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Genomic and Proteomic Profiling Reveals Reduced Mitochondrial
Function and Disruption of the Neuromuscular Junction Driving Rat
Sarcopenia

Chikwendu Ibebunjo,? Joel M. Chick,® Tracee Kendall,® John K. Eash,® Christine Li,* Yunyu Zhang,© Chad Vickers,® Zhidan Wu,*
Brian A. Clarke,® Jun Shi, Joseph Cruz,? Brigitte Fournier,® Sophie Brachat,® Sabine Gutzwiller,® QiCheng Ma,® Judit Markovits,®
Michelle Broome,® Michelle Steinkrauss,® Elizabeth Skuba, Jean-Rene Galarneau,® Steven P. Gygi,® David J. Glass?

Muscle Diseases Group, Novartis Institutes for Biomedical Research, Cambridge, Massachusetts, USA% Developmental and Molecular Pathways, Novartis Institutes for
Biomedical Research, Cambridge, Massachusetts, USAP: Cardiovascular and Metabolic Diseases, Novartis Institutes for Biomedical Research, Cambridge, Massachusetts,
USAS; Preclinical Safety Sciences, Novartis Institutes for Biomedical Research, Cambridge, Massachusetts, USAY; Department of Cell Biology, Harvard Medical School,
Boston, Massachusetts, USA®

Molecular mechanisms underlying sarcopenia, the age-related loss of skeletal muscle mass and function, remain unclear. To
identify molecular changes that correlated best with sarcopenia and might contribute to its pathogenesis, we determined global
gene expression profiles in muscles of rats aged 6, 12, 18, 21, 24, and 27 months. These rats exhibit sarcopenia beginning at 21
months. Correlation of the gene expression versus muscle mass or age changes, and functional annotation analysis identified
gene signatures of sarcopenia distinct from gene signatures of aging. Specifically, mitochondrial energy metabolism (e.g., tricar-
boxylic acid cycle and oxidative phosphorylation) pathway genes were the most downregulated and most significantly correlated
with sarcopenia. Also, perturbed were genes/pathways associated with neuromuscular junction patency (providing molecular
evidence of sarcopenia-related functional denervation and neuromuscular junction remodeling), protein degradation, and in-
flammation. Proteomic analysis of samples at 6, 18, and 27 months confirmed the depletion of mitochondrial energy metabolism
proteins and neuromuscular junction proteins. Together, these findings suggest that therapeutic approaches that simultane-
ously stimulate mitochondrogenesis and reduce muscle proteolysis and inflammation have potential for treating sarcopenia.

In most mammalian species, including humans, aging is associ-
ated with a decline in skeletal muscle mass and function, termed
sarcopenia. Sarcopenia leads to a reduced ability to perform activ-
ities of daily living and thus causes a loss of independence. Indeed,
low skeletal muscle mass or strength is reported to be the most
frequent cause of disability in the elderly (1) and to be a predictor
of morbidity, loss of independence, frailty, and mortality, inde-
pendent of other risk factors or disease (2). At the cellular level,
sarcopenia is characterized by atrophy of the constituent fibers in
the muscle, with a tendency for greater atrophy of fast-twitch type
2 compared to slow-twitch type 1 fibers, an increase in fiber size
heterogeneity, and an increase in the composition of noncontrac-
tile (adipose and connective) tissues within the muscles (3-6).
The molecular mechanisms underlying sarcopenia have not
been elucidated but are thought to be multifactorial, contributed
to by a decline in physical activity of idiopathic origin, a decrease
in anabolic factors such as growth hormone and androgens, an
increase in proinflammatory cytokines such as interleukin-6
(IL-6) and tumor necrosis factor alpha (TNF-a) with attendant
chronic inflammation and muscle catabolism, and an increase in
muscle damage from increased mitochondrial reactive oxygen
species produced during energy metabolism in muscles (7-10).
This potential multifactorial etiology has confounded efforts to
elucidate the primary inciting mechanisms for sarcopenia. Cur-
rently, because mechanistic studies in humans are limited by the
long human life span and absence of noninvasive methods to as-
sess the molecular changes in human tissues, rodents are often
used for mechanistic studies. Studies using both inbred and out-
bred rats indicate that the age of onset of sarcopenia may vary not
only between rat strains but also among individual rats of the same
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strain with the former attributed to differences in life span and the
latter to genomics, the caloric intake, and the incidence of diseases
(11). Nonetheless, whenever present, the relative time course, mor-
phological, metabolic, and gene and protein expression features of
sarcopenia in the rat (12-14) mimic those of human sarcopenia (5,
15-19). In most if not all of these studies, the morphological, histo-
logical, metabolic, transcriptional, and proteomic changes in sar-
copenia were not assessed within the same study and/or sub-
jects; hence, the inter-relationships between these parameters
remain unclear. Furthermore, most previous studies compared
two age groups (usually young, nonsarcopenic versus late mid-
dle-age or elderly, sarcopenic subjects); hence, there is dearth
of data on the changes in muscle during the onset of sarcope-
nia. These gaps make it difficult to elucidate and differentiate
the causes from the effects of sarcopenia (20). More compre-
hensive and systematic analyses, involving both assessment of
the histological, functional, and molecular changes in muscles
from across the life span of the same animal to identify the age
of onset of sarcopenia and then further analyses around the
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identified onset age would facilitate identifying the inciting
causes of sarcopenia.

Therefore, in the present study, male Harlan Sprague-Dawley
(Harlan SD) rats were profiled for morphological (changes in
muscle mass, fiber cross-sectional area, fiber immunohistochem-
istry), functional (muscle strength), and global muscle gene and
protein expression at relatively short intervals across their life
span.

MATERIALS AND METHODS

Animals and husbandry. Male Harlan SD rats (Harlan, Inc.) were ob-
tained at 5, 11, 17, and 20 months of age and studied at 6, 12, 18, 21, 24, or
27 months of age. The rats were fed the 2014S Teklad Global 14% protein
rodent maintenance diet, ad libitum. They were randomized into two
groups, one to assess evoked muscle contractile properties and the other
for postmortem analysis (anatomic pathology and histomorphometric
analysis). All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee of the Novartis Institutes for Biomedical
Research and were in compliance with the Animal Welfare Act Regula-
tions 9 CFR, parts 1, 2 and 3, and U.S. regulations (68).

Evoked EDL muscle strength. Peak nerve-evoked contractile proper-
ties of the extensor digitorum longus (EDL) muscle were determined in a
subset of male Harlan SD rats aged 6, 12, 18, and 24 months (n = 4 to 8)
using the muscle physiology system from Aurora Scientific, Inc. (Aurora,
Ontario, Canada). We measured the peak force of the EDL instead of a
larger leg muscle such as the tibialis anterior or gastrocnemius muscle
because the peak force generated by the larger leg muscles exceeds the
limits (~1,000 g force) of the available 305C-LR transducer. Briefly, the
rats were anesthetized with isoflurane vaporized in oxygen, and the left leg
was shaved of fur. Each animal was positioned in dorsal recumbency
under a thermocoupled temperature regulated heating lamp to maintain
body temperature at ~37°C as monitored by a rectal temperature probe.
The sciatic nerve in the left leg was exposed and attached to a nerve-
stimulating electrode via an ~1-cm incision on the lateral aspect of the
thigh. The distal tendon of the EDL muscle was exposed, severed, and
attached to a 305C-LR dual-mode muscle lever system (Aurora Scien-
tific). The knee and ankle joints were immobilized with a clamp, and the
stimulating electrode was connected to an electrical stimulator (model
604). Sciatic nerve stimulation was performed with square biphasic pulses
of 0.2-ms duration and supramaximal strength (100 to 600 mAmp and 20
V). The baseline tension on the muscle was increased gradually during
stimulation at 1 to 2 Hz to determine the tension at which peak twitch
force was generated (i.e., the optimal length of the muscle). With muscle
baseline tension set at optimal (~15 g), the sciatic nerve was stimulated
with 10 sets of stimuli at 2 Hz for 2 s every 12 s, followed by 10 trains of
stimuli at 240 Hz for 3 s every 10 s. The force of contraction generated by
the muscle in response to electrical stimulation of the sciatic nerve was
transmitted via 305C-LR dual-mode muscle lever, acquired using Dy-
namic Muscle Control data acquisition software and analyzed using Dy-
namic Muscle Analysis software (Aurora Scientific). The peak force gen-
erated during tetanic stimulation at 240 Hz was determined, and the
decline in force between the first and tenth tetanic trains was used to
calculate the degree of tetanic fatigue. Peak tetanic force was also normal-
ized to muscle weight to determine the specific tetanic force.

Postmortem procedures. Rats aged 6, 12, 18, 21, 24, or 27 months
(n = 10 at each age, except that at 27 months n = 8) were used. Organ
weights (liver, kidneys, heart, spleen, brain, and testes) and macroscopic
findings were recorded. Microscopic examination was conducted on tis-
sue samples from all organs. Organs were fixed in 10% neutral buffered
formalin at necropsy, embedded in paraffin, sectioned at 5 pm, and
stained with hematoxylin and eosin and the Von Kossa special stain for
minerals was applied to the sciatic nerve. In addition, specific skeletal
muscles (namely, triceps brachii, tibialis cranialis, extensor digitorum
longus, soleus, plantaris, gastrocnemius, quadriceps, bulbo-carvenosus,
and levator anii) were dissected, weighed, and fixed in 10% buffered for-
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mal saline for microscopic examination or snap-frozen in liquid nitrogen
and stored at —80°C for subsequent analysis. Microscopic findings were
recorded in PATHDATA and graded according to the following scheme: 1
(minimal, very few, very small), 2 (slight, few, small), 3 (moderate, mod-
erate number, moderate size), 4 (marked, many, large), and 5 (severe).

Muscle histomorphometry. The right plantaris muscle was snap-fro-
zen in 2-methylbutane precooled in liquid nitrogen and stored at —80°C
for histomorphometric analysis of fiber type composition and cross-sec-
tional area. Serial cryosections, 8 wm thick, were cut, air dried, and
blocked in 10% goat serum for 30 min at room temperature. They were
then incubated with antibodies against laminin (Sigma-Aldrich; catalog
no. L9393), followed by either myosin heavy chain type 1 (HB283; Amer-
ican Type Culture Collection [ATCC]), type 2A (HB277; ATCC), type 2B
(HB283; ATCC), or type 2X/D (6H1; Developmental Studies Hybridoma
Bank, University of Towa) to outline the sarcolemma and differentiate the
fiber types, respectively. After washing, the sections were incubated with a
mouse-on-mouse horseradish peroxidase polymer (Biocare; catalog no.
MMG620H) for myosin, followed by a rabbit-on-rodent alkaline phospha-
tase polymer (Biocare; catalog no. RMR626H) for laminin, followed by
incubation first with Vulcan fast red (Biocare; catalog no. FR805CHE) for
<10 min to visualize laminin and then with the DAB substrate (Vector;
catalog no. SK4100 for MyHC 1 and 2A; Dako; catalog no. K3468; for
MyHC 2B). The sections were then rinsed in three changes of phosphate-
buffered saline, dehydrated, and mounted with Permount (Fisher; catalog
no. SP15-100). Images of the entire muscle section were acquired using
Scanscope (Aperio, Vista, CA), and the number and cross-sectional area
of each fiber type in serial sections determined. The means and frequency
distribution (histogram) of all fibers, typically >10,000, and of the indi-
vidual types I, ITA, and IIB fibers in the entire section were determined.

To determine whether sarcopenia occurs with increased fibrosis, serial
sections were incubated with picrosirius red as described previously to
stain collagen (21). The stained sections were digitized and the content of
collagen quantified and expressed as intensity of collagen staining per unit
area. Muscle collagen content was also estimated by its hydroxyproline
content as described previously (22). Serial sections were also stained for
alkaline phosphatase activity as described previously (23) to identify and
measure viable capillary endothelial cells. The number of capillaries in the
section were counted and normalized to fiber cross-sectional to avoid
overestimations due to aging-related fiber atrophy (24). To assess poten-
tial age-related changes at the neuromuscular junction, serial sections of
the plantaris muscle were stained for acetylcholinesterase as described
previously (25). The size of the stained area in the section were determined
digitally and normalized to fiber cross-sectional area to account for age-
related fiber atrophy. Finally, to determine whether fiber oxidative capac-
ity changed with age, serial sections of the plantaris muscle were stained
for the mitochondrial oxidative enzyme succinate dehydrogenase (SDH)
as described by Dubowitz and Sewry (26). The entire section was digitized
to estimate the mean intensity of SDH staining, as well as the proportion
of the section occupied by fibers with weak, medium, and strong SDH
staining expressed as a percentage of the total number of fibers in the
section. All image analysis was automated and performed using a Novartis
Institutes for Biomedical Research internal software (ROBIAS ASTORIA,
written by Wilfried Frieauff).

Microarray-based transcriptional profiling. The gastrocnemius
muscle was analyzed for age-related changes in RNA expression. The
muscle was pulverized under liquid nitrogen and total RNA extracted
from a portion using the RNeasy fibrous tissue midi kit according to the
manufacturer’s protocol (Qiagen). RNA concentration and purity (A,q,/
A, ratios > 1.9) were assessed using a NanoDrop-1000 spectrophoto-
meter (NanoDrop Technologies, Wilmington, DE), and RNA integrity
was assured using an Agilent 2100 Bioanalyzer (Santa Clara, CA). To
determine global gene expression changes, aliquots of 2 to 4 g of each
RNA sample were subjected to microarray analysis using the GeneChip
Rat Genome 230 2.0 Array (Affymetrix, Santa Clara, CA). Statistical anal-
ysis of the microarray data was performed within the R statistical environ-

mcb.asm.org 195


http://mcb.asm.org

Ibebunjo et al.

ment (27) using dedicated packages from Bioconductor (28). Quality of
the array raw data was assessed using the affyPLM package. Of the 57
arrays, 3 were of low quality. The raw intensity files of the remaining 54
arrays were normalized and summarized into probe set level expression
index using the PLIER (probe Jogarithm intensity error) method (29).
Affymetrix MAS5 present or absent calls were calculated, and probe sets
with “present” calls in <50% of samples within all age groups were re-
moved. The moderated F-test implemented in the limma package (30)
was applied to evaluate the significance of individual probe set changes
across age groups. Individual moderated ¢ tests were subsequently applied
to evaluate the significance of differences between any two relevant age
groups. t test values were adjusted using the Benjamini and Hochberg
(BH) (31) method to control for false-discovery rate. Expression changes
were considered significantly up- or downregulated when the BH adjusted
Pvalue was =0.01. The area under the curve (AUC) was calculated for all
probe sets to summarize the changes over the time course using the log,-
fold change of later time points versus 6 months. K-means clustering was
performed in SpotFire DXP (TIBCO, Cambridge, MA) on the standard-
ized average expression of the age groups using correlation distances for
those probe sets with P < 0.01 and log, fold change of >*0.5 in at least
one of the later age group versus 6 months. Pearson correlations of each
probe set to the mean profile of its corresponding cluster were calculated
as a measure of membership. The functional enrichment of the clusters
was assessed using EASE statistics available through the Database for An-
notation, Visualization, and Integrated Discovery (DAVID) Bioinformat-
ics Resources (32). The enrichment results were visualized using the Cy-
toscape plug-in enrichment map (67). Ingenuity Pathway Assist (IPA;
Ingenuity Systems, Inc.) was used to predict the upstream transcription
factors that might be responsible for the changes in expression of the genes
in each cluster.

Identification of gene signatures of sarcopenia versus gene signa-
tures of aging. To identify genes whose expression changes best correlate
with sarcopenia (i.e., gene signature of sarcopenia) and those that best
correlate with aging per se (i.e., gene signature of aging), we determined
Pearson correlation coefficients for the distribution of all significantly
regulated genes against gastrocnemius muscle mass and age, respectively.
Correlations were considered strong and significant at Pearson R = 0.9
or = —0.9 (i.e., absolute R = 0.9) and adjusted P value of <0.0001. A gene
was considered to be a signature of sarcopenia compared to aging and vice
versa if its correlation coefficients for sarcopenia and aging differed by a
factor of 0.04 or more, arbitrarily chosen.

Reverse transcription-PCR validation. RNA samples from the same
gastrocnemius muscles were reverse transcribed to cDNA using a high-
capacity cDNA kit (Applied Biosystems, Inc., Foster City, CA). The cDNA
was then used for real-time quantitative PCR (qPCR) using an ABI Prism
7900 sequence detection system and gene-specific primers to confirm
finding from the microarray study, as well as to determine the profile of
selected candidate genes. The transcript levels were normalized to the
geometric mean of five housekeeping genes (TBP, Vps26a, Znf830,
Tmem]l, and Dnttp2) in the same preparation, and the fold change rela-
tive to the 6-month-old rats was calculated as 2~ 247 (33). Table S1 in the
supplemental material lists the specific probes for the target genes verified
by qPCR and the housekeeping genes used for sample normalization.

Proteomics analyses. Gastrocnemius muscle samples of rats in each of
the 6-, 18-, or 27-month-old groups were pooled proportional to muscle
weight. The pooled 6-, 18-, and 27-month samples were each homoge-
nized in 8 M urea and 50 mM Tris-HCI (pH 8). Approximately, 500 j.g of
protein from each sample was reduced, alkylated and digested using 4 j.g
of Lys-C at 37°C overnight. Peptides from proteolytic digestion were de-
salted and labeled using reductive dimethylation (34, 35) (see the discus-
sion of methods in the supplemental material). Rat muscle sample for the
6-, 18-, and 27-month-old rats was labeled with light (CH,O-NaBH;CN),
medium (CD,0-NaBH;CN), and heavy (CD,0-NaBD;CN) reagents, re-
spectively. The samples were washed with 0.1% formic acid and eluted
from the column using 80% ACN and 0.5% acetic acid. Samples were then
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dried down using a vacuum centrifuge. Peptides (0.75 mg) from light/
medium/heavy rat muscle samples were separated by strong cation-ex-
change chromatography into 20 fractions (see the supplemental mate-
rial). Each fraction was dried down by vacuum centrifugation and
desalted using self-packed C18 STAGE-tips (36). All liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) data were obtained using
an LTQ-Orbitrap Discovery hybrid mass spectrometer (Thermo Fisher,
San Jose, CA) (see the supplemental material). Each sample was loaded
onto a reverse phase column and separated using 95 min LC gradient of 5
to 27% buffer B ata flow of 0.5 to 1 pwl/minute. MS analysis was performed
using a top 10 method where the MS1 scan was acquired in the Orbitrap,
followed by 10 data depended MS/MS scans on the 10 most intense ions in
the LTQ with CID for fragmentation. MS/MS spectra assignments were
made with the Sequest algorithm (37) using the entire rat IPI database
(version 3.6) (see the supplemental material). Sequest searches were per-
formed using a target-decoy strategy (38) with the rat IPI database in
correct orientation (forward database) and the same database but with all
sequences in reverse orientation (reverse database). Sequest searching was
performed with a precursor ion tolerance of 50 ppm with LysC specificity.
For dimethyl labels, a static modification of 28.0313 Da was used on the
N-terminus and lysine residues. In addition, differential modifications of
4.02310 and 8.044336 Da were used for medium and heavy proteins,
respectively, on the N-terminus and lysine residues. A protein level false-
discovery rate of <1% was used as a threshold for protein identifications
using the target decoy strategy. Quantification of each protein was deter-
mined using the peak heights for light, median, and heavy forms for that
protein. The criterion for protein quantification was a signal-to-noise
ratio of >5 for at least one of the protein species (light, medium, and
heavy). Quantification of protein level was by calculating the median
value of the ratios of light to medium and of light to heavy. Using this
method of quantification, the contribution of single peptide protein spe-
cies in the data set was low (<5%), presumably reflecting the high accu-
racy and sensitivity of the MS methods and the high signal-to-noise cutoff
used (see Table S2 in the supplemental material). Additional details of the
proteomics methods are provided as supplemental material. Hierarchal
clustering was performed on the quantified proteins using Cluster 3.0.
Gene ontology analysis was then performed for each cluster using DAVID
(32), with each cluster compared to all proteins identified in the experi-
ment. Gene ontology annotations were considered significantly enriched
if the BH probability was <0.05.

Mitochondrial DNA content and enzyme and complex activities.
Mitochondrial DNA content and activities of citrate synthase, and com-
plexes I, I, and IV of the electron transport chain were determined in
proportionately pooled gastrocnemius muscle samples of rats in each of
the 6-, 18-, or 24-month-old groups. For mitochondrial DNA content,
total DNA was extracted from 10 to 30 mg of each of the pooled muscle
samples using the DNeasy kit (Qiagen, Valencia, CA). To increase the
yield, phenol-chloroform extraction was performed instead of the col-
umn purification steps. Total DNA was quantified using absorbance at
260 nm; the 260/280 ratios ranged from 1.8 to 2.1. Gene expression assays
for cytochrome b (Rn03296746_s1) and ubiquitin C (Rn01789812_g1)
(Life Technologies, Carlsbad, CA) were used to quantify mitochondrial
and genomic DNA, respectively, by gPCR. PCR efficiencies for all reac-
tions ranged from 90 to 107%. Mitochondrial DNA levels were normal-
ized to genomic DNA levels and fold change relative to the 6-month group
was determined using the 27227 method (33). For enzyme activity as-
says, an equal amount of the pooled 6-, 18-, and 24-month samples was
each homogenized in 100 mM potassium phosphate (pH 7.4) containing
complete protease inhibitor (Roche Applied Science, Indianapolis, IN).
Samples were sonicated at 4°C for 15 s, incubated for 1 min, and sonicated
for an additional 15 s using a Sonicator 3000 (Qsonica, Newtown, CT).
Homogenates were centrifuged for 20 min at 20,000 X g. The superna-
tants (S20 fractions) were removed, and the pellets (P20 fractions) resus-
pended in the homogenization buffer and sonicated for an additional 10s.
Protein concentrations for all fractions (total homogenate, S20, and P20)
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FIG 1 Body, organ, and muscle weights and EDL muscle contractile properties. The percent body weight change over the last 4 weeks before study (A) and the
weights of the heart (B), kidneys (C), and tibialis (D), gastrocnemius (E), and quadriceps (F) muscles of rats aged 6, 12, 18, 21, 24, and 27 months. The wet weight
of the EDL muscle declined with age (G) in association with approximately twice as much decline in evoked peak tetanic strength (Po) (H); hence, specific
strength tended to decline, but not significantly (I). *, **, *** and **** indicate P < 0.05, 0.01, 0.001, and 0.0001 versus 6 months, respectively. 6M, 6 months;

12M, 12 months, etc.

were determined using the BCA protein assay (Thermo Scientific, Rock-
ford, IL). All samples were stored at —80°C prior to analysis. Citrate syn-
thase activity was measured in the S20 fractions and complexes I, II, and
IV activities in the P20 fractions as described previously (39, 40) with the
modifications for complexes IT and IV (inclusion of dodecyl-B-n-malto-
side) described by Birch-Machin and Turnbull (41). For all enzyme activ-
ity assays, initial velocities were determined by linear regression analysis of
reaction time courses using data corresponding to =10% substrate con-
version or product formation (initial reaction rates). Rates were normal-
ized to the wet weight of the muscle samples.

Statistical analysis. Data are presented as mean = the standard error
of the mean. Differences between age groups were evaluated by one-way
analysis of variance, followed by Bonferroni’s multiple-comparison tests

January 2013 Volume 33 Number 2

using GraphPad Prism 5. Differences were considered significant at P =
0.05.

RESULTS

Body weight and pathological findings. The rats used in the pres-
ent study were in healthy condition for their age. In the last 4
weeks before necropsy, body weight increased in rats 6 to 21
months of age but decreased in 24- and 27-month-old rats
(Fig. 1A); mean daily food consumption did not differ between
the age groups. Despite clinical evidence of physical frailty, only
minor age-related clinical pathological changes were observed in
these rats. The main changes noted were an increase in absolute

mcb.asm.org 197


http://mcb.asm.org

Ibebunjo et al.

neutrophil count and increased serum globulin concentrations,
reflecting an increased incidence of systemic inflammation corre-
lating with age. The clinical pathology and hematological data are
summarized in Tables S3 and S4 in the supplemental material.
Heart weight increased with age, reaching a plateau at 18 months
(Fig. 1B) without detectable macroscopic or microscopic corre-
lates. With the possible exception of the kidney, for which the
absolute but not relative (to body or brain weight) weight was
increased at 27 months (Fig. 1C), the weights of other organs were
comparable between the age groups after excluding one aberrant
organ weight increase associated with neoplasia. Macroscopic and
microscopic findings in these rats represented a spectrum of
changes commonly associated with aging and occurred at the ex-
pected incidence and severity for the given age groups. For exam-
ple, the incidence and severity of chronic progressive nephropathy
increased with aging, as did focal (several) and diffuse (rare) pan-
creatic islet hyperplasia and numerous proliferative processes
(e.g., focal C-cell hyperplasia/adenoma of the thyroid and focal
hyperplasia/adenoma of the pituitary pars distalis) (data not
shown).

Skeletal muscle weight. The weight of individual skeletal mus-
cles of the hind limb declined slowly (11 to 21% decline) between
6 and 18 months of age, but thereafter muscle weights declined
rapidly, such that by 27 months some were ~60% smaller than at
6 montbhs, irrespective of whether or not muscle weight was nor-
malized to end body weight (Fig. 1D to F). In contrast, the weights
of the triceps brachii muscle of the fore limb and the nonappen-
dicular bulbocarvenosus levator ani muscle complex declined
only ~19 and 25%, respectively, by 27 months of age (see Fig. SIA
and B in the supplemental material).

Evoked EDL muscle strength. To determine whether changes
in muscle mass were associated with changes in strength, the peak
force generated by the extensor digitorum longus (EDL) muscle
was measured during supramaximal stimulation of the sciatic
nerve in another subset of rats aged 6, 12, 18, and 24 months.
Relative to 6-month-old rats, the weights of the EDL muscle were
14, 13, and 28% less, while the peak nerve-evoked contractile
strengths were 27, 26, and 45% less in the 12-, 18-, and 24-month-
old rats, respectively (P < 0.001 only for 24 months, presumably
because of the small sample size [#n = 4 to 8]) (Fig. 1G and H).
Because the decline of evoked peak strength was greater than the
decline in EDL muscle weight, there was a tendency for force per
unit muscle weight to decline with age, but not significantly
(Fig. 11).

Skeletal muscle histomorphometry. Histomorphometric
analysis of the plantaris muscle of the hind leg indicated that the
age-related decline in mass (Fig. 2A) occurred with a decline in
mean muscle fiber cross-sectional area (Fig. 2B) and a leftward
shift of the fiber cross-sectional area histogram (Fig. 2C). Fiber
atrophy was associated with an increase in angularity of fibers as
indicated by the age-dependent increase in the mean and the
rightward shift of the deformity factor, an index that relates the
cross-sectional area to the perimeter of the fiber (Fig. 2D and E).
Type 1, 2A, and 2B muscle fibers in the plantaris muscle exhibited
an age-dependent decline in size, reflected by the mean fiber cross-
sectional area (Fig. 2F and G) and a leftward shift of the fiber
cross-sectional area histogram (Fig. 21 to K).

Atrophy of the plantaris muscle was associated with increased
fibrosis, indicated by a progressive age-related increase in picro-
sirius red staining of sections (Fig. 3A) and increased muscle hy-
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droxyproline content (see Fig. S1C in the supplemental material).
Alkaline phosphatase staining of serial sections revealed a ten-
dency for the number of capillaries per fiber cross-sectional area to
be increased at 24 and 27 months of age (Fig. 3B). The size of the
acetylcholinesterase (Ache) stained area relative to fiber cross-sec-
tional area also increased with age—presumably because in mus-
cles from 24- and 27-month-old rats, extrajunctional areas of the
sarcolemma were also stain for Ache (Fig. 3C). Cryosections of
muscles of 24- and 27-month-old rats were less intensely stained
for succinate dehydrogenase (SDH) activity compared to 6- to
21-month-old rat muscles. Categorization of the fibers in each
section by intensity of SDH staining further revealed that, com-
pared to 6-month-old rats, the plantaris muscle of 24-and 27-
month-old rats had relatively fewer fibers with moderate to strong
SDH activity (i.e., types 2A and 1 fibers) and more fibers with low
SDH activity (type 2B fibers) (Fig. 3D).

Microarray-based transcriptional profiling. Of the 31,099
probe sets on the GeneChip Rat Genome 230 2.0 Array (corre-
sponding to over 30,000 genes and variants), 16,573 (53%) were
detected in at least one age group, and 11,097 were statistically
differentially expressed among the age groups with BH adjusted
F-test P value of <0.01. Furthermore, 3,890 probe sets were pro-
gressively and differentially regulated at least 1.4-fold (log, of 0.5)
with a BH-adjusted F-test P value of <0.01 in at least one later
time point compared to 6 months.

Discriminating gene signatures of sarcopenia versus gene
signature of aging. To identify specific patterns of sarcopenia-
related changes in gene expression, the 3,890 significantly regu-
lated probe sets were subjected to cluster analysis. First, by per-
forming K-means cluster analysis with increasing cluster numbers
from 2 to 12 and plotting the cluster score against the number of
clusters, we determined that 6 is the optimal number of clusters
into which to classify the genes by profile (Fig. 4A). Therefore, the
3,890 significantly regulated probe sets were divided into six clus-
ters by the K-means method. The profiles and number of genes in
these six clusters are shown in Fig. 4B and C. Unlike the genes in
cluster 1, which declined essentially linearly between 6 and 27
months of age, genes in cluster 2 declined only minimally between
6 and 18 months, followed thereafter by a drastic decline between
21 and 27 months, in concert with the changes in muscle mass.
The average profile of genes in cluster 2 correlated with the average
age-related changes in muscle mass, with a coefficient of 0.99.
Indeed, the changes in gene expression correlated strongly with
changes in muscle mass for individual genes in cluster 2 (R = 0.9
for 26% of the 624 genes in cluster 2) compared to R = 0.88 for
every gene in cluster 1. The 20 genes in clusters 1 and 2, ranked by
correlation with muscle mass, are shown in Table 1. Other genes in
cluster 2 that did not make the top 20 list but correlated strongly
(R > 0.9) with muscle mass and have putative roles in regulating
muscle mass and function include several mitochondrial energy
metabolism genes (e.g., Pdhx, NADH dehydrogenase genes,
Ugcrcl, 1dh3a, etc.), as well as genes not directly associated with
mitochondria energy metabolism, including Mylk2, Pde4a, Vegfa,
and Mstn.

In clusters 3, 4 and 5, there was a more or less moderate in-
crease in gene expression between 6 and 18 or 21 months, followed
thereafter by a more drastic increase. Thus, the average expression
profiles of genes in these clusters correlated inversely with muscle
mass with correlation coefficients of —0.99, —0.97, and —0.97 for
clusters 3, 4, and 5, respectively. The gene expression profiles for
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FIG 2 Plantaris muscle fiber histomorphometry. The age-dependent decline in plantaris muscle mass (A) was associated with a proportional decrease in fiber
cross-sectional area (B), a leftward shift of the fiber cross-sectional area histogram (C), and increased deformation of fibers (D and E). Analysis of the individual
fiber types indicated no significant differences in the degree (F and G) or patterns (I to K) of atrophy between types 1, 2A, and 2B fiber types. *, **, ***, and ****
indicate P < 0.05, 0.01, 0.001, 0.0001 versus 6 months, respectively. 6M, 6 months; 12M, 12 months, etc.

~17% of the 728, ~5% of the 535, and ~3% of the 420 genes in
clusters 3, 4 and 5, respectively, correlated inversely with muscle
mass with correlation coefficients of R = —0.9. That is, the expres-
sion profile of genes in cluster 3 correlated the best with changes in
muscle mass. The 20 genes with the strongest correlation with
muscle mass (R = —0.9) in each of clusters 3, 4, and 5 are shown
in Table 2. Other genes in cluster 3 (not captured in Table 2) that
inversely correlated strongly with muscle mass (with R = —0.9)
and have putative roles in regulating muscle structure and function

January 2013 Volume 33 Number 2

include Igf2, Chrnd, Chrnbl, Tgfb2, and Fgf/. There were rather few
genes in cluster 6; these had a bell-shaped expression profile that did
not correlate with muscle mass changes (Fig. 4B). Therefore, cluster 6
was not explored further. Table 3 shows the 20 most differentially up-
and downregulated genes ranked by AUC, a method commonly used
by previous studies to identify gene signatures of sarcopenia or aging.

Pathways and biological processes perturbed in sarcope-
nia. To identify the pathways and biological processes dysregu-
lated in sarcopenia, the genes in each of clusters 2 to 5 were
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FIG 3 Representative photomicrographs of 6-month and 27-month plantaris muscles stained for picrosirius red (PSR), alkaline phosphatase (AlkPhos),
acetylcholinesterase (Ache), and succinate dehydrogenase (SDH). Analysis (right column) revealed that muscles from 24- and 27-month-old rats have more
intense picrosirius staining, a tendency for increased capillary density, increased acetylcholinesterase-stained area per fiber cross-sectional area, and an increase
in fibers weakly stained for and a corresponding decrease in fibers strongly stained for SDH activity. *, **, ***, and **** indicate P < 0.05, 0.01, 0.001, and 0.0001
versus 6 months, respectively. 6M, 6 months; 12M, 12 months, etc.

subjected to enrichment cluster analysis using the online
DAVID tool and visualized using the Cytoscape plug-in enrich-
ment map.

(i) Energy metabolism pathways are depressed in sarcopenia.

Functional annotation analysis using DAVID showed that cluster
2 was comprised predominantly of genes involved in mitochon-
drial energy metabolism, including oxidative phosphorylation
(OXPHOS), glucose metabolism, the tricarboxylic acid (TCA) cy-

200 mch.asm.org Molecular and Cellular Biology


http://mcb.asm.org

50- (A)
© 40 g
o
Q
2 30
£ .
8 204 .
17} n
3 n
S 101 "Eamag
c L T T L T T T T T L U
2345678 9101112
Number of clusters
1500 (€)
(]
[
c
Q
o]
e
o
S
[
Ke)
[
=]
=z

1 2 3 4 5 6

Mitochondrial Dysregulation in Sarcopenia

(B)

12 18 21 24276 12

18 21 2427

FIG 4 Cluster analysis of the 3,890 genes significantly regulated in sarcopenia. The optimal number of clusters, K, was determined to be 6 by the Elbow method
after plotting the cluster score against number of clusters (A). (B) K-means clustering of the 3,890 significantly regulated genes into six clusters and expression
profiles along the time point in months. (C) The number of genes within each of the six clusters.

cle, and fatty acid metabolism, as well as genes associated with
muscle structural components (Fig. 5A). To further verify depres-
sion of the OXPHOS pathway, the regulation of genes in its five
complexes was examined. Although the fold decline of the indi-
vidual genes versus the 6-month values was small (range, —0.12 to
—1.24 [by AUC]), 87% of the 71 OXPHOS genes identified in the
five complexes of the pathway were downregulated (see Fig. S2 in
the supplemental material). It is noteworthy that the few upregu-
lated (e.g., Atp6v isoforms and Cox7a2l) are genes not normally
expressed in healthy muscles from young adult rats. The expres-
sion profile of some of the energy metabolism related genes was
further verified by qPCR (Fig. 5B). In addition to the depression of
genes involved with mitochondrial biogenesis and energy metab-
olism, sarcopenia was associated with downregulation of genes
that regulate mitochondrial fission and fusion, including Mful,
Mfn2, Opal, Fisl, and Drpl_Dmnl (Fig. 5C). Together, these re-
sults indicate that sarcopenia is characterized by a depressed mi-
tochondrial energy metabolism and dynamics.

(ii) Pathways and processes upregulated with sarcopenia.
Functional enrichment analysis indicated that genes in clusters 3,
4, and 5, which are inversely correlated with muscle mass, fall into
several pathways and biological processes. In cluster 3, the most
enriched pathways were those involved with the cell cycle, ribo-
some, translation, protein synthesis, immune response, and cell
death/apoptosis (Fig. 6A). The expression profiles of some of the
genes in this cluster (Fst, Chrnd, Igf2, Casp3, and Bad) were veri-
fied by qPCR (Fig. 6B). Cluster 4 was comprised of pathways and
processes involved with immune response, cytoskeleton, extracel-
lular matrix, and response to various stimuli (see Fig. S3A in the
supplemental material), while cluster 5 comprised of pathways
and processes involved with antigen processing and presentation,
transcription, phosphate metabolism, cytoskeleton, muscle devel-

January 2013 Volume 33 Number 2

opment, neuromuscular junction, apoptosis/cell death, and the
regulation of cellular biosynthetic processes, among others (see
Fig. S3B in the supplemental material). Thus, genes in clusters 3, 4,
and 5 contributed jointly to some pathways including cytoskeletal
development and immune response (see Fig. S3C in the supple-
mental material). The expression profiles of some of the genes in
these clusters were subsequently verified by qPCR: for Myog (in
cluster 4) and Hdac4, Chrnal, Musk, and Fbxo30 (in cluster 5) (see
Fig. S3D in the supplemental material). That several neuromus-
cular junction genes were enriched—including Chrnal, Chrnb,
Chrnd, Chrne, Chrng, Musk, Myog, the utrophin gene (Fig. 6B; also
see Fig. S3D in the supplemental material), and MyoD (data not
shown)—is indicative of neuromuscular junction functional den-
ervation in sarcopenia. Table S5 in the supplemental material
summarizes the microarray data for other genes associated with
the neuromuscular junction.

Since denervation would be expected to alter muscle fiber type
composition and fiber type switching has been reported in sar-
copenia, we determined the expression of transcripts for the dif-
ferent isoforms of myosin heavy chain (MyHC) by qPCR. There
was a progressive decrease in expression of transcripts for Myh7
(MyHC 1) and Myh2 (MyHC 2a) and an increase in Myhl
(MyHC 2x/d) and Myh4 (MyHC 2b), as well as an increased ex-
pression of Myh3 (the embryonic) and Myh8 (the perinatal) iso-
forms of MyHC (see Fig. S4A in the supplemental material). We
also determined by qPCR that transcripts for connective tissue
growth factor (Ctgf) was upregulated consistent with enrichment
of the extracellular matrix processes and that the E3 ligase, MuRF1
(which is usually associated with muscle atrophy but does not
have probe sets on the microarray chip), was also upregulated in
sarcopenia; the other atrophy-associated E3 ligase, MAFbx (also
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TABLE 1 Top 20 significantly regulated genes with the strongest correlation with muscle mass in each of clusters 1 and 2

Log, fold change vs 6 mo Rvs:
Adjusted
Symbol Description Pvalue AUC 12mo 18mo 2lmo 24mo 27mo  Cluster Mass Age
Cluster 1
Vwa3b von Willebrand factor A domain containing 3B 1.5E-15 -2.7 —02 —0.4 —0.7 —0.9 —1.2 0.97 0.88 —0.97
RGD1309779 Similar to ENSANGP00000021391 6.9E-12 —1.5 —0.1 —0.2 —0.4 —0.5 —0.7 0.97 0.86 —0.97
Hras Harvey rat sarcoma virus oncogene 6.3E-13 —14 —0.1 —0.3 —0.3 —=0.5 —0.6 0.94 0.86 —0.98
LOC687029 Similar to differentially expressed in B16F10 1 5.5E-19 -1.6 —0.1 —0.3 —0.4 —0.5 —0.6 0.97 0.85 —0.99
Erlecl Endoplasmic reticulum lectin 1 6.0E-15 -1.3 —0.1 —0.2 —0.3 —0.4 —0.5 0.96 0.85 —0.98
Mocs2 Molybdenum cofactor synthesis 2 3.0E-12 -1.9 —02 —0.4 —0.5 —0.7 —0.8 0.96 0.83 —0.99
Sesnl Sestrin 1 9.3E-12 -1.7 =01 —=0.2 —=0.5 —0.6 —0.8 0.97 0.83 —0.07
Gadd45gipl Growth arrest and DNA-damage-inducible, gamma 4.8E-13 -1.4 0.1 —0.3 —0.3 —0.5 —0.6 0.96 0.83 —0.98
interacting protein 1
Hint3 Histidine triad nucleotide binding protein 3 6.5E-13 -1.3  —0.1 =02 —0.3 -0.5 -0.5 0.95 0.83 —0.98
LOC691921 Hypothetical protein LOC691921 1.1E-11 —1.6 —0.2 —0.3 —0.4 —0.5 —0.7 0.96 0.82 —0.96
Mrpsl15 Mitochondrial ribosomal protein S15 3.0E-14 —1.5 —0.2 —0.3 —0.4 —0.5 —0.6 0.97 0.82 —0.98
Aven Apoptosis, caspase activation inhibitor 1.2E-14 -1.4 —02 —0.3 —0.3 —0.5 —0.5 0.95 0.82 —0.98
Zcrbl Zinc finger CCHC-type and RNA binding motif 1 2.7E-15 —-17 —0.2 —0.3 —0.4 —0.5 —0.7 0.97 0.81 —0.99
Timm44 Translocase of inner mitochondrial membrane 44 4.6E-11 -1.6 —02 —0.3 —0.4 —0.5 —0.7 0.96 0.81 —0.97
homolog (yeast)
Gps2 G protein pathway suppressor 2 2.8E-13 -13 —02 —0.2 —0.3 —0.5 —0.6 0.95 0.81 —0.97
Fnbp4 Formin binding protein 4 1.0E-16 —-21 —02 —0.3 —0.6 —0.7 —0.8 0.98 0.80 —0.96
Iqub IQ motif and ubiquitin domain containing 1.4E-13 -1.9 —02 —0.2 —0.5 —0.7 —0.8 0.97 0.80 —0.95
Ggct Gamma-glutamyl cyclotransferase 9.9E-15 -19 —03 —0.3 —0.4 —0.7 —0.7 0.94 0.80 —0.95
Hnrnpa2bl Heterogeneous nuclear ribonucleoprotein A2/B1 9.6E-18 -1.9 —01 —0.3 —0.5 —0.6 —0.7 0.99 0.80 —0.97
Metapld Methionyl aminopeptidase type 1D (mitochondrial) ~ 6.2E-11 -1.9 —02 —0.3 —0.4 —0.6 —0.8 0.96 0.80 —0.97
Cluster 2
Pdhx Pyruvate dehydrogenase complex, component X 1.7E-17 -2.1 0.1 —0.2 —0.3 —0.9 -1.3 1.00 0.94 —0.86
Rxrg Retinoid X receptor gamma 2.2E-19 -25 —0.1 —0.2 —0.4 -1.1 —1.6 1.00 0.94 —0.86
Ugp2 UDP-glucose pyrophosphorylase 2 1.3E-21 -1.6 —0.1 —0.2 —0.3 —0.7 —0.9 1.00 0.94 —0.89
Pgp Phosphoglycolate phosphatase 1.3E-16 —-1.8 0.0 —0.1 —0.3 —0.8 -1.3 1.00 0.94 —0.83
Tuba8 Tubulin, alpha 8 3.8E-21 —-2.9 —0.2 —0.3 —0.4 —1.3 —-1.7 1.00 0.94 —0.86
Tnks2 Tankyrase, TRF1-interacting ankyrin-related ADP- 2.7E-19 —-20 —0.1 —0.1 —0.4 —0.9 —1.2 1.00 0.94 —0.87
ribose polymerase 2
Mylk2 Myosin light chain kinase 2 2.9E-22 —-34 —01 —0.3 —0.6 -1.5 -1.9 0.99 0.94 —0.88
Mrpll5 Mitochondrial ribosomal protein L15 5.3E-20 -1.1 =01 —0.1 —0.2 —0.5 —0.6 0.99 0.94 —0.91
LOC100360936  rCG22080-like 7.3E-19 —1.9 —0.1 —0.2 —0.3 —0.9 —-1.0 0.99 0.94 —0.89
Ppa2 Pyrophosphatase (inorganic) 2 1.6E-18 -1.8 —0.1 —0.2 —0.4 —0.7 —0.9 0.99 0.94 —0.92
Lrrc39 Leucine-rich repeat containing 39 1.8E-18 —20 —02 —0.2 —0.4 —0.7 —-12 0.99 0.94 —0.89
Zfp358 Zinc finger protein 358 4.5E-19 —1.8 —0.1 —0.2 —0.4 —0.7 —0.9 0.99 0.94 —0.93
LOC100359995  rCG63619-like 1.8E-16 —1.4 —0.1 —0.2 —0.2 —0.6 —0.7 0.99 0.94 —0.92
Asbl1 Ankyrin repeat and SOCS box-containing 11 1.1E-20 -31 02 —0.2 —0.5 -1.3 -1.8 1.00 0.93 —0.87
St8sia5 ST8 a-N-acetylneuraminide «-2,8-sialyltransferase 5 3.2E-17 —-34 —02 —0.3 —0.5 -1.5 —2.0 1.00 0.93 —0.86
Eglnl EGL nine homolog 1 (Caenorhabditis elegans) 1.2E-15 -1.2 —0.1 —0.1 —0.2 —0.5 —0.7 1.00 0.93 —0.88
Hfe2 Hemochromatosis type 2 (juvenile) homolog 2.5E-19 -7 00 —0.1 —0.3 —0.7 -1.1 1.00 0.93 —0.87
(human)
RGD1564300 Similar to phosphoseryl-tRNA kinase 1.5E-18 -22 01 —0.2 —0.3 -0.9 -1.3 1.00 0.93 —0.87
Pfkfbl 6-Phosphofructo-2-kinase/fructose-2,6- 4.1E-19 -35 —0.1 —0.2 —0.5 -1.6 —2.4 1.00 0.93 —0.84
biphosphatase 1
Pdeda Phosphodiesterase 4A, cAMP-specific 1.0E-21 -23 0.0 —0.1 —0.3 -1.1 -1.6 1.00 0.93 —0.93

(phosphodiesterase E2 dunce homolog,
Drosophila)

known as Atroginl) (42, 43), was not significantly upregulated
(see Fig. S4B in the supplemental material).

(iii) Transcription factors upstream of the regulated genes.
To predict the transcription factors upstream of the significantly
regulated genes, IPA (Ingenuity Systems, Inc.) was used to deter-
mine the relationship between a transcription factor and its target
genes, based on previously published data in the IPA knowledge
database. The transcription factors most associated with the reg-
ulated genes in cluster 2 are shown in Table 4. This cluster of
regulated genes predicted a set of transcription factors that may
have been perturbed, thus inducing this regulatory change. The
predicted transcription factors included the following: (i) FoxOl,
which is required for muscle atrophy (44); (ii) NRF1 and TFAM,
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which activate key metabolic genes required for mitochondrial
DNA transcription and replication; (iii) KLF15, which contrib-
utes to fatty acid metabolism in muscles; (iv) histone deacetylase 5
(HDACS), which represses PPARGCIA (PGC-1a) expression via
inhibiting MEF2; and (v) PPARGCIA, a transcriptional coactiva-
tor of several genes involved in mitochondrial energy metabolism
(45).

Proteomic changes in sarcopenia were consistent with tran-
scriptome changes. About 1,563 proteins (1,509 of which are an-
notated) were identified at least once as differentially expressed in
the gastrocnemius muscle between 6- versus 18- or 27-month-old
rats. Cluster analysis of the 1,509 regulated annotated proteins
identified four clusters based on pattern of protein expression
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TABLE 2 Top 20 significantly regulated genes with the strongest correlation with muscle mass in each of clusters 3, 4, and 5

Log, fold change vs 6 mo Rvs:
Adjusted
Symbol Description Pvalue AUC 12mo 18mo 2lmo 24mo 27mo  Cluster Mass age
Cluster 3
Sirpa Signal-regulatory protein alpha 5.6E-21 4.1 0.3 0.5 0.7 1.6 2.2 1.00 —0.95 091
Tspanl3 Tetraspanin 13 1.2E-19 2.3 0.1 0.3 0.4 1.0 1.2 1.00 —0.94  0.90
Map3k7 Mitogen-activated protein kinase kinase kinase 7 8.6E-21 2.3 0.1 0.3 0.4 0.9 1.3 1.00 —0.94  0.90
Hmgn2 High-mobility group nucleosomal binding domain 2 2.3E-19 1.9 0.1 0.2 0.3 0.8 1.1 1.00 -0.94 087
Rb1 Retinoblastoma 1 2.7E-19 1.8 0.1 0.3 0.3 0.7 1.0 0.99 —0.94 092
Ceni Cyclin I 6.8E-20 1.5 0.2 0.1 0.2 0.6 0.9 0.99 —0.94 0.84
Krt18 Keratin 18 2.2E-22 6.4 0.0 0.7 1.1 2.7 3.7 1.00 —0.93 0.89
Mgmt 0O-6-Methylguanine-DNA methyltransferase 5.0E-23 4.9 0.3 0.5 0.9 2.1 24 0.99 -093 091
Tmem38b  Transmembrane protein 38B 6.0E-24 3.4 0.0 0.3 0.7 1.5 1.7 0.98 —0.93 091
Fst Follistatin 1.4E-17 3.3 0.2 0.3 0.5 1.5 1.9 1.00 —0.93 0.88
Cd151 CD151 molecule (Raph blood group) 1.7E-21 2.4 0.2 0.2 0.5 1.0 1.2 0.99 —0.93  0.92
Cde63 Cd63 molecule 2.9E-22 2.2 0.1 0.2 0.5 0.9 1.1 0.99 —0.93 0.91
Iffol Intermediate filament family orphan 1 4.0E-15 2.0 0.1 0.2 0.3 0.8 1.2 1.00 —0.93 088
Slain2 SLAIN motif family, member 2 6.6E-22 1.9 0.0 0.2 0.3 0.8 1.1 1.00 —0.93 0.88
Adcy2 Adenylate cyclase 2 (brain) 2.1E-17 1.7 0.1 0.3 0.2 0.8 1.0 0.99 -0.93  0.86
Ppplrl4b  Protein phosphatase 1, regulatory (inhibitor) subunit 14B 3.3E-20 1.6 0.1 0.1 0.3 0.6 0.9 0.99 —-0.93 0.88
Prkarla Protein kinase, cAMP-dependent, regulatory, type I, alpha ~ 8.8E-20 1.4 0.0 0.0 0.3 0.7 0.9 0.98 -093 085
Sec62 SEC62 homolog (S. cerevisiae) 4.0E-18 1.3 0.1 0.2 0.3 0.5 0.6 0.99 -0.93 0.92
Nono Non-POU domain containing, octamer-binding 2.9E-18 1.3 0.1 0.1 0.3 0.5 0.7 0.99 -0.93  0.90
Dclk1 Doublecortin-like kinase 1 6.7E-22 7.2 0.4 1.0 1.4 2.9 3.4 0.99 -092 094
Cluster 4
Cdknla Cyclin-dependent kinase inhibitor 1A 6.0E-24 10.7 0.6 1.6 2.5 4.0 4.6 0.98 -0.92 096
B2m ,-Microglobulin 6.0E-24 3.9 0.3 0.5 0.9 1.5 1.7 0.99 —0.92 0.95
Ftl Ferritin, light polypeptide 7.7E-23 33 0.3 0.4 0.7 1.3 1.6 0.99 -0.92 093
Slc40al Solute carrier family 39 (iron-regulated transporter), 3.7E-16 3.0 0.4 0.4 0.7 1.1 1.2 0.99 —-0.92  0.95
member 1
Nedd4 Neural precursor cell expressed, developmentally 8.3E-20 2.8 0.3 0.4 0.7 1.0 1.3 0.99 —-0.92 0.92
downregulated 4
Arppl9 cAMP-regulated phosphoprotein 19 2.0E-20 2.4 0.1 0.2 0.6 1.0 1.3 0.99 —0.92  0.92
Ppia Peptidylprolyl isomerase A (cyclophilin A) 5.5E-20 1.8 0.2 0.2 0.4 0.7 0.9 1.00 -0.92  0.93
Snx1 Sorting nexin 1 4.2E-19 1.4 0.1 0.1 0.3 0.6 0.7 0.99 —0.92 093
Hnrnpa3 Heterogeneous nuclear ribonucleoprotein A3 6.4E-17 1.3 0.1 0.1 0.3 0.5 0.6 1.00 -0.92  0.92
Ninj1 Ninjurin 1 1.1E-19 3.1 0.2 0.4 0.7 1.2 1.6 0.99 —0.91 0.93
Hspb8 Heat shock protein B8 9.4E-23 3.0 0.2 0.3 0.7 1.1 1.5 0.99 —0.91 0.94
Rpl3 Ribosomal protein L3 3.8E-20 2.7 0.3 0.3 0.6 1.0 1.2 1.00 —091  0.92
Tmem30a  Transmembrane protein 30A 2.5E-15 1.2 0.1 0.1 0.3 0.5 0.6 1.00 —0.91 0.93
Prrt4 Proline-rich transmembrane protein 4 2.8E-21 7.4 0.5 1.0 1.7 2.8 3.4 0.99 —0.90  0.95
Ostalpha Organic solute transporter alpha 3.6E-16 5.1 0.4 0.7 1.1 1.9 2.4 0.99 —=0.90  0.95
Phlda3 Pleckstrin homology-like domain, family A, member 3 2.4E-20 4.3 0.2 0.5 0.9 1.7 2.0 0.99 —0.90  0.94
Tp63 Tumor protein p63 8.3E-20 3.4 0.1 0.4 0.8 1.4 1.6 0.98 —0.90 0.95
Asgr2 Asialoglycoprotein receptor 2 7.3E-16 2.8 0.3 0.4 0.6 1.1 1.3 0.99 —0.90  0.94
Tubb5 Tubulin, beta 5 4.1E-21 2.6 0.2 0.3 0.6 1.0 1.2 0.99 —0.90 0.94
App Amyloid beta (A4) precursor protein 4.2E-21 2.5 0.3 0.2 0.6 1.0 1.2 0.99 —0.90  0.90
Cluster 5
Stxbpl Syntaxin binding protein 1 3.4E-19 2.8 0.3 0.5 0.5 1.0 1.3 0.99 —0.93 0.95
Tl6st Interleukin-6 signal transducer 4.9E-18 2.4 0.3 0.4 0.5 0.8 1.1 0.99 -0.93  0.96
Creldl Cysteine-rich with EGF-like domains 1 5.8E-16 2.1 0.2 0.4 0.4 0.8 1.0 0.99 —0.91 0.93
Tmemlll  Transmembrane protein 111 2.3E-17 1.7 0.2 0.3 0.4 0.7 0.8 0.98 —-091  0.95
Csnkld Casein kinase 1, delta 1.6E-16 1.5 0.2 0.2 0.2 0.5 0.7 0.98 —0.91 091
Ids Iduronate 2-sulfatase 2.3E-15 1.1 0.1 0.2 0.2 0.4 0.5 0.99 —091  0.95
Chrnal Cholinergic receptor, nicotinic, alpha 1 (muscle) 9.4E-23 11.6 0.4 1.9 2.6 4.4 5.1 0.97 -0.90  0.96
Hdac4 Histone deacetylase 4 1.1E-20 4.4 0.3 0.7 0.9 1.7 1.9 0.99 —0.90  0.96
Gsta3 Glutathione S-transferase A3 9.7E-19 4.0 0.4 0.7 0.8 1.5 1.6 0.99 —0.90  0.96
Rab27a RAB27A, member RAS oncogene family 1.7E-13 2.5 0.3 0.4 0.5 0.9 1.2 0.99 —0.90  0.94
Ddrl Discoidin domain receptor tyrosine kinase 1 2.1E-15 1.9 0.1 0.3 0.4 0.7 0.9 0.99 —0.90 0.95
Prim1 DNA primase, p49 subunit 3.1E-15 1.5 0.0 0.3 0.3 0.6 0.7 0.97 —0.90 0.95
Runx1 Runt-related transcription factor 1 5.7E-23 8.1 0.4 1.3 2.0 2.9 3.4 0.97 —0.89 098
Ltbpl Latent transforming growth factor beta binding protein 1 1.2E-17 4.7 0.5 0.9 0.9 1.5 2.1 0.99 -0.89  0.96
Plxnb2 Plexin B2 1.7E-17 2.2 0.3 0.4 0.5 0.8 1.0 0.99 —0.89 0.95
Grina Glutamate receptor, ionotropic, N-methyl d-aspartate- 1.8E-16 1.8 0.2 0.3 0.3 0.6 0.8 0.99 —0.89 094
associated protein 1 (glutamate binding)
Lrp4 Low-density lipoprotein receptor-related protein 4 3.7E-13 1.4 0.1 0.3 0.2 0.5 0.8 0.96 —0.89 092
Sln Sarcolipin 1.2E-21 9.8 0.4 1.6 2.1 3.8 4.1 0.98 —0.88 0.96
Musk Muscle, skeletal, receptor tyrosine kinase 1.8E-17 3.9 0.1 0.6 0.8 1.5 1.7 0.98 —0.88 0.96
Abcal ATP-binding cassette, subfamily A (ABC1), member 1 1.6E-15 3.0 0.3 0.6 0.4 1.2 1.3 0.96 —0.88 0.89
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TABLE 3 Top 20 most up- or downregulated annotated genes, sorted by AUC

Adjusted Log, fold change vs 6 mo Rvs:
Symbol Description Pvaluer AUC 12mo 18mo 21mo 24mo 27mo Mass Age
Upregulated genes
Chrnal Cholinergic receptor, nicotinic, alpha 1 (muscle) ~ 9.43E-23 11.55 0.37 1.87 2.56 4.41 5.06 —0.90 0.96
Cdknla Cyclin-dependent kinase inhibitor 1A 5.99E-24 10.70  0.55 1.61 2.47 4.04 4.62 —0.92 0.96
Sln Sarcolipin 1.16E-21 9.75 0.44 1.63 2.08 3.80 4.05 —0.88 0.96
Kilk11 Kallikrein 1-like peptidase 3.21E-20 9.61 0.43 1.48 1.80 4.04 4.15 —0.90 0.93
Ankrdl Ankyrin repeat domain 1 1.06E-19 9.24 0.29 1.04 2.10 3.87 4.17 —0.87 0.93
Gadd45a Growth arrest and DNA-damage-inducible, alpha  4.86E-21  9.00 0.39 1.46 2.28 3.22 3.68 —0.86 0.98
Emb Embigin homolog (mouse) 1.10E-22  8.39 0.04 0.89 1.55 3.80 4.26 —0.90 0.90
Runx1 Runt-related transcription factor 1 5.66E-23 8.13 0.40 1.33 1.99 2.89 3.43 —0.89 0.98
Prrt4 Proline-rich transmembrane protein 4 2.82E-21 7.36 0.49 1.00 1.65 2.75 3.42 —0.90 0.95
Ppplrldc Protein phosphatase 1, regulatory (inhibitor) 9.43E-23 7.20 —0.05 1.02 1.57 2.95 3.34 —0.89 0.94
subunit 14c
Dclkl Doublecortin-like kinase 1 6.70E-22 7.15 0.37 1.01 1.39 2.86 3.42 —0.92 0.94
Mtla Metallothionein 1a 5.93E-18 6.98 0.10 0.90 1.24 3.07 3.43 —0.87 0091
Chrnd Cholinergic receptor, nicotinic, delta 2.56E-22 6.93 0.19 1.06 1.45 2.76 3.14 —0.92 0.94
Myog Myogenin 1.21E-21 6.71 0.34 1.06 1.69 2.40 2.78 —0.88 0.98
Gpnmb Glycoprotein (transmembrane) nmb 3.46E-21 6.65 0.45 1.08 1.68 2.40 2.53 —0.84 0.98
Krt18 Keratin 18 2.18E-22 6.39 0.03 0.71 1.14 2.69 3.67 —0.93 0.89
RT1-Bb RT1 class II, locus Bb 2.48E-01 6.36 —0.04 1.36 2.32 2.30 0.83 —-0.19 0.73
Myl4 Myosin, light chain 4 1.08E-08 6.09 0.13 1.20 1.20 2.37 2.52 —0.71 0.95
Ampd3 AMP deaminase 3 5.17E-21 5.98 0.16 0.95 1.53 2.17 2.51 —0.85 0.97
Cst7 Cystatin F (leukocystatin) 5.61E-16 5.97 0.51 1.13 1.22 2.26 2.22 —0.83 097
Downregulated genes
Tfrc Transferrin receptor 2.28E-19 —6.28 —0.84 —122 —1.07 —216 —284 0.89 —0.93
Nr4a3 Nuclear receptor subfamily 4, group A, member 3 3.14E-03 —6.09 —0.76 —1.38 —1.51 —197 —170 041 —0.96
Collal Collagen, type I, alpha 1 439E-09 —4.84 —0.81 —140 —147 —-098 —1.16 0.33 —0.76
Slc41a3 Solute carrier family 41, member 3 1.17E-16 —4.02 —0.29 —0.54 —0.54 —177 —2.04 092 —0.88
Cish Cytokine inducible SH2-containing protein 3.71E-02 —4.01 -084 —1.12 —0.68 —1.02 —1.53 0.36 —0.85
Cdh22 Cadherin 22 8.79E-17 —3.94 —047 —-0.81 —1.08 —1.14 —134 0.75 —0.99
Palld Palladin, cytoskeletal associated protein 4.89E-11 —3.87 —0.37 —-0.72 —-092 —-1.18 —1.73 0.79 —0.98
RGD1306119 Similar to transcriptional regulating protein 132 4.56E-16 —3.84 —0.30 —0.57 —0.74 —139 —2.01 0.88 —0.92
Chacl ChaC, cation transport regulator homolog 1 5.21E-06 —3.83 —0.83 —0.69 —0.41 —147 —170 0.68 —0.82
(Escherichia coli)
Tnmd Tenomodulin 8.186-05 —3.71 —047 —1.14 —093 —092 —0.98 041 —0.86
Zmynd17 Zinc finger, MYND-type containing 17 1.086-20 —3.61 0.00 —0.16 —0.61 —179 —2.11 0.92 —0.86
Eef2k Eukaryotic elongation factor-2 kinase 1.45E-12 —3.55 —0.26 —0.68 —092 —1.12 —1.38 0.75 —0.99
Neb Nebulin 6.28E-15 —3.52 —046 —0.64 —1.14 —-095 -—1.12 0.63 —0.95
Pfkfb1l 6-Phosphofructo-2-kinase/fructose-2,6- 4.09E-19 —3.48 —0.05 —020 —045 —1.61 —2.40 0.93 —0.84
biphosphatase 1
Chad Chondroadherin 4.31E-02 —3.41 -—0.25 —-097 —-098 —0.85 —1.00 0.28 —091
Mylk2 Myosin light chain kinase 2 2.94E-22 —3.37 —0.06 —0.32 —0.56 —1.52 —1.89 0.94 —0.88
Colla2 Collagen, type I, alpha 2 4.02E-07 —3.36 —0.57 —1.07 —100 —061 —0.81 0.26 —0.70
St8sia5 ST8 a-N-acetyl-neuraminide «-2,8- 3.22E-17 —3.35 -—0.19 -031 -—0.48 —1.47 -—199 0.93 —0.86
sialyltransferase 5
Sfxn5 Sideroflexin 5 1.00E-19 —3.31 —0.18 —045 —0.66 —130 —1.62 0.90 —0.93
Gbas Glioblastoma amplified sequence 1.73E-17 =329 —0.36 —045 —-0.76 —1.06 —1.68 0.85 —0.93

changes at 18 and 27 months compared to 6 months (Fig. 7A).
Proteins in clusters 1 and 2 were depressed, whereas proteins in
clusters 3 and 4 were enriched at 27 compared to 6 months. Gene
ontology analysis indicated that the depleted proteins belong in
pathways associated with energy metabolism (oxidative phos-
phorylation, TCA cycle, and gluconeogenesis/glycolysis) and Par-
kinson’s, Huntington’s, and Alzheimer’s diseases, whereas the up-
regulated proteins belong in pathways associated with ribosome,
translation, proteasome, focal adhesion, and complement and co-
agulation cascades (Table 5). Consistent with the microarray find-
ings, there was depletion of many of the identified mitochondrial
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proteins (Fig. 7B). All skeletal muscle isoforms of myosin heavy
chain detected (Myh1 and Myh4 were not detected), including the
perinatal (Myh8) and embryonic (Myh3) isoforms, were de-
pleted, whereas the nonmuscle (Myh9) and smooth muscle
(Myh11) isoforms were enriched (Fig. 7C). Most of the proteins
associated with the ribosome and translation were enriched at 27
compared to 6 months (Fig. 7D). The altered expression of some
of these proteins was further confirmed by Western blotting
(Fig. 7E). Western blotting of the same samples also indicated
depletion of peroxisome proliferator coactivator alpha
(PGCla), a key regulator of mitochondrial biogenesis. Fur-
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(C) qPCR of genes that regulate mitochondrial fission and fusion
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FIG 5 Map of enriched gene sets for genes in cluster 2 based on DAVID output. Each node represents a gene set. Clusters of functionally related gene sets were
manually framed and summarized into key findings in the text frame with the same color. (A) Functional annotation analysis of the genes in cluster 2 indicates
that pathways and processes involved in energy metabolism are depressed in sarcopenia. (B) Quantitative PCR analyses verified downregulation of some genes
in cluster 2 and other genes involved in energy metabolism (B) and mitochondrial dynamics (C). *, **, ***, and **** indicate P < 0.05, 0.01, 0.001, and 0.0001

versus 6 months, respectively. 6M, 6 months; 12M, 12 months, etc.

thermore, the expression of Mfn1, Mfn2, and Fisl, which play
critical roles in regulating mitochondrial fusion and fission,
was also depressed, as was the expression of Chrnal, a subunit
of the acetylcholine receptor. On the other hand, there was
enrichment of phosphorylated S6 in the absence of overt
changes in phosphorylation of AKT (Fig. 7F).

Mitochondrial DNA content and enzyme and complex activ-
ities. Muscle mitochondrial DNA content was comparable at 6

January 2013 Volume 33 Number 2

and 18 months but significantly reduced at 24 months (Fig. 8A).
In addition to the decline in muscle mass with age (Fig. 8B), the
protein yield per mg of muscle also declined with age (Fig. 8C and
D). Consequently, the activities of citrate synthase in the soluble
(S20) fraction and of complexes I, II, and IV in the pellet (P20)
fraction of the gastrocnemius muscle homogenates declined pro-
gressively with age when normalized to muscle weight (Fig. 8E to
H) but not when normalized to mg of protein (data not shown).
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FIG 6 (A) Functional annotation analysis of genes in cluster 3 indicates that
pathways and processes involved in regulating the cell cycle, protein metabo-
lism, immune response, and cell death/apoptosis are enriched in sarcopenia.
(B) Quantitative PCR analyses verified upregulation of some of the genes in
cluster 3 and candidate genes involved in apoptosis. *, **, ***, and **** indicate
P <0.05,0.01,0.001, and 0.0001 versus 6 months, respectively. 6M, 6 months;
12M, 12 months, etc.

DISCUSSION

While the age-related decline in skeletal muscle mass and func-
tion, known as sarcopenia, has been clinically described, it was
unclear by what molecular processes it occurred, and whether
these mechanisms were distinct from those previously observed
during other settings of skeletal muscle loss, such as acute skeletal
muscle atrophy caused either by denervation or immobilization,
or cachectic cytokines in settings of cancer cachexia, or perturba-
tions such as upregulation of cortisol observed in renal cachexia or
burns (8); thus, it was not clear whether the loss of muscle that
occurred coincident with old age even deserved a unique name.
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To determine gene perturbations, proteomic changes, and func-
tional and physical changes that occur at the onset and during
sarcopenia, a rat model was used.

The male Harlan SD rat exhibited many features of human
sarcopenia, including the relative age of onset, rate of progression,
and clinical manifestations. With an average life span of 30
months for these rats (46), compared to 75 years for humans,
muscle mass peaked by the second quintile of life (~10 months in
rats compared to 30 years in humans), remained fairly stable in the
middle quintile (13 to 18 months in rats versus 31 to 45 years in
humans), and then declined drastically thereafter (after 18
months in rats compared to 50 years in humans). Thus, pheno-
typically, these ad libitum fed male Harlan SD rats mimicked the
sarcopenia phenotype of the relatively sedentary and ad libitum
fed average “Western” human.

At the cellular level, the rat faithfully mimicked the preferential
type 2 fiber atrophy and the absence of significant fiber type
switching seen in human sarcopenia (5, 6, 47, 48). The findings of
increased extrajunctional staining for acetylcholinesterase, to-
gether with the decreased size of the acetylcholinesterase-stained
neuromuscular junction, indicate that sarcopenia in this rat
model is also associated with perturbations at the neuromuscular
junction, as seen in human sarcopenia. Another feature of human
sarcopenia is increased fatigability due, in part, to muscle fatigue
but also to cardiac, respiratory, and other system failures (49). In
the present rat study, there was an increase in the proportion of
fibers with weak SDH staining and a decrease in the proportion of
fibers with moderate or strong SDH staining with age consistent
with a decrease in mitochondrial oxidative enzyme activity.

There are several reports on the global gene expression changes
associated with sarcopenia in rodents, rhesus monkeys, and hu-
mans (50-54). However, these studies typically compared young,
nonsarcopenic subjects versus a single time point of old, sar-
copenic subjects and therefore did not study enough time points
to be able to correlate gene changes to the onset of morphological
and functional changes in sarcopenia, making it difficult to ascer-
tain which molecular changes are potentially causally related ver-
sus merely sequelae of sarcopenia (20). Given that the age-related
clinical and morphological presentation of sarcopenia in the male
Harlan SD rat mimicked the human condition, we determined the
global gene expression profile in muscles from these rats at 6, 12,
18, 21, 24, and 27 months of age (spanning almost their entire life
span and including the negative inflection point in muscle mass at
21 months) and correlated the gene profile to the changes in mus-
cle mass. This unbiased analysis revealed first that, as with the
changes in muscle mass and strength, the most drastic changes in
gene expression occurred at 21 months of age, suggesting that the
perturbations that trigger sarcopenia occur prior to or at about 21
months of age in these rats. Second, the analysis identified clusters
of genes whose expression profiles correlated strongly and directly
(cluster 2; R = 0.9) or inversely (cluster 3; R = —0.9) with changes
in skeletal muscle mass as distinct from genes or clusters whose
expression profiles correlated better (clusters 1 and 5) or equally
well, albeit reciprocally (cluster 4), with age compared to muscle
mass. The genes in clusters 2 and 3, whose expression profiles
correlate better with muscle mass than with age, were considered
gene signatures of sarcopenia, whereas the genes in clusters 1, 4,
and 5 whose expression profiles correlated better with age than
with muscle mass were considered gene signatures of aging.

Functional annotation analysis indicated that genes whose ex-
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TABLE 4 Transcription factors in promoter regions of regulated genes in cluster 2 (sorted by P value)

Upstream No.of  Pvalue of

regulator targets  overlap Target molecules in data set

PPARGCIA 23 6.91E-11 ACADM, ALASI1, ATP50, C12orf5, CKMT2, CYCS, DLAT, ESRRA, FABP3, IDH3A, LPIN1, MDH2 (includes EG:
17448), NDUFB5, NDUEFS1, NDUFV2, OXCT1, PDK2, PPARGCI1A, PPARGC1B, PRDX5, PRKAA2, SLC2A4,
SOD2

MED30 7 6.91E-07  ESRRA, NDUEFS2, NDUFS7, PPARGC1A, SDHC, SDHD, SOD2

HNF4A 92 4.07E-06  ACNY (includes EG:362323), ACO2 (includes EG:11429) ACOT13, ACSL1, ADCK3, AGTPBP1, AKAP13, AMACR,
ATF4, BNIP1, BPHL, C120rf52, C210rf33, C30rf26, CD55, CDKN1B, CHCHD?3 (includes EG:296966), CLYBL,
CMC2 (includes EG:100363376) COQ3, COX14 (includes EG:100428926) CPED1, PT2, CRB3, PF3 EMC9,
FASTKD2, FOXREDI1, G0S2, GFM1, GOT1, GPLD1, GPT, GRB14, GRHPR, HOOK3, HPN, IL-15 (includes EG:
16168), CNJ11, KLHDC3, MCCC1, MCEE, MDH1, MDH2 (includes EG:17448) MGST3, MLXIPL, MRM1,
MRPLI11 (includes EG:293666), MRPL15 (includes EG:27395), MRPS11, MRPS14, MRPS28 (includes EG:28957),
MUT, NDUFA3, NDUFAS5, DUFB5, NDUFS1, NDUFS3, NROB2, NR1D1, OPA3, PCMT1, PDK2, PHKB, PIP5K1A,
PKM, PPARGCI1A, PPP1R3C, PRDX5, PRKCE, QRSL1, RABGEF1, RASGRP3, RORA, RTN4IP1, SAMMS50,
SDR39U1, SLC37A4, SLC38A4, SUCLA2, SUCLGI1, TCF7L2, TFB2M, TIMM17A, TIMM21, TTC19, TXNLI,
UBE2B, USP15, VAMP1, VDAC, XRCC5

TFAM 6 1.74E-05  ACADM, ACADS, AUH (includes EG:11992), CPT2, FABP3, PGK1

HTT 41 2.20E-05  ACADM, AMACR, ATL2, ATP5G1, ATP50, ATPAF1, CAMK2A, Cd24a, CITED2, CYCS, ESRRA, FKBP4, GJC1, GPI,
1L-15 (includes EG:16168), Ldhb, MDH2 (includes EG:17448), MED1 (includes EG:19014), NAA15, NDUFA12,
NDUFA3, NDUFA5, NDUFB8, NDUFS3, NDUFS7, NR4A1, NREP, PFKM, PPARGC1A, PPARGCI1B, PPP1R1A
(includes EG:5502), PRKAA2, RXRG, SATB1, SCN4B, SOD2, ST3GAL2, ST8SIAS, TFRC, TUBA4A, VAMP1

ARNT 11 2.80E-05  ATP5GI, ATP50, CITED2, GPI, NDUFS2, NDUES3, PGK1, RGS5, TFRC, TUBA4A, VEGFA

KLF15 7 1.49E-04  ACADM, ACSS1, CPT2, FABP3, MLYCD, PPARGCI1A, SLC2A4

FOXO1 15 1.34E-03  ALASI, CDKNI1B, CITED2, CKMT2, CYCS, GPD1, GPD2, GPI, GRHPR, MYL3, PPARGCI1A, PPARGCI1B, SLC2A4,
SOD2, WNT16

SREBF1 13 1.72E-03  ABCD2, ACADS, ACSL1, ACSS2, ETHEL, FAM189B, LPIN1, MLYCD, NROB2, SC5DL, SUCLG1, UQCRES1, VEGFA

NRF1 6 1.74E-03  ALASI, COX6C, CYCS, SDHD, TFB2M, VDACI1

HNF1A 24 1.76E-03 ~ CD55, CDKNI1B, CLYBL, CMC2 (includes EG:100363376), COQ7, FBP2, G0S2, GOT1, GRHPR, GRTP1, MCCCl,
ME3, MLXIPL, MRPL15 (includes EG:27395), NDUFS2, NROB2, NR1D1, PDHX, PGK1, PPPIRIA (includes EG:
5502), SLC37A4, SLC38A4, TFRC, VLDLR

HDACS5 5 3.42E-03  ACADM, ACSL1, CPT2, PPARGCIA, PYGM

STAT4 14 4.25E-03  ACSS1, AKAPSL, ATF4, CDKN1B, GRTP1, LPIN1, MLLT3, PGP, RAMP1, RORA, RRAGD, VDACI1, VEGFA, VLDLR

pression changes most directly correlated with sarcopenia (e.g.,
Pdhx, Rxrg, Ugp2, Pgp, Tuba8, Tnks2, Mylk2, Lrrc39, Asbll,
St8sia5, Eginl, Hfe2, RGD1564300, and Pfkfb1 in cluster 2) belong
to pathways associated with mitochondrial energy metabolism
(e.g., oxidative phosphorylation, TCA cycle, fatty acid metabo-
lism, and glycolysis/gluconeogenesis) and skeletal muscle struc-
ture. The timing and almost absolute correlation between the de-
cline in mitochondrial gene expression and the onset of
sarcopenia provide strong evidence that mitochondriogenesis in
particular may be driving sarcopenia. The relevance of the mito-
chondrial decline in sarcopenia is highlighted by reports that ma-
nipulating this pathway through overexpression of PGCla in
skeletal muscles significantly improved muscle mass, function,
and metabolism in mice. In MCK-PGCla mice (in which PGCla
is expressed in all muscles at a level comparable to endogenous
PGC-1a in type I muscles), muscle mass, function (treadmill per-
formance), and mitochondrial COX enzyme activity were signif-
icantly greater at 22 months of age than in age-matched wild-type
mice. Moreover, these improvements in muscle morphology and
function were associated with reduced markers of inflammation,
muscle protein degradation, and neuromuscular junction disin-
tegration, as well as systemic metabolic benefits and extended life
span (55, 56). MCK-PGC-1a mice were also partially protected
from denervation-induced atrophy, in part, through the inhibi-
tion of expression of FoxO3, which in turn inhibits the expression
of atrogenes (MAFBx and MuRF1) and muscle proteolysis (57).
Similarly, the upregulation of inflammation markers in sarcope-

January 2013 Volume 33 Number 2

nia observed in the present study is consistent with previous re-
ports in animals and humans associating elevated blood inflam-
matory markers (e.g., a,-macroglobulin, C-reactive proteins, and
cytokines) with age-related decreases in muscle mass, physical
performance, and even mortality (58). Indeed, some studies in
rodents have reported that anti-inflammatory agents protect
against sarcopenia, in part, through increased phosphorylation of
FoxO3 (59). These reports lend credence to the relevance in sar-
copenia of the pathways identified in the present study. Taken
together, these would indicate that the loss of mitochondria and
increased inflammation are present upon initiation of sarcopenia
and that restoring mitochondriogenesis, which itself reduces in-
flammation, is sufficient to rescue the sarcopenia phenotype and
extend life.

Genes in the sarcopenia cluster 2 were downregulated coinci-
dent with the onset and progression of sarcopenia and thus rep-
resent the molecular signatures for the decline in muscle fiber
oxidative capacity demonstrated histochemically in the present
study. On the other hand, genes with expression changes most
inversely correlated with sarcopenia (e.g., Hmgn2, Ccni, Krt18, Fst,
Iffol, Slain2, Adcy2, Ppplr14b, and Prkarla in cluster 3) were as-
sociated with the cell cycle, ribosome, translation, immune re-
sponse, cytokine production, proteolysis-ubiquitin, apoptosis,
and survival. Thus, at the level of biological pathways and pro-
cesses, underexpression of genes for mitochondrial energy metab-
olism and muscle structural proteins and overexpression of genes
for cell cycle, ribosome, translation, immune response, cytokine
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FIG 7 Gene ontology analysis of differentially regulated proteins in gastrocnemius muscles from 6-, 18-, and 27-month-old rats. (A) Cluster analysis identified
four profiles. (B to D) Proteins in clusters 1 and 2, comprising many mitochondrial (B) and muscle structural proteins (C), were mostly repressed, whereas
proteins in clusters 3 and 4, comprising ribosomal and translation proteins, were enriched (D) in muscles from 27-month-old rats relative to 6-month-old rats.
(E and F) The expression of some of these (E) and other proteins (F) was verified by Western blotting. M, months.

production, proteolysis, and apoptosis represent signatures of sar-
copenia. It is noteworthy, however, that the specific genes in the
signatures of sarcopenia identified here by correlating changes in
gene expression against changes in muscle mass differ from, albeit
with some overlap with, sarcopenia gene signatures identified
based on the magnitude of gene expression changes in previous
studies (50-54). For example, in a meta-analysis of previous data,
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the transferrin receptor (Tfrc) and collagen type 1 alpha 1
(Col1AI) genes were identified to be the most and third most
downregulated genes, respectively, and considered part of a com-
mon signature of muscle aging (60). However, despite ranking
similarly in the present study, the changes in expression of Tfrc
correlated better with age than with muscle mass, whereas changes
in expression of CollAI correlated poorly with age and worst still
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TABLE 5 Pathways identified by proteomic analysis to be significantly repressed or enriched in sarcopenia (with an FDR of <0.05)"

Category Term Count % p BH value FDR

Depleted
KEGG_PATHWAY Parkinson’s disease 34 12.3 1.2E-20 1.3E-18 1.4E-17
KEGG_PATHWAY Huntington’s disease 37 13.4 2.6E-19 1.4E-17 2.9E-16
KEGG_PATHWAY Oxidative phosphorylation 32 11.6 4.8E-19 1.7E-17 5.3E-16
KEGG_PATHWAY Alzheimer’s disease 36 13.0 7.6E-18 2.0E-16 8.5E-15
KEGG_PATHWAY Citrate cycle (TCA cycle) 16 5.8 1.5E-15 3.0E-14 1.6E-12
KEGG_PATHWAY Glycolysis/gluconeogenesis 23 8.3 3.8E-15 6.5E-14 4.2E-12
KEGG_PATHWAY Cardiac muscle contraction 21 7.6 1.1E-13 1.7E~12 1.3E~10
KEGG_PATHWAY Pyruvate metabolism 13 4.7 1.1E-09 1.5E-08 1.3E-06
KEGG_PATHWAY Valine, leucine, and isoleucine degradation 13 4.7 9.4E-09 1.1E-07 1.0E-05
KEGG_PATHWAY Propanoate metabolism 11 4.0 3.5E-08 3.6E-07 3.9E-05
KEGG_PATHWAY Butanoate metabolism 9 3.3 5.6E-06 5.3E-05 6.2E-03
KEGG_PATHWAY Hypertrophic cardiomyopathy 13 4.7 9.6E-06 8.3E-05 1.1E-02
KEGG_PATHWAY Dilated cardiomyopathy 13 4.7 2.0E-05 1.6E-04 2.2E-02
KEGG_PATHWAY Fatty acid metabolism 9 3.3 3.7E-05 2.8E-04 4.2E-02

Enriched
KEGG_PATHWAY Ribosome 37 3.7 5.4E-19 8.5E-17 6.5E-16
KEGG_PATHWAY Proteasome 24 2.4 3.4E-13 2.7E-11 4.1E-10
KEGG_PATHWAY Focal adhesion 35 3.5 6.5E-06 3.4E-04 7.9E-03
KEGG_PATHWAY Complement and coagulation cascades 18 1.8 2.0E-05 7.8E-04 2.4E-02

“ FDR, false-discovery rate.

with muscle mass (Table 3). Similarly, although upregulation of
genes for inflammation, immune response and complement acti-
vation (e.g., Clqa), Hdac4, S100a4, and Il6r have been identified as
part of the gene signature for muscle aging, changes in expression
of these genes were better correlated with age than with muscle
mass in the present study. However, consistent with previous
studies, the present study found that downregulation of genes
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copenia (50-53, 60). It is noteworthy that there were several reg-
ulated genes whose expression profiles correlated strongly with
age but not with muscle mass, whereas the converse (i.e., genes
with expression profiles that correlated strongly with muscle mass
but not with age) was rare. These observations probably reflect the
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FIG 8 Mitochondrial DNA content and activity. (A to D) Mitochondrial DNA content (A), muscle weight (B), and protein yield in the soluble (520 [C]) and
pellet (P20 [D]) fractions of proportionately pooled gastrocnemius muscle samples from the 6-, 18-, and 24-month-old age groups. (E to H) The activities of
citrate synthase, complex I, complex II, and complex IV of the electron transport chain were determined and normalized to the muscle weight. The pooled
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P < 0.05,0.01, 0.001, and 0.0001 versus 6 months, respectively. M, months.
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fact that sarcopenia is age dependent, whereas age is not sarcope-
nia dependent.

Further confirmation for many of the above microarray data
was provided by proteomics analysis of muscle samples from rats
at 6, 18, and 27 months of age which independently identified
sarcopenia-related depletion of proteins associated with mito-
chondrial energy metabolism (the oxidative phosphorylation and
TCA pathways) and depletion of myofibrillar proteins, as well as
the overexpression of proteins associated with the ribosome and
protein translation. These findings are consistent with those of
Piec et al. (14), obtained also in rats (but with only a single group
in the sarcopenic window—at 30 months—and therefore without
an ability to correlate findings to the onset and progression of the
phenotype), that sarcopenia was associated with selective down-
regulation of proteins involved with myofibrillar filament pro-
teins, mitochondrial Krebs cycle and oxidative phosphorylation,
as well as with selective upregulation of several proteins that reg-
ulate RNA and protein metabolism suggestive of increased pro-
tein synthesis. Indeed, we showed that the decline in mitochon-
drial gene and protein expression in sarcopenia was associated
with reduced mitochondrial content with functional signifi-
cance—reductions in citrate synthase and complexes I, II, and IV
enzyme activities per unit of muscle mass but not per unit of
protein. These findings indicate that the decline in mitochondrial
enzyme activity in sarcopenia was probably due to a decline in
mitochondrial content rather than to reduced efficiency of exist-
ing mitochondria. Also depressed in sarcopenia was expression of
the genes, and their protein products, that regulate mitochondrial
fission and fusion, suggesting that mitochondrial dynamics is also
perturbed in sarcopenia.

The present observation of upregulation of genes involved
with protein synthesis in sarcopenia, although paradoxical and
inconsistent with some previous reports (see, for example, refer-
ence 60), agrees with reports that muscle protein synthesis, RNA
content, and S6K1 phosphorylation all increased at 24 and 27
months compared to 6 months despite progressing sarcopenia in
male Harlan SD rats (61). The coexistence of increased signaling
for protein synthesis, protein degradation, and muscle atrophy
has also been reported in intensive care unit patients with sepsis
and was explained as reflecting failure of the increase in anabolic
signal (i) to compensate for the increase in protein degradation or
(ii) to result in synthesis of the appropriate proteins (62, 63). The
present findings that all myosin heavy-chain proteins were de-
pleted in sarcopenia despite increased expression of transcripts for
Myh1, Myh4, Myh3, and Myh8 are consistent with a failed com-
pensatory mechanism and a resultant loss of skeletal muscle sar-
comeres, which is sufficient to explain the decline in muscle
strength observed during sarcopenia. Similarly, the findings of
increased cell cycle genes might have derived from increased num-
bers of fibroblasts (hence, the increased fibrosis observed in sacro-
penic muscles), vascular cells, and proliferation-competent in-
flammatory cells (hence, the increase in cytokine genes), as
opposed to skeletal muscle fibers.

As to how the gene expression changes in sarcopenia compare
to those in other forms of muscle atrophy (e.g., disuse- or dener-
vation-atrophy or cancer cachexia), such comparison is compli-
cated by differences in the muscle, atrophy-inducing stimuli, du-
ration of atrophy, microarray platform, and animal species
between studies. Nonetheless, a meta-analysis of data from seven
previous studies indicates that some of the gene changes are
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unique to sarcopenia, whereas others are common signatures.
Common to sarcopenia, denervation, and systemic wasting (ca-
chexia) is depression of mitochondrial energy metabolism path-
ways and variable upregulation of protein degradation pathways
(64), whereas upregulation of neuromuscular junction genes is
common to both sarcopenia and denervation but not cachexia,
and overexpression of inflammation genes is common to both
sarcopenia and cachexia but not denervation (65). Thus, the
uniqueness of sarcopenia might be in the multiplicity of pathways
perturbed (mitochondrial energy metabolism, neuromuscular
junction, proteolysis, immune response, and inflammation) and
the insidious nature which allows for initiation of compensatory
albeit futile mechanisms (e.g., depression of Mstn and increase in
Fst and IGF-1 genes).

Taken together, the depletion of genes and proteins associated
with mitochondrial energy metabolism, the overexpression of
genes for the ribosome, transcription, protein synthesis, protein
breakdown, immune response, and inflammation suggest that
therapeutic interventions for sarcopenia should ideally involve
simultaneously increasing mitochondrogenesis, decreasing mus-
cle proteolysis and inflammation, and increasing the patency of
the neuromuscular junction. One potential approach to achieve
these multitude of effects is through modulation of PGC-1a,
which in addition to regulating mitochondrial content has been
reported to be a positive modulator of metabolism, the neuro-
muscular junction, apoptosis, and even inflammatory responses
(for a review, see reference 66).
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