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Abstract

Declining fitness (VO,peak) is a hallmark of aging and believed to arise from decreased oxygen
delivery and reduced muscle oxidative capacity. Physical activity is a modifiable lifestyle factor
that is critical when evaluating the effects of age on parameters of fitness and energy metabolism.
The objective was to evaluate the effects of age and sex on VO,peak, muscle mitochondrial
physiology, and physical activity in young and older adults. An additional objective was to assess
the contribution of skeletal muscle oxidative capacity to age-related reductions in VO,peak and
determine if age-related variation in VOypeak and muscle oxidative capacity could be explained
on the basis of physical activity levels. 23 young and 52 older men and women completed
measurements of VO,peak, mitochondrial physiology in permeabilized muscle fibers, and free-
living physical activity by accelerometry. Regression analyses were used to evaluate associations
between age and VO,peak, mitochondrial function, and physical activity. Significant age-related
reductions were observed for VOo,peak (P<0.001), but not muscle mitochondrial capacity. Total
daily step counts did not decrease with age, but older adults showed lower moderate-to-vigorous
physical activity, which was associated with VO,peak (R2=0.323, P<0.001) and muscle oxidative
capacity (R2=0.086, P=0.011). After adjusting for sex and physical activity, age was negatively
associated with VO peak but not muscle oxidative capacity. Healthy older adults exhibit lower
VO,peak but preserved mitochondrial capacity compared to young. Physical activity, particularly
moderate-to-vigorous, is a key factor in observed age-related changes in fitness and muscle
oxidative capacity, but cannot entirely explain the age-related reduction in VO,peak.
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Introduction

The average global life expectancy is rising. Inasmuch, efforts to extend health span require
a thorough understanding of the biology of aging and factors that contribute to age-related
functional impairments that may limit independence and quality of life. Aging, even healthy
aging, is associated with progressive decline in whole-body cardiorespiratory fitness,
measured from the maximal rate of oxygen utilization during exercise (VO,peak) (Proctor &
Joyner, 1997; Fleg et al., 2005). The negative relationship between VO,peak and all-cause
mortality is well-established (Blair ef a/., 1989; Mandsager et a/., 2018). Furthermore,
cardiorespiratory fitness is a critical factor in maintaining the ability to perform daily tasks
(e.g., walking and stair climbing) and forestalling disability (Fried & Guralnik, 1997;
Paterson et al., 2004). Declining VOypeak with aging has been largely attributed to
decreased oxygen delivery to peripheral tissues (e.g., decreased cardiac output, decreased
muscle blood flow) (Proctor & Joyner, 1997; Betik & Hepple, 2008), compounded by
reductions in skeletal muscle oxidative capacity (Lanza et al., 2008), which has been shown
to be a determinant of VOypeak in older adults (Coen et al., 2013).

The impact of aging on skeletal muscle mitochondrial biology has been a topic of thoughtful
and thorough investigation for several decades using a variety of approaches, including /n
vivo assessments by 31P magnetic resonance spectroscopy, and ex vivo measurements
(enzyme activities, respiration, ATP production) using muscle tissue obtained by biopsy.
While some cohorts of older adults exhibit reduced mitochondrial abundance (Conley et al.,
2000), enzyme activity (Trounce et al., 1989), respiratory capacity (Lalia et a/., 2017,
Gonzalez-Freire et al., 2018), and ATP production (Petersen et al., 2003; Short et al., 2005;
Lanza et al., 2008; Layec et al., 2013), other painstakingly controlled studies have not
revealed any age-related impairments in several different aspects of skeletal muscle
mitochondrial physiology using similar methodologies (Rasmussen et al., 2003; Lanza et al.,
2005; Hutter et al., 2007; Distefano et al., 2017). These disparate findings have prevented an
authoritative consensus on the effects of aging per se on skeletal muscle mitochondrial
biology, but have spawned important consideration of a variety of factors that are important
to consider such as methodological aspects of muscle biopsy tissue analysis (Picard et al.,
2010) and the effects of physical activity and muscle group under investigation (Fitzgerald et
al., 2016; Kent & Fitzgerald, 2016).

Lifestyle factors such as habitual physical activity levels are critical when considering the
effects of aging on skeletal muscle physiology, cardiorespiratory fitness, and physical
function. The effects of exercise on skeletal muscle energy metabolism are solidly
established (Holloszy, 1967), and the notion that apparent effects of aging on oxidative
capacity are secondary to diminished physical activity in older adults is now becoming
mainstream (Fitzgerald et a/., 2016; Kent & Fitzgerald, 2016). Indeed, prospective exercise
intervention studies demonstrate robust improvements in VO,peak and skeletal muscle
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metabolism in older adults (Robinson et al., 2017; Berg et al., 2018), yet cross-sectional
studies of highly-trained individuals reveal that even chronically endurance trained older
adults exhibit declines in VO,peak and modestly altered mitochondrial parameters in
skeletal muscle (Proctor & Joyner, 1997; Lanza et al., 2008; Distefano et al., 2018). A recent
analysis of data from the Baltimore Longitudinal Study of Aging showed that physical
activity was a strong predictor of muscle oxidative capacity measured by 31P-MRS in 384
men and women across a wide age-range (22-92 years) (Adelnia et al., 2019). This report
follows on earlier observations that age-related changes in skeletal muscle mitochondrial
function can be explained by altered physical activity (Distefano et al., 2017; Distefano et
al., 2018). The observations that physical activity patterns explain age-related reductions in
muscle oxidative capacity but not whole-body VO,peak lends further support to the notion
that central hemodynamics may play a more important role in the age-related reductions of
cardiorespiratory fitness than does skeletal muscle mitochondrial capacity. The objective of
the current study was to evaluate the effects of age and sex on whole-body cardiorespiratory
fitness, skeletal muscle mitochondrial physiology, and habitual physical activity in a group
of healthy, untrained young and older adults. An additional objective was to assess the
contribution of skeletal muscle oxidative capacity to age-related reductions in VO,peak and
determine if age-related variation in VO,peak and muscle oxidative capacity could be
explained on the basis of physical activity levels. The main finding of the study is that the
age-related decline in VOypeak occurs in the absence of any change in skeletal muscle
respiratory capacity, ATP synthesis capacity, or reactive oxygen species production
measured /n situ in permeabilized muscle fibers. Although total daily step counts did not
change with age, older adults had significantly lower levels of moderate-to-vigorous
physical activity, which was significantly correlated with VO,peak and muscle oxidative
capacity. After adjusting for sex and physical activity levels, age was negatively associated
with VO,peak but not muscle oxidative capacity. Together, these results indicate that
habitual physical activity, particularly moderate-to-vigorous physical activity, is a key factor
in observed age-related changes in fitness and muscle oxidative capacity, but physical
inactivity cannot entirely explain the age-related reduction in VOopeak.

All study procedures were approved by the Mayo Foundation Institutional Review Board
(IRB# 17-004403, ClinicalTrials.gov Identifier: NCT03350906) and conformed to
principles outlined in the Declaration of Helsinki. Twenty-three young (20-35 years, 11F/
12M) and 52 elderly (6585 years, 27F/25M) weight-stable adults were recruited from the
local community. Participants were independently-living adults who did not participate in
structured exercise training (self-reported activity levels <30 min of exercise 3 times per
week). Participants with known chronic disease were excluded. Exclusion criteria included
anemia (hemoglobin < 11g/dL for females, <12 g/dL for males), diagnosed diabetes (or
fasting blood glucose =126 mg/dL), cardiovascular disease, impaired coagulation (INR
>2.0), liver disease (alanine or aspartate transaminase >3 times the upper limit of the normal
range), renal disease (serum creatinine >1.4 mg/dL for females, >1.5 mg/dL for males),
untreated thyroid disease, or any debilitating musculoskeletal or pulmonary disease that
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would preclude exercise. Pregnant or breastfeeding females were also excluded from the
study. Participants were non-smokers/tobacco-users and did not report any alcohol or
substance abuse disorders. Participants taking any medication that may influence the
outcomes or increase the risks of the study (e.g., metformin, insulin, tricyclic
antidepressants, benzodiazepines, opiates, barbiturates, anticoagulants) were also excluded.

Screening visit

Following an initial screening by phone or email, interested participants reported to the
Mayo Clinic Clinical Research and Trials Unit (CRTU) for a screening visit and fasting
blood sample used to evaluate eligibility. All study procedures and risks were discussed with
the participants, and all participants provided written informed consent. Following consent,
height, weight, blood pressure and pulse were recorded, and blood was collected from an
antecubital vein. A complete blood count (CBC) with differential and biochemical tests of
glucose, insulin, alanine and aspartate transaminase, INR and prothrombin time, creatinine,
and thyroid-stimulating hormone were performed by the Mayo Clinic Laboratories to assess
participant eligibility. During the screening visit, participants were provided with a 3-axis
accelerometer (WGT3X-BT, Actigraph, Pensacola, FL) and instructed to wear the monitor
on the hip during all waking hours, except to bathe or during water-based activities, for a
period of 2 weeks. Accelerometer data were collected at a 30-Hz sampling frequency and
were processed and analyzed in 60-sec epoch lengths using ActilLife software (v6.9.5,
Actigraph, Pensacola, FL). Non-wear time was determined using the Choi et al. (Choi et al.,
2011) method, and valid days were defined as days with at least 10 hours of validated wear
time. Using the cut-points for moderate to vigorous physical activity (MVPA) identified by
Freedson et al.(Freedson et al.,, 1998) MVPA was defined as activity counts =1952 counts
per minute. For each subject, the average daily step counts and the daily minutes spent in
MVPA for 7 valid days, including 2 weekend days, were calculated.

Outpatient Testing Visit

Body composition was assessed by dual-energy X-ray absorptiometry (DEXA; GE Lunar
iDXA, GE Healthcare, Chicago, IL). Participants completed a maximal graded treadmill test
for the determination of peak whole-body oxygen consumption (VO,peak). Heart rhythm
and rate, inspired and expired gases, and oxygen saturation were measured continuously by
12-lead electrocardiogram, breath-by-breath indirect calorimetry, and pulse oximetry,
respectively. All tests were monitored by a physician or Ph.D. exercise physiologist trained
in clinical exercise testing. The test began after a minute of quiet standing on the treadmill,
and treadmill speed and/or incline were increased every 3 minutes in accordance with either
the Bruce protocol (Ldsse et al., 1979) or the Modified Bruce Protocol (Hossack et al.,
1987). Blood pressure was measured during each exercise stage, and the subjects’ rating of
perceived exertion (RPE) was assessed in the last 30 seconds of each stage using the Borg 6—
20 scale (Borg, 1973). The test was terminated if participants reached volitional exhaustion
or at the discretion of the supervising member of the study team based on the following
criteria: plateau in VO, despite increasing intensity, respiratory exchange ratio > 1.10, heart
rate > 90% of the age-predicted maximum. The individual VO,peak was identified as the
highest average VO, over an interval lasting at least 15 seconds. Participants met with a
dietitian from the Mayo Clinic Metabolic Research Kitchen to discuss food preferences in
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preparation for 3 days of meals provided to the participants in advance of the inpatient study
day. Knee extensor strength was determined from unilateral 1-repetition maximum (1-RM)
measurements using a pneumatic resistance leg extension machine (Keiser Air300, Keiser
Corporation, Fresno, CA). Participants were habituated to the knee extension exercise and
allowed to perform a warm-up set of 10 repetitions at minimal resistance, followed by 3 sets
of 5-10 repetitions at progressively increasing resistance prescribed by the investigator
based on participant’s perceived exertion of the previous set. Each participant’s 1-RM was
determined from a series of single attempts at incremental resistance with 3 minutes of rest
between attempts.

Inpatient Study Day

The inpatient study was scheduled at least one week but not more than three months after the
VO, testing visit to avoid potential lingering effects of the exercise testing. For three days
prior to the inpatient study day, participants were provided with weight-maintaining meals
by the Metabolic Research Kitchen. Participants reported to the metabolic kitchen each
morning for weight measurement and breakfast and were given lunch and dinner packages to
take with them. On the evening of the third day of the weight-maintaining diet, participants
checked into the CRTU at approximately 1700hrs. Following an evening meal at 1800,
subjects were fasted until completion of study procedures the following day. At 0830 the
following morning, a percutaneous biopsy of the vastus lateralis was performed under local
anesthetic (2% lidocaine) using a modified Bergstrom needle. Muscle tissue was rapidly
processed at the bedside. A portion of the muscle tissue was prepared fresh for muscle fiber
permeabilization and mitochondrial functional measurements and the remainder was frozen
in liquid nitrogen and stored at —80°C.

Mitochondrial measurements in permeabilized muscle fibers

Approximately 20mg of muscle tissue was dissected into ~5 mg portions under a dissecting
microscope in cold buffer containing 10 mM Ca-EGTA buffer, 0.1 03bcuM free calcium, 20
mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCI2, 5.77 mM
ATP, 15 mM phosphocreatine, pH 7.1 (BIOPS Buffer)(Doerrier et al., 2018). Fiber bundles
were mechanically separated using sharp forceps, followed by chemical permeabilization
with saponin (50 pug/mL) as previously described (Lanza & Nair, 2009; Lanza et al., 2012).
Mitochondrial respiration was assessed in duplicate sets of fibers using an Oxygraph high-
resolution respirometer (Oroboros Instruments, Innsbruck, Austria). Fibers were added to
the oxygraph chambers containing air-saturated MiR05 buffer, followed by
hyperoxygenation of the chamber to ~350 uM. Throughout the subsequent experiment,
oxygen concentration was maintained above 200 uM. Oxygen consumption (JO,) was
measured throughout a stepwise protocol involving the sequential addition of substrates (10
mM glutamate, 2 mM malate, 10 mM succinate, State 2), 5mM ADP (State 3), 0.5uM
rotenone, 2ug/mL oligomycin (state 4), and 2.5 uM antimycin A. Acceptor control (ACR:
State 3/State 2) and respiratory control (RCR: State 3 / State 4) ratios were calculated for
each sample, although no additional mitochondrial membrane integrity tests were
performed. Simultaneous to JO, measurements, mitochondrial reactive oxygen species
(ROS) production (H,05 flux) was measured by fluorometric monitoring of the oxidation of
Amplex Red using the Oxygraph O2K-Fluorescence LED2-Module, as previously described
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(Abid et al.,, 2020). The rate of ATP production (JATP) was measured in a separate set of
duplicate permeabilized muscle fibers using a spectrofluorometer (Fluorolog 3, Horiba) as
described previously (Lark et al., 2016). Importantly, JATP was not measured in
hyperoxygenated media. Inasmuch, the measured rates of ATP production are likely to be
limited by oxygen diffusion and should be interpreted cautiously alongside JOo
measurements, which were performed at high oxygen saturation. JO,, ATP, and H,0,
production were normalized to tissue wet weight.

Statistical analyses

Results

Data are expressed as mean + SD. Subject characteristics, body composition, and metabolic
parameters were compared between the young and old groups using unpaired 2-tailed
student t-tests. Linear regression analyses were used to evaluate associations between age
and VO,peak, mitochondrial function, and physical activity. Additional linear regression
analysis were performed separately for males and females. Two-way (age, sex) analysis of
variance (ANOVA) was used to evaluate the main effects of age, sex, and age-by-sex
interactions for all variables. Statistical significance was set a priori at P<0.05. Analyses
were performed using the R software environment and GraphPad Prism (v8, GraphPad
Software, San Diego, CA).

Participant characteristics

Participant characteristics are provided in Table 1. Anthropometric characteristics, including
body mass, and composition, were similar in young and older participants with a non-
significant trend toward higher fat mass and lower lean mass in older compared to young.
Appendicular skeletal muscle index (ASMI), determined by dividing total appendicular lean
mass by the square of height, showed a non-significant trend to be lower in older adults. Leg
extension strength, measured from unilateral 1-repetition maximum, was significantly lower
in older adults. Systolic blood pressure (SBP) was significantly higher in older adults, as
were several blood-based metabolic parameters, including glucose, and total and LDL
cholesterol. VO,peak was higher in young compared to older regardless of whether data
were presented as absolute oxygen consumption (L/min) or expressed relative to total body
mass (mL/kg BW/min) or lean mass (mL/kg lean/min).

Lower VOspeak in older adults, yet similar skeletal muscle oxidative capacity to young

Increasing age was associated with a decrease in VO,peak normalized to total body weight
(Figure 1A) and normalized to lean mass (Figure 1C). When both age and sex were included
in the model, there were significant main effects of age (lower in older compared to young)
and sex (lower in females compared to males) (Figure 1B, 1D). Although the interaction
terms was not statistically significant, there were notable trends whereby males show a non-
significant tendency for greater reduction in VO,peak with age compared with females as
shown in the boxplots of Figures 1B and 1D. There was no significant association between
age and skeletal muscle mitochondrial function, evaluated from 3 distinct parameters
measured in permeabilized muscle fibers. Young and older adults demonstrated similar
acceptor control ratios (ACR; young = 5.10 £+ 0.52, older = 5.08 + 0.65, P = 0.92) and
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respiratory control ratios (RCR; young = 4.96 + 0.71, older = 5.06 + 1.00, P = 0.66),
indicative of no systematic difference in the quality of the permeabilized muscle fiber
preparations between young and older adults, although no specific measurements of
mitochondrial membrane integrity were performed. The maximal rates of oxygen
consumption in permeabilized muscle fibers under ADP-stimulated conditions were not
associated with age (Figure 1E), nor were there significant main effects of age or sex or age-
by-sex interactions (Figure 1F). Similarly, the maximal rates of ATP production (Figure 1G,
1H) and ROS production (Figure 11, 1J) showed no significant association with age or sex.
There was a significant age-by-sex interaction for maximal ATP production whereby young,
but not older females exhibited higher JATP (Figure 1H). Indeed, separate regression
analyses for males and females across the age range revealed a significant negative
association between age and JATP in females but not males (Figure 1G). In sum, the data in
Figure 1 reveal a significant age-related reduction in whole-body cardiorespiratory fitness
that was not accompanied by any evidence of altered mitochondrial physiology in skeletal
muscle, evaluated from 3 independent assays.

The role of physical activity, particularly MVPA, in aging

There was no significant association between age and total physical activity, quantified from
average daily step counts (Figure 2A), nor did total step counts differ by sex (Figure 2B).
Despite similarity in total step counts, the average time spent in moderate-to-vigorous
physical activity (MVPA) was negatively associated with age (Figure 2C). When both age
and sex were included in the model, there were significant main effects of age (lower in
older compared to young) and sex (lower in females compared to males) (Figure 2D). No
age-by-sex interaction was observed for MVVPA by 2-way ANOVA, but individual regression
analyses revealed a significant negative association between age and MVPA in males but not
females (Figure 2C).

The relationship between VOypeak, mitochondrial capacity, and physical activity

Whole-body VO,peak was positively associated with total step counts (Figure 3A) and
MVPA (Figure 3B), and MVPA was a stronger determinant of VVO,peak (R? = 0.323, P
<0.001) than total step counts (R? = 0.08, P = 0.014). The association between step count
and VO, peak was not statistically significant when males and females were examined with
separate regression models (Figure 3A), but interestingly the association between MVPA
and VO, peak was stronger in males compared to females (Figure 3B). Modest but
significant positive associations were evident between skeletal muscle oxidative capacity
(JOy) and step counts (Figure 3C) and MVPA (Figure 3D). A modest but significant positive
association was evident for VO,peak and JO, (Figure 3E), even after adjusting for age and
sex (P=0.0245). The relationship between VO, peak normalized to lean mass and JO, was
similar but did not reach statistical significance (Figure 3F). Multiple regression was used to
determine if age-related changes in cardiorespiratory fitness and muscle oxidative capacity
could be explained on the basis of physical activity levels. After adjusting for sex and
physical activity levels, age was negatively associated with VO,peak (P < 0.001) but not
muscle oxidative capacity (P = 0.546).
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Discussion

Declining whole-body cardiorespiratory fitness is a hallmark of aging and believed to arise
as a result of a combination of decreased oxygen delivery (Proctor & Joyner, 1997; Betik &
Hepple, 2008), and reduced muscle oxidative capacity in older adults (Lanza et a/., 2008;
Coen et al., 2013). Although many studies document skeletal muscle mitochondrial
abnormalities with aging (Trounce et al., 1989; Conley et al., 2000; Petersen et al., 2003;
Short et al., 2005; Lanza et al., 2008; Layec et al., 2013; Lalia et al.,, 2017; Gonzalez-Freire
et al., 2018), by no means is this universally accepted doctrine as many others have shown
that several different muscle mitochondrial parameters are well-maintained into old age
(Rasmussen et al., 2003; Lanza et al., 2005; Hutter et al., 2007; Distefano et al., 2017). An
emerging concept is that many age-related metabolic and functional derangements are likely
secondary to modifiable lifestyle factors such as physical activity rather than predestined by
chronological age (Fitzgerald et al., 2016; Kent & Fitzgerald, 2016; Distefano et al., 2017;
Adelnia et al., 2019). The current study was designed to further evaluate this concept
through rigorous cardiorespiratory fitness testing, comprehensive assessment of salient
components of skeletal muscle mitochondrial physiology, and objective quantitation of free-
living physical activity levels in a cohort of healthy, community-dwelling young and older
men and women. The study demonstrates that VOopeak decreases with aging in the absence
of any change in several key skeletal muscle mitochondrial parameters. Furthermore,
moderate-to-vigorous physical activity levels decreased with age and were significantly
associated with VO,peak and muscle oxidative capacity. Declining physical activity levels
with aging could not entirely explain the age-related reduction in VO,peak, but the data
indicate that habitual physical activity, particularly moderate-to-vigorous physical activity, is
a key determinant of cardiorespiratory fitness and muscle oxidative capacity with aging.

Lower VOypeak in older compared to young adults despite similar mitochondrial capacity
in skeletal muscle

It is well-accepted that VO,peak, a benchmark for cardiorespiratory fitness, declines with
age even in people who maintain elite levels of physical activity (Proctor & Joyner, 1997,
Fleg et al., 2005; Distefano et al., 2018). Less clear, however, are the precise factors that
contribute to decreased VVO,peak with aging. A primary underlying mechanism is decreased
oxygen delivery as a result of decreased cardiac output and blood flow to exercising muscle
tissue (Proctor & Joyner, 1997; Betik & Hepple, 2008), which are considered to be the
primary factors limiting VO,peak (Saltin & Calbet, 2006; Spurway et al., 2012). Skeletal
muscle oxidative capacity (i.e., mitochondrial function) is also an important determinant of
VO,peak as suggested from strong associations between muscle succinate dehydrogenase
activity and VOpeak in heart failure patients, healthy controls, and trained cyclists (van der
Zwaard et al., 2016). Under some circumstances, muscle oxidative capacity may decrease
below a threshold where it becomes a limiting factor for VO,peak. It is conceivable that
reduced muscle oxidative capacity with aging could contribute to declining VOopeak; a
possibility that is supported by precedent literature (Coen et al., 2013). In the current study,
we observed a modest yet statistically significant positive association between VO,peak and
muscle oxidative capacity (R2=0.053, P=0.046), but the marked decline in VO,peak was
observed in the absence of any change in muscle mitochondrial function in older adults. This
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finding aligns well with a prior study by Distefano and colleagues demonstrating that high-
levels of endurance exercise effectively maintains muscle mitochondrial capacity despite
lower VO2 peak compared to similarly active young adults (Distefano et a/., 2018). Hence,
our study does not support the idea that age-related changes in mitochondrial function in
skeletal muscle contribute to reductions in whole-body VO4peak and point to central
hemodynamics as primary factors, as suggested previously (Proctor & Joyner, 1997; Poole et
al., 2003; Betik & Hepple, 2008).

A large number of animal and human studies have examined the influence of aging on
skeletal muscle mitochondrial physiology. While some reports provide compelling evidence
supporting age-related changes in mitochondrial physiology (Trounce et a/., 1989; Conley et
al., 2000; Petersen et al., 2003; Short et al., 2005; Lanza et al., 2008; Layec et al., 2013;
Lalia et al., 2017; Gonzalez-Freire et al., 2018), others do not (Rasmussen et al., 2003;
Lanza et al., 2005; Hutter ef al., 2007; Distefano et al., 2017), fueling ongoing debate on this
topic. In the current study, we do not find any evidence of altered skeletal muscle
mitochondrial physiology from the standpoint of muscle oxidative capacity, ATP production
capacity, or reactive oxygen species production. The similarity in mitochondrial capacity in
this cohort of young and older adults is at odds with previous studies from our laboratory
where we reported significantly decreased ATP production rates (Lanza et al., 2008) and
respiratory capacity (Lalia et a/., 2017) in mitochondria isolated from muscle biopsy tissue
from similar cohorts of older adults (i.e., healthy, community dwelling, non-frail). A key
distinction that is likely to explain this disparity is that mitochondrial function was evaluated
in permeabilized muscle fibers rather than isolated mitochondrial preparations. This
supposition is based on the earlier paper by Picard and colleagues (Picard et a/., 2010) where
isolated mitochondrial preparations, which strip away important intracellular regulatory
systems and selectively harvest damaged organelles, artificially amplify otherwise modest
changes in muscle mitochondrial function with age. In contrast, assessment of mitochondrial
function in permeabilized fibers preserves organelle morphology, maintains intracellular
regulation, and represents the entire population of mitochondria. Indeed, many studies where
muscle mitochondrial function was assessed in situ or in vivo have shown modest effects of
age (Lanza et al., 2005; Hutter et al., 2007; Picard et al., 2010; Distefano et al., 2017). While
we provide evidence for maintained skeletal muscle mitochondrial respiration and ATP
production with aging, a key caveat of this study is the absence of any measurements of
mitochondrial content, which prevents any conclusions regarding preservation or loss of
mitochondrial mass in aging skeletal muscle. Another important consideration is the
population of older adults being studied. Here we included healthy, community-dwelling
older adults without diagnosis of chronic disease, nor did any participants exhibit evidence
of frailty or mobility limitations. A limitation, however, is that we did not formally evaluate
the presence of sarcopenia in this cohort. Appendicular skeletal muscle index (ASMI), a
purported index for sarcopenia, was not remarkably different between young and older
adults, however 10 older adults (5 men, 5 women) had ASMI values that fell below the sex-
specific cutoffs associated with sarcopenia (men: 7.26 kg/m2, women: 5.45 kg/m2)
(Baumgartner et al., 1998). We interpret this as evidence for some early signs of age-related
muscle loss in a fraction of the older adults in this study, but do not observe obvious signs of
sarcopenia in this cohort of older adults. It is important to highlight that observations in this
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segment of the aging population (i.e., successful aging) must not be generalized to the aging
population as a whole, particularly since many age-related comorbidities do not develop
until the 9™ decade of life (Kent & Fitzgerald, 2016). To help achieve consensus, it is critical
that future aging studies include older adults with mobility impairments, frailty, and more
advanced sarcopenia to maximize external validity. Although invasive procedures are more
difficult to rationalize in these populations, non-invasive methods to study skeletal muscle
structure, function, and metabolism are well-suited to this purpose.

The role of physical activity, particularly MVPA, in aging.

Muscle mitochondrial function and whole-body cardiorespiratory fitness are exquisitely
responsive to physical activity (Holloszy, 1967; Hickson et al., 1977), and exercise has been
shown to forestall many cardiovascular and metabolic abnormalities with aging (Proctor &
Joyner, 1997; Lanza et al., 2008; Robinson et al., 2017; Berg et al., 2018). Inasmuch, it is
important to include objective, sensitive measurements of habitual physical activity levels
when evaluating the true effects of aging on VO,peak or muscle mitochondrial function
(Russ & Lanza, 2011). Advances in wearable device technology have led to development
and validation (Sasaki et al., 2011) of physical activity monitors to allow objective
quantitation of free-living physical activity patterns. In the current study we assessed free-
living physical activity over a two week period. Although total physical activity (step
counts) did not differ in young and older adults, the time spent in moderate-to-vigorous
physical activity was significantly lower in older adults and negatively associated with age.
Although 7,000-10,000 steps/day is generally recognized as a goal to promote good health
in older adults (Tudor-Locke et a/., 2011), the time engaged in MVPA was shown to be
independently associated with physical function (Wu et al., 2017; Adachi et al., 2018).
Extending this concept, we show that MVPA is a stronger predictor of VOopeak and skeletal
muscle oxidative capacity than total step counts, underscoring the importance of intensity of
physical activity. After adjusting for sex and physical activity levels, age was negatively
associated with VO,peak but not muscle oxidative capacity, suggesting that habitual
moderate-to-vigorous physical activity is a key factor in age-related changes in fitness and
muscle oxidative capacity, but physical inactivity cannot entirely explain age-related
reductions in VOypeak.
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Key Points

Healthy older adults exhibit lower cardiorespiratory fitness (VO,peak) than
young in the absence of any age-related difference in skeletal muscle
mitochondrial capacity, suggesting central hemodynamics plays a larger role
in age-related declines in VO,peak.

Total physical activity did not differ by age, but moderate-to-vigorous
physical activity was lower in older compared to young adults.

Moderate-to-vigorous physical activity is associated with VO,peak and
muscle oxidative capacity, but physical inactivity cannot entirely explain the
age-related reduction in VOypeak.
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Figure 1. VOypeak declines with aging in the absence of age-related changes in mitochondrial
respiratory capacity, ATP production capacity, or hydrogen peroxide emissions in skeletal

muscle

Whole body cardiorespiratory fitness and skeletal muscle mitochondrial function were
assessed in young and older males and females, and the relationships between age and
age/sex groups were assessed by linear regression. Increasing age was associated with a
decrease in VOypeak normalized to total body weight (A,B) or lean mass (C,D). VOopeak
was lower in older compared to young and females compared to males regardless of whether
normalized to body weight or lean mass (B,D). There was no significant association between
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age or sex and the maximal rates of oxygen consumption in permeabilized muscle fibers
(E,F), ATP production (G, H), or ROS production (I, J). Blue symbols are males and red
symbols are females. YM: young male; YF: young female; OM: old male; OF: old female;
BW: body weight; JO,: maximal ADP-stimulated oxygen consumption; JATP; maximal
ADP-stimulated ATP production. Boxplots show the 25t and 75t percentiles (box), median
(line), and whiskers defined by largest and smallest values within 1.5 times the interquartile
range with individual points representing values beyond this range.
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Figure 2. The role of physical activity, particularly MVPA, in aging
Free-living habitual physical activity levels were assessed by accelerometry. Total physical

activity, defined by average daily step counts, was not significantly associated with age (A),
nor did total step counts differ by age or sex (B). Despite similarity in total step counts, the
average time spent in moderate-to-vigorous physical activity (MVVPA) was negatively
associated with age (C), and lower in older compared to young and females compared to
males (D). Blue symbols are males and red symbols are females. YM: young male; YF:
young female; OM: old male; OF: old female. Boxplots show the 25t and 75t percentiles
(box), median (line), and whiskers defined by largest and smallest values within 1.5 times
the interquartile range with individual points representing values beyond this range.
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Figure 3. The relationship between VOopeak, mitochondrial parameters, and physical activity
Regression analyses were used to evaluate relationships between physical activity (total and

moderate-to-vigorous), cardiorespiratory fitness (VOopeak) and muscle oxidative capacity
(SO5). Whole-body VO,peak was positively associated with total step counts (A) and MVPA
(B). Modest but significant positive associations were evident between skeletal muscle
oxidative capacity (JO,) and step counts (C) and MVPA (D). A modest but significant
positive association was evident for VO,peak and JO, regardless of whether VO2 peak is
normalized to total body weight (E) or lean mass (F). Blue symbols are males and red
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symbols are females. YM: young male; YF: young female; OM: old male; OF: old female.
BW: body weight; JO,: maximal ADP-stimulated oxygen consumption; MVPA: moderate to
vigorous physical activity.
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Table 1.

Descriptive characteristics.

Young N=23  Old N=52 Page

Physical characteristics

Age (years) 28+4 71+4 <0.001
Sex (F/M) 11F/12M 27F/25M

Height (cm) 171+9 169 + 10 0.36
Weight (kg) 744+114 748+13.6 092
BMI (kg/m?) 252+24  2615+36 025
SBP (mmHg) 115+9.7 129+13  <0.001
DBP (mmHg) 71£9 74+10 0.22

Body composition
Total body Fat (%) 325+74  354+77 013
Fat, arms (kg) 23+0.7 26+07 016
Fat, legs (kg) 83+25 8025 0.72
Fat, trunk (kg) 11.7+41  138+52  0.10
Total lean mass (kg) 48.1+88 459+9.4 0.34
Lean, arms (kg) 55+1.7 50+14 0.19
Lean, legs (kg) 16.7+3.2 151+35 0.08
Lean, trunk (kg) 22.6+3.8 225+4.4 0.92
ASMI (kg/m2) 75+12 70+12 008
Leg extension 1RM (kg) 65.7+19.3 44.0+16.3 <0.001
Metabolic parameters

Glucose (mg/dL) 85.1+7.7 93.9+8.0 <0.001
Insulin (mclU/mL) 6.8+2.6 76+54 0.51
HOMA-IR 14+06 18+15 0.24
Cholesterol (mg/dL) 166 + 32 192 + 36 0.003
HDL (mg/dL) 56.0+14.8 633+165 0.073
LDL (mg/dL) 94.7+29.4 111+ 30 0.038
Triglycerides (mg/dL) 751+30.0 92.3+40.2 0.070
VO, peak (L/min) 29+08 19+05  <0.001

VO, peak (mL/kg BW/min) 386+7.3 25.0+5.0 <0.001
VO, peak (mL/kg lean/min) 59.7 + 8.7 40.7+6.4 <0.001

M; Male, F; Female, BMI; body mass index, SBP; systolic blood pressure, DBP; diastolic blood pressure, VO?2 peak; peak oxygen uptake, BW;
body weight, ASMI; appendicular skeletal muscle index. Data are shown as mean + SD.
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