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Abstract

mTOR inhibition extends life span in multiple organisms. In mice, when metformin treatment (Met) is added to the mTOR inhibitor rapamycin
(Rap), median and maximal life span is extended to a greater degree than with Rap or Met alone. Treatments that extend life span often
maintain proteostasis. However, it is less clear how individual tissues, such as skeletal muscle, maintain proteostasis with life span—extending
treatments. In C2C12 myotubes, we used deuterium oxide (D,0) to directly measure two primary determinants of proteostasis, protein
synthesis, and degradation rates, with Rap or Met+Rap treatments. We accounted for the independent effects of cell growth and loss, and
isolated the contribution of autophagy and mitochondrial fission to obtain a comprehensive assessment of protein turnover. Compared with
control, both Rap and Met+Rap treatments lowered mitochondrial protein synthesis rates (p < .001) and slowed cellular proliferation (p <
.01). These changes resulted in greater activation of mechanisms promoting proteostasis for Rap, but not Met+Rap. Compared with control,
both Rap and Met+Rap slowed protein breakdown. Autophagy and mitochondrial fission differentially influenced the proteostatic effects
of Rap and Met+Rap in C2C12 myotubes. In conclusion, we demonstrate that Met+Rap did not increase protein turnover and that these
treatments do not seem to promote proteostasis through increased autophagy.
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A decline in mitochondrial function is associated with the aging
process, in part, due to an accumulation of damaged proteins in
the mitochondrial reticulum. Interventions that can prevent the
accumulation of damage, perhaps through increased protein turn-
over, may, therefore, slow the aging process. There is some belief
that treatments that slow aging also slow protein synthesis (1).
The prevailing notion is that treatments that slow aging also in-
crease protein breakdown through activation of autophagy (2).
Decreases in protein synthesis with increased protein breakdown
would create an unsustainable cellular condition that results in a

progressive net loss of protein. Our previous data from long-lived
murine models show that, when cell proliferation is accounted for,
turnover of mitochondrial proteins is increased (3-7). By simul-
taneously assessing rates of protein synthesis and rates of cellular
proliferation, we find that treatments that slow aging often reduce
cellular proliferation. Therefore, what is commonly thought to be a
decrease in the rate of protein synthesis is predominately associated
with decreased cellular proliferation. When protein synthesis is in-
creased relative to DNA synthesis, we interpret this increased ratio
of protein to DNA synthesis as indicative of an energetic trade-off
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to maintain protein homeostasis (proteostasis) at the cost of cel-
lular growth (7).

Cellular proliferation is an energetically costly process as pro-
liferation includes the duplication of both the proteome and the
genome (8). Increased allocation of energetic resources to proteo-
stasis is particularly important for post-mitotic tissues, such as skel-
etal muscle, that cannot rely on proliferation to remove excessive
intracellular damage (9). In many treatments that slow aging, such
as calorie restriction, there are energetic constraints that trigger an
increase in 5" AMP-activated protein kinase (AMPK) signaling and a
decrease in mechanistic target of rapamycin complex 1 (mTORC1)
signaling (10,11). We have shown that these signaling changes
induce reallocation of cellular resources from proliferation/growth
to somatic maintenance (ie, proteostasis (4,6).

Rapamycin (Rap) inhibits mTORC1, reducing global protein
translation and cellular growth by preventing cell cycle progression
(12). Metformin (Met) increases activation of AMPK, potentially
through moderate inhibition of the mitochondrial complex I (13),
although the precise mechanism is not confirmed. Chronic adminis-
tration of Rap increases median and maximal mouse life span (14),
whereas chronic Met treatment increases life span in most (15-17),
but not all interventions (18). The combination of metformin and
rapamycin (Met+Rap) activates AMPK and decreases mTORC1
signaling, events that could increase allocation of energetic resources
to maintaining proteostasis.

Treatment with Met+Rap further extends median and maximal
life span compared with Rap alone (18). Our previous study shows
that chronic Rap treatment in mice reduces cellular proliferation in
multiple tissues, but does not decrease mitochondrial protein syn-
thesis proportionately, suggesting an increased energetic allocation
to mitochondrial protein turnover at the expense of cellular prolif-
eration (4). To our knowledge, no studies have examined the effects
of Met+Rap compared with Rap treatment on protein turnover, cel-
lular proliferation, or AMPK and mTORCT1 signaling.

Both Rap and Met independently stimulate autophagic flux
(19,20). Autophagy is an intracellular degradation process that
recycles intracellular components, including organelles (21). It
is thought that autophagy is required for the life span—extending
effects of calorie restriction (22,23), and contributes to cellular
homeostasis through degradation of dysfunctional mitochondria
(24). Mitochondria-specific autophagy (mitophagy) contributes
to mitochondrial proteostasis by isolating damaged portions of
the organelle through mitochondrial fission (25) for degradation
and recycling (26). Maintenance of a functional mitochondrial re-
ticulum may contribute to proper cellular function across the life
span (27,28). To date, however, direct assessments of the effects of
Rap or Met+Rap treatments on autophagic flux or mitochondrial
fission are not available. Furthermore, measuring autophagy in vivo
is often limited to static assessments of autophagic structures. We
chose a skeletal muscle cell line because skeletal muscle accounts
for ~40% of the body, and age-related loss of skeletal muscle mass
has detrimental effects on function, health, and overall independ-
ence. Further, autophagy and mitochondrial dynamics are integral
processes for maintaining skeletal muscle function.

No direct comparisons of the effects of Rap and Met+Rap treat-
ments on protein turnover and cellular proliferation have been
made. It is also unclear if, and to what extent, autophagy contributes
to the effects of Rap and Met+Rap on protein turnover. Therefore,
the purpose of this investigation was to (i) assess protein synthesis
and degradation and cellular proliferation and degradation during
treatment with Rap or Met+Rap and (ii) determine how autophagy

or mitochondrial fission contribute to protein turnover and cellular
proliferation during treatment with Rap or Met+Rap. In the cur-
rent study, we used murine C2C12 myotubes to examine the effects
of Rap and Met+Rap treatments on protein and cellular turnover
during pharmacological inhibition of autophagy and mitochondrial
fission using bafilomycin-A1 and Mdivi. We hypothesized that Rap
and Met+Rap treatments would decrease the rates of protein synthe-
sis and breakdown but that both treatments would decrease rates of
cellular proliferation to a greater extent than the decrease in protein
turnover, leading to an increased energetic allocation toward protein
turnover. We also hypothesized that autophagy contributes to the
proteostatic effects of Rap and Met+Rap treatments.

Methods

Experimental Overview and Reagents

All experiments conducted were with a commercially available cell
line, and no ethical approval was needed. C2C12 myoblasts were
obtained from American Type Culture Collection (ATCC; Manassas,
VA) and cultured in growth medium (Dulbecco’s modified Eagle me-
dium + 10% fetal bovine serum + 1% penicillin/streptomycin) in
a humidified 37°C, 5% CO, incubator. Myoblasts were plated on
100-mm culture plates, grown to approximately 90% confluence,
and then differentiated into myotubes by culturing in differentiation
medium (Dulbecco’s modified Eagle medium containing 2% horse
serum and 1% penicillin/streptomycin) for 5 days. All treatments for
these experiments were diluted in growth medium containing 10%
deuterium oxide (D,0O).

Protein and DNA Synthesis Experiments

To measure protein and DNA synthesis in C2C12 myotubes, treat-
ments were prepared in growth medium as listed previously and
supplemented with 10% sterile D,O. Cells were treated in triplicate
for each experimental condition at all time points. To assess protein
and DNA synthesis, cultured myotubes were treated for 4 and 24
hours with Rap (5 nM), or Met+Rap (2 mM + 5 nM), medium alone
(Con), or medium with vehicle (dimethyl sulfoxide [DMSO]) and
harvested at 4 and 24 hours in triplicate. These concentrations were
determined to be the lowest effective doses to inhibit mTOR (Rap)
and to activate AMPK (Met). Each treatment was applied in growth
medium enriched with 10% D,O to measure the incorporation of
deuterium into alanine (protein synthesis) or deoxyribose (DNA
synthesis) as described previously. To assess the contribution of
autophagy to protein synthesis rates during Rap or Met+Rap treat-
ments, bafilomycin-A1 (Baf) was used to pre- and co-treat myotubes.
Four hours prior to the start of the stable isotope labeling, plates that
were to be treated with Rap, Met+Rap, or Baf were pretreated with
100 nM Baf. At the end of the pretreatment, cells were rinsed twice
with sterile phosphate-buffered saline, and treatments were applied
with Baf cotreatment (B-Rap, B-Met+Rap, Baf) in growth medium
enriched with 10% D,O. Control and DMSO treatments did not
include Baf at any point during the experiment. The experiment to
assess the contributions of mitochondrial fission to protein synthesis
was completed as the autophagy experiment, replacing bafilomycin
pre- and co-treatment with Mdivi-1 pre- and co-treatment.

Protein and DNA Breakdown Experiments

To measure protein and DNA breakdown in myotubes, myoblasts
were plated onto 100-mm plates. Differentiation media for the
breakdown experiments consisted of Dulbecco’s modified Eagle
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medium, 2% horse serum, antibiotics, and the media was enriched
to 15% with sterile D,O to pre-label the cellular proteins and DNA.
Differentiation media with D,O was replaced every 48 hours dur-
ing differentiation over the course of 5 days. At the end of the
differentiation period, cells were rinsed twice with sterile phosphate-
buffered saline, and then treatments in growth media without D,O
were applied. A set of cells were harvested at the time of switching
medium from 15% D,O enriched to unenriched to determine the
starting protein and DNA enrichment for the experiments (ie, 0-hour
time point). Each treatment was applied in growth medium without
D, O to facilitate assessment of loss of deuterium-labeled alanine and
deoxyribose as proteins and DNA were degraded. To prevent recy-
cling of tracer from rapidly degraded proteins, medium was removed
after 1 hour of treatment, cells were rinsed with sterile phosphate-
buffered saline, and replenished with fresh D,O-free medium.
Myotubes were treated for 4 or 24 hours with Rap, Met+Rap, Con
medium, and DMSO medium in triplicate. Treatment concentrations
for Rap, Met+Rap, DMSO, Con, Baf, and Mdivi-1 were the same as
in the synthesis experiments. For the autophagy and mitochondrial
fission inhibition experiments, cells were pre- and co-treated with
Baf or Mdivi-1 as described above.

Preparation of Analytes for Mass Spectrometric
Analyses
For the assessment of subcellular protein synthesis or break-
down, we used differential centrifugation techniques to isolate
mitochondrial protein and cytoplasmic protein-enriched protein
fractions as previously described (29). The pentafluorobenzyl-N,N-
di(pentafluorobenzyl) derivative of alanine was analyzed on an
Agilent 7890A GC coupled with an Agilent 5975C MS as previously
described (30). To assess cellular DNA synthesis or breakdown, we
prepared the pentafluorobenzyl-hydroxylamine hydrochloride de-
rivative of extracted DNA and analyzed on an Agilent 7890A GC
coupled with an Agilent 5975C MS as previously described (4,29).
An important consideration for the D,O labeling studies used in
the current investigation is how the deuterium label is incorporated
into DNA. Deuterium from D,O is incorporated into deoxynucleo-
sides (dN) during de novo dN synthesis creating a pool of enriched
dN that is used to synthesize DNA (31). Importantly, D,O does not
label dN that arise from the dN salvage pathway, which is the pri-
mary source of dN for DNA repair. Therefore, our measurements
are indicative of de novo DNA synthesis and not DNA repair (31).

Calculation of Protein:DNA Ratios

To account for changes in protein synthesis and breakdown in-
dependent of proliferation and cell loss, we compare protein syn-
thesis and breakdown rates to DNA synthesis and breakdown rates
(protein:DNA). From this calculation, we interpret an increased ratio
as greater turnover of the proteome at the expense of cell turnover.
The media enrichment for each plate was used to calculate the pre-
cursor enrichment (alanine and deoxyribose, respectively) for pro-
tein and DNA synthesis by using the appropriate mass isotopomer
distribution analysis adjustment (32). Protein and DNA fractional
synthesis was calculated by dividing the fraction of newly synthe-
sized proteins or DNA at the time of cell harvest by the duration,
in hours, of the treatment period. Mitochondrial and cytoplasmic
protein:DNA ratios were calculated by dividing the respective pro-
tein fractional synthesis rates by the corresponding DNA fractional
synthesis rate from the same plate. Fractional breakdown rates
for both protein fractions and DNA were calculated based on the

fractional decrease from the starting enrichment (0 hour) for each
treatment over time. The protein:DNA breakdown ratio was calcu-
lated by dividing fractional breakdown rates for protein and DNA.

Western blotting

For the assessment of protein content, an aliquot of cytoplasmic-
enriched proteins from each sample was run on a 4%-20% gel
for phosphorylated and total RPS6, 4EBP-1, and AMPK as well
as p62, and microtubule-associated protein 1A/1B-light chain 3
(LC3) lipidation. Both p62 and LC3 are well-established markers of
autophagic flux. Accumulation of p62 indicates reduced autophagy
flux, and the ratio of the LC3-phosphatidylethanolamine conjugate
(LC3-II) expressed relative to the cytosolic form of LC3 (LC3-I) pro-
vides an indication of autophagic activity. Approximately 11 pg of
protein per sample was loaded, and membranes were stained with
0.1% amido-black (Sigma—Aldrich) and total protein staining quan-
tified to control for protein loading and transfer quality. Primary
antibodies were diluted 1:1,000 and secondary antibodies 1:5,000.
All antibodies were obtained from Cell Signaling Technologies
(Danvers, MA). Protein content was assessed using densitometry.

Statistics

Statistical analyses were performed using Prism v8 (GraphPad
Software, Inc. La Jolla, CA). One-way analysis of variance tests
with Tukey’s multiple comparisons test were used to determine the
effect of treatment for each experimental outcome. All treatments
for the following experiments were diluted in DMSO. Thus, we
performed nonparametric ¢-tests for all nonvehicle control (Con)
samples compared with DMSO samples. There were no significant
differences between Con and DMSO for protein synthesis, DNA
synthesis, protein:DNA, protein breakdown, or DNA breakdown
values in any experiment. Significance for these experiments was
set a priori at p < .05 with additional notations for p < .01, p
< .001, and p < .0001 where appropriate. Data are presented as
mean = SEM.

Results
Protein Synthesis, DNA Synthesis, and Protein:DNA

There were no differences between Rap and Met+Rap treatment for
mitochondrial protein synthesis rates compared with vehicle control
(DMSO) after 4 hours (Supplementary Figure S1). Rap lowered (p <
.0001) mitochondrial protein synthesis rates compared with DMSO
after 24 hours, whereas Met+Rap treatment significantly lowered
mitochondrial protein synthesis rates (p < .0001) compared with
Rap and DMSO at 24 hours (Figure 1). In addition, Met+Rap low-
ered cytoplasmic protein synthesis rates after 4 hours of treatment
compared with DMSO (p < .01) and Rap (p < .01; Supplementary
Figure S1). After 24 hours, Met+Rap lowered cytoplasmic protein
synthesis rates compared with DMSO (p < .001) and Rap (p < .01),
and Rap was not different from DMSO (p = .084; Figure 1). Rap
and Met+Rap did not alter DNA synthesis rates after 4 hours of
treatment compared with DMSO. Rap (p < .001) and Met+Rap (p <
.001) significantly lowered DNA synthesis rates compared to DMSO
after 24 hours (Figure 1).

Rap and Met+Rap did not significantly alter mitochondrial or
cytoplasmic protein:DNA after 4 hours compared with DMSO
(Supplementary Figure S1). However, after 24 hours, mitochondrial
protein:DNA was significantly higher in Rap compared with DMSO
(p <.01) and Met+Rap treatments (p < .05; Figure 1). After 24 hours,
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Figure 1. Effects of 24-h Rap and Met+Rap treatments on protein turnover,
DNA turnover, and protein:DNA. In the top half of the figure, the effects of
DMSO, Rap, and Met+Rap on cellular synthetic processes are reported. Data
from the 24-h time point for mitochondrial protein synthesis rates, DNA
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the horizontal bar. On the bottom half of the figure, we present the data from
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rates, DNA breakdown rates, mitochondrial protein:DNA breakdown,
cytoplasmic protein breakdown rates, and cytoplasmic protein:DNA
breakdown. *p < .05 compared with DMSO, **p < .01 compared with DMSO,
**%p <.001 compared with DMSO, and ****p < .0001 compared with control.
#p < .05 compared with corresponding Rap treatment.

cytoplasmic protein:DNA synthesis was significantly higher in Rap
compared with DMSO (p < .01) and Met+Rap (p < .01; Figure 1).

Protein Breakdown, DNA Breakdown, and

Protein:DNA

Rap and Met+Rap did not significantly alter mitochondrial protein
degradation rates after 4 hours of treatment (Supplementary Figure
S1). However, after 24 hours, Rap and Met+Rap treatments signifi-
cantly reduced mitochondrial protein breakdown rates compared
with DMSO (p < .001; Figure 1). Met+Rap reduced mitochondrial
protein breakdown rate compared with Rap (p < .01) at 24 hours
(Figure 1). Rap and Met+Rap significantly reduced cytoplasmic pro-
tein breakdown rates compared to DMSO (p < .001, and p < .01,
respectively) after 4 hours of treatment (Supplementary Figure S1).
After 24 hours of treatment, Rap reduced cytoplasmic protein break-
down rates compared with DMSO (p < .001), whereas Met+Rap re-
duced cytoplasmic protein breakdown rates compared with DMSO
(p < .0001) and Rap (p < .01; Figure 1). Neither Rap nor Met+Rap
changed DNA breakdown rates compared with DMSO at either
time point (Figure 1). As a result, there were no significant changes
in mitochondrial or cytoplasmic protein:DNA measurements during
the breakdown experiments (Figure 1).

Contributions of Autophagy and Mitochondrial
Fission to Protein Breakdown
Bafilomycin-A1, a vacuolar ATPase inhibitor, did not alter mito-
chondrial protein degradation rates compared with DMSO after 4
hours (Supplementary Figure S2). However, Baf significantly low-
ered (p < .001) mitochondrial protein breakdown rate compared
with DMSO after 24 hours (~29%; Figure 2). In the cytoplasmic
fraction, protein breakdown rates were higher in Baf compared with
DMSO after 4 hours, perhaps due to compensatory activation of
the proteasome system, as discussed below (p < .01; Supplementary
Figure S2). However, after 24 hours, Baf lowered cytoplasmic pro-
tein breakdown rates compared with DMSO (p < .05; Figure 2).
Mitochondrial protein degradation rates were not altered by
treatment with the small molecule inhibitor of mitochondrial fission
Mdivi-1 (10 pM) after 4 or 24 hours compared with DMSO (Figure
2 and Supplementary Figure S2). Similarly, treatment with Mdivi-1
did not alter cytoplasmic protein breakdown rates compared with
DMSO at 4 or 24 hours (Figure 2 and Supplementary Figure S2).

Impact of Bafilomycin or Mdivi on Protein:DNA
Bafilomycin and rapamycin cotreatment (B-Rap) did not change
mitochondrial protein:DNA synthesis compared with rapamycin
alone or DMSO after 24 hours (Figure 3). However, cytoplasmic
protein:DNA was significantly higher in B-Rap compared with Rap
(p < .001) and DMSO (p < .0001) after 24 hours. Mitochondrial
and cytoplasmic protein:DNA breakdown ratios were not different
between any treatment at 24 hours. Baf treatment did not alter mito-
chondrial or cytoplasmic protein:DNA at 4 hours.

Mdivi-1 altered the protein:DNA ratio for cytoplasmic-
enriched fraction. Specifically, Mdivi in combination with Met+Rap
(M-Met+Rap) significantly lowered cytoplasmic protein:DNA com-
pared with Rap alone (p < .05), as well as M-Rap (p < .05). Mdivi-1
treatment alone did not change the mitochondrial protein:DNA
synthesis ratio. M-Rap mitochondrial protein:DNA was signifi-
cantly lower (p < .05) compared with Rap alone. M-Met+Rap mito-
chondrial protein:DNA was also significantly lower than Rap or
Met+Rap alone (p < .001, and 0.05, respectively). However, when
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protein:DNA ratios were calculated from the fractional breakdown
rates, there were no significant differences between any treatments
and control.
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(A-D), the autophagy inhibition experiment (E-H), and the mitochondrial
division inhibition experiment (I-L). (A) phosphorylated:total AMPK, (B)
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protein content. *p < .05 compared with DMSO, **p < .01 compared with
DMSO, ***p <.001 compared with DMSO, and ****p < .0001 compared with
control. #p < .01 compared with corresponding Rap treatment. ®®p < .01
compared with corresponding Met+Rap treatment.

Protein Signaling

All Western blotting data are presented as summary graphs (Figure
4), and full immunoblot images are presented in Supplementary
Figure S3. Rap and Met+Rap completely abolish phosphorylated
RPS6 in all experiments (p < .0001; Figure 4). AMPK phosphoryla-
tion was only detectable in Met+Rap-treated cells, including during
Baf or Mdivi cotreatment (p < .0001; Figure 4). The ratio of LC32:1
was not increased during Rap or Met+Rap treatments.

Discussion

The primary objective of this investigation was to directly com-
pare the effects of Rap and Met+Rap treatments on mitochon-
drial and cytoplasmic protein turnover, cellular proliferation, and
protein:DNA ratio in cultured skeletal myotubes. We demonstrated
that both Rap and Met+Rap treatments lowered protein synthe-
sis and breakdown and concomitantly lowered cellular prolifera-
tion. In addition, we found that acute treatment with Rap in vitro
increased mitochondrial protein:DNA synthesis compared with
control, similar to our previous findings in heart, liver, and skele-
tal muscle from Rap-treated mice (4). Contrary to our hypothesis,
however, Met+Rap treatment did not alter protein:DNA synthesis
or breakdown compared with control during assessments of pro-
tein synthesis or breakdown, despite slower cellular proliferation
and breakdown. These are the first data to demonstrate that Rap
and Met+Rap treatments differ in their effects on mitochondrial and
cytoplasmic protein:DNA synthesis.

The relationship between protein synthesis and cellular prolifera-
tion can provide insight into energetic resource allocation for pro-
tein turnover (7). Specifically, cellular proliferation is an energetically
costly process, primarily due to the energy required for replication
of the proteome (33). However, when cells do not replicate (eg, are
post-mitotic), protein turnover is still required to maintain a func-
tional proteome. Examining the relationship between protein syn-
thesis and DNA synthesis helps to inform whether protein synthesis
is allocated to cellular proliferation or to protein turnover (7). We
found that both Rap and Met+Rap treatments concomitantly lower
protein synthesis and DNA synthesis rates. However, mitochondrial
protein:DNA synthesis was greater in Rap-treated cells compared
with control, suggesting that Rap increased the maintenance or
turnover of mitochondrial proteins. These findings are in line with
our previous data in Rap-treated mice (4). These data are the first
experimental evidence indicating that Met+Rap treatment does not
alter mitochondrial protein:DNA synthesis. A potential explanation
for the differing effects of Rap and Met+Rap treatments on mito-
chondrial protein turnover in the current investigation is that Met
treatment in vivo is thought to primarily affect hepatic glucoregula-
tion, not skeletal muscle (34). Despite no effect of acute Met+Rap
treatment on mitochondrial protein:DNA synthesis or breakdown in
cultured skeletal myotubes, chronic administration may be required
for to affect skeletal muscle protein turnover as well as the life span—
extending effect.

Rap treatment has been reported to increase protein breakdown
through an increase in autophagy (35). Our experiments allowed
us to distinguish the effects of Rap on autophagy as a component
of total breakdown, which presumably includes proteasomal break-
down. We found that both Rap and Met+Rap treatments slowed
protein degradation compared to control. When autophagy was
inhibited with Baf treatment, there was no additional decrease in
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mitochondrial protein breakdown with either treatment, but cyto-
solic protein breakdown in Met+Rap slowed. These data indicate
that in vitro only Met+Rap treatment activated autophagy of cyto-
solic proteins to an appreciable extent. However, when protein:DNA
breakdown was compared, there were no changes with any treat-
ment indicating that differences in breakdown might solely be attrib-
uted to changes in cell loss.

In addition to protein breakdown, we also sought to understand
how changes in autophagic flux affected protein synthesis during
Rap and Met+Rap treatments. A priori we expected that Rap would
activate autophagy and that this may in turn influence protein syn-
thesis as a proteostatic mechanism. However, as indicated above, our
treatments did not increase autophagy. Similarly, Rap and Met+Rap
treatments did not alter mitochondrial protein:DNA synthesis, sup-
porting that changes seen in vitro are likely due to changes in the
cell cycle (36). In contrast to the lack of change in mitochondrial
protein:DNA synthesis, there was a major effect of autophagic inhib-
ition on cytoplasmic protein:DNA synthesis. Cytoplasmic, but not
mitochondrial, proteins have been identified as major substrates for
autophagic flux in quiescent fibroblasts (37), potentially explaining
the significant increase in cytoplasmic protein:DNA synthesis during
autophagic inhibition (Figure 3). In sum, our data support that Rap
and Met+Rap have differing effects on cytosolic protein turnover,
while having minimal influence on mitochondrial protein turnover.
In addition, many, but not all, of the apparent changes in protein
synthesis in vitro can be explained by changes in cell cycling.

Finally, we sought to examine the contribution of mitochondrial
fission, an event preceding mitophagy, to protein turnover during Rap
and Met+Rap treatments. Inhibiting mitochondrial fission during
Rap or Met+Rap treatments lowered mitochondrial protein:DNA
synthesis, but did not influence mitochondrial protein breakdown,
suggesting that inhibiting mitochondrial fission decreases mito-
chondrial density through reduced mitochondrial protein accretion.
Burman and colleagues recently reported that inhibiting Drpl-
dependent mitochondrial fission increased the rate of mitophagy
through a Parkin-dependent mechanism (38). Therefore, inhibiting
mitochondrial fission during Rap and Met+Rap treatments may re-
duce mitochondrial protein:DNA synthesis by increasing autophagic
degradation of mitochondria, but reduce the selective mitophagy of
protein aggregates, as both Rap and Met+Rap treatments lower
mitochondrial protein synthesis rates. Together, these findings high-
light a key role for mitochondrial remodeling and potentially se-
lective mitophagy contributing to the effects of Rap and Met+Rap
treatments on mitochondrial protein turnover.

There are two potential limitations of the current study. Our cal-
culation of protein:DNA assumes that the source of DNA synthesis
is nuclear, and that it is indicative of a homogenous pool of protein
and DNA. Regarding our first assumption, the ratio of mtDNA to
nuclear DNA is approximately 2,000:1 in C2C12 myotubes (39).
However, the number of base pairs, which is what is analyzed on
GC-MS, is 16,700 for mtDNA and 3,300,000,000 for nuclear DNA.
Therefore, mtDNA contributes 1% of the total number of base
pairs. In addition, the turnover of mtDNA in vivo is on the order
of 1 month (40), although this is not known in C2C12 myotubes
in vitro. If we assume that only a fraction of mtDNA is new in our
24-hour labeling period, it would represent an even smaller fraction
of the total DNA. Finally, even if mtDNA is 100% new in the labe-
ling period, the maximal 1% it could account for is far less than the
10%-15% new DNA we measure over the 24-hour labeling period.
Therefore, we are confident that mtDNA is a small, if any, contrib-
utor to the measured DNA synthesis rates. Regarding our second

assumption, it is possible that a small pool of cells are replicating,
while protein synthesis is distributed throughout all cells. Tracer
approaches assume that there is a single homogenous pool, which we
believe to be safe under these conditions. In our experiment, the ratio
of fractional synthesis rates is on the order of approximately 1.5:1
to 4:1, indicating to us that the changes in proliferation are probably
a primary factor in determining changes in protein synthesis. If we
measured ratios that were skewed further in the direction of protein
(eg, 100:1 or 1,000:1), we would be more concerned about the influ-
ence of a nonhomogenous DNA pool distinct from the homogenous
protein pool. Further studies should confirm these assumptions.

Together, our data reveal that there are differential effects of
the life span—extending treatments Met+Rap and Rap on cellular
resource allocation toward protein turnover at the expense of pro-
liferation. In addition, Rap and Met+Rap treatments seemingly
reduced mitochondrial protein turnover, but only Rap treatment
increases mitochondrial protein:DNA synthesis. Our findings pro-
vide evidence that, in cultured skeletal myotubes, Rap and Met+Rap
have different effects on protein turnover. In addition, it appears that
autophagy was not a significant contributor to changes in mitochon-
drial protein turnover with these life span—extending treatments.
Future investigations should further consider the independent roles
of protein turnover and cell turnover when considering mechanisms
of life-span extension with Rap and Met+Rap.

Supplementary Material

Supplementary data is available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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