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Abstract

Inhibition of the mTOR (mechanistic target of rapamycin) signaling pathway by the FDA-approved drug rapamycin promotes life span in
numerous model organisms and delays age-related disease in mice. However, the utilization of rapamycin as a therapy for age-related diseases
will likely prove challenging due to the serious metabolic and immunological side effects of rapamycin in humans. We recently identified
an intermittent rapamycin treatment regimen—2 mg/kg administered every 5 days—with a reduced impact on glucose homeostasis and the
immune system as compared with chronic treatment; however, the ability of this regimen to extend life span has not been determined. Here,
we report for the first time that an intermittent rapamycin treatment regimen starting as late as 20 months of age can extend the life span of
female C57BL/6] mice. Our work demonstrates that the anti-aging potential of rapamycin is separable from many of its negative side effects
and suggests that carefully designed dosing regimens may permit the safer use of rapamycin and its analogs for the treatment of age-related

diseases in humans.
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Inhibition of the mechanistic target of rapamycin (mTOR) complex
1 (mTORC1) by rapamycin extends life span in mice even when
treatment begins late in life (1,2). Excitingly, rapamycin also pre-
vents or delays the onset of age-related diseases, rejuvenates the
aging heart, ameliorates age-related cognitive decline, and promotes
health in mouse models of Alzheimer’s disease and progeria (3—-11).
Unfortunately, rapamycin and its analogs have a number of poten-
tially serious side effects in humans, including immunosuppression
and metabolic dysfunction, which may preclude the long-term use
of rapamycin as an anti-aging therapy (12-14). One possible strat-
egy to decrease the side effects of chronic rapamycin treatment is to
allow for frequent drug holidays, and indeed rapamycin administra-
tion for 2 weeks out of every 4 also extends life span in mice (15,16).
However, the impact of rapamycin on glucose homeostasis persists
for at least 2 weeks following cessation of treatment, and thus rela-
tively short drug holidays likely do not substantially limit the dura-
tion of side effects (17,18).

Although the canonical target of rapamycin, nTORCI, is acutely
sensitive to rapamycin, we recently discovered that long-term treat-
ment with rapamycin also inhibits mTOR complex 2 (mTORC2),
in vivo, resulting in glucose intolerance and hepatic insulin resist-
ance (19-21). Rapamycin inhibits mMTORC2 in many metabolically
active tissues, including the liver, adipose tissue, skeletal muscle,
and pancreas and also potently inhibits mTORC2 in immune cells
(20,22-25). Selective genetic inhibition of mMTORC1 or mTORC2
demonstrates that inhibition of mTORC1 is sufficient to promote
longevity, whereas inhibition of mTORC2 is associated with nega-
tive metabolic and immunological consequences, and even decreases
the life span of male mice (12,26).

Importantly, disruption of mTORC2 occurs only after pro-
longed exposure to rapamycin (27). We recently hypothesized that
the differential kinetics of mTORC1 and mTORC2 inhibition by
rapamycin might create a therapeutic window through which inter-
mittent administration of rapamycin might more specifically target
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mTORC1 (28). We determined that intraperitoneal administration
of 2mg/kg rapamycin once every 5 days had a substantially reduced
impact on glucose homeostasis and the immune system in C57BL/6]
mice. Although we observed sustained inhibition of mTORC1 in
some tissues, the ultimate efficacy of this alternative treatment regi-
men as an anti-aging intervention was not determined.

In this study, we treated C57BL/6] female mice with 2 mg/kg rapa-
mycin once every 5 days starting at 20 months of age. We assessed
glucose homeostasis, body composition, and energy expenditure and
determined mean and maximal life span. We find that this alternative
treatment regimen significantly extends both average and maximum
life span in C57BL/6] female mice. Importantly, we did not observe
negative impacts of this regimen on glucose homeostasis, body com-
position, or metabolism.

Materials and Methods

Animals and Treatments

Animal studies were approved by the Institutional Animal Care
and Use Committee of the University of Wisconsin—-Madison and
the William S. Middleton Memorial Veterans Hospital, Madison,
WI. C57BL/6].Nia female mice were purchased from the National
Institute of Health Aging Rodent Colony at approximately
19 months of age and were left unperturbed for 1 month. At
approximately 20 months of age, mice were randomly assigned
to receive either vehicle (3.3 mL/kg of 0.9% NaCl, 5% PEG400,
5% Tween 20, and 3% ethanol) or 2 mg/kg rapamycin (in vehicle)
intraperitoneally once every § days. Glucose and insulin tolerance
tests were performed by fasting the mice overnight for 16 hours
and then injecting either glucose (1g/kg) or insulin (0.75 U/kg)
intraperitoneally. Glucose measurements were performed using a
Bayer Contour blood glucose meter and test strips. Mouse body
composition was determined using an EchoMRI 3-in-1 Body
Composition Analyzer (Houston, TX) according to the manu-
facturer’s procedures. For assays of food consumption, meta-
bolic parameters, and activity tracking, mice were acclimated to
housing in a Columbus Instruments Oxymax/CLAMS metabolic
chamber system (Columbus, OH) for approximately 24 hours, and
data from a continuous 24-hour period were then recorded and
analyzed.

Life span Analysis

A total of 40 mice were used in the life span study with 20 mice
in the control group and 20 mice in the rapamycin-treated group.
Mice provided by the NIA Aging Rodent Colony have a speci-
fied birth month but not a specified birthdate, and our analyses
assume that all mice were born on the 15th day of the birth month.
Mice were maintained in specific pathogen-free housing with at
least two mice per cage and were euthanized for humane reasons if
moribund. Mice found dead were also noted at each daily inspec-
tion. Six rapamycin-treated mice—all of the mice from two cages
received from the NIA Aging Rodent Colony—demonstrated severe
dermatitis and were removed from the study; necropsy revealed
fatal neoplastic disease in four of these animals. These animals
were excluded from the analysis in Figure 1A but were included
in the analysis in Figure 1B and C. Kaplan—-Meier survival analysis
was performed and a one-tailed log-rank test was performed using
Prism 6 (GraphPad Software). We computed maximum life span
at the 75th percentile using a one-tailed Boschloo’s unconditional
exact test (29).

Materials

Chemicals were purchased from Sigma unless noted. Rapamycin was
purchased from LC Labs.

Results

We obtained aged female C57BL/6] mice from the National
Institute on Aging Aged Rodent Colony and administered either
rapamycin (2mg/kg) or vehicle once every 5 days beginning at
20 months of age. The analysis of Kaplan—Meier life span curves
found a significant extension of life span, and we also observed
a significant extension of maximum life span (Figure 1A). Of the
mice intermittently treated with rapamycin, 29% survived the
death of the longest-lived mouse receiving vehicle alone. In this
analysis, we excluded two cages of mice in which all six of the
mice developed severe dermatitis; the effect of intermittent rapa-
mycin administration on both overall life span and maximum life
span remains significant if we include those mice which contracted
dermatitis but were not euthanized as a result (Figure 1B), or if
we include all six of these mice, including those euthanized for
dermatitis (Figure 1C). Life span data for each mouse are listed in
Supplementary Table 1.

One of the most pronounced side effects of continuous rapamy-
cin administration in rodents of all ages and genetic backgrounds is
impaired glucose homeostasis (17-20,30-32). We assessed the effect
of intermittent rapamycin administration on glucose homeostasis by
performing fasting glucose (Figure 2A) and insulin (Figure 2B) toler-
ance tests after 8 weeks of treatment; each test was performed 5 days
after the previous administration of rapamycin. Consistent with our
recent demonstration that intermittent rapamycin administration
had minimal impact on glucose homeostasis in young mice (28), we
observed no difference in either glucose or insulin tolerance between
vehicle-treated animals and animals treated intermittently with rapa-
mycin. These results sharply contrast with the impaired glucose tol-
erance observed during continuous administration of rapamycin to
mice (17-20,33).

The effect of rapamycin on weight and body composition is
unclear, with continuous rapamycin administration associated with
increased body weight and adiposity when given to mice fed a high-
fat diet (17) and intermittent rapamycin administration associated
with decreased body weight and beneficial metabolic effects in other
recent studies (34,35). We measured weight and body composition
in all mice before commencing the experiment; in a subset of mice,
we tracked the change in body weight on a monthly basis thereafter
(Figure 3A). We saw no significant change in body weight at any time
point. We determined the weight and body composition of all surviv-
ing mice at 750 days of age and calculated the change in weight, fat
mass, and lean mass in mice over the first 5 months of the experi-
ment. To avoid the confounding effects of weight loss prior to death,
we excluded all mice that died in the following 8 weeks from our
analysis. We observed a trend (p = .069) toward decreased weight
gain in rapamycin-treated mice; consistent with this, we observed a
trend (p = .087) toward reduced lean mass gain in mice treated with
rapamycin (Figure 3B and C).

We placed mice at 25 months of age in metabolic chambers in
order to assess food consumption, spontaneous activity, respira-
tion, and energy expenditure. Intermittent rapamycin administra-
tion tended to increase food consumption during the dark cycle
(Figure 4A), despite a decrease in spontaneous locomotor activity
(Figure 4B). The respiratory exchange ratio (RER) indicates the pre-
dominant carbon source for ATP synthesis. Interestingly, RER was
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Figure 1. Intermittent administration of rapamycin extends life span. (A) Kaplan-Meier plot showing life span of C57BL/6J.Nia female mice administered
rapamycin (2mg/kg) or vehicle once every 5 days (n = 20 vehicle-treated mice, 14 rapamycin-treated mice; p = .002, one-tailed log-rank test). Mean, median,
and maximum (75th percentile, p = .005, one-tailed Boschloo exact test) life span are shown; this analysis excludes six rapamycin-treated mice that developed
dermatitis. (B) Life span analysis excluding only three rapamycin-treated mice euthanized due to dermatitis (n = 20 vehicle-treated mice, 17 rapamycin-treated
mice; p = .011, one-tailed log-rank test; 75th percentile life span p = .01, one-tailed Boschloo exact test). (C) Life span analysis inclusive of every mouse that
received vehicle or rapamycin, included those euthanized because of dermatitis (n = 20 vehicle-treated mice, 20 rapamycin-treated mice; p = .035, one-tailed
log-rank test; 75th percentile life span p = .02, one-tailed Boschloo exact test).

higher in mice intermittently receiving rapamycin than in vehicle-
treated mice (Figure 4C), indicating preferential use of carbohy-
drates. However, we observed no significant difference in energy
expenditure (Figure 4D).

on metabolism and the immune system, as well as decreased benefits
shown in male mice treated with rapamycin (12,26).

Intermittent treatment with rapamycin has been suggested as a
strategy that might reduce negative side effects while still extend-
ing life span (12,36,37), and indeed administration of rapamycin 2
. . weeks out of every 4 significantly extends the life span of female
Discussion 129/Sv mice (16). Unfortunately, subsequent work suggests that
the “washout period” for the metabolic side effects of rapamycin
treatment is 2 weeks or greater (17,18), and therefore this type of
intermittent regimen will likely not significantly reduce metabolic
side effects. The persistence of the negative immunological effects
of rapamycin has not been similarly established in mice, but a
recent study found that short-term low-dose everolimus (a rapamy-
cin analog) ameliorated immunosenescence in elderly humans and
boosted the response to a vaccine given 2 weeks after the last dose

The discovery that continuous rapamycin treatment extends the life
span of model organisms, including mice, has spurred significant
interest in understanding the mechanistic basis for this effect as a
means to avoid the many negative side effects associated with rapa-
mycin in humans (12,14). We and others have shown that rapamycin
disrupts not only mTORC1, the canonical target of rapamycin, but
also mTORC2 in most tissues (20,24,27). Disruption of mTORC2
is likely responsible for many of the negative impacts of rapamycin
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Figure 2. Intermittent administration of rapamycin does not impair glucose or insulin tolerance. (A) Glucose and (B) insulin tolerance test on female C57BL/6J.
Nia mice treated with either vehicle or rapamycin (2mg/kg) once every 5 days for 8 weeks (n = 7-10 vehicle, n = 10 rapamycin, two-tailed t test). Tests were
performed 5 days after the last administration of either vehicle or rapamycin, at the conclusion of an overnight fast. Error bars represent standard error.

of rapamycin (38), suggesting a “washout period” similar to the
metabolic side effects. More recently, two groups have reported gen-
erally beneficial results from weekly administration of rapamycin,
with Leontieva and colleagues finding that weekly administration of
rapamycin can increase the median survival of C57BL/6NCr mice
fed a 60% high-fat diet (34,35). While demonstrating the potential
benefits of alternative rapamycin treatment regimens, the effect of
weekly rapamycin administration on the longevity of animals on a
healthy diet has yet to be determined.

In the present study, we tested intermittent administration of
rapamycin as a pro-longevity intervention on aged C57BL/6] female
mice, the life span of which can be extended by chronic dietary rapa-
mycin when begun either early or late in life (1,39). As expected,
administration of rapamycin once every 5 days had minimal nega-
tive effects on metabolism. We find that administration of rapamycin
once every 5 days significantly extends life span as well as maxi-
mum life span. Fascinatingly, the increase in life span we observed
(Figure 1A) was greater than that observed in mice of the same sex
and genetic background fed rapamycin chronically from 19 months
of age (1). It remains to be determined whether this difference was
due to differences in route of administration or the reduced side
effects of intermittent administration; in our previous study of this
regimen (28), we determined that the blood level of rapamycin 3 days

after intraperitoneal administration of 2 mg/kg rapamycin was very
similar to the blood level of rapamycin observed in C57BL/6] female
mice that received 14 ppm rapamycin in the diet (39). The mice in
the present study were exposed to a higher peak level (and a lower
trough level) of rapamycin compared with mice receiving chronic
dietary rapamycin. The smaller number of mice used in our study,
and the exclusion of animals with dermatological issues from our
principle analysis, may have also contributed to this observation.
The effect of intermittent rapamycin on the RER, food con-
sumption, and spontaneous activity was quite interesting. In con-
trast to many rapamycin studies that have observed decreased food
intake (30), we observed a trend toward increased food intake. At
the same time, we observed a decrease in spontaneous activity in
mice receiving intermittent rapamycin (Figure 4B), which is in line
with similar effects previously observed in aged female rapamycin-
treated C57BL/6].Nia mice (1). Inhibition of mTORC2 either by
chronic rapamycin administration or by treatment with an mTOR
kinase inhibitor decreases the RER (40,41), and thus the increase in
RER we observed (Figure 4C) is in accordance with our current and
previous data suggesting that mTORC2 is not inhibited by inter-
mittent rapamycin administration. The increase in RER indicates
a shift toward carbohydrate utilization and away from lipid oxi-
dation. A similar increase in RER has previously been reported in
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Figure 3. Intermittent administration of rapamycin impacts body weight and
composition. (A) Weight tracking of mice receiving vehicle or rapamycin (2mg/
kg) once every 5 days (starting n= 10 vehicle-treated mice, 10 rapamycin-treated
mice at 615 days of age). (B, C) Changes in weight and body composition after
5 months of intermittent administration of either vehicle or rapamycin (n= 15
vehicle-treated mice, 13 rapamycin-treated mice; p value shown for values
between 0.05 and 0.1, two-tailed t test). Error bars represent standard error.
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Figure 4. Intermittent administration of rapamycin alters food consumption,
spontaneous activity, and respiratory exchange ratio (RER). Metabolic
chambers were used to assess (A) food consumption, (B) spontaneous
activity, (C) RER, and (D) calculated energy expenditure in mice administered
either vehicle or rapamycin intermittently for 5 months. (n = 15 vehicle-
treated mice, 12 rapamycin-treated mice; *p < .05, p value shown for values
between 0.05 and 0.1, two-tailed t test). Error bars represent standard
error.

aged male mice treated with rapamycin as resembling the RER seen
in young mice (42). Interestingly, we did not observe a change in
energy expenditure (Figure 4D), which suggests that the mice may
be expending energy in other ways to offset their reduced activity,
such as shivering thermogenesis due to an inhibition of white adi-
pose beiging (43). Understanding the physiological and molecular
basis for these effects on activity and metabolism is an area ripe for
additional research.

Our data support our initial hypothesis that this alternative treat-
ment regimen efficiently extends life span while avoiding the nega-
tive effects of chronic rapamycin on glucose tolerance and insulin
sensitivity. The lack of effect of this regimen on glucose homeostasis,
combined with a generally positive trend on body composition and
weight, supports the suggestion that intermittent rapamycin admin-
istration could be useful for the treatment of metabolic diseases
(34,35). An important unanswered question is the immunological
consequences of prolonged intermittent rapamycin administration in
either aged mice or humans; despite the potent immunosuppressive
effects of short-term rapamycin treatment, a recent study suggests
that long-term rapamycin treatment may extend mouse life span in
part by boosting certain aspects of the immune response in the aged
(44). In conclusion, our results suggest that an intermittent treatment
regimen could be a translatable strategy for the safer use of rapamy-
cin in humans for age-related diseases.

Supplementary Material

Please visit the article online at http://gerontologist.oxfordjournals.
org/ to view supplementary material.
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