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Abstract

Slowing the aging process can reduce the risk for multiple chronic diseases simultaneously. It is
increasingly recognized that maintaining protein homeostasis (or proteostasis) is important for
slowing the aging process. Since proteostasis is a dynamic process, monitoring it is not a simple
task and requires use of appropriate methods. This review will introduce methods to assess protein
and DNA synthesis using deuterium oxide (D,0), and how protein and DNA synthesis outcomes
provide insight into proteostatic mechanisms. Finally, we provide a discussion on how these
assessments of protein and DNA synthesis are “mechanistic” investigations and provide an
appropriate framework for the further development of slowed aging treatments.
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1.1 Introduction

Long-lived models are ideal for studying slowed aging because it is presumed that slowed
aging is what imparts long life. This mini-review will present a strategy for examining
shared characteristics among long-lived models. We believe that shared characteristics
between models are potentially indicative of globally applicable mechanistic insights for
slowing the aging process.

The ability to maintain protein homeostasis (proteostasis) has become a key outcome in
aging research (Austad, 2010; Balch et al., 2008; Perez et al., 2009; Salmon et al., 2009).
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Proteostasis refers to cellular control of the concentration, location, and conformation of
individual proteins to achieve stability (Balch et al., 2008). Conceptually the idea of
proteostasis is simple, protein synthesis (with accompanied folding and transport) must
match the rate of protein degradation and the need to provision new daughter cells (Figure
1). It is thought that proteostasis promotes healthy aging through enhanced cellular stability
and repair (Treaster et al., 2013). Whether or not increased proteostasis maintenance is an
underlying mechanism of slowed aging is yet to be definitively determined, but
investigations into proteostasis provide a contextual framework for studying the aging
process. In order to study proteostasis, one needs to use appropriate methods. In this review,
we show that in vivo heavy water labeling provides valuable insight into the connection
between the aging process and changes in proteostasis.

1.2 Discussion

1.2.1 Distinguishing cell growth, adaptation and repair to understand proteostasis

When a proliferative cell replicates it doubles its mass to have two equal sized daughter cells
(Grebien et al., 2005). When a post-mitotic cell, such as a skeletal muscle cell, hypertrophies
it recruits DNA from resident stem cells (Collins et al., 2005) to maintain a constant DNA to
cytoplasm ratio (Allen et al., 1999; Pavlath et al., 1989). Therefore, in both proliferative and
post-mitotic cells, new DNA, either from true DNA replication or DNA recruitment, is
associated with increases in protein synthesis.

The capacity for cells to enzymatically repair proteins is low (Mary et al., 2004; Mortimore
and P3s6, 1987; Poppek and Grune, 2005). Therefore to maintain proteostasis, damaged
proteins are removed and replaced with new proteins (Poppek and Grune, 2005). Cells
constantly integrate multiple signals about the intracellular and extracellular environment
and synthesize new proteins in response to environmental stresses. This process is counter to
increasing protein synthesis due to an increase in cell proliferation. In one case there are
adaptive responses to prevent or replace protein damage to maintain proteostasis, whereas in
the other, protein synthesis increases to equip the newly made cells. By this rationale, when
examining protein synthesis in the context of increasing proteostatic mechanisms, one
should consider both the rate of protein synthesis and cellular proliferation in order to
account for how much protein is directed toward cell doubling versus how much is directed
toward maintaining existing cellular structures.

1.2.3 Using D,0 for assessing synthesis of DNA and protein

The concentration of each individual protein is the result of dynamic balance of synthesis
and degradation rates. Assessing rates of synthesis of new protein and DNA is critical
because simply measuring concentration masks ongoing cellular processes. For example, if
protein synthesis increased by one hundred-fold and was matched by a one hundred-fold
increase in breakdown, there would be no detectable change in protein concentration even
though there were dramatic changes to proteostasis. Although it has been recognized
previously that cell proliferation and protein synthesis are linked (Eden et al., 2011), few in
vivo experimental approaches have been developed to allow measurement of these rates.
During periods of cellular stress several post-transcriptional mechanisms such as selective
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translation (Zid et al., 2009), stress granules (Kimball et al., 2003), and micro-RNA (Adeli,
2011) determine which mRNA are translated to protein. Therefore, measurements of cellular
signaling and mRNA content are not appropriate for assessing protein synthesis because
they fail to account for post-transcriptional regulation, a concept we have previously
discussed (Miller and Hamilton, 2012).

In vivo deuterium oxide (D,0) labeling allows for the simultaneous measurement of both
protein (Busch et al., 2006; Drake et al., 2013; Miller et al., 2012; 2013; Robinson et al.,
2011) and DNA synthesis (Drake et al., 2013; Miller et al., 2013; 2012; Neese et al., 2002;
Robinson et al., 2011). For a detailed discussion of the calculations, assumptions, and
limitations, the reader is referred to the following publications for protein (Busch et al.,
2006) and DNA (Neese et al., 2002). To perform a study, D,O is introduced as an
intraperitoneal injection (Gasier et al., 2009; Miller et al., 2013; Yuan et al., 2008) or as
drinking water (Drake et al., 2013; Miller et al., 2013; 2012) to enrich the body water pool
with deuterium (Figure 1). Equilibrium is rapidly established within the body water. Newly
synthesized metabolites incorporate deuterium into stable C-H bonds, which allows
identification of new molecules by mass spectrometry. A particular advantage of using D0,
compared to intravenous delivery of labeled amino acids, is that DO can be used over
prolonged periods, as opposed to acute 4-6 hr periods for labeled amino acids, to capture the
synthesis of slowly synthesized species while an organism is free living. This ability to
measure outcomes over the long-term is advantageous because the sum total of
physiological effects over time, not just short snapshots that vary based on the prevailing
metabolic state, can be assessed. When studying processes associated with aging and slowed
aging in laboratory models and humans, the ability to capture data during prolonged free
living allows the study of more subtle differences that accumulate over time.

1.2.4 What measuring proteostasis tells us about slowed aging

Long-lived models (i.e. models of slowed aging) are ideally suited for use in studies to
identify the mechanisms responsible for aging and age-related declines. Caloric restriction
without malnutrition (CR) (Masoro, 2005) and rapamycin treated mice (Harrison et al.,
2009) are long-lived and demonstrate characteristics consistent with prolonged healthspan
(Wilkinson et al., 2012). These models also share the characteristic of decreased mechanistic
(formerly mammalian) target of rapamycin (mTOR) activity (Drake et al., 2013; Harrison et
al., 2009; Miller et al., 2012), a key modulator of protein synthesis and cell cycling
(Sengupta et al., 2010). However, as discussed below, decreased mTOR activity is not
universal among long-lived models.

1.2.4.1 Caloric restriction—CR is a fascinating aging intervention because some
evidence suggests that mitochondrial biogenesis is maintained or increased during CR
(Nisoli, 2005), while others have speculated that decreased protein synthesis leads to
lifespan extension (Kapahi, 2010; Tavernarakis, 2008). Given the complex mechanisms of
post-transcriptional regulation employed during activation of pathways associated with
energetic stress, we thought that it is possible that protein synthetic responses were not truly
captured with previous methods. Using D,O we measured protein synthesis, including
mitochondrial protein synthesis, both acutely (4 hours) and over the long-term (6 weeks) in
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liver, heart, and skeletal muscle of CR animals compared to ad libitum fed controls (CON)
(Miller et al., 2013; 2012). We found that almost uniformly among the three tissues, protein
synthesis was maintained in CR mice, including in the mitochondrial fraction (Miller et al.,
2013; 2012) (Figure 2A). Although the finding that there are no differences in protein
synthesis between CR and CON appears fairly unremarkable, when considered in relation to
DNA synthesis a different picture emerges (Figure 2B). Unchanged rates of protein
synthesis during CR directly conflicts with the idea that a decrease in protein synthesis is a
mechanism of slowed aging. Interestingly, because DNA synthesis rates were lower in CR
animals compared to CON, the ratio of protein synthesis to DNA synthesis is greater in CR
compared to CON. The combination of slowed DNA and unchanged protein synthesis,
suggests a greater proportion of protein synthesis is dedicated to maintaining existing
cellular structures rather than cell proliferation.

These data are suggestive of increases in proteostatic maintenance and quality control. We
expect that changes in the synthesis of individual proteins and enzymes will give further
insight into the CR-dependent cellular response. Indeed, we measured the synthesis rates of
several hundred individual proteins in the liver (Price et al., 2012), and found that a majority
of these proteins were synthesized more slowly during CR. We observed that many proteins
which were functionally related seemed to be regulated together (Figure 3), in keeping with
our previous observations (Price et al., 2010). Interestingly, in the liver although the
synthesis rates of many proteins were significantly different the protein:DNA ratio was often
the same between controls and CR. A few selected protein ontologies, like the urea cycle
(Figure 3B) showed an increase in protein:DNA ratio suggestive of increased proteostatic
maintenance. This indicates that the cell may adapt to CR by enacting a specific program of
proteostasis instead of global changes in metabolism. The application of this technique to
other tissues and models may shed light on mechanisms of increased proteostasis.

1.2.4.2 Rapamycin treatment—Chronic administration of the mTORCL1 inhibitor
rapamycin has been shown to extend mean and maximal life span in heterogeneous mice
(Harrison et al., 2009). Our comparison of protein synthesis and DNA synthesis over a 4-
week period in heterogeneous mice treated for 12 weeks with rapamycin (Drake et al., 2013)
showed that skeletal muscle experienced a decrease in protein synthesis rates in mixed
(nuclei, plasma membrane, and contractile proteins) and cytosolic fractions, while synthesis
rates of mitochondrial proteins were maintained (Figure 2C). In both the skeletal muscle
and heart, there was a decrease in DNA synthesis. In a subsequent calculation of protein
synthesis to DNA synthesis ratios, it became apparent that like CR, there is an increase in
proteostatic mechanisms in rapamycin treated mice compared to CON (Figure 2D).

1.2.4.3 Crowded litter—The crowded litter model (CL) is a newly described long-lived
model (Steinbaugh et al., 2012; Sun et al., 2009). In the CL model, litter size is increased by
50% and this increase in litter size presumably imposes transient caloric restriction during a
critical developmental period until the pups are weaned and subsequently given free access
to food. Even though the CL mice are given ad libitum access to food for the remainder of
their lives, mean and maximal lifespan are increased (Sun et al., 2009).
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Recently we characterized protein and DNA synthetic rates in the long-lived CL mouse
(Drake et al., 2014). Surprisingly, we found that compared to normal litter sized controls
(CON), CL mice rates of protein synthesis that were uniformly greater in heart, liver, and
skeletal muscle in all sub-fractions examined (Drake et al., 2014)(Figure 2E). In addition,
contrary to other long-lived models, DNA synthesis was relatively unchanged. Importantly,
when the protein synthesis to DNA synthesis was calculated, it again appeared that there
was greater activation of proteostatic mechanisms in the CL mice compared to CON (Figure
2F). Finally, activation of ribosomal protein subunit S6 (rpS6), a marker of mMTOR
activation, was greater in CL compared to CON (Drake et al., 2014). Therefore, although a
decrease in mTOR activity observed in both the CR and rapamycin treated mice, the CL
model illustrates that the resultant improvement in proteostasis is likely a more important
outcome than decreased mTOR activity itself.

1.2.5 Why are studies of proteostasis mechanistic?

It is easy to dismiss the measurement of protein and DNA synthesis as largely descriptive
and not mechanistic. However, when investigating the end result of cellular processes, the
measurement of synthesis rates is perhaps one of the more insightful mechanistic outcomes.
Protein concentration is controlled through the dynamic balance of synthesis versus
degradation and cell proliferation (Figure 1) and is poorly correlated with mRNA
concentration. For example, aerobic exercise, a known modulator of the aging process
(Short et al., 2005), activates both the transcriptional coactivator peroxisome proliferator-
activated receptor-coactivator-1a (PGC-1a) (Pilegaard et al., 2003) and AMP-activated
protein kinase (AMPK) (Winder and Hardie, 1996). Whereas PGC-1a activation triggers
increases in the transcription of nuclear and mitochondrial coded mRNA for mitochondrial
protein synthesis, AMPK inhibits protein translation through its interactions with mTOR
(Mounier et al., 2011). Therefore, without a measurement of protein synthesis, it is difficult
to determine whether the newly transcribed mRNA was actually translated into new protein.
Also, the manipulation of gene targets can have multiple unknown downstream effects
(pleiotropy), by monitoring protein synthesis we measure the final action in the cascade of
events. Measuring protein synthesis rates in the context of DNA synthesis rates provides
novel insight into proteostatic mechanisms. These measurements are perhaps even more
discerning when using in vivo models of slowed aging since long-lived models have
complex systemic changes that might not be captured during short term analysis of signaling
pathways or protein concentration.

To date, our data strongly support the concept that slowed aging is associated with improved
proteostasis. Importantly, they also illustrate the importance of using the assessment of
synthetic rates as a mechanistic outcome. The inhibition of mTOR has been the focus of
much research, because of its potential to slow the aging process (Flynn et al., 2013;
Wilkinson et al., 2012; Wu et al., 2013; Ye et al., 2013). However, our findings in CL
indicate that lifespan extension can happen independently of a decrease in mTOR activity
(Drake et al., 2014). This lifespan extension independent of a decrease in mTOR activity is
seen in other longevity treatments such as branched chain amino acid supplementation
(D'Antona et al., 2010). It is yet to be determined which proteins are most important for
slowed aging although we hypothesize that these are proteins involved in mitochondrial
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respiration and stress resistance. Future studies could be enhanced by interrogating
mechanisms of proteostasis control as a key regulator of lifespan, as well as the
determination of protein synthetic “signatures” of slowed aging.

1.3 Conclusions

By recognizing that proteostasis is a key feature of slowed aging, maintaining proteostasis
can then be a mechanistic target to slow the aging process. Monitoring cellular control of
individual proteins via protein synthesis is critical to this research because it represents the
sum of the highly regulated transcriptional and post-transcriptional processes. However, to
properly assess the contribution of the increase in protein synthesis to proteostasis, one must
also consider the making of new cells to determine how much protein synthesis is dedicated
to new cells versus replacing of existing proteins. It is our goal to further characterize
protein synthetic responses in long-lived models in order to identify methods of proteostatic
control that contribute to slow aging.
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Figure 1. Using DO for assessing synthesis of DNA and protein
Following an intraperitoneal injection, D,0 (2H,0) is administered via the animal's drinking

water where it rapidly equilibrates with the body water pool (A). Incorporation of deuterium
from body water into labile hydrogens of precursor building blocks and subsequent
incorporation of those precursor species into stable C-H bonds allows monitoring of rates of
newly synthesized proteins and DNA up until a period in which all are 100% new (B). The
synthesis of new protein and DNA control protein concentration in vivo (C).
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Figure 2. Representative protein synthesis, DNA synthesis, and protein synthesis:DNA synthesis
in three models of slowed aging
(A) Synthetic rates of DNA and protein in three fractions of skeletal muscle (MIXED =

myofibrillar, CYTO = cytoplasmic, MITO = Mitochondrial) in lifelong calorically restricted
mice (CR) and ad libitum fed controls (AL). Although there is a trend for greater
mitochondrial protein synthesis in CR, protein synthesis rates are largely similar between
CR and AL (data reproduced from (Miller et al., 2013; 2012)). (B) When the data are
expressed as a synthesis ratio, it is clear that there is increase protein synthesis dedicated to
proteostasis in CR animals as compared to AL. (C) Synthetic rates of DNA and three
fractions of heart in chronically fed rapamycin treated (RAP) and age matched controls
(CON). There are no differences between RAP and CON for protein synthetic rates,
although DNA synthesis is lower in RAP compared to CON. (D) When the data are
expressed as a synthesis ratio, there is increased protein synthesis dedicated to maintaining
existing protein structures in RAP compared to CON (data reproduced from (Drake et al.,
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2013)). (E) Synthetic rates of DNA and three fractions of skeletal muscle in crowded litter
mice (CL) and normal litter sized controls (CON). As opposed to CR and RAP models, there
is greater protein synthesis in CL compared to CON and no difference in DNA synthesis
(data reproduced from (Drake et al., 2014)). (F) Despite qualitative differences in synthesis
rates in the CL model compared to CR and RAP, the ratio of protein and DNA synthesis
rates still imply maintained proteostasis. Data are means + SEM, n = 4-12/group. *p<0.05
compared to CON for the same fraction.
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Figure 3.
(A) Individual protein components of ATP Synthase (- -), Ribosome (- -), and urea cycle (&)

are synthesized significantly more slowly (*, p<0.05) during CR. (B) Comparison of
DNA:Protein synthesis rate ratios suggests that synthesis of urea cycle proteins is
maintained at higher comparative rate in CR compared to AL controls.

Ageing Res Rev. Author manuscript; available in PMC 2015 November 01.



