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Abstract

170-Estradiol (17a-E2) is a “non-feminizing” estrogen that extends life span in male, but not female, mice. We recently reported that 17a-E2
had robust beneficial effects on metabolic and inflammatory parameters in aged male mice. However, it remains unclear if 170-E2 also delays
other “hallmarks” of aging, particularly maintaining proteostasis. Here, we used isotope labeling methods in older mice to examine proteostatic
mechanisms. We compared weight-matched mild calorie restricted (CR) and 17a-E2 treated male mice with the hypothesis that 170-E2 would
increase protein synthesis for somatic maintenance. 17a-E2 had no effect on protein synthesis or DNA synthesis in multiple tissues, including
white adipose tissue. Conversely, mild short-term CR decreased DNA synthesis and increased the protein to DNA synthesis ratio in multiple
tissues. Examination of individual protein synthesis and content did not differentiate treatments, although it provided insight into the regulation of
protein content between tissues. Contrary to our hypothesis, we did not see the predicted differences in protein to DNA synthesis following 17a-
E2 treatment. However, mild short-term CR elicited differences consistent with both lifelong CR and other treatments that curtail aging processes.
These data indicated that despite similar maintenance of body mass, 17a-E2 and CR treatments elicit distinctly different proteostatic outcomes.

Keywords: Protein synthesis, Proteomics, Deuterium oxide, Mouse, Metabolism

The aging process and onset of age-related diseases can be delayed
by dietary interventions that modulate metabolic signaling path-
ways, such as caloric restriction (CR) (1). In addition to dietary
interventions, several orally consumed compounds, such as those
tested by the National Institute on Aging Interventions Testing
Program, have also shown promise as interventional strategies to
curtail disease and/or extend longevity (2). One of the more recently
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studied compounds to demonstrate benefits on health parameters
and longevity is 17a-estradiol (170-E2). 170-E2 is a naturally
occurring enantiomer of 17p-estradiol that has long been considered
“non-feminizing” due to its weak affinity for classical estrogen re-
ceptors (3,4). The National Institute on Aging Interventions Testing
Program has reported that 17a-E2 extends life span in male, but
not female, mice at two different doses (4.8 and 14.4 ppm) (5,6).
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The higher dose, which was started at 10 months of age, increased
median life span by 19% in male mice (6). In alignment with these
findings, we recently reported that 17a-E2 had robust beneficial ef-
fects on metabolic and inflammatory parameters in aged male mice
as evidenced by decreased adiposity, improved insulin sensitivity,
and reduced pro-inflammatory cytokines and chemokines in white
adipose tissue (WAT) and the circulation (7). These observations
were also associated with changes in WAT AMPKa and mTORC1
signaling, which are consistent with beneficial metabolic outcomes
with advancing age (8,9). Interestingly, we have also reported that
170-E2 has profound effects on adiposity in middle-aged obese male
mice (10), suggesting that 17a-E2 may have direct actions in WAT.

Garratt and colleagues (11) have also assessed several metabolic-
related variables in mice receiving 17a-E2. The authors did not
assess changes in body mass or adiposity in this study but did re-
port enhanced glucose tolerance, insulin sensitivity, and mTORC2
signaling in male mice receiving 17a-E2, all of which are markers
of improved metabolic homeostasis (12). In a subsequent report,
Garratt and colleagues also provided evidence that 17a-E2 likely
modifies hepatic amino acid metabolism in male mice (13), which
further implicates metabolic regulation in 170-E2-mediated effects.
Collectively, all of the aforementioned studies suggest that the mech-
anisms responsible for improvements in health span and longevity
by 17a-E2 are closely aligned with alterations of metabolic homeo-
stasis. However, it remains unclear if 17a-E2 also delays other
“hallmarks” of aging, particularly maintaining proteostasis given
its apparent regulation of the mTOR protein complexes (7,11).

Proteostasis is a central player in aging biology in that it con-
tributes to somatic maintenance (14). Protein turnover is one of the
primary mechanisms for maintaining proteostasis (15) and could be
a key strategy for preserving proteome fidelity and slowing the aging
process (16). We have focused on the trade-off between growth
(marked by cellular proliferation) and somatic maintenance (17,18)
in accelerated or slowed aging conditions (14). To do so, we measure
protein and DNA synthesis to account for protein synthesis being
directed toward proliferation and growth, versus protein synthesis
to maintain existing cellular structures. When cells proliferate, DNA
replicates and protein mass doubles so that new cells have the full
complement of both nuclear material and proteins (19). Thus, cel-
lular proliferation increases the rates of both protein and DNA syn-
thesis. In contrast, cell remodeling only requires a change in protein
turnover without a change in DNA synthesis. Protein synthesis for
growth is thought to exacerbate aging processes, whereas protein
synthesis for somatic maintenance is thought to slow aging processes
(14,17,18). Our studies assessing both protein and DNA synthesis
consistently demonstrate greater activation of proteostatic mech-
anisms in long-lived models. Specifically, mice undergoing lifelong
CR, the Snell Dwarf, rapamycin-treated, crowded litter, and Nrf2
activator-treated mice display greater protein to DNA synthesis rates
than that of controls (18,20-22). These findings reflect an energetic
trade-off in these models, in which greater proteostatic regulation
is maintained for the purpose of somatic maintenance at the cost
of cellular proliferation and growth (17). Despite the abundance of
data demonstrating that 170-E2 improves a variety of metabolic
variables (7,10,11), it remains unclear if this treatment modality
may also be affecting cellular proliferation and proteostasis when
administered late in life. Similarly, we do not know if short-term,
mild CR has similar protein turnover responses as those observed
with lifelong 40% CR.

The purpose of the current analyses was to compare and contrast
proteostatic mechanisms in peripheral tissues from weight-matched

old male mice undergoing 17a-E2 or short-term mild CR. We chose
to analyze peripheral metabolically active tissues because previous
studies indicate significant effects of CR and 17a-E2 in these organs.
We hypothesized that CR and 17a-E2 would modulate proteostatic
processes in a similar fashion. Herein, we report the first simultan-
eous assessment of protein and DNA synthesis rates in WAT, which is
known to serve an important role in modulating systemic metabolic
homeostasis and aging processes (23,24). In addition, we performed
targeted quantitative and kinetic proteomic assessments of key en-
zymes involved in metabolic processes in several tissues to determine
how turnover may be affected by late-life CR or 170-E2. Contrary
to our hypothesis, 170-E2 treated mice displayed no changes in
protein to DNA synthesis rates in any tissue, whereas late-life CR did
modify this ratio in a manner similar to a life-long intervention (18).
Furthermore, tissue-specific differences in the regulation of individual
protein synthetic rates were observed following CR. These findings
indicate that proteostatic mechanisms are differentially modulated by
some, but not all, life span-extending interventions.

Methods

Animals

All animal procedures were reviewed and approved by the institu-
tional animal care and use committees. All mice (male C57BL/6)
were obtained from the National Institute on Aging and were in-
dividually housed at 24 = 0.5°C on a 12:12-hour light-dark cycle.
Unless otherwise noted, mice had ad libitum access to food and
water throughout the experiment. Twenty-month-old mice (7-10
per group) were randomized by body mass, body composition,
fasting glucose, and Hemoglobin Alc (HbAlc) to control (CON),
170-E2, or CR treatment groups, as reported previously (7). Body
mass and food intake were measured daily, whereas body compos-
ition was measured weekly throughout the 5-week intervention by
quantitative magnetic resonance using an EchoMRI-100H analyzer
(data previously reported in ref. (7)). Daily food allotment for the
CR treatment group was calculated based on body mass changes in
the 170-E2 treatment group from the previous day. LabDiet 58YP
(66.4% CHO, 20.5% PRO, 13.1% FAT) was used as the CON and
CR diet and was supplemented with 17a-E2 (14.4 ppm; Steraloids,
Newport, RI) for the treatment diet (TestDiet; Richmond, IN). This
design allowed for weight-matching between the 17a-E2 and CR
treatment groups and averaged approximately 18% restriction
compared with controls over the course of the study. The CR mice
received half of their daily food allotment at 0600 hour and the re-
mainder at 1800 hour.

The use of ?H,0 (D,0) allows simultaneous assessment of mul-
tiple synthetic processes. Here, we assessed the synthesis of mito-
chondrial (mito), cytosolic (cyto), and mixed (mixed) proteins and
DNA in WAT, liver, and cardiac tissues according to procedures de-
scribed previously, which were modified for WAT analysis (see later).
Two weeks before killing the mice received an intraperitoneal in-
jection of 99% enriched D,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 8% for the next 2
weeks (20,21,25-27). At the conclusion of the study, mice were an-
esthetized with isoflurane and euthanized by cervical dislocation be-
fore dissection. Blood was collected into ethylenediaminetetraacetic
acid-lined tubes by cardiac puncture and plasma was collected and
frozen. Tissues were excised, weighed, flash-frozen, and stored at
—-80°C. For isotope studies, inguinal WAT was used as a represen-
tative subcutaneous depot, whereas the subscapular WAT was used
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as a representative subcutaneous depot for quantitative proteomics.
The quadriceps muscle was used as the skeletal muscle sample.

Isotopic Labeling Study Design and Analysis

For protein isolation, tissues were fractionated according to our pre-
viously published procedures (20,21,25-27). Heart and liver were
homogenized 1:10 in isolation buffer (100 mM KCI,40 mM Tris-HClI,
10 mM Tris Base, 5 mM MgCl,, 1 mM ethylenediaminetetraacetic
acid, 1 mM ATP, pH = 7.5) with phosphatase and protease inhibitors
(HALT, Thermo Scientific, Rockford, IL) using a bead homogenizer
(Next Advance Inc., Averill Park, NY). WATs were homogenized 1:5
in isolation buffer using a handheld homogenizer (Fisher Scientific,
Hampton, NH). The supernatant from homogenized WATs was
spun and transferred 3x in an effort to eliminate the vast majority
of lipid from these samples. After homogenization, subcellular frac-
tions were isolated via differential centrifugation as described previ-
ously (20,21,25-27). Once protein pellets were isolated and purified,
250 pL 1 M NaOH was added and pellets were incubated for 15
minutes at 50°C will slowly mixing. For DNA analysis, DNA was
extracted from approximately 20 mg of tissue or bone marrow sus-
pension (QIAamp DNA Mini Kit Qiagen, Valencia, CA). Protein was
hydrolyzed by incubation for 24 hours at 120°C in 6 N HCI. The
pentafluorobenzyl-N,N-di(pentafluorobenzyl) derivative of alanine
was analyzed on an Agilent 7890A GC coupled to an Agilent 5975C
MS as described previously (20,21,25-27).

To determine body water enrichment, 125 pL plasma was placed
into the inner well of o-ring screw cap and inverted on heating
block overnight to collect distilled water at the top. Two micro-
liter 10 M NaOH and 20 pL acetone were added to all distilled
samples and to 20 pL 0%-20% D,O standards and then capped
immediately. Samples were vortexed at low speed and left at room
temperature overnight. Extraction was performed by the addition
of 200 pL hexane. The organic layer was transferred through an-
hydrous Na,SO, into GC vials and analyzed via EI mode.

Determination of *H incorporation into purine deoxyribose
(dR) of DNA was performed as described previously (20,21,25).
Briefly, DNA isolated from heart, liver, bone marrow, and WATSs
were hydrolyzed overnight at 37°C with nuclease S1 and potato acid
phosphatase. Hydrolysates were reacted with pentafluorobenzyl
hydroxylamine and acetic acid and then acetylated with acetic an-
hydride and 1-methylimidazole. Dichloromethane extracts were
dried, resuspended in ethyl acetate, and analyzed by GC/MS as de-
scribed previously (20,21,25).

The newly synthesized fraction (fraction new) of proteins and
DNA were calculated from the product enrichment divided by the
true precursor enrichment using plasma analyzed for D,O enrich-
ment and adjusted according to mass isotopomer distribution ana-
lysis, or bone marrow as a fully turned over DNA pool (28,29). The
fraction new was divided by time and expressed as fractional syn-
thesis rates (%/day). The ratio of protein synthesis to DNA synthesis
(protein/DNA) was calculated as an indicator of proteostatic mech-
anisms (17,18,20).

Targeted Quantitative Proteomics and Kinetic
Proteomics: Targeted Quantitative Proteomics and
Kinetic Proteomics

Quantitative proteomics was performed using high-resolution ac-
curate mass measurements on a ThermoScientific Q-Exactive Plus
targeting selected and validated peptides from each protein meas-
ured. In brief, 20 pg of total tissue homogenates were run 1.5 cm into

a 12.5% sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis (Criterion, Bio-Rad). The gel was then fixed and stained with
GelCode Blue (Pierce). The entire lane was cut, washed, reduced
with DTT, alkylated with iodoacetamide, and digested with trypsin.
The peptides produced by this digestion were extracted with 50%
methanol/10% formic acid in water and the extract dried and re-
constituted in 1% acetic acid. The samples were analyzed using
an m/z resolution of 140,000 with a hybrid quadrupole-orbitrap
mass spectrometer (ThermoScientific Q-Exactive Plus) configured
with a splitless capillary column HPLC system (ThermoScientific
Ultimate 3000). The data were processed using the program
Skyline (30), which determines the chromatographic peak areas
for the selected peptides. The response for each protein was taken
as the geometric mean of the response for the two peptides moni-
tored for each protein. Changes in the relative abundance of the
proteins were determined by normalization to the BSA internal
standard, with confirmation by normalization to the housekeeping
proteins. A list of the peptides used for the detection of proteins
was reported previously (31).

Kinetic proteomics was performed using the DeuteRater software
package (32), which analyzes the deuterium-dependent change in the
isotope pattern of each peptide in the full scan MS1 data. The same
Q Exactive data sets were analyzed for kinetics as were used for
the quantitation. A database of mass, retention time, and sequence
for each peptide of interest was assembled from LC-MS/MS peptide
sequencing experiments on the same tissues using the same chroma-
tography system. Representative LC-MS/MS runs at the time of the
experiment confirmed that the accurate mass tag database could be
applied. Each tissue was analyzed individually, but with all replicate
tissues included for fitting of kinetics. Mass spectral accuracy was
confirmed as less than 10% deviation from theory using peptides
from the BSA internal standard. Precision filters for the kinetic fits
of the deuterium-labeled peptides required a standard deviation of
less than 10% for all internal deuterium incorporation metrics (33).

Statistics

Data are reported as mean + SEM. Body, fat, and lean masses over
time were analyzed as a two-way (treatment and time) ANOVA with
Tukey’s post hoc analysis. Tissue masses at necropsy were analyzed
as reported previously (7). For quantitative proteomics, outlier data
points were first removed by a ROUT (O = 1%) outlier test. For
all comparisons, significance was determined by a one-way ANOVA
with Tukey’s post hoc test and Benjamini-Hochberg false discovery
rate correction (g = 5%). Statistical tests were performed and graphs
generated using GraphPad Prism 7.0b for Mac OS X (GraphPad
Software, La Jolla, CA). Heatmap and principal component ana-
lysis plot were generated using ClustVis with default settings (Row
scaling = unit variance scaling, principal component analysis = SVD
with imputation, clustering distance for rows = correlation, clus-
tering method for rows = average, tree ordering for rows = tightest
cluster first) (34).

Results

Body andTissue Masses

The effect of treatments on body mass, fat mass, lean/fat mass
ratios, calorie intake, and organ masses at necropsy was published
previously (7). In brief, there was no significant effect of CR or
17a-E2 treatment on body mass, fat mass, or lean mass in the ani-
mals analyzed in these studies, but all groups displayed a signifi-
cant effect of time on these variables (Figure 1). Despite not being
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significant, CR and 170-E2 treatment did induce a downward trend
in body mass, which is aligned with our previous report (7). During
the period of D,O administration (Figure 1, gray boxes), the pat-
tern of changes in body mass and composition were generally the
same as at the initiation of treatment. As reported previously (7),
average heart, liver, skeletal muscle, inguinal WAT, and subscapular
WAT masses were not different between groups, but epididymal
WAT mass in 170-E2 and CR treatment groups was significantly
different compared with CON (Table 1).

Proteostatic Outcomes by Tissue

We assessed rates of protein and DNA synthesis over a 2-week period
as previously described for other long-lived models (18,20,21,25-27).
The ratio of these two outcomes represents the contribution of protein
synthesis for growth versus maintaining existing cellular structures
(17,18). In non-adipose tissues, we further fractionated proteins into
three protein fractions, including a mitochondrial fraction. There was
little effect of treatment on the rates of protein synthesis, although
there was a significant decrease in skeletal muscle mixed (primarily
myofibrillar protein synthesis) with CR (Figure 2, first column). In
our experience, during 2 weeks of labeling, liver proteins can be fully
turned over thus requiring caution in the interpretation of these rates.
Between tissues, there was a consistently slower rate of DNA syn-
thesis with CR, but not 17a-E2 (Figure 2, middle column), a finding
consistent with lifelong CR (27). Of note, there were high rates of
protein synthesis in WAT (Figure 2D-E). In addition, there was an ef-
fect of CR on proliferation within subcutaneous (Figure 2D), but not
the epididymal WAT (Figure 2E), with no effect of 170-E2 on either
depot. The ratio of protein to DNA synthesis increased with CR in
heart and liver, whereas 17a-E2 had no effect on any tissue (Figure 2,
third column).

To further interrogate proteostatic outcomes, we used targeted
proteomics to assess multiple metabolic and stress-responsive pro-
teins in the aforementioned tissues. From these assessments, we were
able to determine protein content, protein synthesis rates, absolute
protein synthesis, and protein half-life (Supplemental File 2). A com-
plete heat map of changes in protein content by tissue and targeted
panel is presented in Figure 3A, with overall principal component
analysis in Figure 3B and principal component analyses by tissue
and targeted panel in Supplementary Figure 1A and B. These results
suggest that there is no consistent difference in protein content of
metabolic and stress response pathways across all tissues in response
to treatment. However, changes in protein content were observed

Body mass over time

B.

Fat mass over time

for specific proteins in liver, subcutaneous WAT, and skeletal muscle
due to treatment (Figure 3C-E). Generally speaking, CR significantly
increased protein expression in liver whereas decreasing proteins in
subcutaneous WAT. The effects of 17a-E2 were less consistent, with
some proteins being increased and others decreased in liver and sub-
cutaneous WAT. Protein expression changes were mostly divergent
between CR and 170-E2. Only EHHADH in liver and PRDX6 and
HMGCS2 in subcutaneous WAT exhibited the same response to
both treatments.

The synthesis rates and half-lives of individual proteins are pre-
sented by tissue in Supplementary Figure 2A—E. In summary, with each
treatment compared with CON, we plotted the Log, fold-change in
protein fraction new (Figure 4) half-life (Supplementary Figure 3), or
absolute synthesis (Supplementary Figure 3) versus Log, fold-change
in protein content for proteins where both quantitative and kinetic
values were available for all groups. Plotting in this manner suggests
there is tissue specificity by which protein mass is regulated. For ex-
ample, skeletal muscle displayed low variability in content but greater
variability in synthesis rates, suggesting heterogeneity in regulation of
protein content between tissues. Other tissues (eg, WATs) displayed
equal variability of content and turnover rates. In general, CR and
170-E2 treatment groups clustered based on changes in content
and synthesis, indicating that protein concentrations were regulated
in a similar manner for both treatments. However, these groupings
by treatment varied by tissue, indicating that there are likely tissue-
specific differences in regulation of protein content.

Discussion

Understanding shared characteristics of long-lived models may pro-
vide insight into specific targets for slowing the aging process and
increasing health span (35). We have previously demonstrated an
increase in protein to DNA synthesis rates in multiple tissues from
several long-lived models; thereby leading us to believe this is a
shared characteristic of long life (17,18). In this study, we exam-
ined weight-matched old male mice undergoing short-term 17a-E2
treatment or mild CR, with the expectation that like other treat-
ments that curtail aging mechanisms, there would be improvements
in proteostatic processes. To our surprise, after examining multiple
tissues, including two previously unexplored WAT depots, we did
not see the predicted differences in protein to DNA synthesis mech-
anisms following 17a-E2 treatment. However, mild short-term CR
(~18%) initiated at 20 months of age elicited differences consistent
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Figure 1. Changes in (A) body mass, (B) fat mass, and (C) lean mass over time in CON, 17a-estradiol (17a-E2), and caloric restriction (CR) treated mice. All
groups displayed a significant effect of time on body mass, fat mass, and lean mass. The gray boxes along the x-axis represent the period of isotopic labeling
and, therefore, the body mass conditions in which the proteostatic outcomes were determined. Values are presented as means + SEM. n=9 (CON), 7 (CR), and

10 (170-E2).
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Table 1. Body andTissue Masses at Necropsy

CON 170-E2 CR

Body mass (gm) 37.0=«2.7 33.0+0.8 344 +0.9
Non-adipose tissues

Heart (mg) 170 =9 171+ 4 164 =6

Liver (mg) 1564 = 191 1,439 =29 1,325 = 33

Quadriceps (mg) 35210 335 =10 31318
Intra-abdominal adipose tissue

Epididymal WAT (mg) 1,631 = 261 1,006 = 141% 1,034 = 109%
Subcutaneous adipose tissue

Inguinal WAT (mg) 1,011 = 288 633 =149 766 = 113

Subscapular WAT (mg) 408 = 106 243 = 45 350 = 39

Note: Values are presented as means = SEM. N = 9 (CON), 10 (17a-E2), and 7 (CR). *p < .05 versus CON. CR = caloric restriction; WAT = white adipose tis-

sue; 170-E2 = 17a-Estradiol.

with lifelong CR, rapamycin, and Protandim (Nrf2 activator) treat-
ments (22,25). Further interrogation with targeted quantitative
and kinetic proteomics did not resolve this unexpected finding.
We, therefore, speculate that long-lived models that display growth
and/or energy restriction induce synthetic responses that promote
a mechanism of proteostasis, whereas 17a-E2 likely extends health
span and/or life span through alternative mechanisms.

One of the primary mechanisms for maintaining proteostasis is
through changes in protein turnover. We have advocated that cell pro-
liferation should be considered when determining the contribution of
protein synthesis to proteostatic processes (17,18). Simultaneously as-
sessing cell replication accounts for the amount of newly synthesized
proteins that are directed toward maintenance of existing cells versus
those required for growth. By using this approach, we have consist-
ently demonstrated greater allocation of newly synthesized proteins
toward somatic maintenance in multiple tissues following manipu-
lations that increase life span and/or health span (17,18). To date,
our laboratory has examined lifelong CR, rapamycin treatment, Snell
dwarf mice, the crowded litter model, and Nrf2 activation with re-
peatable increases in the ratio of protein to DNA synthesis (18,20-
22). Therefore, we have identified this trade-off between maintenance
and proliferation (growth) as a potentially shared characteristic of
slowed aging models in which energetic stress signaling is activated.
We were surprised to find that 17a-E2 treatment was an exception to
this consistent and repeatable finding.

In this study, we examined mixed tissue proteins, cytosolic pro-
teins, and mitochondrial proteins because in previous work, we have
consistently observed protein fraction-specific (often mitochondrial)
improvements in proteostatic mechanisms with slowed-aging inter-
ventions (17,18). Compared with CON, 17a-E2 did not increase
protein synthesis or proteostatic mechanisms in mitochondrial
or any other protein fraction in any tissue analyzed. In addition,
compared with CON, there was no significant difference in DNA
synthesis with 170-E2, suggesting that short-term treatment with
170-E2 in late-life does not affect cellular proliferation. Most of our
studies to date have been in slowed-aging models that restrict growth
and/or inhibit cellular proliferation (20,27) or inhibit AMPK/mTOR
signaling (25). Interestingly, we and others have established that
chronic 170-E2 treatment does not modulate mTORC1 activity in
liver (7,11), although we did find that 4 months of 170-E2 treat-
ment in aged male mice increased AMPK activation and decreased
mTORCT signaling in epididymal WAT, which was paralleled by a
significant loss of adiposity (7). Given that lean mass was maintained
in this study, it suggests that the primary effects of 17a-E2 are in
WAT and potentially the hypothalamus as described elsewhere (10).

In the current analyses, we found that 170-E2 did not alter cell
proliferation or proteostatic mechanisms in two different WAT
depots despite the presence of an overall loss of adiposity. Previously,
in tissues from this same cohort of mice, we demonstrated meta-
bolic benefits that are associated with reductions in inflammation
(7). Collectively, previous studies and our current study suggest that
improvements in health span and/or longevity by 17a-E2 are po-
tentially due to positive metabolic outcomes, but not changes in
proteostatic regulation. We speculate that sustained improvements in
metabolic function may decrease the need for alterations in protein
turnover to improve proteostasis, although additional studies are
needed to confirm this speculation.

As opposed to 17a-E2, 5 weeks of mild (~18%) CR at 20 months
of age-induced changes in proteostatic mechanisms consistent with
other life-long growth restricted models, including CR (17,18). These
findings were unexpected and important for the potential translata-
bility of alternative approaches to life-long CR. In heart, liver, and
subcutaneous WAT, DNA synthesis rates were slower than CON,
which is typically indicative of proliferative and/or growth restric-
tion. Importantly, the magnitude of decrease in DNA synthesis in
CR mice varied by tissue, indicating that decreased proliferation was
not simply due to one factor such as cells of hematopoietic origin
(eg, macrophage). The greater ratio of protein to DNA synthesis in
CR mice suggests enhanced proteostatic processes contributing to
somatic maintenance across tissues and typically in more than one
protein fraction. In a previous report, we found greater proteostatic
mechanisms in life-long, 40% calorically restricted mice compared
with ad libitum fed mice (18). In this study, we also found that com-
pared with CON, the number of differentially expressed proteins
with CR far exceeded that of 17a-E2 treatment. These data add to
the growing evidence that the positive effects of CR can be induced
with much less severe restriction and/or duration (36-40). In add-
ition, these findings also indicate that CR can be initiated later in life
with potential benefits on health span. Therefore, it seems apparent
that despite a similar maintenance of body mass, 17a-E2 and CR
treatments elicit distinctly different proteostatic outcomes.

To further explore proteostatic processes, we used a targeted
proteomics approach to measure both protein content and protein
synthesis. Included in our analyses were panels of proteins related to
carbohydrate metabolism, fatty acid metabolism, stress responses,
TCA cycle, and housekeeping proteins (Supplementary File 1).
For the proteins analyzed, there were few significant differences in
protein content between treatments. However, and important to the
potential beneficial effects of a slowed-aging treatment, the rates of
synthesis varied to a greater degree than protein content, indicating
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Figure 2. Proteostatic mechanisms in the: (A) heart, (B) liver, (C) skeletal muscle, (D) subcutaneous WAT (inguinal), and (E) epididymal white adipose tissue
(WAT) depots as assessed by protein synthesis (left column), DNA synthesis (middle column), and the protein/DNA synthesis ratio (right column). Rates were
determined using D,O labeling over 2 weeks. Values are presented as means + SEM. n =7-9 (CON), 5-6 (CR), and 9-10 (17a-E2). *p < .05 for each comparison.

CR = caloric restriction; 17a-E2 = 17a-estradiol.

that solely measuring protein content does not accurately represent
proteostatic and other dynamic processes (41). Figure 4 illustrates
that the relationship between protein content and protein turnover
tends to group by tissue, rather than treatment. These data illustrate
that there may be tissue-specific processes regulating protein content
and proteostasis. For example, in tissues like skeletal muscle and

heart, energetic demands vary throughout the day and can change by
orders of magnitude in short periods of time (eg, during exercise). In
other tissues such as liver, energetic demands are relatively constant.
Because energy on demand for one cellular process compromises that
for another (eg, energetically expensive process of protein synthesis)
the regulation of protein turnover and content may vary between
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tissue types. Although it is not possible to address this question in limited numbers of proteins for which both content and synthesis
were available necessitating future studies to further explore tissue-

related differences in proteostatic mechanism.

this study, the data indicate that a slowed-aging treatment changes
protein dynamics in a tissue-specific manner. In this study, there were
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There are a few notable limitations to this study. First, tracer
measured proteostatic outcomes were initiated 3 weeks after
initiating treatments. Therefore, it is plausible that proteostatic
remodeling occurred in the early treatment phase, which led to a
reduced need for remodeling in the latter period. We speculate this
could be especially true in the case of 17a-E2 treatment, where
robust metabolic changes occur in the first few weeks of admin-
istration (7,10). We justified our approach to labeling because it
captured steady-state conditions that are relevant during long-term
treatment. Second, there were limited proteins for which both syn-
thesis and content were measured. This limitation was due to the
complexity of measuring label incorporation into peptides (32).
Third, it is possible that given the appearance of potential trends in
the differences of ratios between 17a-E2 and CON, that the 17a-E2
group was underpowered. However, power calculations indicated
that an n of 19-84 mice (depending on fraction) would be required
for a p value of less than 0.05 and a power of 0.80. Therefore,
we do not believe that the study was underpowered. Finally, these
studies were only performed in male mice, and thus, no conclusions
can be drawn with regard to potential relationships among CR,
17a-E2, proteostasis, and life span-extension in females. It must
also be noted that our isotope studies and quantitative proteomics
were performed in two different subcutaneous WAT depots, which
may possess mildly different metabolic profiles. In contrast, the
strengths of the study were the consideration of cell proliferation
when accounting for protein synthesis, the measurement of five tis-
sues including the first description of two WAT depots, and the
novel simultaneous analysis of protein content and synthesis rates
for the determination of proteostatic mechanisms.

We conclude that as opposed to multiple growth and energy
restricted models, and contrary to our initial hypothesis, 17a-E2
treatment in male mice does not increase the contribution of protein
synthesis to proteostatic processes. However, we demonstrate that
mild, short-term CR initiated in older male mice induces changes
consistent with life-long 40% CR and other long-lived models that
are growth or energy restricted. This finding supports the growing
body of literature supporting practical and translatable modifica-
tions of traditional life-long CR to increase feasibility in human
subjects. Finally, the combination of targeted and quantitative prote-
omics shed light on potential tissue-specific mechanisms to modu-
late proteostasis, a finding that needs to be more fully explored.
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