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Abstract

Caloric restriction (CR) can prolong aged skeletal muscle function, yet the molecular mechanisms 

are not completely understood. We performed phosphoproteomic analysis on muscle from young 

and old mice fed an ad libitum diet, and old mice fed a CR diet. CR promoted a youthful 

phosphoproteomic signature, suppressing several known “pro-aging” pathways including Protein 

kinase A (PKA). This study validates global signaling changes in skeletal muscle during CR.
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CR without malnutrition has been shown to extend lifespan and inhibit the development of 

various diseases across different model organisms and in humans [1]. Chronic CR in mice 

has been shown to have a remarkable effect on life expectancy and to correct various 
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metabolic abnormalities associated with aging [1, 2]. CR has also been shown to improve 

skeletal muscle health and regenerative potential in aged mice [3]. Much progress has been 

made in deciphering the mechanisms that underpin longevity-enhancing effects of CR in 

model organisms such as yeast and Caenorhabditis elegans, however similar research in 

mammalian models has lagged behind. Our goal was therefore to determine the effects of 

lifelong CR on global cell signaling events in mammalian skeletal muscle. Skeletal muscle, 

due to its proportional mass and physical and metabolic functions, is an excellent model to 

study tissue aging, especially in the context of CR [4]. To achieve this goal we, for the first 

time, performed quantitative phosphoproteomic analysis on skeletal muscle tissue from mice 

subjected to chronic CR, age-matched ad lib-fed mice, and young control mice. The utility 

of unbiased protein phosphorylation measurements allows us to characterize global cell 

signaling events and identify pathways regulated by CR, furthering our understanding of 

how CR exerts its beneficial effects, and potentially identifying druggable targets that can be 

modulated to recapitulate the therapeutic effects of CR.

Results and discussion

This study was conducted using male C57Bl/6 mice that belonged to one of three groups — 

3 month-old mice fed on an ad libitum diet (Young-AL); 27 month-old mice fed on an ad 
libitum diet (Old-AL); and 27 month-old mice that had been on a calorically-restricted diet 

since 14 weeks of age (Old-CR). To verify the effect of each respective diet, body weights 

were measured at the end of the study. Body weight increased in the Old-AL group, while 

body weight in Old-CR and Young-AL groups were similar (p < 0.05; Supplemental Figure 

1). As depicted in our experimental design (Figure 1A), phosphoproteomic analysis was 

performed utilizing peptide labeling with TMT10plex, phosphopeptide enrichment, and 

nLC-MS/MS [5]. The raw data were searched with Proteome Discoverer (PD) 2.3, 

identifying 4,674 phosphopeptides (Supplementary Table 1), the quantitative values for 

which were normalized to summed TMT intensities from assessment of unmodified peptides 

in the “input fraction” as described previously [6]. These data were subjected to principal 

component analysis (PCA), which revealed a separation into three groups based on diet and 

age (Fig. 1B). The widest separation was between the Young-AL and Old-AL groups along 

the first principal component (PC1), with the Old-CR group forming a distinct third cluster. 

PC1 and PC2 accounted for ∼50% of the total variation. Unsupervised hierarchical 

clustering of the top 100 phosphopeptides in terms of fold-change revealed similar clustering 

of animals into three separate groups, revealing a distinct aging signature in the AL group, 

while similar patterns were observed between Young_AL and Old-CR groups (Fig. 1C). In 

aggregate, the phosphoproteomics data demonstrate the CR group having a “youthful” shift 

back to the Young controls.

We then attempted to obtain an understanding of which kinases might be contributing the 

most towards reprogramming the skeletal muscle phosphoproteome with CR. To achieve 

this, we first counted the number of phosphopeptides that contain putative target 

phosphorylation sites for each of the kinases in the Phosida post-translational modification 

database [7]. CK1, CK2, GSK3, NEK6, and PKA were the kinases with the most number of 

predicted targets, based on motif analysis (Fig. 1C). We then calculated the mean log2 fold-

change values for predicted target phosphopeptides for each of the kinases in Fig. 1C. Figure 

Bareja et al. Page 2

Mech Ageing Dev. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1E shows analysis for both Young-AL vs. Old-AL (Fig. 1D) and for Old-AL vs. Old-CR 

(Fig. 1E). With age brought a general increase in predicted kinase substrate phosphorylation, 

which was diminished with CR. While this analysis provides a useful initial overview of 

kinase activity by strictly assessing sites that a kinase could potentially phosphorylate, based 

on predicted phosphosites, we note that the majority of these putative target sequences have 

not been validated. We therefore proceeded to only consider functionally validated kinase 

targets.

To identify kinase activity through phosphorylation of known downstream targets, we made 

use of kinase-substrate enrichment analysis (KSEA) [8]. KSEA estimates a given kinase’s 

activity by evaluating the collective changes in phosphorylation of all its known substrates 

measured in the dataset. Using this approach, we identified substrates of Akt, MAPK and the 

catalytic subunit of Protein kinase A (Prkaca or PKA) as being significantly increased with 

age (Figure 2A). Interestingly, Akt signaling was increased with age and CR, giving support 

to the paradoxical nature of Akt and its situational downstream targets with aging. Another 

pathway that was significantly increased with aging while being the top pathway to decrease 

with CR was PKA (Fig. 2A). Details for these plots (such as z-scores and p-values) are 

shown in Table 1. A plot depicting previously annotated connections between kinases and 

substrates identified by KSEA shows that Prkaca had the highest number of substrates 

measured (Fig. 2B). Volcano plots illustrate the majority of the measured PKA-targeted 

phosphopeptides were upregulated by aging (Young-AL vs. Old-AL) and suppressed by CR 

diet (Old-AL vs. Old-CR) (Fig. 2C). To validate these findings, we used the same samples 

used for phosphoproteomics to perform an immunoblot with an antibody against 

phosphorylated PKA substrates. Although we acknowledge the possible promiscuity of the 

antibody, sharing substrate specificity with other kinases such as Akt and PKC, this 

approach recapitulated the age-related increase in substrate phosphorylation and its 

suppression by CR, thereby validating our KSEA results (Fig. 3A). To determine if this 

altered global PKA substrate phosphorylation was the result of PKA regulation by its own 

phosphorylation, we measured phospho-PKA levels at Thr197 by immunoblot and found no 

differences in phospho-PKA levels across the same samples (Fig 3B). This suggests that the 

dynamic changes in PKA-substrate phosphorylation were not associated with concurrent 

phosphorylation-regulated PKA activity at the given time point. Further investigation is 

needed to understand upstream activation of PKA with aging and CR.

Genetic disruption of PKA signaling has been shown to significantly increase the lifespan of 

yeast cells [9]. These findings have been extended to the mouse. PKA is comprised of two 

regulatory subunits, RI and RII, that are activated by cAMP to release two catalytic subunits, 

Cα and Cβ. Mice null for the β isoform of the RII regulatory subunit live significantly 

longer, are more insulin sensitive, and demonstrate improved echocardiographic parameters 

[10, 11]. Combined CR and perturbation of PKA signaling has also been shown to have an 

additive effect on lifespan increase in yeast [9]. Significantly, prolonged fasting (48 hours) 

has been shown to have beneficial effects on hematopoiesis in mice via the suppression of 

PKA [12]. These results suggest that CR could have an inhibitory effect on PKA signaling in 

organs beyond skeletal muscle.
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To our knowledge, this is the seminal study to demonstrate that CR suppresses PKA 

signaling in skeletal muscle, a known anti-aging signaling axis. Our data validate CR-related 

signaling events in mammalian skeletal muscle, being consistent with reports from other 

model organisms. Our proposed model of how CR might partially exert its anti-aging effects 

is depicted in Fig. 4. Taken together, our data indicate that long-term CR and aging are 

defined by unique skeletal muscle phosphoproteomic signatures, and that CR inhibits age-

related increases in PKA-mediated phosphorylation events.

Methods

Animals, diets and harvest.

Male C57BL/6J mice were used in this study. The mice belonged to one of three groups — 3 

month-old mice fed on an ad libitum diet (Young-AL); 27 month-old mice fed on an ad 
libitum diet (AL); and 27 month-old mice that had been on a calorically-restricted diet (30% 

reduction) from the age of 14 weeks (CR). CR mice were fed daily at the same time in the 

morning (9 AM). AL and CR mice were obtained from the National Institute on Aging. 12 

hours prior to tissue harvest, all mice were transferred to new cages that contained no food. 

All animals were euthanized the following morning between 7–8am, using CO2 gas. All 

animal care followed the guidelines and was approved by the Institutional Animal Care and 

Use Committees at Duke Medical Center.

Phosphoproteomics.

Phophoproteomics sample preparation: Quadriceps tissue was harvested, flash-frozen in 

liquid nitrogen, and stored at −80°C until further processing. Phosphoproteomics sample 

preparation was performed based on a previously described workflow [6, 13].

Nano-LC-MS/MS—All samples were subjected to nanoLC-MS/MS analysis using an 

EASY-nLC ultra-performance liquid chromatography system (Thermo Fisher Scientific) 

coupled to a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo 

Fisher Scientific) via an EASY-Spray nanoelectrospray ionization source (Thermo Fisher 

Scientific). Prior to injection, the two sample fractions were resuspended in 22.5 μL 

(phosphopeptides) or 250 μL (input) of 0.1% FA. Both sample fractions were analyzed with 

technical triplicate runs, injecting 6.5 μL (phosphopeptide) or 1 μL (approximately 1 μg of 

the input) for each. For each injection, the sample was first trapped on an Acclaim PepMap 

100 C18 trapping column (3 μg particle size, 75 μm × 20 mm) with 15 μL (phosphopeptide) 

or 4 μL (input) of solvent A (0.1% FA) at a variable flow rate dictated by a maximum 

pressure of 500 bar, after which the analytical separation was performed over a 105 min 

(phosphopeptide) or 210 min (input) gradient (flow rate of 300 nl/min) of 5% to 40% 

solvent B (90% ACN, 0.1% FA) using an Acclaim Pep-Map RSLC C18 analytical column 

(2-ugparticle size, 75μ g ×500 mm column (Thermo Fisher Scientific) with a column 

temperature of 55 °C. MS1 (precursor ions) was performed at 70,000 resolution with an 

AGC target of 3 × 106 ions and a maximum injection time of 60 ms. MS2 spectra (product 

ions) were collected by data-dependent acquisition of the top 10 most abundant precursor 

ions with a charge greater than 1 per MS1 scan, with dynamic exclusion enabled for a 

window of 30 s. Precursor ions were filtered with a 0.7 m/z isolation window and 
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fragmented with a normalized collision energy of 30. MS2 scans were performed at 35,000 

resolution, with an AGC target of 1 × 105 ions and a maximum injection time of 60 ms.

Proteomics data analysis—Data were searched against the UniProt mouse complete 

proteome database of reviewed (Swiss-Prot) and unreviewed (TrEMBL) proteins, which 

consisted of 54,185 sequences on the date of download (3/6/2019). Data analysis was 

performed using Proteome Discoverer 2.3, searching with both Sequest HT and MS Amanda 

2.0 with the following default parameters: oxidation (15.995 Da on M) as a variable 

modification and carbamidomethyl (57.021 Da on C) and TMT10plex (229.163 Da on 

peptide N-term and K) as fixed modifications, and 2 missed cleavages (full trypsin 

specificity). TMT labeling efficiency was assessed as a quality control measure by searching 

the input fraction for N-terminal TMT as a variable modification—confirming labeling 

efficiency was 93.6%. All phosphopeptide runs included phosphorylation (79.966 Da on S, 

T, or Y) as a variable modification. PSMs from each search algorithm were filtered to a 1% 

FDR using Percolator [14] and PTM site localization probabilities were determined using 

ptmRS [15]. PSMs were grouped to unique peptides while maintaining a 1% FDR for 

peptides and a 90% localization threshold for PTMs—with quantitation for different 

phosphopeptide positional isoforms separated via the Peptide Isoform Grouper node. 

Peptides from phosphopeptide and input fractions were grouped to proteins using the rules 

of strict parsimony and proteins were filtered to 1% FDR using the Protein FDR Validator 

node. Reporter ion intensities for all PSMs with co-isolation interference below 0.5 (50% of 

the ion current in the isolation window) and an average S/N >5 for reporter ions were 

summed together at the peptide and protein level, but quantification for each data type 

(phospho, input) were kept separate. Peptides shared between protein groups were excluded 

from protein quantitation calculations. Protein and Peptide Isoforms tabs from the PD2.3 

results were exported as tab delimited .txt files and analyzed with an in-house Python 

module based on a workflow previously described [6]. Briefly, peptide group reporter 

intensities for each peptide group in the input material were summed together for each TMT 

channel, each channel’s sum was divided by the average of all channels’ sums, resulting in 

channel-specific loading control normalization factors to correct for any deviation from 

equal protein/peptide input into the nine-sample comparison. Reporter intensities for peptide 

isoforms from the phosphopeptide runs and proteins from the input fraction runs were 

divided by the loading control normalization factors for each TMT channel, respectively. All 

loading control-normalized quantitation values were converted to Log2 space. Fold-changes, 

p-values (two-tailed t-test), and adjusted P-values (following Benjamini-Hochberg 

correction) were calculated using the Log2 phosphopeptide data.

Immunoblotting.

Immunoblotting analysis was performed as previously described [16, 17]. In brief, protein 

was extracted from frozen tissue in Cell Lysis Buffer 10× (Cell Signaling Technology) 

supplemented with phosphatase (Roche) and protease (Sigma) inhibitors. Tissue disruption 

was performed in a Tissuelyser II (Qiagen). Proteins were resolved on an SDS-PAGE gel 

(Life Technologies) and transferred to a nitrocellulose membrane (Bio-Rad). Equal loading 

was confirmed by Ponceau S staining (Sigma). The following antibodies were used: 

Phospho-(Ser/Thr) PKA Substrate (#9621), Phospho-PKA C Thr197 (#4781), and PKA C-α 
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(#4782) (all from Cell Signaling Technology). All antibodies were applied at a 1:1000 

concentration. Proteins were visualized on a LI-COR gel imager (LI-COR Biosciences). 

Band intensities were determined using Image Studio (Version 3.1) software.

Statistical analysis.

Data were analysed by unpaired Student’s t-test. All data are presented as mean +/− standard 

error of the mean. A value of p < 0.05 was considered to be statistically significant. 

Statistical analysis was performed on GraphPad Prism 7.0. PCA and KSEA were performed 

in R (version 3.6.2) and RStudio (version 1.2.1335).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Aging causes alterations in the skeletal muscle phosphoproteome

• Chronic CR maintains a “youthful” phosphoproteome in skeletal muscle.

• CR suppresses PKA signaling in skeletal muscle, a known pro-aging 

signaling axis.
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Fig. 1. 
The effects of long term CR and aging on the skeletal muscle phosphoproteome. (A) 

Overview of proteomics experimental workflow. (B) Principal component analysis of the 

skeletal muscle phosphoproteomes of all mice. (C) Unsupervised hierarchical clustering of 

the top 100 phosphopeptides. (D) Total number of phosphopeptides that contain target motif 

sequences for each kinase. Mean Log2 fold-change values for all phosphopeptides that 

contain target sequences for each kinase for (E) Old-AL vs. Young-AL, and (F) Old-CR vs. 

Old-AL. Data are shown as mean ± standard error of the mean.
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Fig. 2. 
Pathway analysis reveals that PKA pathway is activated by aging and suppressed by CR. (A) 

Output of kinase-substrate enrichment analysis (KSEA). Red and blue bars indicate 

significant differences (p < 0.05). (B) Depiction of kinase-substrate links produced by 

analysis in (A). (C) Volcano plots for Old-AL vs. Young-AL, and Old-CR vs. Old-AL 

comparisons. Data points in maroon indicate known PKA targets identified by KSEA.
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Fig. 3. 
(A) Ponceau S staining and immunoblot to detect phospho-PKA substrates (*p < 0.05; two-

tailed t-test). (B) Immunoblot for phospho- and total-PKA. Data are shown as mean ± 

standard error of the mean. N=3/group.
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Fig. 4. 
Working model.
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Table 1.

Statistical output for the analysis depicted in Figure 2A. mS refers to the mean log2FC for all the kinase’s 

substrates; Enrichment is the background-adjusted value of the kinase’s mS; m is the total number of 

detected substrates for each kinase in the given dataset; z.score is the normalized weighted score for each 

kinase; and p.value is the statistical assessment of the z.score.

Old-AL vs. Young-AL

Kinase log2FC mS Enrichment m z.score p.value

Akt1 0.772913 0.772913 4.864807356 5 2.969199 0.001493

Mapk14 0.613815 0.613815 3.86342894 5 2.199874 0.013908

Prkaca 0.404018 0.404018 2.542937765 10 1.676389 0.046831

Prkaa1 0.436001 0.436001 2.744246924 6 1.467946 0.071059

Mapk1 0.376791 0.376791 2.371567959 6 1.154302 0.124188

Mtor 0.351794 0.351794 2.214232646 6 1.02189 0.153417

Prkca 0.177378 0.177378 1.116439194 6 0.097994 0.460968

Old-CR vs. Old-AL

Kinase log2FC mS Enrichment m z.score p.value

Akt1 0.248203 0.248203 19.64769106 5 1.675636 0.046905

Prkaa1 0.008721 0.008721 0.690349965 6 0.150271 0.440275

Mtor 0.002931 0.002931 0.232047638 6 0.109528 0.456392

Mapk14 −0.22758 −0.22758 −18.0148868 5 −1.38082 0.083667

Mapk1 −0.25221 −0.25221 −19.9647463 6 −1.68595 0.045902

Prkca −0.30694 −0.30694 −24.2971956 6 −2.07111 0.019174

Prkaca −0.34876 −0.34876 −27.6075815 10 −3.05372 0.00113
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