male mice of 
four RI lines) studied, we were able to replicate the observation of 
only one of the eight results previously reported by Liao et al. (2010). 
This was for the male 107-RI mice, which showed that DR resulted in 
a 22% decreased in mean survival compared with the 50% decrease 
in mean survival reported by Liao et al. (2010). We did observe that 
DR significantly reduced the lifespan of male 98-RI mice; however, 

this decrease (2% for median lifespan) was very small compared with 
the report by Liao et al. (2010), who observed over a 40% decrease 
in mean lifespan. Based on the effect of DR on the lifespan of other 
strains of mice we studied, which showed similar changes in median 
survival as the 98-RI mice without significant change in lifespan by 
DR (e.g., male 97-RI and female 98-RI mice fed 40% DR and male and 
female 115-RI mice fed 10% DR), we believe that the small effect of 
DR on the lifespan of male 98-RI mice, even if real, may be less likely 
to be replicated across a broad variety of environments/laborato-
ries. Because we were unable to replicate the effect of DR in seven 
out of the eight of the groups of mice that Liao et al. (2010) studied, 
their data should be viewed with reservation until the lifespan of the 
other RI lines is determined using larger numbers of mice.

Although we were unable to replicate the observations reported 
by Liao et al. (2010) in seven out of the eight groups studied, our 
data demonstrated that the effect of DR on lifespan varied greatly 
in the four RI lines studied. DR significantly increased the lifespan of 
four of the eight groups, for example, female and male 115-RI mice 
and female 97-RI and 107-RI mice. The increase in median lifespan 
ranged from 9% to 50%. However, DR had little effect (less than 3% 
change in median survival) on the lifespan of three groups, male 97-
RI mice and female and male 98-RI mice. Only the male 107-RI mice 
showed a major decrease in lifespan.

We also observed that the effect of DR on lifespan was sexu-
ally dimorphic in two of the four RI lines studied. In 97-RI mice, DR 
increased (10%) the lifespan of female mice but had no significant 
effect on the lifespan of male mice. In the 107-RI line, the sex dif-
ference was major. DR increased the median survival of female mice 
24% and reduced the median survival of male mice 22%. The sex 
differences in response to DR that we observed in the RI lines are 
quite different than Turturro et al. (1999) previously observed in 
the strains of rats (F344, BN, and BNF344F1) and mice (C57BL/6N, 
DBA2/N, B6D2F1, and B6C3F1) they studied. They reported that 

F I G U R E  5 Correlation between changes in body composition and lifespan induced by DR. The average percent change at 12 and 
18 months of age in fat mass, body mass, and lean body mass (LBM) induced by 40% DR is plotted versus the change in median lifespan for 
each of the eight groups of mice: female 115 ( ), male 115 ( ), female 107 ( ), male 107 ( ), female 98 ( ), male 98 ( ), female 97 ( ), and 
male 97 ( )
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40% DR significantly increased the lifespan of both male and females 
in all strains of rats and mice.

Previous studies have suggested that the ability of mice to pre-
serve their fat mass in response to DR was correlated with a greater 
increase in lifespan (Liao et al., 2010; Mitchell et al., 2016) and that 
glucose and insulin sensitivity was important in the anti-aging ac-
tion of DR (Bartke et al., 2001; Barzilai et al., 1998). Therefore, we 
measured the changes in body and fat mass and glucose tolerance 
induced by DR in the eight groups of mice. Table 2  summarizes 
our findings listing the eight groups of mice in order of the effect 
of 40% DR on their median survival and the effect of DR on body 

composition and glucose tolerance. As can be seen from Table 2, we 
were unable to show any consistent association between the effect 
of DR on any of these measures and the effect of DR on lifespan. 
Thus, we observed a separation of the effects of DR two of the hall-
marks of DR, adiposity and insulin sensitivity, and longevity.

In summary, our study was to a large extend unable to replicate 
the effect of DR on the lifespan of the four RI lines reported by Liao 
et al. (2010); therefore, the lifespan data in their study should be 
considered suspect because of the limited number of mice used to 
measure lifespan. However, our data support the general conclusion 
of their study that genotype has a significant impact on the response 

F I G U R E  6 Effect of 40% DR on the 
glucose tolerance of female and male RI 
mice. Data from the glucose tolerance 
curves in Figure S6 in the supplement are 
expressed as the area under the curve 
for mice fed AL (blue bars) or DR (red 
bars) at 3 and 9 months of age. The data 
are expressed as the mean ± SEM. The 
number of mice per group is shown above 
each bar: Panel a 115-RI mice, Panel b 97-
RI mice, Panel c, 98-RI mice, and Panel d 
107-RI mice. The data for each time point 
were analyzed as AL vs DR by two-tailed 
Students t test. Values where the DR mice 
(red bars) are significantly different from 
AL mice (blue bars) are shown by *p > 
0.05, **p 0.01, and ***p > 0.001
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of an animal to DR. While we observed half of the groups of mice 
we studied showed an increase in lifespan when fed DR, the other 
half either did not respond to DR or showed a decrease in lifespan. 
These RI lines are potentially an important resource for investigators 
studying the anti-aging mechanism of DR because these strains of 
mice will allow investigators for the first time to compare mice in 
which DR increases lifespan to mice where DR has either no effect 
or reduces lifespan. These comparisons will give investigators a new 
approach to identifying pathways that are altered only in mice show-
ing an increase in lifespan, which will give us a better understanding 
of mechanism that is involved in the anti-aging action of DR. Jin et al. 
(2020) have shown the power of this approach when they compared 
the genome and metabolome of strains of Drosophila that varied 
widely in their lifespan in response to DR. They were able to “pin-
point” cellular pathways and three genes that governed the variation 
in lifespan by DR. One of these genes was CCHa2R, the Drosophila 
homolog of the human oxidation resistance 1 (OXR1) gene, which 
was only identified through this approach. It had not previously been 
implicated in aging or DR in Drosophila.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Animals and lifespan analysis

We obtained the following four RI lines from The Jackson 
Laboratory: ILS/ISS115/TejJ (115-IR), ILS/ISS97/TejJ (97-RI), ILS/
ISS98/TejJ (98-RI), and ILS/ISS107/TejJ (107-RI) at 4 weeks of age. 
Because of the large number of mice required for each RI line and 
the poor fecundity of the RI mice, it was impractical to obtain all the 
mice at one time. Therefore, we obtained 60 to 80 mice every 6 to 
8 weeks in four cohorts over a period of 6 to 7 months. The first co-
hort of each RI line was fed ad libitum and was used to measure the 
food consumption of the male and female mice for that RI line over 
the lifespan of the mice. The subsequent 3 cohorts of mice were 
divided equally into the three DR groups, and each DR group was 
fed the amount of diet based on the food consumption of the male 
or female RI mice fed ad libitum. The mice were housed in the animal 

facility at the University of Oklahoma Health Sciences Center and 
maintained under SPF conditions in a HEPA barrier environment. 
The mice were housed under controlled temperature and light con-
ditions (12-12h light-dark cycle) and fed ad libitum irradiated NIH-
31 mouse/rat diet from Teklad (Envigo, Madison, WI). At 6 weeks of 
age, the mice were separated into the different dietary regimens, for 
example, ad libitum (AL), 10% DR, 20% DR, and 40% DR for the 115-
RI mice and AL and 40% DR for the 97-RI, 98-RI, and 107-RI mice. 
The food consumption by the AL group of each RI line and sex was 
measured every week until 6 months of age and then every month 
and the amount of NIH-31 diet given to the DR groups each day was 
adjusted accordingly, that is, the DR groups were fed 90%, 80%, or 
60% of the food consumed by the AL mice for 10%, 20%, and 40% 
DR, respectively. Because food consumption was relatively constant 
after 12 months of age, we discontinued measuring food consump-
tion in AL mice at 18 months of age and used the food consumption 
at 18 months of age as the basis of the food given to the DR mice 
after 18 months of age. We did not do a step-wise reduction in food 
given the mice; rather the mice were immediately put on 40% (or 
10% and 20%) DR at 6 weeks of age to be consistent with the study 
by Liao et al. (2010). It should be noted that the DR diets were not 
fortified with vitamins or minerals, which was identical to the DR 
protocol used by Liao et al. (2010). The mice in the survival studies 
were allowed to live out their lifespan without any manipulations 
except for cage changes every other week and the daily feeding of 
the DR groups. The mice were housed 5 mice/cage initially and were 
maintained in their respective cages until they died resulting in less 
than 5 mice/cage as mice in the cage died. The mice were monitored 
daily, on weekends, and holidays for overall health and morbidity 
and allowed to die naturally unless they were either unable to move 
to obtain food/water, experience pain from the presence of large 
tumors, or exhibit a major loss of weight (20%) indicating they would 
die within 24 to 48 h.

The statistical analysis of the lifespan data was conducted by 
the Comparative Data Analytics Core of the University of Alabama 
at Birmingham Nathan Shock Center at the Indiana University 
School of Public Health, and the data can be accessed via the 
Comparative Data Analytics Core, and the analysis took into 

TA B L E  2 Summary of data from the four RI lines of mice studied

RI Line
Δ in Median 
Lifespan by DR

Median Lifespan 
of AL

Δ in Body Mass 
by DRa

Δ in Fat Mass 
by DRa

Δ in GTT 
by DRb

115-Female +50% 630 days −21% −54% −1%

107-Female +24% 846 days −30% −40% −21%

97-Female +10% 951 days −26% −28% +4%

115-Male +9% 882 days −25% −59% +5%

98-Female NS 1062 days −20% +4% +47%

98-Male NS 1069 days −25% −25% −13%

97-Male −2% 966 days −33% −61% −27%

107-Male −22% 930 days −29% −45% −50%

aAverage change at 13.5 and 18 months of age.
bChange measured at 4.5 months of age.
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consideration the random effects that might arise because of the 
different cohorts of mice used in the study for each line. Using R 
software, the following analyses were performed to compare the 
lifespan curves of the AL and DR groups: (1) mixed effects Cox pro-
portional hazards analysis, (2) parametric survival analysis, using 
exponential, log-normal, Weibull, and Gompertz distributions, (3) 
Quantile mixed regression to test the difference in median (50th 
percentile) lifespan, (4) Linear Mixed Models to compare mean 
lifespans, (5) Kolmogorov–Smirnov tests for the difference in dis-
tributions, and (6) the maximum lifespan test (Gao et al., 2008). 
For the maximum lifespan test, the threshold for “long” lifespan 
was set to be the 90th percentile of all the groups combined, 
and a new variable Z was coded, where Z = 0 for animals dying 
before the threshold, and Z = lifespan for animals reaching the 
long-life threshold. Wilcoxon–Mann–Whitney tests then compare 
Z between groups for significance. Notably, there were no missing 
(censored) data, which allowed standard comparisons of distribu-
tions that do not require accommodation for censored data. The 
analyses were performed separately for each combination of sex 
and strain. The AL group was used as a reference group.

To account for potential correlation of animals housed within 
cage, and animals arriving to the laboratory within cohort, random 
effects were included in the analyses for cage and cohort, where 
cages are nested within cohort. For the mixed effects Cox models 
and Linear Mixed models, cohort and cage were included as random 
effects. Quantile mixed regressions included cage as a random ef-
fect, while the additional variance term for cohorts was precluded 
in standard software (R, SAS, Stata). Parametric survival models, the 
Kolmogorov–Smirnov test, and the Maximum Lifespan test do not 
include random effects, which may inflate type I error. Comparing 
AICs between the different parametric distributions, the lowest AIC 
was realized with the Gompertz distribution; therefore, the results 
with the Gompertz distribution were reported. P-values are all two-
sided tests, comparing each diet group to the AL group, and are re-
ported unadjusted.

4.2  |  Body composition and glucose tolerance test

Body composition and glucose tolerance were conducted in a sepa-
rate cohort of mice for longitudinal analysis that were maintained 
on AL and DR diet for each line and sex. Body composition of the 
AL and DR fed live mice was measured using nuclear magnetic res-
onance spectroscopy (NMR-Bruker minispec) at ~2.5, ~4.5, ~13.5, 
and ~16.5 months of age (30, 90, 360, and 500 days of DR, respec-
tively). Body fat and lean body mass of the animals in each group 
were measured.

Glucose tolerance was determined on each strain and sex after 
an overnight fast of mice at ~2.5 and ~4.5 months of age (30 and 
90 days of DR, respectively). Mice were weighed and injected in-
traperitoneal with 20% glucose (2 g/kg), and blood glucose levels, 
collected from tail, were measured over a 120-min period using a 
glucometer (Contour next EZ from Bayer). The area under curve 

(AUC) for each curve was determined and represented as AUC glu-
cose (mmol × 120 min).
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