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Abstract

Maximal strength training (MST) results in robust improvements in skeletal muscle force production, efficiency, and mass. However, the effects 
of MST on muscle mitochondria are still unknown. Accordingly, the purpose of this study was to examine, from the molecular level to whole-
muscle, mitochondrial adaptations induced by 8 weeks of knee-extension MST in the quadriceps of 10 older adults using immunoblotting, 
spectrophotometry, high-resolution respirometry in permeabilized muscle fibers, in vivo 31P magnetic resonance spectroscopy (31P-MRS), and 
gas exchange. As anticipated, MST resulted in an increased isometric knee-extensor force from 133 ± 36 to 147 ± 49 Nm (p < .05) and 
quadriceps muscle volume from 1,410 ± 103 to 1,555 ± 455 cm3 (p < .05). Mitochondrial complex (I–V) protein abundance and citrate 
synthase activity were not significantly altered by MST. Assessed ex vivo, maximal ADP-stimulated respiration (state 3CI+CII, PRE: 23 ± 6 and 
POST: 14 ± 5 ρM·mg−1·s−1, p < .05), was decreased by MST, predominantly, as a result of a decline in complex I-linked respiration (p < .05). 
Additionally, state 3 free-fatty acid linked respiration was decreased following MST (PRE: 19 ± 5 and POST: 14 ± 3 ρM·mg−1·s−1, p < .05). 
Assessed in vivo, MST slowed the PCr recovery time constant (PRE: 49 ± 13 and POST: 57 ± 16 seconds, p < .05) and lowered, by ~20% 
(p = .055), the quadriceps peak rate of oxidative ATP synthesis, but did not significantly alter the oxidation of lipid. Although these, likely 
qualitative, mitochondrial adaptations are potentially negative in terms of skeletal muscle energetic capacity, they need to be considered in light 
of the many improvements in muscle function that MST affords older adults.
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Aging is accompanied by a progressive accumulation of cellular 
and molecular damages leading to physiological and functional 
limitations. A common complication of aging is the loss of skel-
etal muscle mass, which has significant implications for mobility 
and exercise tolerance in the older adults (1). However, the mech-
anistic basis for the age-related decrease in physical functional 

capacity is complex, with one leading hypothesis attributing the 
development of muscle weakness, not solely to diminished muscle 
mass, but to a primary defect in energy metabolism (2,3), due 
to mitochondrial dysfunction (4,5). Currently, one of the most 
prevalent strategies for preserving mitochondrial function with 
advancing age is regular aerobic exercise (6,7). However, this 
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 approach has a rather limited effect on the age-related loss of 
skeletal muscle mass.

Interestingly, there is a growing appreciation that strength 
training, besides the well-established increase in muscle mass, may 
lead to “qualitative” adaptations in mitochondrial function (8,9), 
perhaps as a consequence of changes in mitochondrial cristae 
morphology (10) and/or a reorganization of the electron transport 
chain respiratory complexes (11,12). Furthermore, some evidence 
suggests that strength training might, in a similar fashion to aerobic 
exercise, increase skeletal muscle oxidative phosphorylation cap-
acity (8,13–15). Specifically, strength training has been documented 
to result in an enrichment of mitochondria-related genes (6,16), 
and to upregulate the mitochondrial proteome (6). This emerging 
theory has, however, already been challenged by two recent studies 
documenting that, despite an increase in mitochondrial protein abun-
dance, strength training had no effect on muscle respiratory capacity 
in isolated mitochondria from older adults (6,17). This discrepancy 
among these previous investigations is intriguing, and might stem 
from the investigational techniques employed. For example, mito-
chondrial isolation disrupts the organelle’s structure, potentially al-
tering mitochondrial functional characteristics (18), prompting the 
development of the permeabilized muscle fiber technique (19) that 
better preserves the properties of the mitochondria. Additionally, 
the form of strength training, of which there are many, employed in 
these studies may have resulted in differing mitochondrial-specific 
adaptations.

Unlike traditional strength training, which utilizes resistance ran-
ging from 60% to 80% of one repetition maximum (1RM), max-
imal strength training (MST) is typically performed at ~85%–90% 
of 1RM and with an emphasis on maximal velocity in the concen-
tric phase. Of note, there is little change in muscle mass with MST 
and improvements in the rate of force development are much greater 
than conventional, hypertrophy-inducing, strength training (20). In 
fact, MST has been documented to provide an effective intervention 
to mitigate the age-related loss of muscle function and mobility asso-
ciated with aging (21,22). Furthermore, in terms of the older adults, 
we have determined that MST increases muscle force generating cap-
acity and the anaerobic ATP synthesis flux without altering the cost 
of contraction (22). However, there has yet to be a comprehensive 
assessment of the impact of MST on mitochondrial respiratory func-
tion with advancing age.

Accordingly, the purpose of this study was to comprehensively 
examine, from the molecular level to whole-muscle, mitochondrial 
adaptations induced by 8 weeks of MST of the quadriceps in older 
adults. Specifically, we utilized immunoblotting, spectrophotometry, 
high-resolution respirometry in permeabilized muscle fibers, in vivo 
31P magnetic resonance spectroscopy (31P-MRS), and gas exchange 
to assess mitochondrial adaptations. Consistent with the concept of 
qualitative adaptations with strength training (8), we hypothesized 
that MST would increase mitochondrial phosphorylation and re-
spiratory capacity, despite an unaltered mitochondrial volume.

Methods

Subjects
Ten older sedentary subjects (seven males, three females, age 75 ± 
9 years) volunteered to participate in this study after being informed 
of the potential risks and discomforts, and signing a written informed 
consent. Participants were considered for inclusion if they met all of 
the following criteria: over 65 years of age, free of diabetes, no known 

cardiovascular, neuromuscular, or pulmonary disease, nonsmoker, 
and no regular strength or endurance training, other than activities 
of daily living or light recreation. Women taking hormone replace-
ment therapy were excluded from the study. Other data from this co-
hort of subjects have been previously published (22). The study was 
approved by the Institutional review board of both the University 
of Utah and the Salt Lake City Veterans Affairs Medical Center. All 
experimental trials were performed in a thermoneutral environment, 
with the subjects fasted overnight. Prior to the main experiments, 
participants were familiarized with all testing procedures.

Testing Procedures
Physical activity level
All subjects completed a physical activity questionnaire including 
questions regarding the average type, frequency, intensity, and dur-
ation of physical activity in any given week, in order to exclude 
subjects that were regularly performing strength or endurance 
training. Additionally, after receiving standardized operating instruc-
tions, subjects wore an accelerometer (GT1M; Actigraph, Pensacola, 
FL) for 7–10 consecutive days before the beginning of the training 
intervention, with adherence automatically assessed by the data col-
lected. Average daily physical activity was expressed as steps per 
day and the time spent performing moderate to vigorous physical 
activity.

Quadriceps muscle volume
Magnetic resonance imaging (MRI) was performed using a clin-
ical 3 Tesla (T) MRI system (Tim-Trio, Siemens Medical Solutions, 
Erlangen, Germany). T1-weighted images were acquired at rest 
in a supine position using a turbo spin echo sequence (slice thick-
ness = 1 cm, gap thickness = 7–16 mm, turbo factor = 3, echo time 
(TE)  =  12  ms; repetition time (TR)  =  700  ms; turbo factor  =  3; 
concatenation = 2, field of view = 20 × 20 cm; matrix size = 256 × 
256) with 15–20 axial slices covering the region from the greater 
trochanter to the knee. The cross-sectional area of the quadriceps for 
each slice was determined using a public-domain image-processing 
software (Image-J v1.46r, National Institute of Health, Bethesda, 
MD) and quadriceps volume was then calculated by summing the 
areas of all the slices, taking into account the slice thickness and the 
interslice space.

Quadriceps muscle strength properties in vivo
Before and after the 8-week MST protocol isometric knee-extensor 
force was measured using a linear strain gauge (MLP 300; Transducer 
Techniques, Temecula, CA) attached to a noncompliant cuff 2–3 cm 
superior to the right lateral malleolus. Subjects were seated, upright, 
in a custom-built chair with their hip and knee flexion at 60° and 
90°, respectively, and arms crossed over the chest. Subjects were 
instructed to perform three 3-second maximum voluntary contrac-
tions (MVC) separated by, at least 30 seconds. The highest force 
generated across the three trials was noted as the subjects’ MVC.

Muscle biopsy and immunoblotting
Before and after the 8-week MST protocol a percutaneous biopsy of 
the vastus lateralis muscle approximately 3.5 cm deep, 15 cm prox-
imal to the knee and slightly distal to the ventral mid-line of the 
muscle was obtained from the same leg as assessed in the MR scanner. 
Using a sterile syringe and tubing, negative pressure was applied to 
the 5 mm diameter biopsy needle (Bergstrom) to assist in the muscle 
sample collection. Immediately after the muscle sample (~100 mg) 
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was removed from the leg, a portion of the sample (~20 mg) was 
immersed in ice-cold biopsy preservation fluid (BIOPS, in mM: 2.77 
CaK2EGTA, 7.23 K2EGTA, 20 imidazole, 50  K+MES, 20 Taurine, 
0.5 dithiothreitol, 6.56 MgCl2, 5.77 ATP, 15 phosphocreatine, pH 
7.1) for respiratory analysis, while the remaining sample was imme-
diately frozen and stored at −80°C. At a later date, the relative abun-
dance of target proteins was determined from this frozen sample 
using western blot analysis. Briefly, muscle samples were homogen-
ized in lysis buffer, supplemented with a protease inhibitor cocktail 
(10 μM sodium fluoride and 1 mM phenyl methyl sulfonyl fluoride 
[PMSF]; Santa Cruz Biotech, Santa Cruz, CA). Protein concentration 
was determined using the Bradford technique. Forty micrograms of 
homogenate were separated by polyacrylamide gel electrophoresis, 
transferred onto a nitrocellulose membrane (12% criterion TGX 
precast midi protein gel [Biorad, Hercules, CA]), and incubated with 
primary and secondary antibodies directed against the proteins of 
interest. Membranes were imaged on a ChemiDoc XRS (Bio-Rad) 
and quantified with Image Lab software (Bio-Rad). The specific anti-
bodies used to detect skeletal muscle proteins included: fast and slow 
myosin heavy chain (M4276 and M 8421, Sigma, USA), oxidative 
phosphorylation complexes I-V (CI-V) (Total OxPhos, ab110411, 
Abcam, USA), Adenine Nucleotide Translocase-1 (ANT, Ab110322, 
Abcam), and Uncoupling protein 3 (UCP3, AB 3046, Milipore, USA). 
Except for mitochondrial complexes for which glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, Ab9485, Abcam) was used as 
loading control, the abundance of each protein was normalized to 
beta-actin (ab8227, Abcam).

Preparation of permeabilized muscle fibers and mitochondrial 
respiration measurements
The tissue preparation and respiration measurement techniques 
were adapted from established methods (19,23) and have been pre-
viously described (24). Briefly, before and after the 8-week MST 
protocol, BIOPS-immersed fibers were carefully separated with 
fine-tip forceps and subsequently bathed in a BIOPS-based saponin 
solution (50 µg saponin.ml−1 BIOPS) for 30 minutes. Following sap-
onin treatment, muscle fibers were rinsed twice in ice-cold mito-
chondrial respiration fluid (MIR05, in mM: 110 Sucrose, 0.5 EGTA, 
3 MgCl2, 60 K-lactobionate, 20 taurine, 10 KH2PO4, 20 HEPES, 
BSA 1 g.L−1, pH 7.1) for 10 minutes each. After the muscle sample 
was gently dabbed with a paper towel to remove excess fluid, the 
wet weight of the sample was measured using a standard, cali-
brated scale (2–4  mg). The muscle fibers were then placed in the 
respiration chamber (Oxytherm, Hansatech Instruments, UK) with 
2 mL of MIR05 solution warmed to 37°C. After allowing the per-
meabilized muscle sample to equilibrate for 5 minutes, mitochon-
drial respiratory function was assessed in duplicate. To assess the 
function of each mitochondrial complex, O2 consumption was as-
sessed with the addition of a series of respiratory substrates and 
inhibitors in the following order and final concentrations in the 
chamber: glutamate-malate (10 and 2 mM), ADP (5 mM), octanoyl-
carnitine (1.5  mM), succinate (10  mM), cytochrome c (10  μM), 
rotenone (0.5 μM), antimycin-A (2.5 μM), oligomycin (2 μM), and 
N,N,N,N-tetramethyl- p-phenylenediamine (TMPD)-ascorbate (2 
and 0.5 mM). Pilot studies indicated that the concentration of the 
substrates and inhibitors used were at saturating levels. Two samples 
from the same subject demonstrated impaired mitochondrial mem-
brane integrity (more than a 10% increase in respiration in response 
to cytochrome c) and therefore were excluded from the analysis. 
In each condition, the respiration rate was recorded for at least 3 

minutes until a steady state was reached, and the average of the last 
minute was used for data analysis.

Citrate synthase activity
Before and after the 8-week MST protocol, the same muscle sam-
ples utilized for respirometry (2–4 mg wet weight) were homogen-
ized with homogenization buffer containing 250  mM sucrose, 
40 mM KCl, 2 mM EGTA, and 20 mM Tris·HCl (Qiagen, Hilden, 
Germany). The citrate synthase activity assay was performed as pre-
viously described using a spectrophotometer with light absorbance 
set at 412 nm (Synergy 4, Biotek Instruments, Winooski, VT).

Mitochondrial phosphorylation capacity in vivo
Subjects performed a maximal isometric knee-extension exercise 
within the whole-body MRI system. While supine, the knee of the 
dominant leg was positioned at a ~45° knee joint angle over a 
custom-built knee support with the foot attached to a strain gauge 
(SSM-AJ-250, Interface Inc., Scottsdale, AZ). To minimize hip move-
ment and back extension during the contraction, participants were 
secured to the bed with a nonelastic strap placed over the hips and 
the thigh. The force signal was converted from analog-to-digital 
(MP150, Biopac Syst Inc., USA) and collected with a sample fre-
quency of 200 Hz on a personal computer (Acknowledge, Biopac 
Syst Inc.). Each subject initially performed 2 baseline MVCs of ~5–10 
seconds duration, separated by 1 minute of recovery. After ~5–10 
minutes of additional rest and 4 minutes of baseline data collection, 
subjects performed a MVC for 24 seconds followed by 5 minutes of 
recovery. 31P-MRS data were acquired with a 31P-1H double-tuned 
surface coil (coil loop diameter 31P = 125 mm, 1H = 110 mm, Rapid 
biomedical GmbH, Rimpar, Germany) positioned above the quad-
riceps. After a three plane scout proton image, advanced localized 
volume shimming was performed. Before each experiment, two fully 
relaxed 31P-MRS spectra were acquired at rest with three averages 
per spectrum and a TR of 30 seconds. Then, 31P-MRS data acquisi-
tion was performed throughout the rest-exercise-recovery protocol 
using an FID (free-induction-decay) pulse sequence with a 2.56 ms 
adiabatic-half-passage excitation radio frequency pulse and the fol-
lowing parameters (TR  =  2 seconds, receiver bandwidth =5  kHz, 
1,024 data points, and 3 averages per spectrum). Saturation factors 
were quantified by the comparison between fully relaxed (TR = 30 
seconds) and partially relaxed spectra (TR  =  2 seconds). Relative 
concentrations of phosphocreatine [PCr], inorganic phosphate [Pi], 
phosphodiester (PDE), and [ATP] were obtained by a time-domain 
fitting routine using the AMARES algorithm (25) incorporated 
into the CSIAPO software (26). The resting concentrations were 
calculated from the average peak areas of the two relaxed spectra 
(TR = 30 seconds; N = 3) recorded at rest and assuming an 8.2 mM 
[ATP] under these conditions. PCr recovery kinetics was determined 
by fitting the PCr time-dependent changes during the recovery period 
to a single exponential curve described by the following equation:

[PCr] (t) = [PCr]end + [PCr]cons(1− e−(t/τ))

where [PCr]end is the concentration of [PCr] measured at end-of-
exercise and [PCr]cons refers to the amount of PCr consumed at the 
end of the exercise session, and τ reflects the time constant of the 
recovery, a relative measure of muscle oxidative capacity. Based on 
the sigmoid relationship between oxidative ATP production rate and 
free cytosolic ADP concentration, the peak rate of mitochondrial 
oxidative ATP synthesis (Vmax in mM·min−1) was calculated using 
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the initial rate of PCr synthesis (Vi) during the recovery period and 
[ADP] obtained at the end of exercise as previously described (27):

Vmax = Vi
Ä
1 +

(
Km/[ADP]end

)2.2ä

Model variables were determined with an iterative process by  minimizing 
the sum of squared residuals (RSS) between the fitted function and the 
observed values. The 31P-MRS data collected in one subject were not in-
cluded in the analyses due to poor signal-noise ratio.

Substrate oxidation during submaximal cycling
To determine maximum workload (WRmax), before the 8-week MST 
protocol, subjects performed a maximal incremental exercise test (20 
W + 25 W·min−1) on a bicycle ergometer (Velotron, Elite Model, Racer 
Mate, Seattle, WA). Simultaneously oxygen consumption was meas-
ured using an open-circuit calorimetry system (Parvo Medics, True Max 
2400, Salt Lake City, UT) for the determination of maximal oxygen 
consumption (V̇O2max). On a separate day, resting energy expenditure 
was measured, and following a 5-minute warm-up with no resistance (0 
Watt), subjects performed cycling exercise (Velotron, Elite Model, Racer 
Mate) at 30% and 50% of pretraining WRmax for 5 minutes followed 
by 3 minutes of passive recovery after each workload. At baseline and 
throughout the exercise, pulmonary gas exchange was measured con-
tinuously using an open-circuit calorimetry system (Parvo Medics, True 
Max 2400). The rates of substrate oxidation were calculated from the 
gas exchange measurements, as follows (28,29):

Carbohydrate
Ä
g.min−1

ä
= 4.585 · VCO2 − 3.226 · VO2

Lipid
Ä
g.min−1

ä
= 1.695 · VO2 − 1.701 · VCO2

% lipid = ((1− RER) /0.29) · 100

Training Intervention
Subjects performed 8 weeks of supervised MST 3 days per week on a 
weight and pulley knee-extension system (Prime 8, Hoist fitness systems, 
San Diego, CA). Following two warm up sets at a moderate intensity, four 
sets of four repetitions at ~ 85%–90% of 1RM, with an emphasis on the 
maximal mobilization of force in the concentric phase, was performed. 
Both legs were trained, individually, with 2 minutes of recovery between 
each set. When five repetitions could be performed in all sets, the resist-
ance was increased. Subjects were encouraged to continue their normal 
daily activities throughout the MST intervention.

Statistical Analysis
The assessment of differences between pre and post-tests was performed 
with either paired t-tests or nonparametric Wilcoxon tests, where appro-
priate (Statsoft, version 7; Statistica, Tulsa, OK). A  Two-way repeated 
analysis of variance was used to identify changes in substrate oxidation 
(Training × Intensity). In addition, effect size (d) statistics were calculated 
from the mean difference between conditions and the pooled standard de-
viation (SD). Statistical significance was accepted at p ≤ .05. Results are 
presented as mean ± SD and mean ± SEM in the figures for clarity.

Results

Subject Characteristics and the Effect of MST on 
Muscle Mass and Function
Subject characteristics prior to MST are presented in Table  1. 
Based on the accelerometer data, the subjects engaged in 23 ± 

13 minutes of moderate activity per day, and 1 ± 1 minute of 
vigorous to very vigorous activity per day. One subject did 
not undergo a biopsy post-training due to discomfort during 
the pretest biopsy and technical issues with the preservation of 
one sample prevented its use for some of the ex vivo analyses. 
Following MST, the MVC of the knee-extensors increased from 
133 ± 36 Nm to 147 ± 49 Nm (p < .05, d = 0.33) and was associ-
ated with an increase in quadriceps muscle volume from 1,410 ± 
103 cm3 to 1,555 ± 455 cm3 (p < .05, d = 0.44).

Citrate Synthase Activity and Protein Expression
Following MST, citrate synthase activity was not significantly dif-
ferent (PRE: 21  ± 4 and POST: 24  ± 3 a.u.mg−1.s−1). In contrast, 
following MST, protein expression, in the vastus lateralis, of both 
the fast myosin heavy chain (p < .05, d = 0.56) and UCP3 (p < .05, 
d = 0.86, Figure 1) were upregulated, whereas protein expression of 
the slow myosin heavy chain, ANT, and mitochondrial complexes 
(I–V) were not significantly different from pretraining (Figure 1 and 
Supplementary Figure 1).

Mitochondrial Function in Permeabilized 
Muscle Fibers
The rates of O2 consumption for state 2, state 3CI, state 3CII, 
state 3CI+CII, and uncoupledCIV respiration are summarized in 
Figure 2. Specifically, MST decreased state 3CI respiration rate 
when normalized for citrate synthase activity (p < .05, d = 0.96, 
Figure  2B), and this respiration rate tended to decrease when 
normalized for muscle fiber weight (p  =  .058, d  =  1.05, 
Figure  2A). State 3CI+CII respiration rate, when normalized for 
either citrate synthase activity (d = 1.39) or muscle fiber weight 
(d = 1.64), was decreased by MST (p < .05, Figure 2). In con-
trast, state 2, state 3CII, and uncoupledCIV respiration were not 
significantly altered by MST. The respiratory rate with octanoyl-
carnitine, a long-chain fatty acidy substrate, when normalized 
for either citrate synthase activity (d  =  1.08) or muscle fiber 
weight (d = 1.31), was decreased by MST (p < .05, Figure 3).

Table 1. Subjects Characteristics

Normal Range

Age (years) 76 ± 9  
BMI (kg/m2) 25 ± 4  
Functional characteristics   
Steps per day 5,377 ± 2,113  
Cycling V̇O2max (mL·min−1·kg−1) 24 ± 5  
Peak Cycling work rate (W) 136 ± 35  
1RM (kg) 23 ± 6  
Blood Characteristics   
Glucose (mg·dL−1) 87 ± 18 (74–106)
Cholesterol (mg·dL−1) 185 ± 29 (118–210)
Triglycerides (mg·dL−1) 101 ± 37 (30–150)
HDL (mg·dL−1) 58 ± 20 (35–72)
LDL (mg·dL−1) 108 ± 21 (0–100)
Hemoglobin (g·dL−1) 14 ± 1 (12.0–16.1)

Note: Measurements made prior to maximal strength training. Data are 
presented as mean ± SD. BMI = body mass index; 1RM = One repetition max-
imum knee-extension; HDL  =  high-density lipoprotein; LDL  =  low-density 
lipoprotein. n = 10.
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Baseline Muscle Metabolites, pH, and Mitochondrial 
Function In Vivo
The resting concentration of PCr (PRE: 37  ± 5 and POST: 36  ± 
7 mM), Pi (PRE: 1.4 ± 0.9 mM and POST: 1.1 ± 0.5 mM), phospho-
diester (PRE: 1.2 ± 0.9 mM and POST: 1.1 ± 0.7 mM), and pH (PRE: 
6.96 ± 0.03 and POST: 6.94 ± 0.05) were not significantly different 
pre- to post-MST. By the end of the knee-extension exercise, before 
MST, PCr decreased significantly to 22 ± 8 mM (d = 2.31), while 
after MST, PCr decreased, similarly, to 17 ± 6 mM (d = 2.92). Owing 
to the imbalance between proton production through glycolysis, 

and proton consumption from PCr breakdown, pH increased sig-
nificantly by the end of exercise both at pre- (7.03 ± 0.06, d = 1.56) 
and post-MST (7.00 ± 0.04, d  = 1.33). The PCr dynamics during 
the recovery period, quantified as the PCr recovery time constant, 
was slower post- compared to pre-MST (PRE: 49 ± 13 seconds and 
POST: 57 ± 16 seconds, p < .05, d = 0.55; Figure 4). Likewise, the 
peak rate of mitochondrial ATP synthesis (Vmax) was also lower 
post- compared to pre-MST (PRE: 26 ± 11 mM·min−1 and POST: 
20 ± 5 mM·min−1, p = .055, d = 0.70).

Substrate Oxidation During Whole-Body Cycling
Following MST, the rate of lipid oxidation, assessed by gas exchange 
while cycling at 30% and 50% of pre-MST WRmax were not different 
from pre-MST (p > .05). Likewise, the relative oxidation of lipid 
to carbohydrate, again assessed at both 30% and 50% of pre-MST 
WRmax, was also not significantly different from pre- to post-MST 
(PRE30: 39 ± 16% and POST30: 33 ± 14%; PRE50: 12 ± 10% and 
POST50: 9 ± 11%).

Discussion

Sedentary older adults exhibit a concomitant decline in muscle mass 
and exercise capacity, which can, at least in part, be mitigated by 

Figure 1. (A) Changes in adenylate translocase (ANT), uncoupling protein 3 
(UCP-3), and (B) mitochondrial complexes I–V protein expression in skeletal 
muscle biopsies from the vastus lateralis before and after 8 weeks of 
Maximal Strength Training. Data are presented as individuals and relative 
mean (± SEM).*p < .05; significantly different from pretraining.

Figure 2. (A) Skeletal muscle mass-specific oxygen (O2) flux (O2 consumption 
rate per mg of tissue) and (B) normalized to mitochondrial content (O2 
consumption rates per mg of tissue per citrate synthase activity) before and 
after 8 weeks of maximal strength training. Data are presented as individuals 
and mean (± SEM). *p < .05; significantly different from pretraining.

Figure 3. (A) Skeletal muscle mass-specific oxygen (O2) flux with octanoyl-
carnitine, a long-chain fatty acid substrate (O2 consumption rate per mg of 
tissue), and (B) normalized to mitochondrial content (O2 consumption rate 
per mg of tissue per citrate synthase activity) before and after 8 weeks of 
Maximal Strength Training. Data are presented as individuals and mean (± 
SEM). *p < .05; significantly different from pretraining.

Figure 4. Phosphocreatine (PCr) recovery time constant before and after 8 
weeks of maximal strength training. Data are presented as individuals and 
mean (± SEM). *p < .05; significantly different from pretraining.
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strength training. As the mitochondrial adaptations induced by 
strength training methods are still poorly understood and equivocal, 
the purpose of this study was to comprehensively investigate the ef-
fects of MST on skeletal muscle mitochondria, from the molecular 
level to whole-muscle, in sedentary older individuals. The main find-
ings of this study were that, despite the anticipated improvements in 
both force production and muscle mass, 8-weeks of MST in older 
adults resulted, somewhat surprisingly, in (i) diminished maximal 
ADP-stimulated respiration (state 3CI+CII) and state 3CI respiration as 
well as decreased state 3 free-fatty acid linked respiration measured 
ex vivo, and (ii) measured in vivo, decreased muscle oxidative phos-
phorylation capacity, but no change in the oxidation of lipid during 
submaximal whole-body cycling. As mitochondrial content (mito-
chondrial complex protein abundance and citrate synthase activity) 
was unaffected by the training intervention, the attenuated energetic 
capacity following MST is likely the result of qualitative mitochon-
drial adaptations. Although these mitochondrial adaptations are po-
tentially negative in terms of skeletal muscle energetic capacity, they 
need to be considered in light of the many positive, and potentially 
fall preventing, improvements in muscle function that MST affords 
older adults.

Mitochondrial Content Following MST
Although 8 weeks of MST increased both muscle force and muscle 
volume, mitochondrial content, measured by citrate synthase ac-
tivity and the protein expression of mitochondrial complexes I–V 
(Figure 1), was unaltered. These results add to the growing body of 
evidence (13,30,31) indicating that strength training (>60% 1 RM), 
does not result in a “dilution” of the mitochondria as a consequence 
of the increase in myofibrillar volume as previously suggested (32). 
In fact, the unchanged mitochondrial protein expression despite the 
increased contractile protein abundance indicated by the greater 
muscle volume could actually be interpreted as evidence for mito-
chondrial biogenesis. Indeed, if mitochondrial abundance remained 
constant, then a relative decline in the ratio between mitochondrial 
protein and total protein would have been observed.

Ex Vivo Muscle Respiratory Capacity Following MST
A unique aspect of the this study was the comprehensive, ex vivo, 
characterization of the muscle mitochondrial adaptations associ-
ated with MST in the skeletal muscle of older adults, achieved by 
examining the respiratory fluxes through the complexes of the elec-
tron transport chain in permeabilized fibers. This approach revealed 
that the maximal ADP-stimulated respiratory rate, with substrates 
facilitating convergent electron flow through complex I  and II of 
the electron transport chain, was significantly decreased by MST 
(Figure  2A). Interestingly, after normalization for citrate synthase 
activity, which although not significantly changed by MST can im-
prove the acuity of respirometry measures, the decrease in state 3CI+CII 
respiration appeared to be predominantly mediated by a decline in 
complex-I-specific respiration (Figure  2B). In contrast, whether or 
not normalized for citrate synthase activity, state 3CII supported res-
piration and uncoupledCIV respiration were not significantly different 
from pre- to post-training (Figure 2) suggesting that the other com-
ponents of the respiratory chain were not noticeably altered by MST. 
In agreement with the invariant citrate synthase activity, the protein 
abundance of the oxidative phosphorylation complexes I–V were 
also not significantly different from pre- to post-training (Figure 1), 
implying that qualitative adaptations within the mitochondria, 

rather than a change in mitochondrial mass, likely explain the de-
crease in state 3CI and state 3CI+CII respiration with MST.

While this is the first study to document a deleterious effect of 
MST on muscle respiratory capacity in permeabilized fibers from 
the skeletal muscle of older subjects, other studies have previously 
explored mitochondrial functional adaptations to more traditional 
strength training using lower training loads. For instance, in young 
healthy subjects, strength training has been documented to improve 
muscle state 3CI+CII respiration utilizing permeabilized muscle fibers 
(8,13). However, in older subjects, results are more equivocal, with 
some studies reporting increased enzymatic activities or oxidation 
rate (15,30), but not all (6,17). In this regard, it is interesting to note 
that the latter studies used an isolated mitochondria preparation 
(6,17) that disrupts the mitochondria and the respiratory complex 
interactions (18,19), further suggesting that qualitative adaptations 
within the mitochondria may play a role in the change in muscle re-
spiratory capacity with strength training.

Skeletal Muscle Lipid Oxidation Following MST
The maximal respiratory rate with octanoyl-carnitine, a long-chain 
fatty acid substrate, was significantly decreased in the current 
older adults following 8 weeks of MST (Figure 3), whether or not 
normalized for citrate synthase activity, revealing an impaired muscle 
fatty acid oxidation capacity. Octanoyl-carnitine bypasses the fatty 
acid transporter Carnitine palmitoyltransferase I  (CPT I), to cross 
the mitochondrial membrane and directly enters the beta-oxidation 
pathway. Therefore, the attenuated respiratory rate with octanoyl-
carnitine following MST may be linked to decreased beta-oxidation, 
and/or dysfunction of the electron-transferring flavoprotein quinone 
oxidoreductase. This was, another, somewhat surprising response to 
MST. Specifically, although the capacity for muscle to oxidize fatty 
acid declines with advancing age and inactivity, and is linked to in-
sulin resistance (33,34), this has, historically, been documented to 
be improved by strength training, partly by the resultant increase in 
muscle mass (35,36). However, of note, substrate oxidation meas-
ured by indirect calorimetry during submaximal cycling exercise was 
not altered by MST in the present study, suggesting that, at least, at 
the whole-body level, there was likely no functional impact of this 
adaptation.

In Vivo Muscle Oxidative Phosphorylation Capacity 
Following MST
A key finding of the present study was the documentation of a 
slower PCr recovery time constant (Figure 4), which, combined with 
a ~20% decrease (p = .055, d = 0.70) in the peak rate of oxidative 
ATP synthesis in the quadriceps after 8 weeks of MST, implies a 
lower muscle oxidative phosphorylation capacity. Such a finding dis-
agrees with our initial hypothesis. In contrast, using lower training 
loads (60%–85% 1 RM), Jubrias et  al. (14) documented an im-
provement in the muscle capacity for mitochondrial ATP synthesis 
measured by 31P-MRS following more traditional strength training 
in older adults. However, although both the current study and the 
work of Jubrias et  al. (14). focused on strength development, the 
training programs differed in terms of not only training load, but 
also the number of sets and repetitions (4 sets × 4 repetitions versus 
3–5 sets × 4–15 repetitions), and duration (8 vs 24 weeks). Taken 
together, these two studies suggest that strength training with lower 
loads, a greater number of repetitions, and for a longer period of 
time, may be favorable for increasing muscle ATP synthesis capacity, 
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whereas the use of higher intensities may, in fact, be detrimental to 
muscle oxidative phosphorylation capacity.

As type II muscle fibers are traditionally thought to exhibit a 
lower aerobic capacity than type I fibers (37), a fiber type shift may 
provide a plausible explanation for the negative effect of MST on 
muscle oxidative phosphorylation capacity reported herein. Indeed, 
as previously reported, 8 weeks of MST upregulated the relative ex-
pression of fast myosin heavy chain in the current study, and has 
been found to increase the proportion of type II fibers in older 
subjects (21). However, it should be noted that changes in fiber type 
composition do not necessarily result in functional changes in mito-
chondria. For instance, young subjects with a greater proportion of 
fast-twitch fibers, such as sprinters, demonstrate a greater muscle 
oxidative phosphorylation capacity measured by 31P-MRS than their 
untrained counterparts (38). Furthermore, the maximal respiratory 
capacity and the molecular composition of mitochondria from fast 
and slow twitch skeletal muscles have in fact been demonstrated to 
be similar (39,40). Therefore, overall, these findings suggest that the 
MST-induced shift in fiber type, per se, may not actually account for 
the detrimental effect of this form of strength training on muscle 
oxidative phosphorylation capacity, pointing, instead, toward alter-
ations in the mitochondrial machinery. However, additional research 
at the molecular level is required to further examine the potential 
structural changes and mechanisms responsible for such mitochon-
drial adaptations.

Mechanisms Responsible for the MST-Induced Fall 
in Mitochondrial Respiratory Capacity
There is a growing evidence suggesting that, besides alterations in 
mitochondrial enzymatic activity and volume, the architecture of the 
inner membrane of the mitochondria and the organization of the 
respiratory complexes also determine mitochondrial respiratory cap-
acity. Specifically, cristae remodeling can cause CI linked respiration 
impairment (41), and exercise can trigger such changes in cristae 
morphology (10). Additionally, CI supported respiration is particu-
larly sensitive to exercise-induced alterations of the supercomplexes 
(41), as the majority of CI appears to be located in supercomplexes 
(11,12). Finally, greater proton leak across the inner mitochondrial 
membrane can result in attenuated state 3CI and state 3CI+CII respir-
ation. However, state 2 respiration (Figure  2A and B) and ANT 
protein abundance (Figure 1), a key protein involved in basal proton 
leak (42), were both not significantly different following MST. In 
contrast, UCP3 expression, a protein thought to modulate basal 
proton leak (43), was upregulated by MST (Figure 1). Interestingly, 
recent evidence suggests that UCP3-mediated uncoupling activity 
is actually activated by elevated levels of free radicals or fatty acid 
overload (44). Therefore, the increased expression of UCP3 observed 
herein might be a compensatory mechanism aimed at attenuating 
reactive oxygen species (ROS) formation and limiting ROS-induced 
cellular damage as a consequence of impaired CI activity, as this is 
an important site of free radical generation (45). Thus, although not 
categorically identified in the current study, because mitochondrial 
content was unaffected by the training intervention, the attenuated 
respiratory capacity following MST is likely the result of such quali-
tative mitochondrial adaptations.

Experimental Considerations and Limitation
With previous studies providing evidence suggesting that strength 
training can also result in beneficial mitochondrial adaptations 
(8,9), the results from our study are the first to indicate that these 

adaptations are intensity-dependent and that higher-intensity 
strength training might, in fact, be detrimental. Second, the discrep-
ancy in the response to MST training observed in the present study 
between mitochondrial protein abundance/content (Complex I–V, 
CS activity) and function (31P-MRS and high-resolution respirometry 
in permeabilized muscle fiber) led further credence to the hypoth-
esis that strength training leads predominantly to “qualitative” or 
more subtle changes in mitochondrial morphology. This would also 
explain some of the conflicting results reported in the literature 
(6,14,15,17), as some mitochondrial preparations affect mitochon-
drial structure and may disrupt those adaptations.

We recognize that the sample size in the current study is rela-
tively modest, and our findings are therefore somewhat explora-
tory. However, when assessing physiological adaptations to a 
training intervention, carefully controlling the training stimuli is 
essential to be able to confidently determine the effect size of such 
intervention. Therefore, training sessions have to be supervised, 
which is time and resource demanding, but necessary for the rigor 
of the study. For this reason, this type of well-controlled studies 
involving numerous visits to the laboratory, invasive procedures 
(cf. muscle biopsies) and stringent screening (MRI/S eligibility and 
homogeneous group of healthy older) tend to be limited in sample 
size (13,46–48). Therefore, additional studies with larger cohorts 
of older adults are warranted to confirm these detrimental effects 
of MST on mitochondrial function.

The inclusion of a younger group would have been an interesting 
addition to our dataset. For instance, Robinson et  al. (6) previ-
ously documented a greater fractional synthesis rate of mitochon-
drial proteins following strength training in older adults compared 
to their younger counterpart. However, aging was also associated 
with an attenuated upregulation of the mitochondrial proteome, 
and the maximal ADP-stimulated respiration from isolated mito-
chondria of the vastus lateralis was not significantly affected by 
strength training in both groups. Together, these results suggest 
that the training-induced changes in mitochondrial proteome may 
be influenced by age, although the functional significance of these 
findings is somewhat unclear. From a mechanistic standpoint, it 
would therefore be interesting to investigate whether the MST-
induced alterations of the mitochondrial proteome and function 
are influenced by age.

Practical Implications and Perspective
Despite the apparent negative effect of MST on mitochondrial ener-
getic capacity reported herein, MST does not alter V̇O2max in older 
adults (21), or even well-trained athletes (49,50). Taken together 
with the functional improvements in strength, anaerobic flux, muscle 
efficiency, and endurance (21,22,51), MST should still be considered 
a potent stimulus to attenuate the aging process of skeletal muscle.

Conclusion

Despite the anticipated MST-induced improvements in skeletal 
muscle force production and muscle mass in healthy older adults, 
this study revealed that 8 weeks of MST attenuates mitochondrial 
respiratory capacity, measured both ex vivo and in vivo. As mito-
chondrial content was unaffected by the training intervention, the 
attenuated respiratory capacity following MST is likely the result 
of qualitative mitochondrial adaptations. These potentially nega-
tive adaptations, in terms of skeletal muscle aerobic capacity, need 
to be considered in light of the many positive, and potentially fall 
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preventing, improvements in skeletal muscle function afforded older 
adults by MST.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.

eFigure 1.  Individual gels from western blot with loading con-
trols. Subject samples (1–8) were run in duplicate before (PRE) and 
after (POST) 8 weeks of knee-extension maximal strength training.
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