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Abstract

Rapamycin, an inhibitor of the mammalian target of rapamycin pathway, has been shown to increase mammalian life span; less is
known concerning its effect on healthspan. The primary aim of this study was to examine rapamycin’s role in the alteration of several
physiological and behavioral outcomes compared with the healthspan-inducing effects of intermittent feeding (IF), another life-span-
enhancing intervention. Male Fisher 344 x Brown Norway rats (6 and 25 months of age) were treated with rapamycin or IF for 5 weeks.
IF and rapamycin reduced food consumption and body weight. Rapamycin increased relative lean mass and decreased fat mass. IF failed to
alter fat mass but lowered relative lean mass. Behaviorally, rapamycin resulted in high activity levels in old animals, IF increased levels of
“anxiety” for both ages, and grip strength was not significantly altered by either treatment. Rapamycin, not IF, decreased circulating leptin
in older animals to the level of young animals. Glucose levels were unchanged with age or treatment. Hypothalamic AMPK and pAMPK
levels decreased in both older treated groups. This pattern of results suggests that rapamycin has more selective and healthspan-inducing

effects when initiated late in life.
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Incredible strides have been made in the last decade regarding our
understanding of the basic biology of aging, which have provided
the basis for the development of preclinical models of late-life inter-
ventional strategies for combating physical decline. Pharmacological
approaches may be particularly relevant late in life because not all
older individuals benefit from or are capable of participating in tra-
ditional diet and/or exercise programs (eg, those that are obese, frail,
or arthritic).

This notion has benefited from an evolving area of research focused
on the application of calorie restriction (CR) “mimetics” (1), which
target cell signaling pathways that may be involved in the basic biol-
ogy of aging. The National Institute on Aging leads this initiative and
has spearheaded the development of an interventions testing program
(NIA ITP) to investigate CR mimetics across three different institutes
in genetically diverse mice (1). Most robust to date is rapamycin, an
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inhibitor of the mammalian target of rapamycin (mTOR) pathway,
which regulates cellular activities such as growth and survival, nutri-
ent sensing, protein synthesis, and autophagy and has been shown to
consistently increase mammalian life span (2). When rapamycin was
fed to male and female mice late in life (20 months old), it led to an
increase in life span of 14% for females and 9% for males (3). A sub-
sequent study initiated at 9 months of age demonstrated increased
survival in both male and female mice (4). Indeed, this life-span effect
has been replicated several times, works in males and females, and
most importantly, equally well when initiated either early or late in
life. However less is known concerning rapamycin’s role as a modula-
tor of healthspan. We and others have previously shown that physical
function is predictive of longevity (albeit over a compressed period
of time) (5) and that life-long CR improves function (6,7). Thus, a
major empirical question is whether or not CR mimetics that purport
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to increase life span necessarily translate into mimetics of increased
healthspan, including functional performance. Unfortunately, there is
some indication that rapamycin treatment may actually be detrimen-
tal to health in older animals due to its aberrant effects on glucose and/
or insulin signaling (8,9) as well as a potential for exacerbating age-
related, down-regulated mTOR function in rat skeletal muscle (10).
For these reasons, the primary aim of this study was to examine the
role of rapamycin in the alteration of several physiological and behav-
ioral outcomes, indicative of healthspan, in a rodent model of aging.
We have shown in rats and others in mice that rapamycin treat-
ment results in a decrease in body weight (11). In mouse studies (3),
this appeared to occur with no change in food intake. We favor the rat
model because one can easily capture daily food intake without the
social housing constraints that are inherent in mouse studies. In our rat
model, we have shown that the loss in body weight is, in older animals,
equivalent to that of intermittent feeding (IF) fed animals, suggesting
that this loss in weight may be due to a “self-CR” on the part of the
rapamycin-treated animals (11). We have previously shown an increase
in physical activity, a robust marker of healthspan across a wide variety
of species with CR and rapamycin treatment in two separate studies
(7,11). However, it is unclear whether increases in activity observed
were due to decreases in body weight or food consumption, or the
direct action of rapamycin. Therefore, a secondary aim was to directly
compare the healthspan effects of rapamycin treatment with an IF pro-
tocol to determine commonalities and differences between these two
life-span-enhancing interventions. To these ends, we treated free-fed,
young and old rats with vehicle or rapamycin for a 5-week period com-
pared with vehicle-treated rats fed intermittently (food was removed
3 times/week). Body composition and measures of behavior physical
activity were assessed along with biochemical parameters at death.

Methods

Animals

Subjects were male Fisher 344 x Brown Norway (F344BN) rats,
purchased from the National Institute on Aging Colony at Harlan
Laboratories (Indianapolis, IN). This rat strain was chosen because
of its increased longevity and decreased cumulative lesion incidence
compared with other strains (12). Furthermore, F344BN rats develop
age-related body composition changes (ie, increased adiposity and
decreased lean body mass) resembling those occurring during human
aging (13). Animals (7 = 60) were received at 6 and 25 months of
age and housed individually on a 12-h light and 12-h dark cycle in a
specific pathogen-free facility accredited by the American Association
for Accreditation of Laboratory Animal Care. Animals were fed a
standard rodent chow (18% kcal from fat, no sucrose, 3.1 kcal/g, diet
2018; Harlan Teklad, Madison, WI). Animals were allotted 4 weeks
to acclimate to their housing conditions and to establish baseline rates
of food intake and body weight. Health status, body weight, and food
intake were monitored daily. Health assessments included checking
for a sudden decline in body weight, redness around the eyes and nos-
trils, ruffled coat, open tail sores, and haunched posture. All experi-
mental protocols were approved by the University of Florida’s Animal
Care and Use Committee, and in accordance with the “Guide for the
Care and Use of Laboratory Animals.”

Experimental Design

Animals were assessed at baseline for body weight, food intake, body
composition, grip strength, and locomotor activity (Supplementary
Table S1). Rats were then randomized, based on body weight, within
each age, into three treatment groups: rapamycin (1 = 20), IF (n = 20),

and control (1 = 20). Three older animals died prior to treatment, and
one older, IF animal died during treatment. Data obtained from these
animals were not included in any analysis. Treatment lasted for 5
weeks, and body weight and food intake were measured throughout.
Baseline measurements were reassessed at the end of the fifth week.
Rats were sacrificed by rapid decapitation using a guillotine and the
hypothalamus and tibialis anterior muscle collected.

Behavioral and Physiological Measurements

Body weight and food intake

Body weight was obtained once per week, and average daily food
intake was determined three times per week. Every Monday,
Wednesday, and Friday, food was removed for 24 hours from IF ani-
mals. When not fasted, IF animals had ad-lib access to food.

Drug treatment

Drug delivery was accomplished via intraperitoneal injections, and
dosages were adjusted weekly based on the animal’s weight. Every
Monday, Wednesday, and Friday, rapamycin-treated animals received
1 mg/kg rapamycin, whereas IF and control animals received a vehi-
cle injection to control for handling. Rapamycin was dissolved in a
vehicle of ethanol (4%), polyethylene glycol (5%), Tween 80 (5%),
and sterile saline. The injection volume was 0.5 ml/kg body weight.

Determination of body composition using time-domain nuclear
magnetic resonance

Body composition was assessed using time-domain nuclear mag-
netic resonance (TD-NMR) in restrained but fully conscious rats
(TD-NMR  Minispec, Bruker Optics, The Woodlands, TX). The
MiniSpec identifies three components of body composition (fat, free
body fluid, and lean tissue in grams) by acquiring and analyzing
TD-NMR signals from all protons in the sample area. Scans were
acquired by placing the rats into a cylindrical restrainer (90-mm
diameter and ~250-mm length), fitted with a screw top that tightens
to the length of the rat. The restrainer was then inserted into the ana-
lyzer. The total scan time was approximately 1 min, and the average
of two scans was used as the final measurement.

Assessment of physical performance

Forelimb grip strength was determined using an automated grip
strength meter (Columbus Instruments, Columbus, OH). The rat was
grasped by the base of the tail and suspended above a grip ring. After
approximately 3 seconds, the rat was gently lowered toward the grip
ring and allowed to grasp the ring with its forepaws. The remainder
of the rat’s body was quickly lowered to a horizontal position, and
the animal’s tail was pulled until grasp of the ring was broken. The
mean force in grams was determined with a computerized electronic
pull strain gauge that was fitted directly to the grasping ring. Maximal
force obtained from three trials was used as the dependent measure.

Measurement of locomotor activity

Animals were placed in activity chambers (43 x43 cm, Med Associates,
Inc.) for 3-minute sessions. Total distance traveled (centimeter)
and spatial location (time in “center” or “margin”) were tracked
with an overhead camera and Ethovision XT 7.0 software (Noldus
Information Technology Inc., Wageningen, The Netherlands).

Tissue collection and Western blotting
Animals were sacrificed by rapid decapitation. Each animal received
its final treatment 24 hours prior to being euthanized and had access
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to food during this 24-hour time frame. Trunk blood was immedi-
ately collected and processed for subsequent determination of serum
leptin. The hypothalamus and tibialis anterior muscle were dis-
sected, frozen in liquid nitrogen, and stored at ~80°C until analyzed.
Hypothalamus and muscle were briefly sonicated in 300 pL of 10mM
Tris, pH 6.8, 2% sodium dodecyl sulfate for Western analysis. Protein
was determined by DC Bradford (Bio-Rad, Hercules, CA). Protein
homogenate from hypothalamus (28 pg) and muscle (160 pg) were
separated on a sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gel and electro-transferred to nitrocellulose membranes (14).
Immunoreactivity was assessed with antibodies specific to phospho-
rylated adenosine monophosphate-activated protein kinase (pAMPK)
(and reprobed with antibodies specific to adenosine monophosphate-
activated protein kinase (AMPK) regardless of phosphorylation state)
in hypothalamus, and antibodies specific to p70S6K (Cell Signaling,
Danvers, MA) in tibialis anterior muscle. Western blots for AMPK and
PAMPK were reprobed with antibodies specific to GAPDH (Abcam,
Cambridge, MA) and expressed as the ratio to GAPDH. Western blots
for phospo-p70S6K were reprobed with antibodies specific to p70S6K
regardless of phosphorylation state (Cell Signaling, Danvers, MA) and
expressed as the ratio of phosphorylated to total protein.

Serum leptin and glucose

Serum was harvested by a 10-min centrifugation in serum separa-
tor tubes for the assessment of nonfasting leptin measured using rat
RIA kits (Millipore, Billerica, MA). Glucose was determined using
OneTouch Ultra glucose meter and test strips (Lifescan, Milpites, CA).

Data and Statistical Analyses

All data are displayed as means = standard error of the mean. Differences
in dependent measures were analyzed by analysis of variance (one-way,
two-way, and repeated measures as appropriate) and post hoc com-
parisons were made with the Newman-Keuls or Dunnett’s tests using
commercially available software (SigmaPlot 12.0). Differences were
considered statistically significant when the p-value was less than .05.

Results

Baseline Measures

Supplementary Table S2 contains baseline measures for each group
of rats. All animals were pseudo-randomized to groups based on
body weight to ensure equality of distribution given that this out-
come was fundamental to our hypothesis regarding weight loss
versus the direct action of rapamycin in influencing healthspan. As
expected, there were a number of measures that were different across
ages. In particular, body weight (F .= 273.2; p <.001), food intake
(Fy 5= 7.565 p = .008), absolute lean (F, ,, = 224.0; p < .001) and
fat (F,,, = 368.6; p < .001) mass, and % fat mass (F, = 112.6;
p < .001) were higher in the older, 25-month-old animals. Lean-to-
fat ratio (F,, = 164.1; p < .001), % lean mass (F, . = 125.3; p <
.001), and g}ip strength corrected to body weight (F’1 5=102.8;p <
.001) were lower in the older animals. Locomotor aétivity was not
different across groups at baseline; however, younger rats spent more
time in the margin of the arena (F, .= 8.0; p <.007). There was also
a main effect of eventual treatment group on this measure (rapamy-
cin > IF; F,,_ = 3.39; p = .042). There were several other statistically
significant effects: baseline food intake was higher in the eventual IF
groups compared with the rapamycin groups (F,50=3.64;p =.033),
and the lean-to-fat ratio was higher in the 6-month-old rapamycin
animals compared with young IF and controls. Thus, in the final

analyses, we present the body composition data as % of body weight
in order to mitigate these initial random differences.

Rapamycin Inhibition of mTOR

One downstream effector of the mammalian mTOR pathway is
p70S6K and an increase in the phosphorylation state of this kinase
is a marker of mTOR activity (15). Phosphorylation level of p70S6K
was examined in tibialis anterior muscle across treatments. Among
rats that did not receive rapamycin, the level of mTOR activity
was unchanged with age or IF. Rapamycin treatment significantly
diminished p70S6K in young (74 %) and aged (54 %) rats indicating
inhibition of mTOR activity in the periphery (F,, = 6.97; p = .005;
Supplementary Figure S1).

Food Consumption
Food consumption (displayed as average daily food intake in grams over
a 1-week period) assessed at baseline and during the 5 weeks of treatment
is shown for 6-month-old (Figure 1, top) and 25-month-old (Figure 1,
bottom) rats. At all time points during treatment with either rapamycin
or IE, food consumption was significantly lower relative to young (F
5.05;p <.001) and old (F, , ,,
Although IF treatment resulted in an overall decreased level of
food intake, on the days that animals had access to food, they con-
sumed significantly more than their original baseline levels (F, =
8.08; p <.012). That is, prior to IF treatment, young and old animals
consumed 16.7 = 0.6 and 18.3 = 0.4 g of food, respectively (p < .05).
However, during IF treatment, the daily average food intake on the
days that food was available increased to 22.0 + 0.5 and 26.2 £ 0.5 g
for the young and old rats (p < .05), respectively.

10,162~
=8.6; p < .001) control animals.

Body Weight

At baseline there was, as expected, a significant difference in
L= 27325 p < .001;
Supplementary Table S2). Decreased food consumption with the
rapamycin and IF treatment resulted in progressive decreases in
body weight in both young (Figure 2, top) and old (Figure 2, bot-
tom) rats. Body weights for both young (F,,,,; = 28.9; p < .001)
and old (F,,,;= 13.2; p < .001) animals treated with rapamycin
or IF were decreased relative to baseline at each assessment time
(indicated by . However, compared with control animals, young
rapamycin-treated rats had significantly lower body weights at Week

5, but in the old animals, the decrease was apparent from Weeks 3 to

body weight between young and old rats (F

s ”)

5 (indicated by “+”). IF treatment resulted in decreased body weight
during Weeks 4 and $ relative to control animals (indicated by “+7).

Body Composition

Figure 3 (bottom right) shows the net change in body weight over
the course of the experiment. There was a significant interaction
(F, 5,=5-3; p < .008) such that in the old animals both IF and rapa-
mycin produced a decrease of approximately 13%, whereas in the
young animals, rapamycin produced a 7% decrease and IF resulted
in a 15% decrease. The decreases in body weight in the IF and rapa-
mycin groups were reflected differentially in body composition (ie,
changes in lean and fat mass). Lean mass (represented as % body
weight; Figure 3, top left) was significantly different between ages
(Fy50= 20.2; p < .001) and was altered differentially by the two
treatments such that levels of lean mass were highest in rapamy-
cin-treated rats and lowest in the IF group (F,; = 24.3; p < .001).
Regarding fat mass (Figure 3, top right), there were the expected
increases in fat mass with age (significant interaction; F, ; = 8.1 p <
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Figure 1. Food consumption in 6-month (top) and 25-month old rats (bottom)
at baseline and during 5 weeks of rapamycin, intermittent feeding (IF), or
control treatment. Mean data are shown, and error bars represent standard
error of the mean. * indicates a significant decrease relative to control, and +
indicates a significant difference from control and rapamycin.

.001). In the young rats, there were no differences due to treatment
conditions; however, in the old rats, rapamycin treatment resulted
in significantly lower levels of fat mass. Another measure of body
composition, lean-to-fat mass ratio, was significantly different as a
b50= 435 p <.019). This
ratio was decreased in the young, IF animals relative to the control

result of treatment (Figure 3, bottom left; F

and rapamycin groups, whereas there was an increase in the old,
rapamycin animals such that they were not different from young
control animals. Taken together, the changes among the measures of
body composition suggest that rapamycin treatment in old animals
results in a body composition profile of a young rat.

Locomotor Activity, Anxiety-Like Responses, and

Grip Strength

Locomotor activity was assessed at baseline and at the end of the
treatment period. The absolute levels of activity (top left) and %
change in distance traveled (top right) are shown in Figure 4. There
was a significant main effect of treatment phase in the young rats
(F,, = 81.1; p <.001), and a significant interaction in the old rats
(F,, =14.4; p <.001), with decreases in activity in the control and

2,21
IF rats and no change in the rapamycin rats (Figure 4, top left).
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Figure 2. Body weight in 6- (top) and 25-month-old rats (bottom) at baseline
and during 5 weeks of rapamycin, intermittent feeding (IF), or control
treatment. Mean data are shown, and error bars represent standard error
of the mean. * indicates a significant decrease relative to baseline, and +
indicates a significant difference from control.

Examination of the % change measure revealed that younger ani-
mals showed a greater decrease in activity across the two testing
time points compared with older animals (Figure 4, top right; main
effect of age: F,, = 15.2; p <.001). For both ages, the rank order of
decreases in activity was IF > control > rapamycin (F, .= 13.8; p <
.001). During these sessions, the amount of time spent in the “center”
and in the “margin” of the open field was calculated, as time in the
margin is oftentimes taken as a measure of anxiety. In the young
rats, there was a significant interaction (F,,s=7.65p =.003) with IF
treatment resulting in an increase in anxiety-like behavior (Figure 4,
bottom left). Examination of the % change revealed a main effect of
treatment such that the IF treatment resulted in a significant increase
=48 <
.012). Grip strength was assessed before and at the end of treatment.

in this behavior at both ages (Figure 4, bottom right; F

Across ages and groups there was a change in grip strength that
ranged from a decrease of 8% to an increase of 34%; however, there
were no statistically significant differences.

Serum Leptin and Glucose

Serum leptin levels increased with age in both the control and IF
groups (Figure S, top left; F, ,,= 5.21, p = .009 for the interaction).
In both the young and old rapamycin-treated animals, leptin levels
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Figure 3. Measures of % lean mass (top left), % fat mass (top right), and lean-to-fat mass ratio (bottom left). * indicates a significant change relative to control and
intermittent feeding (IF) groups, and + indicates a significant difference from control and rapamycin groups. Change in body weight over the course of the experiment
(bottom right). Both treatment conditions decreased body weight, with a similar magnitude of effect in the old animals, and a greater effect in IF young animals
compared with rapamycin-treated animals. * indicates a significant decrease relative to control, and + indicates a significant difference from control and rapamycin.

were significantly lower than control animals. Supplementary Figure
S2 shows the relationship between absolute fat mass and serum leptin
levels. There was a significant correlation between these variables
(r=0.589,p <.00001). In general, older animals (squares) had higher
levels of leptin relative to younger animals (circles). Of particular
interest, however, was that both young and old rapamycin-treated
animals (blue circles and blue squares, respectively) had the lowest
levels of leptin regardless of fat mass. Notably, there were no differ-
ences in serum glucose levels among the groups (Figure 3, top right).

Hypothalamic AMPK

The nutrient-sensing marker pAMPK was examined in the hypothal-
amus at death. pAMPK was unchanged with age and with treatment
in the young rats. In contrast, pAMPK was diminished with both IF
and rapamycin treatment in the old rats (F,, = 13.286, p < .001;
Figure 5, bottom right). pAMPK was expressed relative to GAPDH
levels because both IF and rapamycin treatment in the aged rats
decreased levels of total AMPK (F,, = 15.861, p < .001; Figure 5,
bottom left). ’

Discussion

Rapamycin is the most robust pharmacological intervention for
extending life span in mammalian models, namely mice. This com-
pound extends longevity whether administered early or late in life,
does so in males and females, and at multiple laboratories around
the country that serve as sites for the NIA ITP (3,4).
studies focused primarily on longevity but also included limited

These mice

measures of physical function such as rotorod performance, and
reported lowered body weight without a reduction in food intake.
Therefore, a more extensive evaluation of the impact on physical

function is warranted to evaluate whether or not rapamycin should
be recommended for improving healthspan when administered late
in life.

There is reason to think that increased life span may be related to
increased healthspan effects given the relationship, in both humans
and rodents, between function and mortality (5,16). We have used
the F344BN rat as our model given the extensive body of published
studies reported in this strain, regarding age-related changes in
both behavioral function and skeletal muscle biology. Furthermore,
there are many conceptual similarities between age-related changes
observed in this strain and what is observed in humans. For example,
several studies have shown that this strain proceeds from 80% to
50% survival between 24 and 30 months of age (17). In humans,
this same pattern of survival mirrors an exponential increase in dis-
ability (16). In fact, we have demonstrated that assessment of func-
tional limitations in the vicinity of the 50% survival range is highly
predictive of mortality in both rats and humans. This rat strain is
an excellent model to explore the question of the efficacy of late-life
interventions for improving healthspan and physical function.

However, there are several reasons to question whether or not
rapamycin administered late in life will actually improve physical
function and hence healthspan given that (a) in almost every case,
rapamycin reduces body weight making dissociation of the direct
action of rapamycin from the effects of changes in body weight and/
or food consumption muddled; (b) rapamycin blocks mTOR, a pro-
tein that is already reduced in aged muscle and is essential for cell
maintenance and nutrient sensing, calling into question the impact
of further reducing signaling in this system; and (c) rapamycin has
been shown to impair glucose functioning, which in older organ-
isms is universally disrupted, directly associated with declining
physical performance, and could potentially become exacerbated
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Figure 4. Locomotor activity (left panels) and a measure of anxiety (right panels) in control, intermittent feeding (IF), and rapamycin treatment groups of
both ages. Regarding absolute levels of locomotor activity (top panel), there was a significant main effect of phase in the young animals (activity decreased
in all groups with repeated testing), and a significant interaction in the old animals (decreases in control and IF rats, with no change in rapamycin-treated
animals). Regarding the % change in activity (bottom panel), there were significant main effects of age (larger decrease in young rats) and treatment condition
(rapamycin> control > IF). For the anxiety absolute measures (top panel), there was a significant interaction with increases in anxiety due to treatment in the
young animals. Regarding the % change in anxiety (bottom panel), IF animals spent more time in the margin following treatment compared with control and
rapamycin groups at both ages. For the absolute measures, * indicates a significant main effect of phase, and + indicates a difference following a significant
interaction. For the relative measures, * indicates a significant main effect of treatment group.

with rapamycin treatment (8). We attempt to address in this article
and in our companion article (18), these reservations by examin-
ing rapamycin’s role in the alteration of several physiological and
behavioral outcomes, indicative of healthspan, in a rodent model of
aging and to directly compare rapamycin treatment with an IF pro-
tocol to determine commonalities and differences between these two
life-span-enhancing interventions on healthspan. Table 1 provides a
summary of the effects of 5 weeks of rapamycin or IF treatment and
the specifics are discussed below.

First, rapamycin in almost every case induces weight loss in
old and young animals. In the clinical literature, controversy exists
regarding the circumstances under which older adults should be
advised to lose weight and in some cases, weight loss is associated
with increased mortality and acceleration of declining function (19—
22). This most likely is associated within which body compartment
(eg, muscle vs adipose tissue) the weight loss occurs. Thus, elucidat-
ing how rapamycin affects weight loss is critical. As stated previ-
ously, it is also critical to dissociate the body weight and/or food
consumption effects of rapamycin from the direct pharmacological
action of the compound itself.

To address both of these questions, we opted to compare rapa-
mycin treatment with a group of young and old rats undergoing
an IF protocol. Our IF protocol mimics the rapamycin treatment
protocol in so far as animals are receiving “treatment” approxi-
mately every other day, and more importantly, results in a food

consumption and body weight pattern that is similar to that fol-
lowing rapamycin treatment. Furthermore, rats exposed to such
an IF regimen when given the opportunity on feeding days do not
completely compensate for their lack of food on nonfeeding days
thereby resulting in approximately a 25%-30% reduction in food
intake (this study) (23). This is in contrast to some strains of mice
that actually make up for the majority of the lost opportunity to
eat and only demonstrate a 10% reduction in body weight (24).
Interestingly, although dependent on strain and age of initiation,
both rats and mice experience increased maximal life span (23,24).
Thus, IF is an appropriate life-span-enhancing control to compare
with rapamycin for dissociating weight loss versus target effects
on healthspan.

In this study, both IF and rapamycin reduced food consumption,
and thus body weight although the effects across age were differ-
ent. The young IF animals lost more weight than their rapamycin-
fed counterparts. This was correlated with food intake. Young and
old IF as well as old rapamycin-treated animals reduced their food
intake by 20%-30%, whereas the young rapamycin-treated animals
reduced intake by less than 10%. Interestingly, in the IF fed animals,
although they binged on those days were they had access to food,
they did not completely double their intake to adjust for the deficit.

This is in agreement with a previously published data set (11);
however, at that time we were unclear whether or not the loss of
weight would be selective for lean or fat mass. In this study, the
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Figure 5. Serum leptin, serum glucose, hypothalamus AMPK (total), and hypothalamus pAMPK levels at the end of the treatment. Leptin levels increased as
a function of age in the control and IF groups, but not in the rapamycin-treated animals. At both ages, leptin levels were significantly lower in the rapamycin-
treated animals relative to control and IF groups. Total AMPK and pAMPK levels were not altered by treatment in young animals. Levels of both total AMPK and
pAMPK were significantly decreased following IF and rapamycin treatment. AMPK and pAMPK are expressed as the ratio to GAPDH. * indicates a decrease
relative to control animals, and + indicates an increase relative to young animals.

Table 1. Summary of 5-Week Treatment Effects in Young and Old to young control rats. IF treatment, however, failed to alter fat mass
Rats and resulted in relative lower levels of lean mass across both ages.
Data from the National Institute on Aging ITP indicate that rapa-

Intermittent Feeding  Rapamycin mycin-treated mice experience a reduction in body weight without

6 25 6 25 a concomitant decrease in food intake (3). There are several reasons
for this disparity: (a) food intake is difficult to measure in a group

Food consumption™t l l l l housing situation as with the ITP; (b) there is a relatively small level
Body weight™f ! ) I I of food intake per day, so it is perhaps not easily measured, and (c)
Lean mass™! ! 1 T T there is a need to measure several times during the week to get an
Fat mass™t - — - - { accurate account as there is variability, even intra-animal, in food
Lean-to-fat ratio™! i} — — i . . 1
Locomotor activity’ | L | _ intake across the week. This again highlights tbe advantage of the. rat
Anxiety* 1 1 - _ model in understanding the impact on food intake on body weight
Grip strength _ _ _ _ using late-life CR mimetics such as rapamycin. This is a critical piece
Leptin't _ _ 1 1 given that unless proper food intake measures are assessed; dissoci-
AMPIC _ 1 — ! ating the impact of the hypophagia versus the direct action of the
pAMPK"! — ! — ! pharmacological intervention is impossible.
Glucose — — — — Finally, we did not experience any increased mortality or mor-
bidity in the older animals in either treatment group although weight
Notes:* Age-related effects described in text. loss onset was quite rapid. This was initially a concern given the
iChange relative to control. data in human studies (20) demonstrating that weight loss, whether
fChange relative to baseline. intentional or unintentional, over the age of 55 is associated with
increased risk for mortality. This has also been demonstrated in rats
effects on body composition were dramatically different depending (25) showing that traditional daily 40% CR initiated late in life
on treatment condition as measured by TD-NMR. In older animals, accelerates mortality. To be sure, our study was truncated in nature
rapamycin treatment resulted in a relative increase in lean mass and (5 weeks). However, the two studies from Goodrick and colleagues

a decrease in fat mass, resulting in a lean-to-fat mass ratio similar (23,24) demonstrate that IE, even when initiated late in life, may
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have profound effects on longevity; as such, IF and traditional CR
are explicitly different flavors of calorie reduction. Moreover, as
discussed below, IF and rapamycin treatment, although resulting in
similar calorie reduction and concomitant weight loss, differentially
impacted various physiological and behavioral measures in young
and old animals. As an aside, one clue to what these differences may
be has been described in a article by Miller and colleagues (26),
albeit in mice and only in the context of differential gene expres-
sion. It is the opinion of these authors that an investigation of the
physiology and behavior is critical and represents strength of this
study for clinical translation of functional outcomes.

A major concern with administering rapamycin to aged animals,
and translation to humans, lies in the mechanism of action of the
compound itself. “Chronic” rapamycin treatment in mice leads to
insulin resistance, severe glucose intolerance, and increased gluco-
neogenesis, although treatment lasted only for 15 days (8). Similarly,
obese high-fat-fed KK and HIJ mice treated with rapamycin for
42 days, lost body weight and adiposity but had higher serum insulin
levels and food intake (9). This resulted in a marked decline in glu-
cose tolerance, paralleled by increased generation of plasma reactive
oxygen species. Lamming and colleagues (27) have confirmed that
the selectivity of rapamycin for TORC1 versus TORC2 is negated
with extended treatment (14 days), thus leading to dysregulation in
glucose and/or insulin signaling.

However, length and regimen of dosing may be key for achieving
healthspan-inducing effects with rapamycin treatment. For example,
Fang and colleagues (28) observe impaired glucose tolerance in mice,
early in dosing that is resolved over time (beginning at ~6 weeks and
continuing through 20 weeks). Interestingly, Liu and colleagues (29)
demonstrated a reversal of aberrant glucose signaling, in two strains
of mice, fed either chow or high-fat diets, after rapamycin treatment
was removed, and suggest that regulating dosing in an intermittent
fashion may be optimal. In this study, chronic rapamycin treatment
(5 weeks) in a well-described rat model of aging did not alter glu-
cose levels and our companion article reports that triglyceride levels
were actually reduced. Furthermore, confirming the observation of
Liu and colleagues (29), our 3x per week, low-dose (1 mg/kg), intra-
peritoneal injection regimen may have been responsible for these
positive results. Future studies optimizing dose, route, and regimen,
in multiple rodent species, will ensure proper translation for the use
of rapamycin treatment in older individuals to maximize healthspan.

Furthermore, mTOR is central to the regulation of cellular activi-
ties such as growth and survival, nutrient sensing, protein synthesis,
and autophagy (30). However, in the F344BN rat, mTOR protein
levels are known to decrease with age in skeletal muscle an effect
that is highly correlated with atrophy (10). As expected, in this
study, we observed a nearly 70% reduction of p70S6K in the tibialis
anterior muscle only in the rapamycin-treated animals of both ages.
Thus, rapamycin treatment could potentially be causative for accel-
erated sarcopenia or loss of muscle quality and declining physical
function even in the face of a potential for increased life span. This
has been the heart of many arguments within the biology of aging
community, which suggest that any life span-enhancing compound
is bound to also increase healthspan, often times with no assessment
of healthspan to bolster this stance.

Luckily, investigators are backpedalling somewhat in this regard
and more recently several studies have been published to investi-
gate the impact of rapamycin on physical function and physiology
in muscle. Ye and colleagues (31) have recently shown that in two
strains of mice, rapamycin given at doses that increase life span
(2mg/kg injected daily), decreases mitochondrial transcripts in the

absence of an effect on mitochondrial DNA integrity, protein levels,
or treadmill endurance. However, it should be noted that although
there was no detrimental impact on endurance, there was certainly
no improvement either. This is in agreement with other studies. For
example, Neff and colleagues (32) reported an increase in locomo-
tor activity in C57/Bl6 mice treated with rapamycin for 12 months
beginning at either 4 or 20-22 months of age but no effect on either
rotorod performance or grip strength. This is in contrast to Zhang
and colleagues (33) who reported preserved function on a rotorod
test; however, this difference is perhaps due to different methodolo-
gies in conducting these behavioral assays, which makes the argu-
ment for establishing a standardized set of physical performance
measures in mice and rats as we have argued for several years (5,34).

In this study, we demonstrated that rapamycin treatment resulted
in the high levels of activity (ie, there was no decrease in activity
from baseline to the post-treatment assessment) in the old animals.
This effect was absent in IF-treated animals and is actually in direct
conflict with traditional 40% CR data we have published previously
(7). However, this may be explained in terms of a behavioral mech-
anism given that food-deprived animals experience an increase in
physical activity or what may also be interpreted as foraging behav-
ior. In fact, food deprivation is a common tool used in a variety of
behavioral assays for increasing the motivational level of the animal
to perform. However, in this study, all animals had ad-lib access to
food and water 24 hours prior to final behavioral assessments and
euthanasia. Thus, the IF animals, and all other animals for that mat-
ter with the exception of the older rapamycin-treated animals which
were approximately 25% hypophagic, were actually sated during
the locomotor test. In agreement with Neff and colleagues (32), we
found no effect of rapamycin or IF on grip strength. Again, the nega-
tive finding with grip strength was not expected in the IF animals
and may also be explained given their motivational level. A final con-
tributing factor to motivational state in the IF group was that they
demonstrated increased levels of “anxiety” at both ages, as measured
in the open field test, spending more time in the margins of the arena
rather than crossing the center. As a whole, these data suggest, and
for the most part are in agreement with the mouse literature, that
rapamycin has limited effects on physical performance (strength and
endurance) and that any effect on physical activity may simply be
indicative of their motivational state (hunger). Future studies should
employ more extensive batteries before conclusions firmly be drawn
regarding rapamycin’s impact on this aspect of healthspan.

We further investigated the possibility that the “state” of cen-
tral satiety contributes to the reduction of food intake in IF- and
rapamycin-treated animals through the AMPK nutrient-sensing
pathway and found very different results in young versus old ani-
mals. Feeding centers within the brain are the primary regulators
of food intake via sensing neural cellular energy status through the
(AMP) to (ATP) ratio. During periods of fasting, ATP is depleted,
and the high ratio of AMP to ATP leads to phosphorylation of
AMPK. Conversely, excessive nutrients increase available ATP, lower
the (AMP)-to-(ATP) ratio, and decrease pAMPK. Elevated pAMPK
signals through decreasing malonyl-CoA levels promoting food con-
sumption, whereas diminished pAMPK leads to diminished food
consumption (35,36).

The status of pAMPK at death in this study may reflect either the
consequences of chronic inhibition of mTOR pathway or the more
immediate nutrient status due to the feeding or fasting state of the ani-
mals at the time of death. The acute action of rapamycin through inhibi-
tion of the anabolic action of mMTORC-1 may result in an initial increase
in available nutrients. Supporting this, in this study, we observed
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age-dependent effects with hypothalamic levels of total AMPK and
PAMPK, such that, IF and rapamycin treatment resulted in significant
decreases only in the old animals with no change in the young animals.

Firstly, it is puzzling that the young rats did not display similar
decreases in pAMPK with IF or rapamycin. We know that in young
rats, any disturbance in energy homeostasis is rapidly reversed, but
in old rats, the responses are slower and incomplete (37,38). This is
true with both recovery from caloric restriction (37) and normaliza-
tion with high-fat feeding (38). It is possible that the chronic nature
of the experiment has enabled the young rats to compensate to a
new equilibrium in which, although food consumption persists at
a slightly reduced level, the nutrient-sensing system is apparently
unchanged or only minimally changed, for the IF and rapamycin-
treated young animals, respectively. This is supported by the fact that
the younger animals, relative to the older animals, had an attenuated
response to the food intake-reducing impact of rapamycin treatment.

Secondly, we observed a decrease in pAMPK in both IF- and
rapamycin-treated animals. At the time of death, the aged IF rats
were in a state of excess nutrients (ie, they had access to food the pre-
vious 24 hours), which was reflected by low levels of pAMPK. Thus,
the reduction in pAMPK in the older animals may on the one hand
reflect a state of actual satiation in the IF animals binging before
euthanasia, and on the other hand may reflect an mTOR-dependent
central mechanism that creates a “state” satiation in the rapamycin-
treated animals. More extensive studies, beyond the present scope
comparing fed and sated motivational states in IF versus rapamycin
versus paired-fed animals, both young and old, would contribute to
our understanding of modulation of nutrient-sensing pathways with
these various food intake-reducing interventions, initiated early or
late in life.

However, more relevant to this study and our companion article
(18) is the contribution of leptin to the effects of reduction in food
intake and fat loss. Leptin, synthesized in adipose tissue, is one of
the most important peptides involved in energy homeostasis and this
hormone communicates to the hypothalamus and other important
reward centers the nutritional and/or satiety state. In this study, cir-
culating leptin levels were reduced in the rapamycin-treated animals
compared with the control and IF groups. Normally, low leptin lev-
els would evoke an increase in food consumption. In this case, these
low leptin levels were associated with diminished food consumption.
Moreover, leptin levels are one marker of adiposity, and normally
characterized by a tight relationship between circulating leptin and
adiposity. Although, both the IF- and rapamycin-treated animals lost
the same amount of weight, the rapamycin groups selectively lost a
greater amount of weight in their fat mass. Even more interesting,
the older rapamycin-treated rats, even though they still had more
adipose tissue than young controls, had circulating leptin levels no
different from young controls. Even more puzzling, there was no
relationship between absolute levels of fat mass and leptin levels in
the rapamycin groups. These data suggest that rapamycin disrupts
the normal balance between adiposity, leptin, and feeding. Our com-
panion article further explores this relationship by examining the
role of rapamycin on synthesis of leptin and other fat-specific factors
following both peripheral and central administration of rapamycin.

In conclusion, we have found that there are differential effects
of IF and rapamycin treatment on a variety of physiological and
behavioral outcomes when initiated both early and late in life in
a rodent model of aging. A general pattern of results suggests that
rapamycin has more selective and protective effects in old animals.
Overall, there were limited findings of improvement with either
intervention in measures relating to strength in older animals,

suggesting that a more thorough behavioral assessment of a vari-
ety of physical function measures is warranted before a clearly
articulated recommendation for clinical application. Examination
of route, dose, regimen, and species differences will more clearly
define the translational usefulness of rapamycin to enhance human
healthspan. Finally, whether the beneficial effects of rapamycin we
observed on healthspan are mediated via a central or peripheral
mechanism is an empirical question that is further addressed in our
companion article (18).

Supplementary material

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