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Abstract

Sarcopenia is the age-related loss of skeletal muscle mass and function and is characterized by a
reduction in muscle mass and fiber cross-sectional area, alterations in muscle fiber type and
mitochondrial functional changes. In rhesus monkeys, calorie restriction (CR) without
malnutrition improves survival and delays the onset of age-associated diseases and disorders
including sarcopenia. We present a longitudinal study on the impact of CR on early stage
sarcopenia in the upper leg of monkeys from ~16 years to ~22 years of age. Using dual-energy X-
ray absorptiometry we show that CR delayed the development of maximum muscle mass and,
unlike Control animals, muscle mass of the upper leg was preserved in CR animals during early
phase sarcopenia. Histochemical analyses of vastus lateralis muscle biopsies revealed that CR
opposed age-related changes in the proportion of Type Il muscle fibers and fiber cross-sectional
area. In contrast the number of muscle fibers with mitochondrial electron transport system enzyme
abnormalities (ETS#) was not significantly affected by CR. Laser capture microdissection of
ETS? fibers and subsequent PCR analysis of the mitochondrial DNA revealed large deletion
mutations in fibers with abnormal mitochondrial enzyme activities. CR did not prevent stochastic
mitochondrial deletion mutations in muscle fibers but CR may have contributed to the
maintenance of affected fibers.
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1. Introduction

Calorie restriction (CR) is the only dietary regimen that slows aging and extends lifespan in
diverse species. The beneficial effects of CR extend to primates with improved health span
and survival outcome for rhesus monkeys [1]. In humans, CR improves indicators of
cardiovascular health [2] and, although controlled short-term CR studies have been
conducted [3], analysis of its long-term effects on aging muscle at the cellular level has not
been conducted. The rhesus monkey closely models human aging in many respects with the
advantage of a rate of aging ~ 3 times that of humans [4]. We have undertaken a longitudinal
study of aging and the impact of CR in male rhesus monkeys (Macaca mulatta). One goal of
this work is to determine the effects of CR on sarcopenia, the process of skeletal muscle
aging. We have previously reported that CR preserves total muscle mass in rhesus monkeys
[5]. Herein we present the impact of CR on the early stages of sarcopenia through
longitudinal examination of intact upper leg musculature using dual-energy X-ray
absorptiometry (DXA) and at the cellular level using vastus lateralis (VL) biopsies.

In humans, sarcopenia has a significant impact on daily living for ~45% of adults over 60
years of age [6] and is associated with both muscle fiber atrophy and fiber loss. Muscle fiber
types are grouped based on dominant myosin isoform expression and metabolism, factors
that contribute to the contractile properties of individual fibers. The impact of age is not
equivalent among fiber types; unlike the slow-twitch myosin Type I fibers, the fast-twitch
glycolytic myosin Type Il fibers are vulnerable to age-associated atrophy and loss [7]. These
negative phenotypes of aging skeletal muscle are conserved in the rhesus monkey [8].

A proposed mechanism of muscle fiber loss involves age-dependent changes in
mitochondrial DNA [9,10]. The mitochondrion is unique among cellular organelles in that it
contains its own genome, a 16kb double stranded circular DNA molecule encoding 22 tRNA
and 13 polypeptides of the electron transport system (ETS). The activity of Complex 1V of
the ETS resides with the multimeric enzyme cytochrome c oxidase (COX) containing both
nuclear and mitochondrial encoded subunits. MtDNA is susceptible to age-dependent
mutations, including large deletion mutations that remove one or all of the COX subunits
encoded by the mitochondrial genome [11]. Characteristic phenotypes of muscle cells that
have a high concentration of mutant mitochondria are the absence of COX activity and an
over-abundance of succinate dehydrogenase (SDH) activity. In rodents, ETS abnormal
(ETS?) fibers often become atrophic within the region of the abnormality and some affected
fibers break [12], suggesting a possible mechanism for permanent fiber loss.

Lean mass loss in humans is estimated at 1-2% per year after the age of 50 [13,14]. Rhesus
monkeys begin to undergo muscle mass loss at ~16 years of age [4]. As previously reported,
age-dependent changes in muscle fibers of the vastus lateralis (VL) in monkeys between the
ages of 16- and 22-years include decreases in the number of Type Il muscle fibers, decreases
in Type 11 muscle fiber cross-sectional area (CSA) and an increase in the number of ETS2P
muscle fibers [8]. In the present study, we determine the impact of CR on the cellular
phenotypes of early stage sarcopenia from 11 monkeys assessed at 3 year intervals; 6, 9 and
12 years from initiation of the CR diet and compare these results with those observed in
Control monkeys.
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2. Materials and Methods

2.1. Animals and Diet

The CR monkeys are part of an ongoing longitudinal study at the Wisconsin National
Primate Research Center (WNPRC) [1,15,16]. The median life expectancy of rhesus
monkeys in captivity is ~26 years with some of the monkeys in this colony living into their
late 30's [17]. The animals at year 6 of the study had an average age of 15.8 y (15 to 21y)
and at the end, 21.8y (21 to 27y) representing their late middle years and into early old age.
We have previously reported on the age-related changes in muscle from Control animals in
this cohort [8] and, herein, report findings in the CR animals.

Briefly, 30 males, between 8- and 14-years of age, were monitored for baseline food intake
and then randomized to either a Control (C, n = 15) or Calorie Restricted (CR, n = 15) diet.
Food allotments for CR animals (Teklad diet 93131, enriched by 30% in vitamins and
minerals) were reduced 10% per month for 3 months to reach a 30% CR. Control animals
were fed ~20g more than their average daily intake to assure ad libitum access to food
(purified lactalbumin based diet containing 10% fat and 15% protein [Teklad #85387,
Madison, WI]). VL biopsies were collected at time points 6-, 9-, and 12-years after
introduction of the CR diet. Over the course of this study, 4 CR monkeys died and we report
data from 11 of the remaining CR monkeys. All animal procedures were performed at the
WNPRC under approved protocols from the Institutional Animal Care and Use Committee
of the Graduate School of the University of Wisconsin, Madison.

2.2 Body Composition

Body weight of each animal was assessed throughout the study. Appendicular lean mass and
fat mass were assessed biannually using whole body DXA (Model DXP-L, GE/Lunar Corp.,
Madison, WI) scans as previously described [5]. Estimated skeletal muscle mass (ESM) of
the upper leg was determined by summing the lean mass from the thigh region of both
limbs. Muscle mass loss for each individual animal was determined by dividing the upper
leg lean mass at each time point by the maximum upper leg lean mass measured for that
animal in the 12 years of the study. Fat mass, determined by DXA measurements, was used
to calculate percent body fat (%BF = [fat mass / body weight] x 100).

2.3. Biopsy Collection

Six, nine and twelve years post-initiation of the study, VL biopsies were performed
immediately following DXA, alternating legs with successive biopsies. Biopsy tissue was
bisected with one half of the sample flash frozen in liquid nitrogen and the other embedded
in Optimal Cutting Temperature Medium (OCT, Sakura Inc., Torrance, CA) and frozen in
liquid nitrogen. Samples were stored at —80°C until use. Frozen muscle biopsies were
sectioned using a cryostat. For each biopsy, 200 consecutive 10um-thick sections were cut
and stored at —80°C.

2.4, Histochemistry

Slide sections were stained with hematoxylin and eosin [18] for muscle morphology and
muscle fiber counts. Muscle fiber types were identified using standard
immunohistochemical detection of the Type Il isoform of myosin heavy chain (monoclonal
antibody MY 32, Sigma St. Louis, MO) followed by the 3,3'-Diaminobenzidine tetrachloride
(DAB) reaction for visualization [18]. General muscle fiber atrophy was assessed using
slides from the immunohistochemical analysis. Five 10x images per section were taken. The
cross-sectional area (CSA) of Type I and Type Il muscle fibers were measured using
ImagePro. The CSA of at least 200 muscle fibers were measured for each type from each
biopsy.
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Histochemical staining for mitochondrial enzyme activities, COX and SDH were performed
on air-dried sections according to Seligman et al. [19] and Dubowitz [20], respectively.
Twenty-nine slide triplicates (the 279, 3'd and 4, the 9, 101" and 11t etc.) from the 200
slide sections from each biopsy were stained for COX, SDH and both COX and SDH
enzyme activity staining. Unique ETS2® fibers were identified for each muscle sample and
the percentage of ETS? fibers determined from the total number of cell present. To measure
atrophy specifically associated with ETS2? regions, fibers were followed along their length
and the cross-sectional area was measured at 70um intervals. Cross-sectional area ratios
were determined for 54 ETS? fibers (and 55 normal fibers) where the minimum CSA of the
ETS abnormal region (or the minimum CSA of the normal fiber) was divided by the mean
CSA of the normal region to give a minimum CSA ratio. Abnormal fibers with CSA ratios +
2 standard deviations from the distribution of normal fiber CSA ratios were defined as
atrophic or hypertrophic. The length of the ETS abnormality within a fiber was also
measured.

2.5 Laser capture microdissection and Mt DNA Amplification

Laser capture microdissection (LCM) was used to isolate 10um thick sections of ETS?P and
normal muscle fibers to determine the mitochondrial genotype. Frozen sections adjacent to
those used for identification of ETS2 phenotypes were stained for SDH activity, dehydrated
in ethanol and cleared in xylenes. Muscle fibers of interest were microdissected using a
PixCell Il laser capture microscope (Arcturus Bioscience, Inc., Mountainview, CA, USA) as
previously described [11]. Total DNA was extracted, primary PCR reactions were
performed using mtDNA primers to amplify ~14,400 bp of the ~16,000 bp rhesus
mitochondrial genome (1176F : 725R), followed by a nested amplification (3499F :
16245R). Specifics of techniques and sequencing of PCR products are as described before
[8,11].

2.6. Statistical Analysis

3. Results

A linear mixed model approach was used to estimate longitudinal trends in the data while
accounting for the dependency in the data due to multiple observations per subject. SAS
PROC MIXED was used to estimate the correlation among the repeatedly measured
outcomes [21]. The effects of CR on overall outcome levels and differences in longitudinal
trends were tested by including diet main effect and diet-by-year interaction terms in the
model. Age was used as a covariate to control for the slight differences in age among the
animals within a given assessment year.

Longitudinal results from each CR animal are reported at 6-, 9- and 12-year of the study. To
put these values in context, we compare mean values of CR animals to mean values from
Control animals generated within the same time-frame. The values for the Controls were
reported previously [8].

3.1 Body Composition

To determine the long-term impact of CR on age-associated changes in body composition
and muscle mass, percent body fat and upper leg muscle mass were determined for the 11
CR monkeys using DXA analysis. The scale weight of each animal was measured on the
morning of DXA assessments. Not surprisingly, CR monkeys weighed less than Control
animals over the 6-year period of this study; however, in contrast to the Control animals, CR
monkeys had a significant increase in weight with age (r = 0.58; p < 0.01, Table 1). Similar
to Control animals, the percentage of body fat also increased with age in CR animals (r =
0.64; p<0.01, Table 1).
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Although recorded food intakes did not change, a steady weight gain was appreciated in the
DR animals beginning in the spring/summer of 2000. All equipment and procedures were
fully evaluated; however, no definitive cause was discovered. The contemporaneous nature
of the weight gain led us to believe that this was not a clear aging effect.

3.2 Upper Leg Muscle Mass

After 6 years on CR when animals were ~16 years of age, the average muscle mass of the
upper leg was 90.8 £ 9.0% of their maximum upper leg muscle mass, at 9y it was 96.6 +
6.1% and at 12y, 92.1 + 5.4%. The correlation between muscle mass and increasing age,
examining all CR animals over the length of the study, adjusted for repeated measures was
not statistically significant (r = —0.15; p = 0.48, Table 1, Figure 1a). Over the course of the
12 year study, the average upper leg muscle mass loss of the CR monkeys was less than a
half percent (0.4%) compared to 20% loss for Controls (p<0.01) (Figure 1b, Table 2). While
the Control monkeys presented peak upper leg muscle mass at 16.6 + 1.6 years of age, the
average age for peak upper leg muscle mass in the CR monkeys was marginally higher at
18.2 £ 2.2 years (p=0.06).

3.3 Fiber Type Proportion and Fiber Cross-sectional Area

On the cellular level, aging is associated with a shift in fiber type distribution in skeletal
muscle where the relative proportion of Type Il muscle fibers decreases and the proportion
of Type | fibers increases. In biopsies from CR animals the proportion of Type Il muscle
fibers did not change over the 6-year period of analysis (Table 1: r = —0.16; p = 0.46, Figure
1c). In contrast, a significant decrease in Type Il fiber percentage was observed in Control
monkeys (Figure 1d) demonstrating a significant difference in muscle fiber type
composition in aging control and restricted monkeys (F=3.88, p = 0.03; Table 2).

The average CSA of Type Il muscle fibers in CR monkeys was 9051 + 2887um? at year 6;
the same monkeys at year 9 had an average muscle fiber CSA of 9733 + 602um?2. At year 12
of the study, muscle fiber CSA was 10983 + 732um? (Figure 2a). Among all CR animals in
the study, the correlation between fiber CSA and age, adjusted for repeated measures, was
not significant (r = 0.23, p = 0.16, Table 2). In contrast, the CSA of Type Il muscle fibers in
Control monkeys decreased >25% over the six years of the study, such that a difference was
observed between Control and CR monkeys (F=11.15, p < 0.01, Figure 2b, Table 2). In CR
monkeys, the CSA of Type | muscle fiber was not reduced with age; on the contrary, there
was a tendency for Type | fiber CSA to increase (8/11 monkeys displayed this trend),
although the difference in Type I fiber CSA between CR and Control was not statistically
significant (p=0.73).

3.4 Muscle Fibers with Abnormal Mitochondrial Enzyme Activities

To determine the effect of CR on mitochondrial encoded Complex IV (COX) activity, the
percentage of ETS2P fibers per 2000um of sectioned tissue was assessed. On average, there
were 2173 £ 1070 muscle fibers per biopsy. Muscle fibers that had abnormal COX
(negative) and SDH (hyper-reactive) enzyme activities were counted and followed along the
length ETS? fibers The age-dependent accumulation of ETS? fibers observed in each of
the 11 rhesus monkeys, over time, is presented in Figure 2c and Table 1. There was no
significant correlation between the percentage of ETS? fibers and age in VL muscle from
CR animals (r = 0.22; p = 0.30). In Controls, there was a significant increase in the
percentage of ETS2P over time; however; there was no significant difference between
Control and CR monkeys with respect to the trends in the age-dependent accumulation of
ETS? (Figure 2d, Table 2).
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In rodents, muscle fibers bearing ETS? often display localized fiber atrophy. The CSA ratio
(minimum CSA/average CSA) of ETS? fibers from CR monkeys (n=54) reveals that 64%
of fibers had minimum CSA ratios within the normal range (0.6 — 0.9), 19% were
hypertrophic and 17% were atrophic (Figure 3). The CSA ratio for ETS# fibers from
Control monkeys (n=55) was 58% within the normal range, 16% hypertrophic and 26%
atrophic (McKiernan et al., 2009). No difference in atrophy (minimum CSA ratio) trends
was observed between normal and ETS? muscle fibers in CR animals (p= 0.46); however,
similar to Control fed animals, the variance in the CSA ratio was greater for ETS2 fibers
than for normal fibers. The mean length of an ETS abnormality in CR monkey muscle fibers
was 643 + 385um and no different from the mean length of ETS abnormalities in Control
fibers (547 £ 292um, p = 0.21).

3.5 Mitochondrial DNA Deletion Mutations

In Control animals, mtDNA deletion mutations ranging in size from 4.6 to 10.6 Kb were
detected in all ETS® fibers that were tested [8]. To determine whether deletions within the
mtDNA genome were also responsible for the ETS2 observed in the CR animals, we used
laser capture microdissection, DNA extraction and PCR amplification of mtDNA from
ETS? regions of muscle fibers. In this approach 97% of the mitochondrial genome is
amplified in the primary reaction, and in a secondary reaction, a 12Kb region spanning the
major arc (containing the three mitochondrial encoded genes of Complex V) is amplified as
previously described [8]. We selected biopsies from two CR animals for this analysis, 39
ETS? and 18 normal fibers were laser captured. Mitochondrial DNA from 20 ETS2? and 10
normal fibers were successfully amplified. In fibers with normal mitochondrial ETS enzyme
activities, the primary amplification resulted in the predicted full length PCR product
(>15kb). Twenty phenotypically abnormal fibers had PCR products that were less than full
length. All deletion mutations were within the range of 6-8Kb. Deletion mutations removed
a large portion of the major arc and involved at least one the three mitochondrial encoded
COX subunits. No common deletions were observed among those sequenced.
Representative sequence analysis of the mitochondrial DNA from three ETS? fibers is
presented in Table 3.

4. Discussion

It is widely accepted that sarcopenia is characterized by a combination of fiber loss and fiber
atrophy. We have investigated the impact of long-term CR on cellular aspects of skeletal
muscle aging in rhesus monkeys, a species in which CR significantly retards whole body
muscle mass loss [5]. We have previously shown that muscle mass loss begins soon after
muscles reach their maximum mass in Control monkeys. During early-stage sarcopenia this
loss can be attributed to Type Il muscle fiber atrophy. This change in CSA is concomitant
with a decrease in the percentage of Type Il muscle fibers and an increase the number of
muscle fibers expressing mitochondrial deletion mutations [8].

The upper leg muscle aging profile from CR rhesus monkeys differed from that of the
Controls. The most important effect of CR, as examined in this study, was the retention of
muscle mass over the six years of the study. The maintenance of muscle mass in CR animals
(a loss of 0.4%) contrasts with the loss of muscle mass over the same time period for the
Controls (a loss of 20%).

Skeletal muscle is highly adaptive and fiber type composition can be altered in response to
changes in energetic demand [22,23]. VL is one of the largest muscles in the upper leg and
is predominantly oxidative [7]. We have previously shown that the relative proportion of
Type |l fibers decreases between 15 and 26 years of age in rhesus monkey VL [8]. Type |
fibers are typically more resistant to fiber atrophy than Type Il muscle fibers. It is unclear if

Exp Gerontol. Author manuscript; available in PMC 2012 January 1.
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the change in fiber type proportion in Control monkeys is due to preferential loss of Type 1l
fibers or due to fiber type conversion of Type Il to the more resilient Type I. In this study,
we show that the relative distribution of fiber type was unaltered in CR monkeys over the 6
year period of analysis.

Previously, we reported [8] that the CSA of Type Il fibers from Control monkeys decreased
by ~2000um? every three years between 6-, and 12-years of study. Over the same period of
time, the CSA of Type Il fibers from CR monkeys did not change. Furthermore, the change
in Type Il fiber CSA over the course of the study was significantly different between
Control and CR. CR monkeys are smaller than Control animals with lower body mass and
lower estimated muscle mass [5]. The average CSA of Type Il muscle fiber from CR
monkeys was smaller than that from Control monkeys at 6- and 9-years of the study
(p=0.004 and p=0.003, respectively). At the 12-year time point of the study, however, Type
I fiber CSA was greater (p= 0.01) in VL from the CR monkeys (10954 + 2684 um?)
compared to the Controls (8400 + 1276 um?). These findings demonstrate a delay in the
onset of sarcopenia at the cellular level with CR, and link cellular atrophy to age associated
whole muscle atrophy.

We have proposed that age-dependent accumulation of ETS2? within a muscle fiber may
contribute to fiber atrophy and subsequent fiber loss [12]. Unlike the VL from Control
monkeys, where increased numbers of ETS? fibers were detected over the course of the
study, no significant increase in ETS2 was detected in the VL from CR monkeys with age.
Two CR monkeys had unusually high numbers of ETS? muscle fibers (#3 at 19y and #4 at
22y with 4.5% and 4.2%, respectively), greater than any observed in Control animals. The
high percentage and fluctuation in the percentage of ETS abnormalities in two CR animals is
difficult to interpret and may be due to sampling. Biopsies were taken from alternating
limbs. Also, we have examined cross-sections of whole VL muscles from animals in the
study that have died. Within the VL ETS abnormalities are not randomly distributed, a
significantly higher proportion of ETS abnormalities appear in a specific quadrant of the
muscle. Biopsies may have been taken from this ETS abnormality rich quadrant of the
muscle and another biopsy from a less susceptible area of the VL. Neither of these animals
had any condition known to negatively impact muscle.

Laser capture of ETS? fibers and subsequent PCR analyses from CR monkeys revealed
large mtDNA deletion mutations. These data are consistent with PCR analysis of ETS2P
fibers from rats [12,24,25] and rhesus monkeys [11]. The etiology of the ETS? fibers
(deletion mutations) appears to be similar in both Control and CR monkeys.

The progression of an ETS abnormality (length and fiber atrophy) was not different between
Control and CR monkeys. Unlike rodent studies, we did not detect a correlation between
fiber atrophy and ETS@ for CR animals or for Controls [12,26]. Permanent fiber loss, as
observed in the rat model, is significant at 33 months of age (median lifespan), and highly
correlates with an increase in ETS abnormalities [27]. The monkeys in this study had not yet
advanced to median lifespan age (~26y). Also, monkey muscle fibers are large compared to
those of most mammals. The progression to cell death (via atrophy) due to a single
mitochondrial DNA deletion mutation may simply take a longer period of time. The fact that
CR fed monkeys' Type Il and Type | fibers maintain their cross-sectional area in the early
stages of sarcopenia may provide a certain degree of tolerance for ETS?P.

The etiology of fiber atrophy is complex and a number of processes have been implicated as
being causative including muscle disuse [28], oxidative stress [29], systemic inflammation
[30], increased protein degradation [31], impaired regenerative potential [32], loss of
neuronal contact [33,34] and selective apoptosis within the multinucleated fiber [35,36]. In
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Control monkeys we have shown that the distribution of fiber types shifts with age and at
the cellular level, fiber atrophy correlates with aging. CR prevents the shift in fiber type
distribution and delays cellular atrophy in monkeys. It will be of interest to explore the
potential role of mMTOR and SIRT1, factors implicated in mitochondrial energy metabolism
in CR studies [37]. A better understanding of how CR delays the events that trigger the
rearrangement of fiber type distribution and cellular atrophy will reveal novel targets for
treatment and prevention of sarcopenia.
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Abbreviations

CR calorie restriction

DXA dual-energy X-ray absorptiometry

ETS?0 electron transport system enzyme abnormalities

VL vastus lateralis

mtDNA mitochondrial DNA

COX cytochrome c oxidase

SDH succinate dehydrogenase

CSA cross-sectional area

ESM estimated skeletal muscle mass

LCM laser capture microdissection
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Figure 1.

Left panels describe longitudinal muscle mass loss and percentage of Type Il fibers in VL
biopsies from 11 CR rhesus monkeys. Right panels compare mean values for the CR
monkeys to the mean values from Control monkeys (McKiernan et al., 2009). Standard
deviations for mean Control and Restricted measures are listed in Table 2.
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Figure 2.

Left panels describe longitudinal Type Il fiber cross-sectional area (CSA) and the
percentage of ETS abnormalities (ETS??) in 2mm of VL biopsy tissues from 11 CR rhesus
monkeys. Right panels compare mean values for the CR monkeys to the mean values from
Control monkeys (McKiernan et al., 2009). Standard deviations for mean Control and
Restricted measures are listed in Table 2.
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Figure 3.

Fifty four ETS abnormal and 55 ETS normal muscle fibers were followed along their length
and CSA of the fiber measured every 70um. The minimum CSA recorded in the ETS
abnormal region was divided by the mean CSA for the normal region (for normal fibers the
minimum CSA of that fiber was divided by the mean CSA of the rest of the fiber), to
provide the minimum CSA ratio. The frequency of fibers with a specific CSA ratio was
plotted. The variance in minimum CSA ratio was greater in ETS abnormal fibers compared
to ETS normal fibers.
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Table 3

mtDNA breakpoint analysis of ETS2? fibers

Fiber# Breakpoints Direct Repeats Deletion Size  Deleted Genes
Fiber 7 15487 - 7878 5 7609 bp CytB thru COX Il
Fiber 12 15140 —7415 0 7725 bp CytB thru tRNA(S)
Fiber 22 15202 - 8837 9 6365 bp CytB thru ATP(6)
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