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Abstract

Since the initial suggestion that rapamycin, an inhibitor of target of rapamycin (TOR) nutrient signaling, increased lifespan comparable to
dietary restriction, investigators have viewed rapamycin as a potential dietary restriction mimetic. Both dietary restriction and rapamycin
increase lifespan across a wide range of evolutionarily diverse species (including yeast, Caenorhabditis elegans, Drosophila, and mice) as well
as reducing pathology and improving physiological functions that decline with age in mice. The purpose of this article is to review the research
comparing the effect of dietary restriction and rapamycin in mice. The current data show that dietary restriction and rapamycin have different
effects on many pathways and molecular processes. In addition, these interventions affect the lifespan of many genetically manipulated mouse
models differently. In other words, while dietary restriction and rapamycin may have similar effects on some pathways and processes; overall,
they affect many pathways/processes quite differently. Therefore, rapamycin is likely not a true dietary restriction mimetic. Rather dietary
restriction and rapamycin appear to be increasing lifespan and retarding aging largely through different mechanisms/pathways, suggesting that
a combination of dietary restriction and rapamycin will have a greater effect on lifespan than either manipulation alone.
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Currently, the two most robust manipulations that increase lifespan
in mice are dietary restriction (DR; also called caloric restriction) and
rapamycin. McCay et al. (1) made the discovery that dramatically re-
ducing food consumption increased the lifespan of rats over 80 years
ago. Since this initial observation, numerous laboratories have con-
firmed these results and have shown that reducing food consumption
30% to 40% (without malnutrition) consistently increased both the
mean and maximum lifespan of laboratory rats and mice. In add-
ition, DR has been shown to increase the lifespan of a variety of or-
ganisms, ranging from invertebrates (yeast, Caenorbabditis elegans,
and Drosophila) to dogs and non-human primates (2). Studies in
the 1980s, primarily by Ed Masoro’s group at the University of
Texas Health Science Center in San Antonio (UTHSCSA) and Roy
Walford’s group at the University of California, conclusively dem-
onstrated that the increase in the lifespan of rats and mice by DR
occurred because the animals were aging more slowly because DR
improves physiological functions and reduces age-related pathology.

© The Author(s) 2019. Published by Oxford University Press on behalf of The Gerontological Society of America.

In 2004, Dave Sharp at UTHSCSA proposed that the NIA funded
Intervention Testing Program (https://www.nia.nih.gov/research/
dab/interventions-testing-program-itp) test the effect of rapamycin
on the lifespan of mice. Dave’s interest in aging came about when he
was part of a program project studying DR at UTHSCSA from 1998
to 2003. In trying to understand how DR had such a profound effect
on the lifespan and health span of mice, Dave became interested in
the potential role TOR (target of rapamycin) might play in the ef-
fects of DR because TOR was a nutrient sensor. In addition to that,
data from Michael Hall’s group (3) showed that rapamycin mim-
icked the starvation phenotype in yeast by inhibiting TOR. Dave hy-
pothesized that the reduced consumption of food by DR in mice and
rats reduced mTOR signaling, which leads to increased lifespan. The
report by Vellai et al. (4) showing that TOR regulated the lifespan
of C. elegans provided additional support for TOR playing a role in
the lifespan extension by DR. With Andy Bartke, Dave reported that
long-lived Ames dwarf mice showed evidence of reduced mTORC1,
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suggesting that TOR complexes somehow coordinated nutrient and
growth factor signaling in regulation of aging (5). Therefore, he pro-
posed to the Intervention Testing Program that feeding mice rapamy-
cin would reduce mTOR signaling, mimicking DR and/or the Ames
dwarf mouse phenotypes of increased lifespan. In 2006, the rapa-
mycin study was initiated, and in 2009, Harrison et al. (6) reported
the first data showing that rapamycin increased the lifespan of both
male and female mice. In the News and Views section of Nature,
in which the effect of rapamycin on the lifespan of mice was first
reported, Kaeberlein and Kennedy (7) wrote, “. . . it is tempting to
speculate that rapamycin may be functioning as a dietary-restriction
mimetic”. Thus, from the onset, the concept was that rapamycin
and DR were likely to be increasing lifespan through similar mech-
anisms/pathways. Since the initial report in 2009, there have been
nine additional studies showing that rapamycin increased the life-
span of a variety of strains of male or female mice, and these studies
have been described by Richardson et al. (8) and Aurriola Apelo and
Lamming (9). Although less well studied than DR, rapamycin also
reduces many pathologies that increase with age and improves many
(but not all) physiological functions that decline with age (10-12).
Initial studies in yeast (13) and C. elegans (14) showing that life
extension by TOR mutations was not increased by DR supported
the concept that DR and rapamycin increased lifespan through
similar mechanisms. Kapahi et al. (15) compared the effect of inhib-
iting TOR signaling by overexpressing dTsc2 on the lifespan of
Drosophila over a wide range of yeast concentrations and found a
greater extension of lifespan by dTsc2 at high yeast concentrations
than at low yeast concentrations, when the lifespan was maximal.
In 2010, Bjedov et al. (16) reported that rapamycin significantly in-
creased the lifespan of Drosophila over a wide range of yeast con-
centrations: both low yeast concentrations that maximized lifespan
as well as at high yeast concentrations that reduced lifespan. Bjedov
et al. (16) argued that rapamycin increased lifespan by “additional
mechanisms” compared to DR. It is possible that the differences
observed in the invertebrate studies are due to rapamycin having a

more diverse effect on lifespan than when TOR signaling is genetic-
ally targeted, that is, rapamycin affects pathways other than those
regulated by TOR.

The focus of this article is to review the data over the past 8 years
that have compared the effect of rapamycin and DR on various path-
ways and functions in mice with the goal of providing the research
community insight into whether rapamycin is a DR mimetic and
increases lifespan through a similar mechanism(s) as DR.

Comparison of the Effect of Rapamycin and DR
on Lifespan of Male and Female Mice

Although both rapamycin and DR increase the lifespan of various
strains of mice, it appears that they might show differences in male
and female mice. As given in Table 1, most of the studies that have
compared the effect of various doses of rapamycin on the lifespan
of male and female mice have found rapamycin to show a more ro-
bust effect on enhancing the lifespan of female mice than male mice
starting by the initial study by Harrison et al. (6) when they gave the
mice 14 ppm in their food. This difference is especially prominent
at the lower doses of rapamycin. When the data from all the studies
conducted to date are combined, the average effect of rapamycin on
the lifespan of female mice is approximately 19% compared to 10%
for males.

Although the effect of DR on the lifespan of rodents has been
studied for many decades, there are limited studies comparing the
effect of DR on male and female mice, and these are listed in Table
1. In contrast to rapamycin, the effect of DR on lifespan is similar
for male and female mice, except for DBA/2 mice where the effect
of DR on the lifespan is much greater for female mice (25%-36%)
compared to male mice (10%-16%). Combining the DR data from
all the mice except DBA/2 mice, the average effect of DR on the life-
span of female mice is 30% compared to 28% for male mice. Thus,
the current data indicate that while DR and rapamycin increase
the lifespan all strains of wild type mice tested; however, there are

Table 1. Comparison of the Effect of Rapamycin and Dietary Restriction on the Lifespan of Male and Female Mice

Increase in Lifespan

Reference Mouse Strain Age Initiated Dose Male Female

Rapamycin
Harrison et al. (6) UM-HET3 19 mo 14 ppm 9% 14%
Miller et al. (17) UM-HET3 9 mo 14 ppm 10% 18%
Miller et al. (18) UM-HET3 9 mo 4.2 ppm NS 16%
Miller et al. (18) UM-HET3 9 mo 14 ppm 13% 21%
Miller et al. (18) UM-HET3 9 mo 42 ppm 23% 26%
Zhang et al. (19) C56BL/6 19 mo 14 ppm NS 6%
Fok et al. (20) C56BL/6 4 mo 14 ppm 11% 16%
Bitto et al. (21) CS56BL/6 20 mo 126 ppm 21% 37%

Dietary restriction
Turturro et al. (22) C57BL/6 14 wk 60% AL ~24%* ~27%*
Turturro et al. (22) B6C3F1 14 wk 60% AL ~35%* ~33%?*
Turturro et al. (22) DBA/2 14 wk 60% AL ~10%* ~25%*
Bonkowski et al. (23) unknown 8 wk 70% AL 19% 28%
Flurkey et al. (24) UM-HET3 4-5 wk 66%-70% AL 32% 40%
Flurkey et al. (24) CByB6F1 4-5 wk 66%-70% AL 38% 49%
Mitchell et al. (25) C57BL/6 6 mo 60% AL 19% NS
Mitchell et al. (25) DBA/2 6 mo 60% AL 16% 36%

Notes: NS = not statistically significant. The lifespan data represent the percent increase in either median or mean lifespan of the dietary restricted mice com-

pared to mice fed ad libitum.
“Data calculated from lifespan curves in the publication.
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sex differences in the effect of these two manipulations on lifespan.
Except for DBA/2 mice, DR increases lifespan of male and female
mice to a similar extent, while rapamycin has a greater effect on lon-
gevity of female mice than male mice.

Effect of Rapamycin and DR on Mouse Models
of Disease

The possibility that DR and rapamycin might affect lifespan through
different mechanisms initially came from studies of mouse models of
diseases. Several studies show that rapamycin increases the lifespan
of mouse models of various diseases, especially cancer-prone mouse
models (for reviews see Richardson et al. (8) and Aurriola Apelo
and Lamming (9)). Although DR also has an effect on the lifespan
of various mouse models of disease, there are several examples of
mouse models where DR and rapamycin have different effects, and
these studies are listed in Table 2. In 2012, our group reported that
DR (60% ad libitum [AL]) but not rapamycin (14 ppm) increased
the lifespan of a mouse model of amyotrophic lateral sclerosis (26).
Sharp’s group (27) reported that rapamycin (14 ppm) increased life-
span of male and female Rb1*" mice; a cancer-prone mouse model.
The same group had earlier reported that DR (60% AL) had no
effect of the lifespan of male RH1* mice (28). More recently, Christy
et al. (29) reported that rapamycin (14 ppm) had no effect of the
lifespan of p53” mice even though DR was shown to increase the
lifespan of p53 mice over 70% (30). However, Comas et al. (36)
reported that Rapatar (a polymeric formulation of rapamycin given
at 0.5 mg/kg via gavage) increased the lifespan of p537 mice. Both
DR and rapamycin increase the lifespan of p53* mice (29,30,37).

Particularly impressive is the difference in the effect of rapam-
ycin and DR on the lifespan of mouse models of obesity and the
disruption of circadian rhythm. The two mouse models of obesity
and type 2 diabetes have been studied extensively: leptin-deficient
ob/ob mice and leptin-receptor deficient db/db mice. Harrison et al.
(31) reported that DR (~66% AL) increased the lifespan of ob/ob
mice over 50%. However, we found that rapamycin (14 ppm) re-
duced the lifespan of male and female db/db mice 18% to 23% (32).
Rapamycin and DR have also been shown to have dramatically dif-
ferent effects on the lifespan of mice with a disruption in the in the
circadian clock (ie, Bmall” mice). Bmall” mice are short lived and
exhibit premature aging (38). Khapre et al. (33) reported that treat-
ment with Rapatar (given at 125 mg/L in drinking water) resulted in
a 50% increase in the lifespan of Bmall” mice. However, Patel et al.
(34) found that DR (70% of AL) reduced the lifespan of both male
and female Bmall” mice approximately 25%.

Rapamycin and DR also have different effects on growth hor-
mone receptor knockout (GHR-KO) mice. It is well documented that
knocking out growth hormone receptor results in a 20% to 50%

increase in the lifespan of male and female mice (23,39,40). In 2006,
Bonkowski et al. (23) reported that DR (70% of AL) had no effect
on the lifespan of male GHR-KO mice and slightly increased max-
imum survival in female GHR-KO mice. In contrast, Fang et al. (35)
recently reported that rapamycin treatment (i.p. injection of 4 mg/
kg every other day) reduced the lifespan of both male and female
GHR-KO mice.

The effect of DR and rapamycin on neural stem cells has also
been studied. Park et al. (41) compared the effect of 12 months of
DR (60% AL) and rapamycin (14ppm) on hippocampal neural stem
and progenitor cell proliferation in 18-month-old male and female
C57BL/6 mice. They found that DR increased the number of divid-
ing cells, including dividing neural stem cells in the dentate gyrus of
female mice, but not in male mice. However, rapamycin had no effect
on the basal level of progenitor cell division or the size of the stem
cell pool in either male or female mice.

Effect of Rapamycin and DR on mTOR
Signaling and Autophagy

To our knowledge the first report to show that DR reduced mTOR
signaling came from a study on the mechanism of action of DR in
preventing mammary tumors in MMTV-TGF-a mice, which showed
that 7 to 16 months of DR (50% reduction in food consumption)
reduced mTOR signaling in mammary tissue (42). Fok et al. (43)
was the first group to compare the effect of DR and rapamycin on a
variety of parameters. They found that 6 months of DR (ie, 60% AL)
or rapamycin treatment (14 ppm) reduced mTOR signaling to the
same extent in liver (Figure 1). Figure 1 also shows that combining
DR and rapamycin did not reduce mTOR signaling further. Fok
et al. (43) also measured autophagy in the liver of the mice because
autophagy is one of the major pathways regulated by mTOR, for
example, reduced mTOR signaling results in increased autophagy
and increased mTOR signaling results in reduced autophagy (44). As
shown in Figure 1, autophagy was induced to a similar extent by DR
and rapamycin in mouse liver and that combining DR and rapamy-
cin did not result in a significant additional increase in autophagy.
Subsequently, several reports have shown that DR reduces mTOR
signaling in brain (45,46), adipose tissue (42), intestine (47), and
skeletal muscle (48). These data are consistent with the original con-
cept that DR and rapamycin are acting through similar mechanisms.

Effect of Rapamycin and DR on Insulin
Sensitivity
It is well documented that DR has a dramatic effect on insulin sensi-

tivity, and it has been argued that improved insulin sensitivity plays
a role in the life-extending action of DR (49). In 1992, Masoro et al.

Table 2. Effect of Rapamycin and Dietary Restriction on the Lifespan of Various Genetic Mouse Models

Effect on Lifespan

Mouse Model Rapa DR Reference
Amyotrophic lateral sclerosis (H46R/H48Q) No effect 14% increase (26)
Cancer prone (Rb*") 9%-14% increase No effect (27,28)
Cancer prone (p537) No effect >70% increase (29,30)
Genetically obese (ob/ob & db/db) 18%-23% decrease >50% increase (31,32)
Disruption of Circadian clock (Bmall”) 50% increase 25% decrease (33,34)
Growth hormone receptor knockout 5%—-8% decrease No effect (23,35)
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Figure 1. Effect of DR and rapamycin on mTOR signaling and autophagy.
The mTOR pathway was assessed in liver samples by measuring levels of
phosphorylated S6 respect to the total S6 and autophagy by measuring levels
of LC3Il and LC3I (LC3II/LC3I ratio). At 2 months of age, male C57BL/6 mice
were fed either ad libitum (AL, blue), 60% of AL (DR, red), 14 ppm rapamycin
(Rapa, green), or DR and rapamycin (DR+Rapa, orange) for 6 months.The mice
were fasted for 16 hours before they were used in this study. The data were
obtained from 10 mice per group and expressed as mean + SD; an asterisk
denotes those values that are significantly different from AL mice at the p <.05
level. There was no significant difference between the DR, Rapa, or DR+Rapa
groups. The data for the AL, DR, and Rapa mice taken from Fok et al. (43)
while the data for the DR+Rapa mice were generated at the same time but
not published. Full color version is available within the online issue.

(50) showed that DR significantly reduced plasma glucose and in-
sulin at low levels throughout the lifespan of male F344 rats. Similar
results were observed in male C57BL/6 mice (51). Several studies
subsequently showed that both short- and long-term DR signifi-
cantly improved glucose and insulin tolerance in laboratory rodents
(25,52-54). DR has also been shown to have a similar effect in
non-human primates; Gresl et al. (55), showed that DR increased
insulin sensitivity and plasma glucose disappearance rate in Rhesus
monkeys. Studies from humans have also shown that DR improves
insulin sensitivity (56,57). In contrast, Lamming et al. (58) reported
in 2012 that chronic rapamycin treatment (~2mg/kg/day) lead to
glucose intolerance and insulin resistance in both male and female
C57BL/6 mice as measured by the hyperinsulinemic-euglycemic
clamp. The apparent dichotomy of effect on glucose metabolism sug-
gests that rapamycin may not be a DR mimetic. Subsequently, there
have been a large number of reports studying the effect of rapamycin
on glucose and insulin tolerance in mice.

We directly compared the effects of 6 months of DR or rapamy-
cin on insulin sensitivity (43). As shown in Figure 2, DR and rapa-
mycin had quite different effects on glucose and insulin tolerance in
male C57BL/6 mice. While DR improved insulin sensitivity as shown
by increased glucose and insulin tolerance, rapamycin resulted in
glucose intolerance. Two subsequent studies by our group further
pointed towards an uncoupling of rapamycin-mediated effects on
longevity and glucose metabolism. Miller et al. (18) measured glu-
cose tolerance in male and female UM-HET3 mice fed three levels
of rapamycin (4.7, 14, and 42 ppm) for 1 month. Rapamycin signifi-
cantly increased glucose intolerance, which increased with increas-
ing rapamycin levels, and this effect was more pronounced in male
mice. Interestingly, the increased glucose intolerance was associated
with increased lifespan of the mice; mice on 42 ppm rapamycin lived
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Figure 2. Effect of DR and rapamycin on glucose and insulin tolerance.The data
were obtained from male mice described in Figure 1, and data are expressed
as mean +SEM for 10 mice per group.The values that are significantly different
(p <.05) from AL mice is shown by the asterisks. The data for the AL (blue), DR
(red), and Rapa (green) mice taken from Fok et al. (43) while the data for the
mice treated with both rapamycin and DR (orange) were generated at the same
time but not published. Full color version is available within the online issue.

longer and were more glucose intolerant. Liu et al. (59) reported
that feeding rapamycin (14 ppm) for 2 or 4 months induced glu-
cose intolerance and insulin resistance in both male C57BL/6 and
UM-HET3 mice fed either low- or high-fat diets. Importantly, they
showed that the effect of rapamycin on glucose and insulin tolerance
was lost within weeks after stopping rapamycin treatment. Other
laboratories have also reported that rapamycin resulted in insulin
resistance in mice as shown by the reduction in either glucose and/
or insulin tolerance (60-62). Fang et al. (35) studied the effect of
rapamycin on the GHR-KO mice, which are hypoinsulinemic and
extremely insulin sensitive (63). They found that rapamycin-induced
insulin resistance in GHR-KO mice (35).

While most of the studies show that rapamycin results in insulin
resistance/glucose intolerance in mice, there are studies reporting
that rapamycin has no effect or improves glucose tolerance or in-
sulin sensitivity. In 2013, Fang et al. (64) reported that rapamycin
treatment (injected i.p.) of a genetically heterozygous strain of male
mice resulted in insulin resistance after 2 to 6 weeks of treatment;
however, insulin sensitivity was improved after 5 months of rapamy-
cin treatment. Lesneiwski et al. (65) reported that while ~4 months
of rapamycin (14 ppm) lead to glucose intolerance in young male
B6D2F1 mice; rapamycin improved glucose tolerance in old
(~30 months) male mice. Lamming et al. (66) reported that feeding
UM-HET?3 mice rapamycin (14 ppm for 3 or 12 weeks) leads to glu-
cose intolerance in both young (6 months) and old (21 months) mice.
However, in contrast to their previous study in C57BL/6 mice, rapa-
mycin treatment had no effect on insulin tolerance in UM-HET3
mice. Reifsnyder et al. (67) reported that rapamycin treatment
(14 ppm) did not exacerbate impaired glucose or insulin tolerance
in five classic mouse strains of type 2 diabetes and increased insulin
sensitivity in three of the strains. On the other hand, Rapatar was
reported to improved glucose tolerance and insulin sensitivity in db/
db mice (68). More recently, den Hartigh et al. (69) reported that
rapamycin (14 ppm) improved insulin sensitivity in male C57BL/6
male mice fed a high-fat, high-sucrose diet and for 20 weeks.

To directly address shared mechanistic pathways between DR
and rapamycin, we tested the effect of combined DR and rapamycin
intervention in mice (70). As shown in Figure 3, mice given a com-
bination of DR and rapamycin showed improved glucose and insulin
tolerance compared to mice fed AL or rapamycin alone. These data
indicate that DR can over-ride the negative effects of rapamycin on
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Figure 3. Effect of DR and rapamycin on the liver transcriptome.The principle
component analysis of transcriptome data obtained from the livers of AL
(blue), DR (red), rapamycin (green) and DR + rapamycin (orange) mice are
shown for the top three principle components. Using linear discrimination
predictor and the quadratic discriminant analysis, the PCA data were
statistically analyzed. The DR group showed perfect separation of 1 between
either the AL group or the rapamycin group. The rapamycin group showed
a separation of 0.8 from the AL group, which indicates separation but some
overlap between the two groups. Similarly, when the DR group was compared
with the DR + rapamycin group a separation of 0.8 was observed. However,
when the DR + rapamycin group was compared to either the rapamycin group
or AL group, a perfect separation of 1 was observed. Data were taken from
Fok et al. (70). Full color version is available within the online issue.

insulin sensitivity. Therefore, would a manipulation that can negate
rapamycin’s harmful effect on insulin sensitivity have a beneficial
effect on lifespan when combined with rapamycin? The Intervention
Testing Program recently studied the effect of combining metformin
with rapamycin on lifespan because metformin, an anti-diabetic
drug, might help alleviate insulin resistance induced by rapamycin
(71). When male and female UM-HET3 mice were fed a combin-
ation of metformin (0.1%) and rapamycin (14 ppm), lifespan was
significantly increased, and this increase in lifespan appeared to be
greater than previous studies in which rapamycin was given alone
(72). Weiss et al. (73) reported that glucose intolerance induced in
female UM-HET3 mice by rapamycin (14 ppm) was reversed by
treatment with metformin (0.1%) but not in male mice even though
lifespan was increased in both male and female mice (72). These re-
sults again suggest that in mice, the effects of rapamycin on longevity
and glucose metabolism can be at least partially uncoupled.

In summary, the current data consistently show that DR im-
proves glucose tolerance and insulin sensitivity in mice. However, the
effect of rapamycin on glucose tolerance and insulin sensitivity is less
clear as given in Table 3. Almost all the studies with wild type strains
of mice show reduced glucose tolerance when treated with rapamy-
cin. However, the reports on the effect of rapamycin on insulin sensi-
tivity are mixed. While several studies show that rapamycin induces
insulin resistance, many studies show no change, and a few studies
show that rapamycin improves insulin sensitivity. In contrast to wild
type strains of mice, many studies with mice that have insulin resist-
ance, that is, fed high-fat diets or were genetic models of diabetes,

report that rapamycin treatment improves insulin sensitivity. It is
not clear at this time why different results are found for the effect of
rapamycin on insulin sensitivity; however, the differences could be
related to the duration of rapamycin treatment, the mode of treat-
ing mice with rapamycin, or the strain of mice studied. It has been
suggested that rapamycin induces insulin resistance at least partially
through inhibition of mTORC2 complex, and chronic administra-
tion of rapamycin may also impair insulin action via inhibition of
mTORCI (58,74).

Effect of DR and Rapamycin on Various
Metabolic Pathways

Miller et al. (18) studied the effect of 5 months of DR (60% AL) or
rapamycin (14 ppm) on circulating levels of several endocrine fac-
tors in UM-HET3 mice (10). It is well established that DR reduces
circulating levels of IGF-1 (75,76). Miller et al. (18) also observed
that DR reduced plasma levels of IGF-1 significantly but rapamycin
did not. In addition, Miller et al. (18) observed that DR but not
rapamycin, increased circulating levels of thyroid hormone T4 and
reduced circulating levels of leptin. They also studied the effect of
rapamycin or DR on circulating levels of FGF-21, a hormone pro-
duced by the liver in response to prolonged fast (77). Zhang et al.
(78) reported that transgenic mice overexpressing FGF-21 live
longer. Miller et al. (18) reported that DR resulted in a dramatic de-
crease in plasma FGF-21 levels, while rapamycin either had no effect
(males) or significantly increased (females) plasma levels of FGF-21.
In contrast, Kuhla et al. (79) reported that DR (60% AL) increased
plasma levels of FGF-21.

Two groups have compared the effect of DR and rapamycin on
liver metabolism. Fok et al. (70) evaluated the effect of 6 months
of DR (60% AL) or rapamycin (14 ppm) on the liver metabolome
by measuring the levels of over 1,000 metabolites in the livers
of male C57BL/6 mice. DR significantly altered the levels of 173
metabolites; however, rapamycin had no significant effect on any
of the metabolites studied. Most of the metabolite pathways that
were significantly changed by DR were related to regulation of
energy status, for example, amino acid, carbohydrate, lipid, and
energy (which included the Krebs cycle and oxidative phosphor-
ylation). Interestingly, when mice were treated with both DR and
rapamycin, a significant change was observed in an additional 92
metabolites. Thus, a combination of DR and rapamycin had a
greater effect on the liver metabolome than DR alone. In a second
report, Yu et al. (80) studied the effect of 6 months of DR or rapa-
mycin in same mice on various metabolic pathways in liver. Both
DR and rapamycin inhibited lipogenesis and activated lipolysis in
liver and increased serum levels of free fatty acids. However, only
DR activated B-oxidation, leading to the increased production of
ketone bodies by the liver. In contrast, Fang et al. (64) reported
that 5§ months of rapamycin treatment (4mg/kg i.p.) significantly
increased total ketone body in plasma of mice with a heterozygous
genetic background.

Recently, Choi et al. (81) studied the effect of DR and rapamycin
on the metabolome of yeast. They found that DR had a greater effect
on the yeast metabolome than rapamycin, for example, out of 113
metabolites identified, DR significantly altered the levels of ~35% of
the metabolites and rapamycin ~10% of the metabolites. Less than
20% of the metabolites that changed were the same for the yeast
treated with DR or rapamycin. Choi et al. (81) also found that DR,
but not rapamycin, up-regulated genes for f-oxidation in yeast.
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Table 3. Effect of Rapamycin on Glucose Tolerance and Insulin Sensitivity in Mice

Duration of Treatment Glucose Tolerance Insulin Sensitivity

Reference Strain (Sex) and Age of Mice Dose

Chang et al. (60) KK/HIJ(M)? 2 mg/kg*
4-6 wk

Lamming et al. (58) C57BL/6 (M&F) age? 2 mg/kg*

Yang et al. (61) B6D2F1(?) old 14 ppm

Fok et al. (43) C57BL/6 (M) 14 ppm
2 mo

Laming et al. (66) UM-HET3(M) 14 ppm
6 mo

Laming et al. (66) UM-HET3(M) 14 ppm
21 mo

Fang et al. (64) Mixed(M) 4 mg/kg™
3 mo

Fang et al. (64) Mixed(M) 4 mg/kg*
3 mo

Fang et al. (64) Mixed(M) 4 mg/kg™
3 mo

Miller et al. (18) UM-HET3 (M&F) 4.7,14, 42 ppm
4 mo

Liu et al. (59) UM-HET3(M)? 14 ppm
10-12 mo

Liu et al. (59) CS7BL/6(M)® 14 ppm
2 mo

Reifsnyder et al. (67) KK(M) 14 ppm
8-11 wk

Reifsnyder et al. (67) KK-Ay(M) 14 ppm
8-11 wk

Reifsnyder et al. (67) NcZ10(M) 14 ppm
8-11 wk

Reifsnyder et al. (67) BKS-db/db(M) 14 ppm
8-11 wk

Reifsnyder et al. (67) NcZ10(M) 14 ppm
8-11 wk

Lesniewski et al. (65) B6D2F1(M) 14 ppm
~4 mo old

Lesniewski et al. (65) B6D2F1(M) 14 ppm
30 mo old

Samidurai et al. (68) db/db(?) Rapatar®
adult

Fang et al. (35) GHR-KO(M) 4 mg/kg™*
3 mo

den Hartigh et al. (69) CS57BL/6(M)* 14 ppm
10 wk

Weiss et al. (73) UM-HET3 (M&F) 4 mo 14 ppm

42d Decrease Decrease
2 wk Decrease Decrease
1 mo Decrease NC

6 mo Decrease NC
3and 12 wk Decrease NC

3 and 12 wk Decrease NC

2 wk Decrease Decrease
6 wk Decrease NC

S mo Decrease Increase
1 mo Decrease -

2 and 4 mo Decrease Decrease
2 and 4 mo Decrease Decrease
2-6 wk NC NC

2-6 wk NC NC

2-6 wk NC Increase
2-6 wk NC Increase
2-6 wk NC Increase
6-8 wk Decrease -

6-8 wk Increase -

10 wk Increase Increase
5 mo NC Decrease
5 mo Increase Increase
1,2,3,and 9 mo Decrease Decrease

Notes: NC = no change. Unless otherwise indicated, rapamycin was given in the food. The asterisk shows those studies where rapamycin was given by i.p. in-

jection.
*Mice fed a high-fat diet.
"Mice fed either a high-fat or low-fat diet.

‘Rapatar is a polymeric formulation of rapamycin fed at 0.75 mg/kg in water.

In summary, the current studies comparing the effect of DR or
rapamycin on various metabolic pathways show that these two ma-
nipulations have quite different effects on most of the pathways cur-
rently studied. This is particularly striking in the studies in which the
metabolome of yeast or mouse was measured.

Effect of DR and Rapamycin on Gene
Expression and DNA Methylation
The first report comparing the effect of DR and rapamycin on the

expression of specific mRNA transcripts came from Fok et al. (43) in
which 2-month-old male C57BL/6 were treated with DR (60% AL)

or rapamycin (14 ppm) for 6 months. They reported that DR and
rapamycin had significantly different effects on the levels of tran-
scripts for cyclin D1, p16, p21, and all the Sirt genes except Sirt5.
Subsequently, Miller et al. (18) measured the expression of 52 hepatic
genes involved in xenobiotic metabolism in the livers of 4-month-
old male and female UM-HET3 mice treated with DR (60% AL) or
rapamycin (14 ppm) for 8 months. They found that the change in
pattern of expression of the genes involved in xenobiotic metabolism
were “quite distinct” in the DR and rapamycin mice.

The studies by Fok et al. (43) and Miller et al. (18) led our group
to conduct a comprehensive analysis of the liver transcriptome of
male C57BL/6 mice maintained on either DR, rapamycin (14 ppm),
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or a combination of DR and rapamycin for 6 months (70). As shown
in Figure 3, principal component analysis of the transcriptome data
showed that the DR mice form a separate group from control mice
fed AL or mice fed rapamycin. Using a fold change of >15% and
a false discovery rate of ¢ < 0.05, Fok et al. (70) identified over
2,500 genes, out of the 25,600 transcripts analyzed, that changed
significantly by either DR or rapamycin. Only ~20% of these 2,500
genes were changed similarly by DR and rapamycin, that is, ~80%
of the transcripts that changed were unique to either DR or rapamy-
cin treatment. DR had a greater effect on up-regulated genes, and
rapamycin had a greater effect on down-regulated genes. Ingenuity
Pathway Analysis of the transcriptomic data revealed that about
two-thirds of the pathways identified were unique to either DR or
rapamycin. Of those pathways altered by both DR and rapamycin,
protein ubiquitination, mTOR signaling, mitochondrial function,
and the Nrf2 pathways received the highest scores. One of the most
interesting outcomes of the study by Fok et al. (70) was the major
increase in the number of genes (more than 1,800) that were signifi-
cantly changed by a combination of DR and rapamycin, suggesting a
potential synergistic effect. Rapamycin combined with DR not only
increased the number of transcripts that were significantly changed,
but also increased the fold change in the expression of many of the
transcripts. As would be expected, more pathways were significantly
changed by the combination of DR and rapamycin than DR or
rapamycin alone. Subsequently, Fok et al. (82) measured the tran-
scriptome of adipose tissue obtained from the same mice and found
even a greater difference between mice fed DR and rapamycin. The
expression of only six genes changed significantly with rapamycin
while over a thousand changed with DR.

Recently, Choi et al. (81) compared the effect of DR and rapa-
mycin on the transcriptome of yeast. Principal component analysis
showed that the transcriptome data appeared as distinct clusters.
DR had a much greater effect on the transcriptome that rapamycin;
DR significantly changed the expression of 2,006 genes compared to
439 genes for rapamycin. Approximately 25% of the genes showed
similar changes for both DR and rapamycin. They also found that
the changes in the yeast transcriptome were associated with different
pathways/processes. Thus, the transcriptome data from yeast is
quite comparable to data obtained from the liver and adipose tissue
of mice.

Because rapamycin is known to affect translation at the step of
initiation (83), comparing the effect of DR and rapamycin on protein
synthesis is important. Rabinovitch’s group measured the synthesis
and turnover of proteins in the liver of 3- and 25-month-old female
C57BL/6 mice treated with DR (60% AL) or rapamycin (14 ppm)
for 10 weeks (84). Compared to age-matched controls, DR increased
the protein half-lives 35%—-60% while rapamycin increased protein
half-lives 15%. The effect of rapamycin and DR on protein turn-
over and abundance differed greatly between canonical pathways
with DR most closely recapitulating the young phenotype. They also
found that DR reduced polysome loading while rapamycin increased
loading. Thus, the study by Karunadharma et al. (84) indicates that
DR and rapamycin have different effects at the level of translation.

More recently, investigators have compared the effect of DR
and rapamycin on epigenetic regulation, specifically DNA methyla-
tion. Using an epigenetic-clock they had developed for mouse liver,
Wang et al. (85) reported that both DR (60% AL) and rapamycin
(42 ppm) showed a reduction in the clock; however, the decrease
was ~30% greater for DR than rapamycin. Cole et al. (86) measured
DNA methylation changes across all 42 million CpG sites in the
liver genome at the single-nucleotide level in mice fed AL compared

to dwarf mice and mice fed either DR (60% AL) or rapamycin
(42 ppm). Age-associated hypomethylation was suppressed in both
DR and dwarf mice and to a lesser extent in rapamycin-treated mice.
Hypermethylation was also suppressed by DR but not rapamycin.
Both DR and rapamycin also induced changes in DNA methylation
(hypomethylation or hypermethylation) at sites that did not change
with age; however, rapamycin showed greater changes in DNA
methylation than DR.

Summary

Once it was established that the DR’s effect on lifespan arose be-
cause DR retarded aging, questions were raised about how a ma-
nipulation as simple as reducing food consumption could trigger
such a dramatic effect on the lifespan of an animal. To answer this
question, Dave Sharp proposed in 2004 that changes in nutrient
sensing through mTOR signaling was responsible for how an or-
ganism sensed DR at the molecular level. More importantly, his
proposal was experimentally testable. When Harrison et al. (6) dem-
onstrated that the lifespan of mice could be increased by feeding
mice rapamycin to reduce mTOR signaling, the research community
assumed that rapamycin was mimicking DR and that the effect of
DR and rapamycin on lifespan were likely to be occurring primarily
through similar pathways/mechanisms. This concept was supported
by the fact that DR and rapamycin are two of the most robust ma-
nipulations known to retard aging, increasing lifespan across a wide
range of evolutionarily diverse species.

Initially, studies with yeast and C. elegans supported the concept
that DR and mutations in TOR signaling increased lifespan through
similar pathways; however, it became clear as more studies were
published that DR and rapamycin had different effects on a number
of pathways and processes in mice as described above. For example,
while it is well documented that both DR and rapamycin increase
the lifespan of various strains of mice, the effect of rapamycin on
lifespan is greater in female than male mice, while DR increases the
lifespan of male and female mice similarly in most strains of mice. In
addition, the lifespans of many genetically modified mouse models
are affected differently by DR and rapamycin. One of the most pro-
nounced differences in DR and rapamycin is their effect on insulin
sensitivity; DR improves insulin sensitivity while rapamycin tends to
make mice glucose intolerant and insulin resistance (43,59). Using
an unbiased approach to study the transcriptome and metabolome
as well as the synthesis of proteins, investigators have shown that
most of the changes in transcripts, metabolites, or newly synthesized
proteins in liver were unique to each manipulation (70,80-82,84).
Thus, while DR and rapamycin affect some of the transcripts/
proteins/metabolites similarly, the overwhelming majority of the
changes are unique to either DR or rapamycin. Because similar ef-
fects were observed in tissues from mice as well as yeast, these data
provide strong evidence that DR and rapamycin are affecting tissues/
cells differently.

Based on the current data, we believe that it is likely that the
effect of DR and rapamycin lifespan/aging in mice occurs pri-
marily through different pathways even though DR and rapamy-
cin have similar effects on some pathways (eg, mTOR signaling and
autophagy). This leads us to predict that a combination of DR and
rapamycin will have a greater effect on lifespan/aging than either
DR or rapamycin alone. Unfortunately, there are very few studies
that have evaluated the effect of combining DR and rapamycin.
Bjedov et al. (16) reported that feeding rapamycin to Drosophila
on a DR-diet resulted in a greater increase in lifespan. Studies from
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our group on the transcriptome and metabolome show that a com-
bination of rapamycin and DR significantly increased the number
of transcripts or metabolites that were changed compared to the
number altered by either DR or rapamycin alone (70). It should be
noted that the combination of DR and rapamycin also resulted in a
larger change in the expression of many of the transcripts that DR
alone. In addition, it is possible that combining DR with rapamycin
might negate negative effects of rapamycin, for example, insulin re-
sistance (Figure 2). For example, combining metformin with rapa-
mycin improved glucose tolerance (73) and appeared to increase the
lifespan of the mice more than rapamycin alone (72). Therefore, it
would be important in the future to determine whether combining
DR and rapamycin results in an increase in lifespan over that com-
pared to mice fed DR alone. If the combination of DR and rapamy-
cin results in a greater increase in lifespan than DR alone, it would
be strong evidence that the effect of DR and rapamycin increase
lifespan occur through different pathways/mechanisms. In addition,
this result would demonstrate that combining manipulations that
increase lifespan would lead to the development of an intervention
that would be more effective at retarding aging.
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