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Summary
Mitochondrial dysfunction plays a key pathogenic role in aging
skeletal muscle resulting in significant healthcare costs in the
developed world. However, there is no pharmacologic treatment to
rapidly reverse mitochondrial deficits in the elderly. Here, we
demonstrate that a single treatment with the mitochondrialtargeted peptide SS-31 restores in vivo mitochondrial energetics
to young levels in aged mice after only one hour. Young (5 month
old) and old (27 month old) mice were injected intraperitoneally
with either saline or 3 mg kg 1 of SS-31. Skeletal muscle mitochondrial energetics were measured in vivo one hour after injection
using a unique combination of optical and 31P magnetic resonance
spectroscopy. Age-related declines in resting and maximal mitochondrial ATP production, coupling of oxidative phosphorylation
(P/O), and cell energy state (PCr/ATP) were rapidly reversed after SS31 treatment, while SS-31 had no observable effect on young
muscle. These effects of SS-31 on mitochondrial energetics in aged
muscle were also associated with a more reduced glutathione redox
status and lower mitochondrial H2O2 emission. Skeletal muscle of
aged mice was more fatigue resistant in situ one hour after SS-31
treatment, and eight days of SS-31 treatment led to increased
whole-animal endurance capacity. These data demonstrate that SS31 represents a new strategy for reversing age-related deficits in
skeletal muscle with potential for translation into human use.
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Introduction

Aging Cell

Impaired mitochondrial function is associated with exercise intolerance,
fatigue, and muscle atrophy (Williams et al., 2007; Min et al., 2011),
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which contribute to poor quality of life and loss of independence in the
elderly. The resulting increased rates of nursing home placement and
hospitalization make the loss of skeletal muscle function with age
(sarcopenia) a growing public health crisis in terms of both quality of life
and economic costs to society, which were estimated to be $18 billion in
the U.S. in 2000 (Janssen et al., 2004). Despite these societal costs, there
is no known pharmacologic treatment to reverse age-related mitochondrial deficits and improve skeletal muscle function in vivo.
Mitochondrial deficits resulting from a buildup of oxidative stress is
one mechanism that may link advanced age to skeletal muscle
dysfunction. Mitochondria produce reactive O2 species (ROS) at the
electron transport chain (ETC) as a by-product of oxidative phosphorylation (St-Pierre et al., 2002). As organisms age, the rate of mitochondrial ROS production increases, resulting in a more oxidized intracellular
environment (Mansouri et al., 2006). This increased oxidative state may
modify cell function by (i) damaging proteins, lipids, and DNA; (ii)
activating cellular stress response pathways; and (iii) modifying protein
function through reversible redox sensitive post-translational modification such as glutathionylation (Applegate et al., 2008; Sohal & Orr,
2012). The traditional view is that the accumulation of oxidative damage
to proteins, lipids, and mitochondrial DNA resulting from exposure to
increased levels of ROS results in mitochondrial dysfunction with age.
However, a growing body of evidence describes more subtle interactions
between the intracellular redox environment and mitochondrial energetics (Mailloux et al., 2011; McLain et al., 2011; Siegel et al., 2011),
which may contribute to age-related changes in mitochondrial function.
We have previously demonstrated that reduced mitochondrial
efficiency and maximal ATP production are accompanied by a loss of
energy homeostasis in aged skeletal muscle in both humans (Amara
et al., 2007) and mice (Marcinek et al., 2005) (Siegel et al., 2012).
Increasing oxidative stress in young skeletal muscle leads to reduced
mitochondrial efficiency and altered energy homeostasis in vivo, similar
to aging muscle, without a change in mitochondrial function ex vivo
(Siegel et al., 2011). These data suggest that mild oxidative stress results
in a ‘regulatory’ change in mitochondrial function that is dependent on
the cell environment without leading to ‘structural’ changes that are
intrinsic to the mitochondria. The difference between the effects of
oxidative stress on in vivo and ex vivo mitochondrial function supports
the importance of considering the interaction between the cell environment and mitochondria in age-related mitochondrial dysfunction. This
idea is also consistent with data suggesting that previous studies may
have overestimated the extent of mitochondrial damage in aging muscle
(Rasmussen et al., 2003; Picard et al., 2010).
If age-related energy deficits are due to regulation of mitochondrial
function by oxidative stress, it should be possible to rapidly reverse
mitochondrial dysfunction by altering the oxidative environment. We
directly test the role of regulatory vs. structural changes (Sohal & Orr,
2012) in mitochondrial dysfunction in aged skeletal muscle by manipulating mitochondrial oxidative stress with an acute treatment of the
mitochondrial-targeted peptide SS-31. SS-31, like other Szeto-Schiller
(SS) peptides, has an alternating aromatic-cationic structure that allows it
to freely cross the cell membrane and concentrate >1000 fold in the
mitochondrial inner membrane independently of mitochondrial membrane potential. SS-31 associates with mitochondrial cardiolipin (Birk
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et al., in press), improves ATP production, reduces mitochondrial ROS
production, and lowers oxidative damage (Szeto et al., 2011). These
effects are associated with protection against ischemia–reperfusion
injury (Szeto et al., 2011), cardiac hypertrophy and failure (Dai et al.,
2011), disuse muscle atrophy (Min et al., 2011), high fat diet–induced
insulin resistance (Anderson et al., 2009), and MPTP-induced dopaminergic neuron cell death, a model of Parkinson’s disease (Yang et al.,
2009) in animal models. Here, we report that treatment with SS-31
rapidly reverses in vivo deficits in mitochondrial energetics in aged
skeletal muscle and improves skeletal muscle performance. These data
support the hypothesis that altered regulation of mitochondria by an
oxidative shift in the redox environment plays a significant role in the
age-related decline in skeletal muscle function.

Results
To determine whether SS-31 improves mitochondrial energetics in old
mice, we administered 3 mg of SS-31 per kg of body weight by
intraperitoneal injection and used simultaneous in vivo optical and 31P
magnetic resonance (MR) spectroscopy (Siegel et al., 2012) to measure
mitochondrial function approximately one hour after treatment. Fig. S1
(Supporting information) shows that SS-31 is rapidly taken up by
skeletal muscle, with maximal levels observed as early at 30 min after
administration. Representative optical and MR spectra and the associated analysis of in vivo mitochondrial function are provided in Fig. 1.
As controls, we administered volume-matched doses of saline (C) to
both young and old mice and the same dose of SS-31 to young mice.

Measurement of in vivo mitochondrial function 1 h after a single acute
treatment precludes an increase in mitochondrial content as an
explanation for the improved energetics as demonstrated by the lack
of effect of SS-31 on protein expression of ETC in old mice (Fig. S2).
Aging was associated with a reduction in free reduced glutathione
(GSH) levels (Fig. 2A) with no significant change in oxidized glutathione
(GSSG) (Fig. 2B). One hour after treatment with SS-31, GSH increased in
the aged mice. The increase in GSH was associated with a reduction in
the glutathione redox potential in the old mice (more negative potential
in Fig. 2C). SS-31 in the young mice or age alone had no significant
effect on GSH redox status in the young mice (Fig. 2C). Aging was also
associated with an increased capacity for H2O2 production by permeabilized extensor digitorum longus (EDL) muscle (Fig. 2D). The addition of
500 nM SS-31 to the assay reduced H2O2 production in permeabilized
EDL from aged mice (Fig. 2D).

SS-31 rapidly reverses age-related energetic deficits
In vivo P/O ratio and mitochondrial phosphorylation capacity (ATPmax)
were significantly depressed in old vs. young adult mice. One hour after
treatment with SS-31, both measures of mitochondrial function returned
to young levels (Fig. 3A,E). The changes in in vivo P/O parallel the
changes in resting mitochondrial ATP production with age and SS-31
treatment (Fig. 3B), while neither age nor SS-31 affected the resting rate
of mitochondrial O2 consumption (Fig. 3C). Figure 3D illustrates the
improved recovery of PCr following ischemia, indicative of improved
ATPmax (Fig. 3E; Blei et al., 1993).
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Fig. 1 (A) Representative in vivo 31P MR
spectra acquired during dynamic
experiment following 20-Hz linebroadening and summing 3 consecutive
FIDs. (B) Representative in vivo NIR optical
spectra acquired during dynamic
experiment. (C) Analysis of dynamic in vivo
spectra in conjunction with biochemical
measures of hemoglobin, myoglobin, and
ATP yields a noninvasive assessment of
mitochondrial O2 consumption, resting ATP
demand (ATPase) rate, and oxidative
phosphorylation capacity (ATPmax). Total
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Fig. 2 In gastrocnemius muscle, (A) GSH
was depressed in old vs. young and was
restored to near young levels one hour after
a single SS-31 injection, while (B) neither
age nor SS-31 treatment affected GSSG
content. (C) The glutathione redox
potential was not significantly higher (more
oxidized) in old vs. young, but was
significantly reduced by in vivo SS-31
treatment in old mice. (D) H2O2 emission in
permeabilized extensor digitorum longus
(EDL) was elevated in old vs. young and was
restored to near young levels in the
presence of exogenous SS-31.
Means  SEM. For glutathione data, n = 8
for young controls and 4 for other groups.
For H2O2 data, n = 3 for young and n = 9
for old data. *P < 0.05 relative to old
control. # P < 0.05, ### P < 0.001 relative
to young control.
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Fig. 3 (A) In vivo P/O ratio was depressed with age and restored one hour after SS-31 injection. (B) Resting ATPase rate was significantly lower in old mice and recovered
one hour following SS-31 treatment, while (C) O2 consumption was unchanged. (D) After ischemia, PCr recovered to resting concentration at a faster rate in old mice
following SS-31 treatment, revealing (E) a significant increase in ATPmax. SS-31 had no observed affect on these measures of in vivo mitochondrial function in young mice.
Means  SEM. n = 5–7 per group. ** P < 0.01 relative to age-matched control. ## P < 0.01 relative to young control.

Improvements in cell energetics were associated with a reduction in
energy stress in the old animals. Cell energy state, as measured by the
PCr/ATP ratio, was also significantly depressed with age and recovered to
young levels one hour after SS-31 treatment (Table 1). Figure S3
(Supporting information) illustrates the greater relative peak area of PCr
after SS-31 treatment in representative fully relaxed 31P MR spectra from
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old control and old SS-31-treated mice. Metabolite concentrations used
for metabolic analyses are provided in Table 1.
In contrast with our in vivo results, there was no effect of age or
SS-31 treatment on mitochondrial respiration in permeabilized muscles.
Neither proton leak–driven respiration (state 4, Fig. 4A) nor maximal
ADP-stimulated respiration (state 3, Fig. 4B) was significantly different in
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Table 1 Metabolites from young and old mice skeletal muscle with and without SS-31 treatment
Young

Old

C
Body wt (g)
GA wt (mg)
ATP (mM)
PCr (mM)
Pi (mM)
Cr (mM)
ADP (lM)
AMP (nM)
pHRest
pHIschemia
Mb (nmol g 1)
Hb (nmol g 1)

25.20
124.4
10.26
36.83
3.55
43.19
15.56
25.41
7.07
6.96
0.034
0.031

SS31
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1.40
2.45
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0.01
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2.31
41.48
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42.02
7.10
6.95
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0.31
0.61
3.13
12.46
0.05
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0.003
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24.43
2.40
38.11
29.22
97.03
7.02
6.90
0.031
0.037
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0.87*
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0.22**
0.75***
0.23*
1.16*
2.13 *
11.77***
0.02
0.03
0.002
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28.67
106.1
7.69
29.29
2.18
38.06
19.45
51.07
7.06
6.88
0.035
0.048
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4.0
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1.89#
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3.00
18.33
0.03
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0.002
0.009

Data for ATP and total creatine (Cr) are from HPLC, Mb and Hb are from SDS-PAGE analysis, and all other values were calculated from MR spectra. Mean  SEM; n = 3–9.
*P < 0.05.
**P < 0.01.
***P < 0.001 relative to young control.
#
P < 0.05 relative to aged-matched control.
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of old mice using tetanic stimulation (200 Hz) every 2 s 1 h after
treatment. This preparation maintains the in vivo circulatory and nervous
inputs into the muscle. The rate of force decay was slower (Fig. 5A), and
the percent of original force at the end of the fatigue protocol (Fig. 5B)
was significantly greater in SS-31-treated mice relative to control.
Maximum specific force (Fig. 5C) and the force–frequency response
(Fig. 5D), two parameters that should be independent of acute changes
in skeletal muscle mitochondrial function, were not affected by acute
SS-31 treatment in aged TA.
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Fig. 4 Mitochondrial respiration was measured in permeabilized extensor
digitorum longus (EDL) muscles from young and old mice treated in vivo with
either saline or SS-31. (A) There was no effect of age or SS-31 on state 4
respiration (complex I substrates, no ADP) or (B) state 3 respiration (complex I + II
substrates, saturating ADP). Means  SEM. n = 3–4 per group.

permeabilized EDL muscles from adult and old mice treated in vivo with
saline or SS-31.

SS-31 improves fatigue resistance in old muscle
We hypothesized that improved mitochondrial energetics would lead to
improved muscle endurance and resistance to fatigue. To test muscle
function, we measured in situ muscle fatigue in the tibialis anterior (TA)

Reversal of mitochondrial dysfunction also led to improvements in wholebody exercise capacity in the old mice. In the young adults, SS-31
treatment did not significantly improve endurance capacity. However, SS31 treatment did lead to a trend toward greater running capacity in the
top-performing young adults. As illustrated in Fig. 6B, old mice treated
daily for 8 days with SS-31 were able to run at a rate of 30 m min 1 and
an upward incline of 10° for a significantly longer period of time than
untreated old controls. However, both groups of old animals performed
worse than either young group Fig. 6A. Despite the improved fatigue
resistance and endurance capacity in the 27 mo animals, SS-31 treatment
over a two-week period did not lead to an increase in voluntary wheel
running (Fig S4).

Discussion
We tested whether in vivo mitochondrial energy deficits in aged skeletal
muscle could be rapidly reversed with a single treatment of the
mitochondrial-targeted peptide SS-31. Using a combined MR and optical
spectroscopy approach, we identified declines in mitochondrial coupling
efficiency (P/O), phosphorylation capacity (ATPmax), and energy state
(PCr/ATP) in aged muscle that were restored to young levels 1 h after a
single treatment with SS-31. The improvements in mitochondrial
energetics were associated with a reduction in the cell redox state and
improved performance in aged skeletal muscle.
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Fig. 6 SS-31 improves exercise tolerance in old mice. (A) 8 days of SS-31
treatment had no significant effect on treadmill endurance in young mice. (B) After
SS-31 treatment, old mice had increased exercise tolerance. Note the different
time axes in A and B. n = 7–8 per group for old and n = 5 for young. * P < 0.05.

Oxidative stress leads to reduced in vivo P/O and PCr/ATP in the
absence of intrinsic mitochondrial changes in young mouse skeletal
muscles (Siegel et al., 2011) and a further decline of ATPmax in aged
muscles (Siegel et al., 2012). The effects of increasing oxidative stress
with paraquat treatment on in vivo mitochondrial function parallel
those associated with normal aging in mouse and human skeletal
muscles (Amara et al., 2007; Siegel et al., 2012). This suggests that
oxidation of the cell environment with age may reversibly inhibit
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mitochondrial energetics and underlie energy deficits in aged skeletal
muscle. We tested this hypothesis by targeting mitochondrial ROS
production and cell redox state with the mitochondrial-targeted
peptide SS-31. The more reduced environment was associated with
improvements in in vivo P/O, ATPmax, and PCr/ATP. This rapid reversal
of depressed energetic function was not due to increased mitochondrial content or intrinsic functional capacity as measured by state 3
respiration in permeabilized muscle fibers. The short time between
treatment with SS-31 and measurement of in vivo energetics also
indicates that the improvements are not due to repairing or replacing
damaged mitochondria (Hood, 2001). Therefore, these results support
the hypothesis that the interaction between mitochondria and cell
environment in aged skeletal muscle contributes significantly to
mitochondrial deficits. This insight suggests that manipulation of the
oxidative state of the cell may be a therapeutic target for reversal of
mitochondrial deficits in aged skeletal muscle.
In efforts to ameliorate age-related changes by targeting mitochondrial oxidative stress, other groups have used both long-term
pharmacologic (Skulachev et al., 2009; McManus et al., 2011) and
transgenic (Schriner et al., 2005; Jang et al., 2009) strategies to
deliver antioxidants to mitochondria. However, the long-term nature
of these interventions prevents distinction between ‘regulatory’
(reversible inhibition by oxidative stress) and ‘structural’ changes
(repair or prevention of oxidative damage by protein turnover or
compensation by mitochondrial biogenesis). A recent study also
demonstrated improved mitochondrial coupling in human muscle
following nitrate supplementation (Larsen et al., 2011). However, this
effect followed a 3-day nitrate supplementation resulting in changes
intrinsic to the mitochondria that were reflected both in vivo and in
permeabilized muscle fibers and in decreased ANT protein expression.
In contrast, the reversal of in vivo mitochondrial deficits by SS-31 on
this short time scale indicates that the shift in redox state and
improved function are independent of adaptive or compensatory
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changes to mitochondrial protein expression. Previous work has
suggested that mitochondrial function can be altered in vivo by
acute manipulation of redox signaling. Acute inhibition of nitric oxide
synthase in rat skeletal muscle by L-NAME led to reduced O2 cost for
muscle contraction (Baker et al., 2006), which is consistent with an
acute increase in mitochondrial coupling efficiency. Thus, we provide
strong evidence that reversible regulatory inhibition by oxidative stress
contributes to functional deficits in old mitochondria independently of
permanent structural modification by oxidative damage.
One potential mechanism by which the mitochondrial redox
environment can control mitochondrial energetics without inducing
permanent damage is through post-translational modification of
mitochondrial proteins. Reversible glutathionylation is one such
example. Increased oxidative stress has been found to lead to
increased glutathionylation and inhibition of the activity of ETC
proteins, F1F0 ATPase (Garcia et al., 2010) and complex I (Hurd et al.,
2008), and of TCA cycle proteins, succinyl-CoA transferase (Garcia
et al., 2010) and a-ketoglutarate dehydrogenase (Applegate et al.,
2007). GSH bound to proteins would be lost during our extraction
procedure and would result in a reduction in the measured free GSH
as we found in the aged gastrocnemius. The rapid increase in the
total GSH pool in the SS-31-treated aged muscles is consistent with a
release of bound GSH from proteins (Garcia et al., 2010). Further
experiments are required to determine the biochemical mechanisms
that underlie the reversible inhibition of in vivo mitochondrial function
in aged skeletal muscle demonstrated here.
Exercise capacity declines dramatically with age, and SS-31 treatment
improved skeletal muscle performance and exercise capacity in aged mice.
The improved fatigue resistance in the aged TA in situ suggests that SS-31
treatment results in increased performance due to parameters that are
intrinsic to the skeletal muscle. The TA was stimulated to contract by direct
stimulation of the peroneal nerve, which remains intact in this preparation.
Therefore, the absence of an effect of SS-31 on maximal tetanic force or
the force–frequency relationship in situ indicates that the fatigue
resistance was not due to improved function of the neuromuscular
junctions or the contractile apparatus (Percival et al., 2008).
Previous studies have demonstrated improved skeletal muscle
fatigue resistance with the antioxidant N-acetylcysteine (NAC). Multiple studies have demonstrated that acute NAC treatment increases
fatigue resistance to submaximal (low frequency) fatigue, but has no
effect on muscle fatigue during high-frequency (tetanic) stimulation in
limb muscles (Reid et al., 1994; Matuszczak et al., 2005). The effects
of oxidative stress on low-frequency fatigue have been suggested to
work through redox modification of EC coupling or myofibrillar
proteins [reviewed by (Reid, 2008)]. To more directly test the link
between improved muscle energetics and fatigue, our stimulation
protocol used tetanic stimulations to induce high-frequency fatigue, a
condition in which general antioxidant treatment has been shown to
have no effect. Thus, these data are consistent with the conclusion
that the fatigue resistance of aged muscle 1 h after SS-31 treatment
is due to the reversal of mitochondrial deficits in aged muscle and not
the direct result of increased antioxidant activity. However, we cannot
rule out the possibility that the improved fatigue resistance is due to
effects of the reduced oxidative state that are independent of
mitochondrial energetics.
In addition to the resistance to muscle fatigue observed in situ, we
found that aged mice had improved exercise tolerance following SS-31
treatment, which was particularly evident in the top performers in both
age groups. This improvement further supports a role for oxidative stress–
dependent inhibition of mitochondrial function in the loss of exercise

capacity with age. SS-31 has been shown to protect both the cardiovascular and nervous systems from stress-induced dysfunction (Yang et al.,
2009; Dai et al., 2011) so it is possible that improvements in both systems
in aged mice contribute to the improved exercise tolerance observed in this
study. Targeting catalase to skeletal muscle and heart mitochondria also
increased exercise tolerance in young mice after three months (Li et al.,
2009), but had no effect on ex vivo fatigue resistance in the extensor
digitorum longus. However, catalase expression was mosaic in the skeletal
muscle, and mitochondrial energetics or oxidative stress was not measured
so it is not clear whether catalase expression and SS-31 treatment in this
study are acting through the same mechanisms to improve exercise
tolerance.
A causal link between improved skeletal muscle energetics and
improved muscle function has been demonstrated previously. Quercetin
administration for seven days increased mitochondrial biogenesis and
resulted in a 25% increase in cytochrome c expression in skeletal muscle
and brain, leading to significantly improved exercise capacity in young
mice (Davis et al., 2009). Increased mitochondrial content in skeletal
muscle following administration of (-)-epicatechin, an extract found in
dark chocolate, also led to improved high-frequency fatigue resistance in
isolated skeletal muscles and increased treadmill performance in young
mice (Nogueira et al., 2011). However, the improvements with SS-31 in
this study are unique in that they show an increase in ATPmax and muscle
performance in the absence of increased mitochondrial content.
This indicates that there is extra capacity for mitochondrial ATP production
that is inhibited under conditions of normal aging in mouse skeletal
muscle.
Interestingly, SS-31-treated mice did not run farther than untreated
mice when given voluntary access to running wheels. Comparison of
voluntary wheel running with treadmill test separates exercise capacity
from motivation to exercise. Unlike forced treadmill running to exhaustion, voluntary wheel running tests an animal’s motivation more than the
limits of its endurance.
In conclusion, this study demonstrates the recovery of depressed
mitochondrial energetics and restoration of the cell redox environment in
aged mouse skeletal muscle by a single injection of the mitochondrialtargeted peptide SS-31. Interestingly, this acute treatment had no effect
on skeletal muscle energetics in young healthy mice, indicating that SS-31
is not simply enhancing mitochondrial function. Rather, SS-31 appears to
reverse age-related inhibition of mitochondrial energetics. The capacity for
rapid functional recovery supports the hypothesis that age-related loss of
mitochondrial function results from regulatory modifications associated
with increased capacity for mitochondrial ROS production rather than
permanent structural changes. The energetic improvements that we
observed translated into enhanced fatigue resistance and exercise
capacity, supporting the notion that SS-31 may have therapeutic benefits
for elderly humans.

Experimental procedures
Animals and SS-31
This study was approved by the Institutional Animal Care and Use
Committee of the University of Washington. Five-month (young)- and
27-month (old)-old female C57BL/6 mice were purchased from the NIA
aged mouse colony. All mice were exposed to a 12-h light :12-h dark
cycle in a fixed-temperature environment with free access to water and
standard mouse chow until immediately prior to experimentation.
Treatments were administered by intraperitoneal injection of isotonic
saline or 3 mg kg 1 SS-31 dissolved in isotonic saline at a concentration
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of 0.3 mg mL 1. Mouse body temperatures were maintained at
36°1°C throughout in vivo and in situ experiments.

In vivo metabolic spectroscopy
Mice were anesthetized by intraperitoneal injection of 0.01 mL g 1 of
2.5% tribromoethanol (‘Avertin’, Sigma, St. Louis, MO, USA), the distal
hindlimb was shaved, and the mouse was suspended by flexible straps
within a custom-built combined MR/optics probe for use with a 7T vertical
bore spectrometer (Varian, Palo Alto, CA, USA) (Siegel et al., 2012). The
distal hindlimb was centered within a horizontal MR solenoid coil tunable
to both 1H and 31P with fiber optic bundles positioned on either side to
simultaneously collect MR and optical spectra from intact skeletal muscle.
After positioning the mouse, MR signal was optimized by shimming the 1H
of tissue water, and optical signal was optimized by adjusting acquisition
time. Next, a high signal-to-noise 31P spectrum was acquired under fully
relaxed conditions (32 transients, 4096 complex points,10 kHz sweep
width, 25-s interpulse delay). Finally, dynamic optical (0.5-s delay) and MR
(45° flip angle, four transients, 4096 complex points, 10 kHz sweep width,
1.5-s interpulse delay) spectra were acquired continuously through periods
of rest (2 min), ischemia (11 min), and recovery (7 min). After the first
minute of rest, mice breathed 100% O2 for the remainder of each dynamic
experiment. In vivo spectroscopy data were acquired approximately one
hour after a single injection with either saline or SS-31.

Tissue preparation
Immediately following in vivo spectroscopy, the skeletal muscles of the
distal hindlimb were dissected and flash-frozen in liquid nitrogen. From
the left leg, extensor digitorum longus, gastrocnemius, soleus, and
tibialis anterior muscles were pooled and pulverized over liquid nitrogen
for the measurement of mixed muscle metabolites, hemoglobin, and
myoglobin concentrations. From the right leg, gastrocnemius was
pulverized over liquid nitrogen and prepared for Western blotting. All
muscle samples were stored at 80 °C until the day of assay.

Metabolite, hemoglobin, and myoglobin concentrations
Concentrations of ATP, PCr, and total creatine were determined in mixed
muscle by HPLC (Waters, Milford, MA, USA) using protocols described
previously (Marcinek et al., 2004). Hemoglobin and myoglobin concentrations were measured in mixed muscles after separating proteins with
SDS-PAGE staining with Coomassie Brilliant Blue stain (Bio-Rad, Hercules,
CA, USA) according to (Marcinek et al., 2004).

In vivo spectroscopy data analysis
31

P MR spectra were exponentially multiplied, Fourier transformed, and
manually phase corrected using Varian VNMR (7T) software. The resulting
spectra were taken to custom-written MATLAB software (MathWorks,
Natick, MA, USA) for the remainder of analysis. Raw optical spectra files
collected using WinSpec (Princeton Instruments, Trenton, NJ, USA) were
taken directly to custom-written MATLAB software for analysis. The
method used for analyzing MR spectra is described in detail elsewhere
(Marcinek et al., 2004). Relative peak integrals from fully relaxed 31P MR
spectra were used to calculate the resting inorganic phosphate (Pi)/ATP
and PCr/ATP ratios. Three consecutive dynamic spectra were summed to
improve signal-to-noise ratio, and then, the fit-to-standard algorithm
(Heineman et al., 1990) was used to determine PCr and Pi peak
magnitudes throughout dynamic acquisition. After correcting for
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variable relaxation, the ATP concentration from HPLC analysis of mixed
muscle was used as an internal reference to calculate absolute PCr and Pi
concentrations over time. pH was determined using the chemical shift
between Pi and PCr peaks, and ADP and AMP concentrations were
calculated using the known kinetics of the creatine kinase and adenylate
kinase reactions, assuming equilibrium conditions and a Mg2+ concentration of 0.6 mM (Golding et al., 1995; Kushmerick, 1997).
Optical spectra were analyzed using a partial least-squares routine to
determine the O2 saturations of Hb and Mb throughout dynamic spectral
acquisition (Marcinek et al., 2004). Second derivatives of optical spectra
were used to minimize the influence of tissue scattering (Arakaki et al.,
2007). The concentrations and known O2 binding kinetics of Hb and Mb
were then used to calculate net O2 flux in the closed system of the ischemic
hindlimb.
The resting rates of mitochondrial ATP production (ATPase) and O2
consumption were calculated during ischemia from least-squares linear
approximations of the decline in PCr and O2, respectively, during the
initial phase of ischemia (Fig. 1C) (Marcinek et al., 2004). The maximum
rate of oxidative phosphorylation (ATPmax) was calculated using a leastsquares monoexponential approximation of PCr recovery during recovery
from ischemia (Blei et al., 1993).

Glutathione redox
The quantities of reduced and oxidized glutathione were determined in
gastrocnemius using a modified version of the fluorescent HPLC method
described in detail by White et al. (White et al., 1999). One hour after
injection with either 3 mg kg 1 SS-31 or volume-matched saline, muscle
was dissected from live, Avertin-anesthetized mice, weighed quickly,
submerged in 0.5 mL of cold 5% salicylic acid (SSA), and homogenized
over ice. After incubating on ice for 15 min to allow proteins to
precipitate, homogenates were centrifuged at 4 °C for 15 min at
10 0009 g, and the resulting supernatant was taken for analysis. For
GSSG, 100 lL of sample was combined with 400 lL phosphate-buffered
saline (pH 7.4), 50 lL of 10% triethanolamine, and 4 lL of 2-vinylpyridine (to derivatize GSH). Chloroform was used to phase-separate GSH-2vinylpyridine conjugate from GSSG. After centrifugation, the aqueous
phase was combined with 200 lL 100 mM NaH2PO4, 1 mM EDTA, and
10 lL tris(2-carboxyethy)phosphine to reduce GSSG in solution. After
incubating for 20 min at room temperature, 20 lL of 6.25 mM monobromobimane (MBB) was added and incubated for 30 min to derivatize
the GSH yielded by GSSG reduction. For GSH, the original sample was
diluted 1:9 with SSA, and then, 100 lL was combined with 400 lL
phosphate-buffered saline (pH 7.4) and 50 lL of 10% triethanolamine.
One-hundard micro litre of this mixture was combined with 200 lL
100 mM NaH2PO4, 1 mM EDTA, and 10 lL H2O and then allowed 30 min
to incubate with 20 lL of 6.25 mM MBB. The fluorescent derivative of
GSH and MBB (excitation/emission of 375/475 nm) was then quantified
by HPLC (Shimadzu SCL-10AVP Columbia, MD, USA) for all samples. The
GSH redox potential was calculated using the Nernst equation (Nicholls &
Ferguson, 2002) with a standard midpoint potential of -246 mV at a cell
pH of 7.1 (Table 1).

Ex vivo mitochondrial respiration
Freshly dissected, gently separated, and permeabilized (50 lg mL 1
saponin, 4 °C, 40 min) EDL and soleus muscle fibers were stirred at 25 °C
in a 2-ml chamber of an O2K Respirometer (Oroboros Instruments,
Innsbruck, Austria). Leak-driven (‘state 4’) and ADP-stimulated respiration
was measured as described (Siegel et al., 2011).
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H2O2 emission in permeabilized muscle fibers
H2O2 production was measured using Amplex Red (Invitrogen, Grand
Island, NY, USA), which reacts with H2O2 to produce the fluorescent
molecule resorufin (excitation/emission of 590/530–560 nm). EDL muscles were dissected, mechanically separated, and permeabilized following the method used for ex vivo mitochondrial respiration measurements
described above. Muscles were then combined with 12.5 lM Amplex
Red, 2 U mL 1 horseradish peroxidase, 10 lM succinate, and either SS31 or volume-matched water in a total reaction volume of 200 lL. SS-31
concentrations of either 500 nM or 100 lM were used, with no
difference in H2O2 production between the two concentrations.
Succinate was used as substrate to measure the capacity for H2O2
production by reverse electron flow through complex I. Fluorescence was
measured on a standard plate reader and calibrated using standards of
known H2O2 concentration.

In situ muscle force and fatigue
In situ analysis of TA muscle function was performed following a protocol
described elsewhere (Percival et al., 2008). Following injection with either
3 mg kg 1 SS-31 or volume-matched saline, mice were anesthetized with
Avertin, and the distal TA tendon was surgically isolated. Mice were then
positioned on a heated platform with the limb restrained at the knee joint
and the distal tendon attached by silk sutures to the lever arm of a
servomotor (Model 305B-LR, Aurora Scientific, Aurora, ON, Canada). The
exposed surface of the muscle was kept moist with isotonic saline, and
muscle stimulation was delivered at a voltage of 4.5V through the peroneal
nerve using two needle electrodes. Custom-written software in LabVIEW
(National Instruments, Austin, TX, USA) was used to control electrical
stimulation and to acquire force vs. time data. After adjusting muscle length
to optimize tetanic force output (tetanic stimulus: 200 Hz stimulation
frequency for 300 ms), force–frequency measurements were made by
delivering stimuli once per minute at frequencies ranging from 10 to 250 Hz
to test muscle contractile response to submaximal and maximal stimulation
frequencies. Muscle fatigue was measured by delivering tetanic stimuli
(200 Hz) at 2-s intervals for 4 min and then 1 min and 5 min after the final
stimulus to assess recovery from fatigue. If tetanic muscle force failed to
reach >90% of prefatigue levels after 5 min of recovery, muscle damage
was likely to have occurred and data were discarded. After the completion
of testing, muscle length and mass were used to calculate specific tetanic
force (Percival et al., 2008). Following in situ experiments, raw data were
taken to custom-written MATLAB software for analysis. For twitch force and
force–frequency measurements, peak force during contraction was
recorded. For tetanic stimuli, the (force) 9 (time) integral (FTI) was
calculated for the entire duration of contraction.

Treadmill test
Following 8 days of daily injections with 3 mg kg 1 SS-31 or volumematched saline, endurance capacity of mice was assessed by measuring
time to failure during forced running on a treadmill (Eco 3/6; Columbus
Instruments, Columbus, OH, USA). Mice first underwent two days of
acclimation (on injection days 6 and 7), during which they were allowed
to explore motionless treadmill lanes for 1 min, become familiar with the
motivational shocking grid for 1 min, and walk at a rate of 20 m min 1
at a 0° incline for 2 min. On the following day (commencing one hour
after injection on the 8th day), mice ran at a rate of 30 m min 1 at a 10°
incline until failure. Time to failure was recorded manually, and failure
was determined when mice were unable to maintain position on the

treadmill despite electrical shock and light prodding for 10 s. Studies
were carried out between 6 pm and 8 pm to observe mice during their
more active dark cycle.

Statistics
Statistical analysis was carried out using PRISM 5 software (GraphPad, La
Jolla, CA, USA). For treadmill data, a survival analysis was carried out
using a Weibull model to fit times to exhaustion. For all other data sets,
two-tailed Student’s t-tests were used to compare groups. The levels of
statistical significance are indicated in table and figure legends.
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Fig. S1 SS-31 is rapidly elevated in skeletal muscle and declines to 10% of its
maximum value after 16 h.
Fig. S2 ETC complex protein expression was not different one hour after
injection of 3 mg kg 1 SS-31 in old mice.
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Fig. S4 Daily SS-31 treatment did not affect voluntary running distance in old
mice. Mean  SEM. n = 6–7 per group.

