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Increased protein synthesis is proposed as a mechanism of life-span extension during caloric restriction (CR). We hypoth-
esized that CR does not increase protein synthesis in all tissues and protein fractions and that any increased protein 
synthesis with CR would be due to an increased anabolic effect of feeding. We used short- (4 hours) and long-term (6 
weeks) methods to measure in vivo protein synthesis in lifelong ad libitum (AL) and CR mice. We did not detect an acute 
effect of feeding on protein synthesis while liver mitochondrial protein synthesis was lower in CR mice versus AL mice. 
Mammalian target of rapamycin (mTOR) signaling was repressed in liver and heart from CR mice indicative of energetic 
stress and suppression of growth. Our main findings were that CR did not increase rates of mixed protein synthesis over 
the long term or in response to acute feeding, and protein synthesis was maintained despite decreased mTOR signaling.
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CALORIC restriction (CR) without malnutrition is an 
intervention that consistently increases maximum life 

span across a variety of species. CR can increase mean and 
maximum life span by 40%, and because it is relatively sim-
ple and the outcomes robust, it is a good model to study the 
mechanisms of aging (1). Consistent with evolutionary theo-
ries of aging, it is believed that CR induces a state of somatic 
maintenance, which is antiaging, rather than the reproduc-
tive state that is proaging (2). Somatic maintenance implies 
an increase in repair processes, which is supported by evi-
dence that CR inhibits the accumulation of oxidatively dam-
aged proteins (3), increases respiratory control (4), increases 
mitochondria efficiency (5), and increases autophagy (6).

It has long been recognized that protein and energy metabo-
lisms are dependent on each other (7–9). The process of pro-
tein synthesis is energetically expensive (10) and in isolated 
cells requires the greatest proportion (20.5%) of basal respira-
tory rate (11). In times of energy deficit, either absolute energy 
deficiency or decreased energetic flux, it is not energetically 
economical to build up large stores of protein. Given the 
dependence of protein turnover on energy status, it is surpris-
ing that during CR, protein turnover is observed to increase in 
some reports (4,12–14), and that CR increases transcription of 
genes associated with increased protein turnover (15).

Protein turnover is tissue specific. In a series of studies 
on male Sprague Dawley rats maintained on 50% CR from 
3 weeks of age, there was an increase in whole body protein 
turnover (13), variable results in tibialis anterior or soleus 

muscle protein turnover (12), and no change in lung pro-
tein turnover (16). Recently, it has been reported that CR 
does not change actin and myosin turnover in either tibialis 
anterior or soleus muscles in male Wistar rats on a 40% 
restricted diet for 5 months (4) and that short-term (7 days) 
CR of 40% in male Wistar rats decreases protein turnover 
in liver and skeletal muscle but is maintained in heart (17). 
We (Price et al., unpublished data) used a liquid chroma-
tography—tandem mass spectroscopy technique, in which 
in vivo tissue protein synthesis rates are measured by mass 
isotopomer distribution analysis (MIDA) of D

2
O incorpo-

ration into peptide fragments, to measure dynamics of the 
global proteome and found a marked reduction in synthesis 
rates of almost all proteins in the hepatic proteome, particu-
larly mitochondrial proteins, in rats maintained on chronic 
CR. In our previous investigation into B6D2F1 mice on 
lifelong 40% CR, it was found that mitochondrial protein 
synthesis was maintained with CR compared to AL in 
heart and skeletal muscle when assessed over 6 weeks (39). 
Although some have summarized that CR increases protein 
turnover (18,19), the issue does not seem truly resolved, 
because tissue-specific responses are not consistent.

Much of what we currently know about the rates of 
protein turnover was obtained by the use of stable or 
radioactive isotopic tracers. In a series of experiments, it 
was determined that the commonly used method of using 
flooding doses of essential amino acid tracers were increasing 
protein synthesis rates (20,21), an intrinsic limitation based 
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on principles of tracer methodology because the tracer 
changed the process that was being measured. Subsequent 
studies have identified leucine-stimulated mammalian 
target of rapamycin (mTOR) signaling and downstream 
activation of translation initiation factors as the means by 
which a large amount of essential amino acids stimulated 
protein synthesis (22). As discussed previously, in general, 
protein synthesis has been reported to increase with CR 
although changes are not uniform throughout tissues (4,12–
14,16,18,19,23). The reports from which these conclusions 
are drawn (4,12–14,16,23) have all used a flooding dose of 
an essential amino acid. The flooding doses used in these 
studies were over twice what is observed to stimulate 
protein synthesis rates in humans (20,21,24). Therefore, the 
method itself may be simulating feeding, and the measured 
response is not only the effect of CR but also reflects the 
effects of CR on tissue-specific responses to feeding. Also, 
because some tissues, such as skeletal muscle, are sensitive 
to a feeding stimulus while others are not, the interpretation 
of tissue-specific protein turnover measurements over the 
long-term becomes complicated (25).

An additional method to measure tissue protein turno-
ver rates has been established that circumvents the problem 
of precursor labeling, namely stable isotopically labeled 
water (2H

2
O) (26–28). The 2H

2
O equilibrates throughout 

all tissues within an hour and decays with a half-life of 1 
week (29). The long-term labeling design allows for the 
determination of average (or cumulative) effects over time, 
which is an advantage when studying long-term treatments. 
Importantly, the technique has been shown to be reliable 
and valid in a variety of tissues (28). Recently, others have 
adapted and validated the 2H

2
O method for acute interven-

tions (17,30,31). This method relies on a flooding dose of 

2H
2
O administered similarly to a flooding dose of amino 

acids but without the simultaneous stimulation of mTOR 
and translation initiation as with essential amino acids.

In this study, our aims were to understand the effects of 
CR on tissue-specific protein turnover. We hypothesized 
that CR does not increase protein synthesis in all protein 
fractions and tissues because of the energy requirements of 
messenger RNA (mRNA) translation. Further, we hypoth-
esized that if a nutrient-sensitive tissue did increase protein 
synthesis, it would be due to increased anabolic responses 
to acute feeding. To address our hypothesis, we used a 
combination of 2H

2
O methods to measure in vivo protein 

synthesis in a variety of tissues in ad libitum (AL) and CR 
mice. Our use of 2H

2
O methods avoided the independent 

effect of flooding doses of essential amino acid that con-
found interpretation of previous studies.

Methods

overall Study Design
Male B6D2F1 mice from the National Institute of Aging 

(NIA) CR colony and age-matched AL controls were used for 
all aspects of the study. Lifelong CR mice were maintained 
at the NIA colony at 40% food restricted compared with AL. 
Mice were purchased at 6, 12, and 21 months of age into both 
AL and CR groups and were studied as one group. CR ani-
mals were maintained on NIH-31/NIA Fortified Diet, whereas 
AL animals were maintained on NIH-31 diet. Two separate 
cohorts were used for the study (Figure 1). The first cohort 
was used after a 1-week acclimatization to housing conditions, 
whereas the second cohort was used after a 1-week acclima-
tization and 6-week assessment of synthesis. The animals 
were individually housed and consumed the same absolute 

Figure 1. Experimental design of short- and long-term studies.
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quantity of NIA diets while being maintained until experi-
mentation at the CSU Laboratory Animal Resource Center, 
at 18–26°C (dry bulb), 30%–70% humidity, and a 12-hour 
light/dark cycle. All procedures at the facility meet or exceed 
the standards for facilities housing animals as described in 
the Animal Welfare Act regulations, the Guide for the Care 
and Use of Laboratory Animals and the Guide for the Care 
and Use of Agricultural Animals in Agricultural Research and 
Teaching and were approved by the CSU Animal Care and 
Use Committee (protocol #09-022A).

Sixteen hours prior to sacrifice, all food, but not water, 
was removed from the animals’ cages (Figure 1). Animals 
were anesthetized with an intraperitoneal (i.p.) injection of 
sodium pentobarbital. Blood was then obtained by cardiac 
puncture (approximately 1 mL) followed by rapid excision 
and cryopreservation of the heart, liver, and the posterior 
aspect of both the distal hind limbs (mixed skeletal muscle). 
All tissues were stored at −80°C until analysis.

labeled Water
The use of heavy water (2H

2
O) allows simultaneous 

assessment of multiple synthetic processes. In this case, 
we assessed the synthesis of protein in three tissues: heart, 
liver, and skeletal muscle. Animals in Cohort 1 were studied 
in the short term by receiving an i.p. injection of 20 µL/gm 
body weight 99% 2H

2
O followed 1 hour later by an oral 

gavage of saline (Fasted) or an amino acid solution (Fed; 
Aminosyn, 0.05 mg/gm body weight, Aminosyn II 15%, 
Hospira Inc, Lake Forest, IL). The amino acid dose was 
roughly equivalent to those used in previous studies of CR 
(4,12–14,16,23). Both saline and Aminosyn were enriched 
4% with 2H

2
O. After 3 hours, the oral gavage tissues were 

collected. Animals in Cohort 2 were studied over the long 
term and received an i.p. injection of 99% enriched 2H

2
O 

calculated to enrich the body water pool (assumed 60% of 
body weight) to 5%. Animals were then allowed to drink ad 
libitum water enriched to 4% for the next 6 weeks.

tissue isolation.—Because of the heterogeneity of pro-
tein synthesis responses within a tissue, heart, liver, and 
skeletal muscle were fractionated according to our previ-
ously published procedures (32) as modified from Butz 
et  al. (33). Tissue (50–70 mg) was homogenized in 1 mL 
isolation buffer (100 mM KCl, 40 mM Tris HCl, 10 mM Tris 
Base, 5 mM MgCl

2
, 1 mM EDTA, 1 mM ATP, pH  =  7.5) 

with phosphatase and protease inhibitors (HALT, Thermo 
Scientific) using a bead homogenizer (Next Advance Inc, 
Averill Park, NY). The homogenate was centrifuged at 800g 
for 10 minutes to pellet a mixed protein fraction (Mixed). 
The supernatant from the low-speed spin was carefully 
removed and centrifuged (9000g) for 10 minutes to pellet 
a mitochondrial enriched fraction (Mito). The crude Mito 
pellet was washed and suspended in 200 µL of solution 2 
(100 mM KCl, 10 mM Tris-HCl, 10 mM Tris base, 1 mM 

MgSO4, 0.1 mM EDTA, 0.02 mM ATP, and 1.5% BSA, pH 
7.4), and then centrifuged (8000g, 10 minutes, 4°C). The 
pellet was washed a second time, suspended in 100 µL of 
solution 2 and centrifuged (6000g, 10 minutes, 4°C). The 
final Mixed and Mito pellets were washed with 500 µL of 
100% ethanol, centrifuged (1000g, 30 seconds, 4°C), and 
rinsed with water (repeated twice). Protein pellets were sol-
ubilized in 1N NaOH (50°C, 15 minutes) and hydrolyzed 
into free amino acids (6 M HCl, 120°C, 24 hours).

Preparation of analytes for mass spectrometric analy-
ses.—The hydrolysates from the tissue isolations were ion-
exchanged, dried under vacuum, and then suspended in 1 mL 
of 50% acetonitrile, 50 mM K

2
HPO

4
, pH 11. About 20 µL of 

pentafluorobenzyl bromide (Pierce Scientific, Rockford, IL) 
were added, and the sealed mixture was incubated at 100°C 
for 1 hour. Derivatives were extracted into ethyl acetate, and 
the organic layer was removed and dried by the addition of 
solid Na

2
SO

4
 followed by vacuum centrifugation.

Gc-MS analysis of derivatized amino acids.—Using 
negative chemical ionization (NCI), derivatized amino acid-
swere analyzed on a DB225 gas chromatograph column. 
The starting temperature was 100°C, increasing 10°C per 
minute to 220°C. The mass spectrometry used NCI with 
helium as the carrier gas and methane as the reagent gas. The 
mass-to-charge ratios of 448, 449, and 450 were monitored 
for the pentafluorobenzyl-n,n-di(pentafluorobenzyl)alani-
nate derivative. In all cases, these mass-to-charge ratios rep-
resented the primary daughter ions that included all of the 
original hydrocarbon bonds from the given amino acid. 2H 
enrichment was calculated as described previously (34). The 
newly synthesized fraction (f) of muscle proteins was cal-
culated from the true precursor enrichment (p) using MIDA 
(35,36). Protein synthesis was calculated as the change in 
enrichment of deuterium-labeled alanine (36) bound in mus-
cle proteins over the entire labeling period and expressed as 
the common unit for protein synthesis rates (%/h).

Western Blot analyses
From Animals in Cohort 1, approximately 30 mg of fro-

zen tissue was homogenized (Next Advance Inc, Averill Park 
NY) in 500 µL of ice-cold buffer (100 mM KCl, 40 mM Tris 
HCl, 10 mM Tris Base, 5 mM MgCl

2
, 1 mM EDTA, 1 mM 

ATP, pH 7.4) and commercial protease with phosphate 
inhibitor (Halt, Thermo Fisher, Rockford IL). Samples were 
centrifuged (10 minutes, 10,000g, 4°C), then the superna-
tant was removed, and the protein concentration determined 
using a bicinchoninic acid assay (Thermo Fisher, Rockford, 
IL). Samples were diluted to the same concentration, boiled 
with Laemmlli buffer, then 20 µg (heart and skeletal muscles) 
or 30 µg (liver) were separated using 12% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) at 
200V. Proteins were transferred at 4°C (100 V for 60 minutes 
in 20% w/v methanol, 0.02% w/v SDS, 25 mM Tris, 192 mM 
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glycine, pH 8.3) to nitrocellulose paper and incubated in 
Superblock (Thermo Fisher, Rockford, IL) for 1 hour at 
room temperature. Antibodies were purchased from Cell 
Signaling Technologies (Boston, MA; RpS6 #2217, RpS6 
phospho-Ser[240/244] #2215, 4E-BP-1 #9452, phospho-
4E-BP-1[Thr37/46] #9459). Blots were incubated overnight 
with primary antibodies diluted 1:250 in Superblock reagent. 
Blots were washed in tris-buffered saline with Tween and 
incubated with anti-rabbit horse-radish peroxidase-conju-
gated secondary antibody diluted 1:2000 in Superblock with 
subsequent chemiluminescence detection (West Dura, Pierce, 
Rockford, IL). Images were captured, and densitometry was 
analyzed using a UVP Bioimaging system (Upland, CA). 
Blots were probed for phosphorylated proteins first, then 
stripped and reprobed for total protein. Equal loading was 
verified using ponceau-s staining, as well as actin antibodies 
(sc-8432, Santa Cruz Biotechnology, Santa Cruz, CA).

Statistics
Statistical analysis was performed using SPSS (V19, 

IBM SPSS, Somers, NY). Our initial goal was to also 
examine whether there were changes in protein turnover 
at three different ages. We did not detect a difference with 
age in our primary outcomes and therefore collapsed the 
ages into AL and CR groups to increase the number of 
animals in each comparison and increase statistical power. 
The effects of treatment (AL vs. CR) and condition (Fasted 
vs. Fed) were examined by two-by-two analysis of vari-
ance with a priori linear contrasts. In conditions where data 
were unequally variable, appropriate transformations were 
performed. For comparing AL and CR without respect to 
feeding (long-term and collapsed short-term data), a two-
tailed unpaired t-test was used. Significance was set at p ≤ 
0.05. Data are presented as mean ± standard error mean.

Results
Liver, heart, and skeletal muscle–mixed protein synthesis 

were assessed in the 4-hour period after feeding an amino acid 
(or saline) solution and over a 6-week period. In the short-
term cohort, there were no significant increases in mixed 
protein synthesis in all three tissues with feeding and no 
differences between AL and CR animals (Figure 2A). In liver, 
mitochondrial protein synthesis was lower in CR animals when 
compared with AL animals (Figure 2B) in both the fasted and 
the fed conditions. There were no differences between AL and 
CR animals for heart or skeletal muscle mitochondrial protein 
synthesis. When all three tissues were assessed over the long 
term, there were no significant differences between AL and 
CR animals for mixed protein synthesis (Figure 2C), although 
liver mixed protein was 100% newly replaced in this time 
period, and therefore, it is not possible to differentiate rates of 
synthesis between treatments.

All three tissues were assessed for activation of the 
mTOR pathway by Western blotting for phospho and total 
4E-BP-1 and RpS6. In liver, phospho-4E-BP-1 (Figure 3A) 

and phospho:total (Figure  3B) were decreased with CR 
as was phospho-RpS6 (Figure 3D) and total (Figure 3E). 
For heart, phospho-RpS6 (Figure  3D) and phospho:total 
(Figure 3F) were decreased with CR.

Discussion
We hypothesized that CR does not increase protein synthe-

sis in all protein fractions and tissues because of the energy 
requirements of mRNA translation. Further, we hypothesized 
that if a nutrient-sensitive tissue did increase protein synthe-
sis, it would occur in the context of an increased anabolic 
effect to an acute feeding. Our main findings were that CR 
did not increase rates of mixed protein synthesis in response 
to an acute feeding or over the long term. Moreover, short-
term responses indicate a potential decrease in mitochondrial 
protein synthesis in the liver during CR.

Short- and long-term Protein Synthesis
Prior to investigation, we hypothesized that measurements 

of increased rates of protein synthesis with CR could have 
been due to an increased anabolic response to a flooding 
dose of essential amino acids. Others have recently adapted 
the labeled water method to assess short-term changes in 
protein synthesis (17,30,31), which allowed us to measure 
changes in protein synthesis to an amino acid bolus over a 
period of 4 hours. There was no detectable effect of feeding 
in any tissue, and this did not differ between lifelong AL 
and CR groups. This finding is consistent with what others 
have found in heart (17,37). In liver, however, rates of pro-
tein synthesis seem to differ based on the amino acid quan-
tity infused (37), indicating a threshold of amino acid bolus. 
We were surprised not to find an anabolic effect of feeding 
in skeletal muscle, which is contrary to what others have 
previously reported (17). There are two potential reasons 
for the lack of a feeding response in the skeletal muscle. 
First, the mode of “feeding” is different among comparable 
experiments. In the current study, an oral gavage with an 
amino acid solution was used for the acute feeding. In other 
studies, free access to food over 20 hours (17), or intrave-
nous infusion (21,22,38) was used. Although we modeled 
our feeding dose off the flooding dose of Smith et al. (21), 
it is possible that the mode of delivery and the necessity 
of crossing the gut could change metabolic responses to a 
given comparable amino acid dose. Second, in our hands, 
the incorporation of label over the 4-hour period into skel-
etal muscle was very low due to the slower rate (compared 
with liver and heart) of protein synthesis in skeletal mus-
cle, thus increasing variability around a limit of detection. 
Therefore, the number of samples that we could obtain 
usable data were low. In the future, studies using the acute 
assessment techniques should be undertaken for longer 
periods of time (5 hours or more) to assess skeletal muscle 
protein synthesis.

The ability to measure long-term protein synthesis (eg, 
days to weeks) is a particular advantage of the labeled water 
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approach. Here, we report that over the long term, there was 
no effect of CR on mixed protein synthesis in three differ-
ent tissues. Long-term synthesis rates were greatest in liver, 
in which protein was already replaced within the 6-week 
period, followed by heart and skeletal muscles. Previously 
we assessed the synthesis rates of just the mitochondrial 
protein fraction (mitochondrial biogenesis) over the long 
term in liver, heart, and skeletal muscle (39). In that report, 
liver mitochondrial proteins were 100% new, making these 
data uninterpretable kinetically, with slower rates of synthe-
sis for heart and skeletal muscle. The relative synthesis rates 

between tissues in both the current and our previous publi-
cation are consistent with those published in neonatal pigs 
(37). In the current study, we assessed short-term mitochon-
drial protein synthesis and found slower rates of synthesis 
in CR compared with AL mice. This finding substantiates 
that there may be decreased mitochondrial protein synthe-
sis during CR in the liver as others have reported. The cur-
rent findings, in combination with our previously published 
report (39) illustrate the importance of assessing multiple 
tissues when exploring the systemic effects of CR because 
responses seem to vary by tissue.
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Figure 2. Rates of protein synthesis assessed over the short term (4 hours) (A and B) and long term (6 weeks) (C) in liver, heart, and skeletal muscle of lifelong 
CR or AL male B6D2F1 mice. Acute feeding of an amino acid solution did not increase mixed protein synthesis in any tissue and responses did not differ between 
AL and CR mice (A). Because no differences were noted with feeding, Fed and Fasted groups were collapsed into one group and compared (panel insets). Acute 
feeding did not increase mitochondrial protein synthesis (B), but the liver of CR mice had decreased rates of mitochondrial protein synthesis compared with AL mice 
in the fasted and fed conditions (B). Again, the only difference was slower rates of mitochondrial protein synthesis in the liver of CR animals. When animals were 
compared over the long term, there were no differences in mixed protein synthesis, although the liver protein was 100% replaced by this time point and therefore 
cannot be interpreted kinetically. FSR = fractional synthesis rate. *Significantly different from AL, p < .05. Mice were purchased at 6, 12, and 21 months of age into 
both AL and CR groups and were studied as one group. For short-term study, n = 15–17 for heart and liver (both fractions), 9–13 for skeletal muscle mixed, and 2–5 
for skeletal muscle mitochondria. For long-term study, n = 23–24 for all groups.
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Figure 3. 4E-BP-1, phospho-4E-BP-1[Thr37/46], RpS6, and phospho-RpS6 [Ser240/244] were determined by Western blot for phospho (A and D), total (B and 
E), and phospho:total (C and F) in liver, heart, and skeletal muscle of AL and CR mice in the fasted and fed conditions. *Significantly different from AL, p < .05. 
#Significantly different from Fasted, p < .05. n = 7–10 for skeletal muscle RpS6 and 14–15 for all other quantifications.

Methodological considerations
Recently, we proposed that the assessment of rates of 

protein synthesis is important when determining age-related 
changes (38). It is therefore important to discuss how well 
our short-term- and long-term-labeled water methods 

qualitatively and quantitatively support each other. With 
our short-term measurement, liver protein synthesis was 
greater than heart protein synthesis, which was greater than 
skeletal muscle. Qualitatively, these rates are supported 
by our long-term outcomes and are in line with what we 
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expect for synthetis rates relative to each other in these 
tissues (37). Quantitatively, the results of short-term and 
long-term studies do not necessarily match. As an example, 
we can use data from short-term and long-term skeletal 
muscle proteins. Long-term measurements calculate to 
0.055%/h, whereas short-term measurements average 
0.28%/h. It is therefore apparent that values measured over 
4 hours do not quantitatively predict the long-term values. 
It is worth noting that values calculated from the long-term 
experiment are reflective of what others have found with 
short-term incorporation of labeled amino acids (32,40,41). 
Further, when others (31) simultaneously measured protein 
synthesis with a radioactive phenylalanine tracer and 2H

2
O 

methods similar to ours, they also found that there were 
quantitative differences between the methods, but not 
qualitative differences.

The differences between short- and long-term measure-
ments could be explained by differences in turnover between 
the protein pools of the tissue. It could be that one pool, repre-
senting 75% of the proteins, is rapidly turned over. In the cur-
rent study, the short-term value of 0.28%/h would equate to 
100% new protein in approximately 14 days. A second pool 
representing 25% of the proteins could be synthesized more 
slowly with minimal turnover in 6 weeks (eg, extracellular 
matrix). If the 75% pool is at a plateau of 100% for 4 weeks 
and a second pool’s synthesis is minimal, a 6-week integrated 
value could equate to 0.055 %/h for the entire period.

Finally, the observation of higher synthesis rates over the 
short term is not unique to labeled water and may be a result 
of flooding doses in general. In rats given a flooding dose of 
[13C

6
]phenylalanine, skeletal muscle mitochondrial protein 

synthesis was about 0.6%/h (42), a value even higher than 
our values. Other studies have found similar values in rat 
mixed muscle (31,43,44), and all have used some form of a 
flooding dose. It has been well documented that in skeletal 
muscle, the flooding dose of amino acid was likely causing 
a feeding response (20,21). However, that should not be the 
case when using 2H

2
O (30). Future studies would need to 

consider multiple time points or further tissue fractionation 
to determine whether this is true. This variation of synthe-
sis rates over time reiterates the importance of both short-
term and long-term measurements of protein turnover when 
investigating CR or other antiaging interventions.

translation Regulation of Protein Synthesis
In our previous publication using long-term CR mice, we 

reported a general suppression of mTOR signaling in CR 
animals (39). We confirm that finding in the present study 
because, although tissue specific, there is a general decrease 
in 4E-BP-1 and RpS6 phosphorylation. In this report, as 
well as our previous, we chose to present phospho, total, 
and phospho:total ratios because it is unclear which is the 
driving factor in the degree of mTOR activation. For exam-
ple, in liver, there is a decrease in 4E-BP-1 phosphorylation 
and no change in total 4E-BP-1, resulting in a decreased 

phospho:total ratio. However, in RpS6, there is a decrease in 
phosphorylation and a concomitant decrease in total protein 
resulting in no change in the ratio. We are unsure whether 
the phosphorylation or the ratio of phosphorylation to total 
ultimately dictates mTOR regulation. However, responses 
in liver and heart are consistent with decreased activation 
of the mTOR pathway because any changes are consist-
ently in the direction of decreased activation. The observed 
decrease in mTOR activation with CR, at least in liver and 
heart, is consistent with a stress response in which ener-
getic constraints, either total energy or energy flux, lead to 
decreased translation initiation (45,46). It is therefore inter-
esting that protein synthesis rates are maintained in these 
tissues despite the energetic constraints. In our previous 
report (39), we demonstrated that cellular proliferation in 
the liver and heart of CR mice were decreased during life-
long CR. It is therefore apparent that in times of energetic 
constraints, there are tradeoffs between energy consuming 
cellular processes such as synthesis and proliferation.

Perspectives and conclusions
The current report along with our previous report (39) 

collectively illustrates the antagonistic pleiotropy between 
growth and somatic maintenance (2). At the center of 
these decisions is the mTOR pathway due to its role in cell 
growth and survival. In skeletal muscle, strategies such 
as amino acid feeding serve to increase protein synthesis 
by activation of the mTOR pathway (47) and have been 
strongly advocated for an older population to stimulate 
growth and slow sarcopenia. However, suppressed mTOR 
signaling seems to be a common feature of longevity mod-
els (48), and chronic rapamycin feeding, which inhibits 
mTOR signaling, decrease cellular proliferation (39) and 
increase longevity (49). Because of differences between a 
cell’s propensity to replicate, it is likely that tissue-specific 
responses to energetic constraints or other cellular stresses 
will play a large role in determining the success of antiaging 
treatments. We therefore suggest approaches that consider 
multiple tissues for systemic antiaging treatments.
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