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Reduced mitochondrial coupling in vivo alters cellular
energetics in aged mouse skeletal muscle
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The mitochondrial theory of ageing proposes that the accumulation of oxidative damage to
mitochondria leads to mitochondrial dysfunction and tissue degeneration with age. However,
no consensus has emerged regarding the effects of ageing on mitochondrial function, particularly
for mitochondrial coupling (P/O). One of the main barriers to a better understanding of the
effects of ageing on coupling hasbeen thelack of in vivoapproaches to measure P/O. We use optical
and magnetic resonance spectroscopy to independently quantify mitochondrial ATP synthesis
and O, uptake to determine in vivo P/O. Resting ATP demand (equal to ATP synthesis) was
lower in the skeletal muscle of 30-month-old C57Bl/6 mice compared to 7-month-old controls
(21.9 & 1.5 versus 13.6 &= 1.7 nmol ATP (g tissue)™' s™!, P =10.01). In contrast, there was no
difference in the resting rates of O, uptake between the groups (5.4 = 0.6 versus 8.4 + 1.6 nmol
O, (gtissue)™! s7!). These results indicate a nearly 50% reduction in the mitochondrial P/O in
the aged animals (2.05 == 0.07 versus 1.05 4= 0.36, P = 0.02). The higher resting ADP (30.8 4 6.8
versus58.0 £ 9.5 pmol g~!, P = 0.05) and decreased energy charge (ATP/ADP) (274 == 70 versus
84 £ 16, P = 0.03) in the aged mice is consistent with an impairment of oxidative ATP synthesis.
Despite the reduced P/O, uncoupling protein 3 protein levels were not different in the muscles
of the two groups. These results demonstrate reduced mitochondrial coupling in aged skeletal

muscle that alters cellular metabolism and energetics.
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The mitochondrial theory of ageing proposes that
oxidative damage to mitochondria leads to mitochondrial
dysfunction and tissue degeneration with age (Miquel et al.
1980). Research into the effects of ageing on mitochondria
has primarily focused on identifying oxidative damage
and biochemical defects in the electron transport chain
(ETC) in isolated mitochondria and cells. There is a
striking lack of data on the effects of ageing in vivo,
particularly data addressing the coupling of ATP synthesis
to O, uptake (P/O). This is in spite of the fact that
mitochondrial coupling is now recognized to be important
in the integration of cell energetics (Nicholls, 2004),
production of reactive oxygen species (ROS) (Brand, 2000;
Nicholls, 2004), and cell death (Stoetzer et al. 2002; Heerdt
et al. 2003) — all of which have been demonstrated to
be important factors in the ageing process. The absence
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of appropriate in vivo approaches is one of the primary
reasons for this gap in our knowledge. This study uses
a newly developed method to directly measure reduced
mitochondrial coupling in vivo in aged mice.

Modulation of the P/O is primarily through changes
in the proton leak through the inner mitochondrial
membrane. An increase in proton leak reduces the ATP
produced per O, consumed, thereby impairing the ability
of the cell to meet the energetic demand of the tissue.
The increased proton leak will also lead to reduced
resting proton-motive force (Ap) (Brand, 2000), which
has been demonstrated to sensitize the cell to the induction
of apoptosis (Stoetzer et al. 2002; Heerdt et al. 2003).
Evidence that oxidative damage to mitochondrial lipids
increases proton leak (Brookes et al. 1998), and therefore
more uncoupled respiration, suggests that increased
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mitochondrial uncoupling may provide a link between the
effects of age on oxidative damage, cellular energetics and
cell death. This provides an additional mechanism, distinct
from electron transport chain dysfunction, for the role of
mitochondria in loss of function and degeneration with
age.

Due to a lack of appropriate in vivo approaches, the
relatively few groups (in relation to those measuring
mtDNA damage and ETC dysfunction) that have
addressed mitochondrial proton leak in ageing tissues have
done so in isolated mitochondria and cells. Functional
assays performed in isolated organelles and cells may not
reflect in vivo function because mitochondrial coupling
and proton leak are modulated by many cellular factors
(e.g. flux rates, oxygenation, metabolite levels) (Gnaiger
et al. 2000) and damage to mitochondria can occur during
the isolation process (Anson et al. 2000). We suggest that
a direct in vivo measurement of mitochondrial P/O is the
necessary next step to understand the role of proton leak
and reduced coupling in the degenerative pathologies of
ageing.

This work implements a strategy that combines the
physiological relevance of in vivo analysis with the ability to
measure mitochondrial coupling. We use a combination of
optical and magnetic resonance techniques developed in
our laboratories to independently measure O, and ATP
fluxes in intact skeletal muscle (Marcinek et al. 2004).
This approach allows us not only to determine the effects
of age on mitochondrial coupling, but also to determine
how reduced coupling affects in vivo energetics and resting
metabolism. We find significantlylower P/O in aged mouse
skeletal muscle associated with a decrease in resting ATP
demand and a lower ATP/ADP. These results indicate that
reduced mitochondrial efficiency significantly alters the
bioenergetics and metabolism in ageing skeletal muscle.

Methods
Animals

All experiments were approved by the Animal Care
and Use Committee of the University of Washington.
Female 30-month-old C57Bl/6 mice (n=6,23.5+1.3g,
mean + s.e.M.) were purchased from the aged rodent
colony of the National Institute on Ageing. Due to the
genetic contamination of the NIA colony, the 7-month-old
C57Bl/6 mice were purchased from Jackson Laboratories
(n=6, 27.1 £ 1.4 g). This strain was used to derive the
NIA colony. Mice were anaesthetized with an intra-
peritoneal injection of 2,2,2-tribromoethanol (0.55 mg
(g body wt)™!) in saline (5% v/v). Respiration rate was
monitored throughout the experiments and supplemental
anaesthetic was given subcutaneously as needed. Animals
were allowed to recover from anaesthesia overnight
between optical and MRS experiments. The order in which
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the optical and MRS measurements were performed was
varied in each group to ensure that there was no effect of
experimental order on the measured variables.

For the optical experiments, the hair was removed from
the lower hindlimb using a commercial hair removal
cream (Neet®). The leg was secured between the fibre
optic bundles by fixing the ankle and foot in place such
that light travelled through the leg distal to the knee.
During the optical experiments the animals breathed
100% O, to maintain high Hb saturation of the blood.
For the MRS experiments, the leg was secured in the
same manner so that the entire volume of the hindlimb
musculature was sampled. Ischaemia was induced during
both optical and MRS experiments either by suspending
a 0.5-kg weight from a 3.2-mm cord wrapped around
the leg or inflating a custom built cuff around the leg to
200 mmHg. The durations of ischaemia —7 min for optical
and 10 min for MRS — were well below the 3 h threshold
demonstrated to result in tissue damage in limb skeletal
muscle (Blaisdell, 2002). The animals were kept warm with
forced air throughout the experiments and tissue sampling
to maintain the temperature of the leg at 37 4= 0.5°C. After
the final spectra were acquired, the hindlimb was removed
under anaesthesia, and frozen between aluminium blocks
at liquid N, temperature. The animals were then killed
with an overdose of anaesthetic given intraperitoneally.

Optical spectroscopy and analysis

Optical spectra were collected between 450 and 950 nm
as previously described (Marcinek et al. 2003). Partial
least-squares (PLS) analysis was used to determine the
Hb and Mb saturations from the optical spectra of the
mouse leg. This analysis has been applied to skeletal
muscle in vivo (Marcinek et al. 2003, 2004) and cardiac
muscle in situ (Schenkman, 2001). Weighting coefficients
corresponding to known Hb or Mb saturation values are
generated for each wavelength (560-850 nm) using an
in vitro calibration set. These weighting coefficients are
applied to the in vivo spectra to determine the saturation of
either Hb or Mb in the mouse hindlimb. Second derivative
spectra are used in the PLS analysis to remove the effect of
baseline offsets.

Calibration sets for PLS analysis of the mouse hind-
limb were constructed as previously described (Marcinek
et al. 2003). Briefly, the spectra of oxy- and deoxy-Hb
and Mb and oxidized and reduced cytochrome ¢ in
scattering media are collected. Oxy and deoxy spectra
of each absorber are mathematically added in different
proportions to generate composite spectra that span the
range of saturation and redox states for each absorber.
Concentrations of each absorber are optimized such that
the composite spectra approximate the in vivo spectra.
Weighting coefficients from one calibration set are used
to predict the saturations of a second set to determine the
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accuracy of the PLS algorithm in predicting unknown Hb
and Mb saturations. The prediction errors were found to be
4.6% and 7.4% for Hb and Mb, respectively (Marcinek et al.
2003). Tissue Hb and Mb concentrations were determined
for each animal by SDS-PAGE analysis as in Marcinek et al.
(2003).

31p MRS

The magnetic resonance experiments were performed in
either in a 4.7 tesla (T) Bruker horizontal bore magnet
or Oxford 7.0 T vertical bore magnet. The mouse body
was orientated horizontally and the leg pulled through a
three-turn solenoidal coil with an inner diameter of 8 mm
and a length of 6 mm tuned to *'P resonance frequency
(81.15MHz at 4.7 T and 121.65 at 7T). In the vertical
bore 7 T magnet the mouse head and body were suspended
horizontally from flexible straps above the coil. B, field
homogeneity was optimized by shimming using the proton
peak from tissue water. Unfiltered PCr line widths were
20-30 Hz. A high signal-to-noise *'P MRS spectrum was
taken under fully relaxing conditions — 128 acquisitions,
16 s interpulse delay, 3500 Hz spectral width, 1024 data
points at 4.7 T and 16 acquisitions, 16 s interpulse delay,
5000 Hz spectral width, 2048 data points at 7 T. Dynamic
spectra were acquired during the rest—ischaemia—recovery
experimentwith a standard one-pulse sequence witha 1.5 s
interpulse delay and a 45 deg flip angle. For each dynamic
spectrum, 16 free induction decays were added to obtain
higher signal to noise spectra with a resolution of 26's
(sum of acquisition time and time to write data). The fully
relaxed and dynamic free induction decays were Fourier
transformed, baseline corrected, line broadened with a
10Hz exponential filter, and zero-filled. Fully relaxed
peak areas were calculated by integration of the processed
spectra using the Omega software on a General Electric
console for the 4.7 T experiments and VNMR software
on a Varian Inova console for the 7 T experiments. Peak
areasrelative to a standard spectrum were determined from
the dynamic spectra with the Fit to Standard algorithm
(Heineman et al. 1990).

Calculations

Resting ATP and total creatine concentrations in the 7-
and 30-month-old mice were measured by HPLC analysis
(Wiseman et al. 1992) of extracts from frozen hind-
limbs. Resting metabolite concentrations were expressed
per volume cell water assuming 0.7 ml intracellular water
per gram muscle (Sjogaard & Saltin, 1982) to ease
comparison with published values, while ATP and O,
fluxes were expressed in nmol (g tissue) ' s~!. Resting PCr
concentrations were calculated using the PCr to y-ATP
peak ratio from the fully relaxed spectra and the mean
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ATP concentrations for each group. PCr concentrations
throughout the dynamic experiments were determined by
comparing the relative peak areas with the resting PCr
concentrations. The chemical shift of P; relative to PCr
in each spectrum was used to calculate pH (Taylor et al.
1983).

Resting ADP concentrations were calculated by
rearranging the equation for the creatine kinase
equilibrium constant (K¢k):

[ADP] = ([ATP][Cr])/([PCr]K cx) (1)

where PCr, ATP, and Cr concentrations are determined as
described above. K¢y was adjusted for pH and free Mg**
concentration of 0.6 mm (Golding et al. 1995).

Resting O, consumption and ATP synthesis

The resting rates of ATP synthesis and O, consumption
were determined during brief ischaemic bouts (Marcinek
et al. 2004). Here we present a brief description of the
approach. In the absence of blood flow the O, content
of the tissue is the product of the O, saturation of Hb
and Mb and their concentrations plus the small amount
of dissolved O,. Mitochondrial O, consumption can be
determined by following the decline in O, saturation of
Hb and Mb. Once the tissue is nearly anoxic oxidative
phosphorylation ceases and PCr is consumed to meet
the ATP demand. Prior to the onset of glycolytic ATP
synthesis (Marcinek et al. 2004), this rate of PCr break-
down measures the rate of mitochondrial ATP synthesis
(Blei et al. 1993).

Western blots

Muscle homogenates were prepared for electrophoretic
separation and Western blotting as previously described
(Marcinek et al. 2003). Three hundred and seventy-five
micrograms of homogenized muscle tissue per lane
was separated on a 10% Tris—glycine gel (Bio-Rad,
Hercules, CA, USA). Proteins were transferred to 0.2 um
nitrocellulose membranes (Bio-Rad) and blocked in 3%
gelatin in Tris-buffered saline (TBS) for 1h. at room
temperature. Blots were incubated overnight at 4°C
with rabbit anti-human uncoupling protein (UCP) 3
(1:3000) (UCP3-2, Alpha Diagnostics, San Antonio, TX,
USA). The specificity of this antibody for UCP3 in
mouse muscle has been verified using UCP3 knockout
mice (Jimenez et al. 2002). Blots were then washed
2 x 5min in 0.05% Tween—-TBS (TTBS) and incubated
for 2 h in goat anti-rabbit alkaline phosphatase conjugate
secondary antibody (Bio-Rad). After 2 x 5min TTBS
and 1x 5min TBS washes the signal was detected
according to the Bio-Rad Alkaline Phosphatase Conjugate
Substrate Kit. Membranes were photographed using a

B5UBD17 SLIOWLLIOD BAIERID 3|qedtjdde Uy Ag pausenoB ake Sapie YO 38N JO S3|NI 0 ARIq 1T 3UIIUO A3]1A UO (SUORIPUOI-PUE-SWLBILCD" A3 1M Al g1 pU1|UO//SANY) SUORIPUOD PUe SIS 1 81 39S *[5202/20/50] U0 Akeig i auliuo AB|IM ‘Dw L ueH -sexal JO AIsAN Ad 282260'5002° I0SAUdI/ETTT OT/10p/w00 A8 1M Ateiq 1jpuuo-00sAyd)/sdiy Wouy papeoiumod ‘g ‘G002 ‘€6.L691T



470 D. J. Marcinek and others

digital camera and quantified with NIH Image software
on a Macintosh computer (developed at the US National
Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image/). UCP3 bands were
normalized to control bands on each gel. Preliminary tests
were performed to ensure that the UCP3 signal reflected
different amounts of UCP3 protein in the band.

Data analysis

All statistical analyses were conducted using GraphPad
Prism version 3.0a software for the Macintosh (GraphPad
Software, Inc., San Diego, CA, USA). ATPase and O,
consumption rates were determined from the slopes of
the least-square regression lines through the plots of
PCr concentrations and total O, stores during ischaemia,
respectively. Student’s two-tailed ftest was used for all
comparisons between the 7- and 30-month-old mice. Data
are presented as means =+ standard error of the mean.
Significance was defined as P < 0.05.
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Figure 1. Resting metabolism in 7- and 30-month-old mouse
skeletal muscle

A, the hindlimb muscles from the aged (30-month-old) mice have a
significantly reduced resting ATP demand compared to the adult
(7-month-old) controls (*P < 0.05). B, there is no difference in the
resting rate of O, consumption in the hindlimb muscles of the control
(n = 6) and aged mice, despite the different ATP demand shown in
Fig. 1A. n = 5 except where noted.
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Results
Reduced mitochondrial coupling

In vivo mitochondrial function is qualitatively different
in the skeletal muscles of adult and 30-month-old mice.
Figure 1A demonstrates that the resting ATP demand is
more than 30% lower in aged muscles, while the rate
of resting O, consumption is not significantly different
in the two groups (Fig. 1B). Resting muscle is in energy
balance so this reduced ATP demand reflects a reduced
rate of mitochondrial ATP synthesis. The lower rates of
ATP synthesis without a difference in O, uptake rates
indicate partial uncoupling of oxidative phosphorylation
in the aged muscles. The P/O values in the skeletal muscle
from the aged mice shown in Fig. 2 are more than 50%
lower than found in the muscle of adult mice. These results
indicate that the aged mice produce fewer ATP per O,
consumed by the leg muscles.

Altered cell energetics

We found significantly elevated ADP concentrations and
reduced ATP/ADP and PCr concentrations with age
(Table 1). Resting pH was also lower in the aged muscles.
All of these metabolites are linked through the creatine
kinase reaction and represent a shift toward lower resting
ATP concentrations in the aged mouse muscle. In support
of this view, we found that ATP concentrations in the aged
mice tended to be lower, but not significantly, than in the
adults controls.

No change in UCP3 expression

To address whether increased proton leak in the aged
tissues is due to an up-regulation of UCP3 expression,
we determined the UCP3 protein content in muscle
homogenates from the same tissues in which we made the
physiological measurements. Figure 3 demonstrates that

30-month

7-month

Figure 2. P/O values for 7- and 30-month-old mouse skeletal
muscle

The P/O is significantly reduced in the 30-month-old (n = 5) compared
to the 7-month-old animals (n = 5) (* P < 0.05).
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Table 1. Values for metabolites from 7- and 30-month-old mouse
hindlimb muscles

7-month 30-month P-value
ATP (mm) 6.88 £0.79 4,16 + 1.01 0.09
PCr/ATP 3.37 £ 0.1 3.83+0.33 NS
pH 7.13+0.04 6.99 + 0.03* 0.03
TCr (mm) 37.1+£33 37.5+0.7 NS
PCr (mm) 22.4+0.7 16.2 + 1.3* < 0.01
ADP (um) 30.8+6.8 58.0 + 9.5* 0.05
ATP/ADP 275 +70 84 + 16* 0.03

The first three variables were measured directly using either
HPLC (ATP and TCr) or MRS (PCr/ATP and pH). The final four
variables were derived as described in the methods. P-values
were determined using a two-tailed unpaired t test. n =5 for all
values except 7-month-old ATP where n = 6.

UCP3 expression is not significantly different in the hind-
limbs of the adult and aged mice.

Discussion

This work provides a direct measurement of changes
in cell energy fluxes and the coupling of oxidative
phosphorylation (P/O) with age in vivo. Surprisingly, we
find a significant decrease in the resting ATP demand (and
therefore ATP synthesis rate) with no change in the rate
of O, uptake in the aged muscles. The net result of this is
a 50% reduction in the mitochondrial P/O in muscle of
aged mice.

Resting metabolism

Independent measurements of O, consumption and
ATPase rates provide information on resting metabolism
not available with other approaches. Resting metabolism is
an important variable in understanding the effect of age on
cells because this state reflects the major part of the energy
budget of skeletal muscle and the energetic demand for
maintenance functions, including molecular turnover and
ion transport. Lower ATPase rates in the aged mouse hind-
limb support other work indicating a reduction in protein
synthesis (Rooyackers et al. 1996) and impairment of
mitochondrial degradation (Kowald & Kirkwood, 2000),
both of which would contribute to a reduced resting ATP
demand. With reduced molecular turnover in ageing cells
oxidative damage to macromolecules would accumulate
to a greater extent than in adult tissues and could explain
the changes in mitochondrial function described herein.
Down-regulation of metabolism with age may itself
lead to pathological conditions. For example, lower resting
ATP demand in elderly human muscle has been found in
muscles with an accumulation of intramyocellular lipids
and insulin resistance (Petersen et al. 2003). However,
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this earlier study also found a decline in TCA cycle flux
and concluded that O, uptake declined in parallel to ATP
synthesis in elderly muscle. This concomitant declinein O,
and ATP fluxes indicates a reduced resting metabolic rate in
elderly human muscle, but not necessarily mitochondrial
dysfunction. In contrast, no difference in O, uptake in
mouse skeletal muscle in this study indicates increased
proton leak and mitochondrial uncoupling.

Reduced mitochondrial coupling

The significance of the in vivo measurements is that
they provide direct evidence of reduced mitochondrial
coupling under physiological O, tensions and ATP flux
rates. Our results provide strong evidence that reduced
mitochondrial coupling contributes to the impairment
of oxidative phosphorylation in aged mouse skeletal
muscle. There is currently a lack of consensus regarding
proton leak and mitochondrial coupling in ageing tissues.
Previous investigations in isolated mitochondria have
found evidence for increased (reviewed by Harper
et al. 2004), unchanged (Rasmussen et al. 2003), or
decreased (Kerner et al. 2001) proton leak in aged skeletal
muscle. The disparate results in vitro are likely to be
due to methodological differences in the isolation or
assay conditions employed by each group. Work on
isolated mitochondria typically measures mitochondrial
respiration under state 3 or state 4 conditions or after
inhibiting the F,;F, ATPase. These approaches provide
detailed biochemical analysis of mitochondrial function,
but the assay conditions are inherently non-physiological
(Marcinek, 2004). Since mitochondrial function has
been shown to be sensitive to assay conditions and
flux rates (Gnaiger et al. 2000), extrapolating results
from non-physiological conditions to in vivo function is
problematic. The data presented here support the in vitro
studies that have shown increases in proton leak with age.
Although age is the most likely candidate, other causes
for the differences in mitochondrial function are possible
due to potential differences in the life histories of the two
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UCP3 protein expression
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Figure 3. UCP3 protein expression in 7- and 30-month-old
mouse skeletal muscle

UCP3 protein levels between the 7- and 30-month-old mouse
hindlimbs are not significantly different. n = 6 for both groups.

7-month
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groups of C57Bl/6 mice. Nonetheless, our in vivo results
provide a critical link between work in isolated systems
and mitochondrial function in the intact organism.

Reduced mitochondrial efficiency significantly alters the
bioenergetics of skeletal muscle in the 30-month-old mice.
This shift in cellular energetics is due both to a reduction
in the number of ATP produced per O, consumed as
well as a thermodynamic limitation on the ATP/ADP that
can be maintained by the cell. The limitation is due to
a lower Ap across the inner mitochondrial membrane
caused by greater proton leak associated with the reduced
coupling in the aged skeletal muscle. The reduced Ap will
limit the ATP/ADP that can be maintained by oxidative
phosphorylation due to the equilibrium relationship
between Ap and the ATP/ADP of the cell (Nicholls, 2004).
These predictions are consistent with the higher resting
ADP and lower ATP/ADP we observe in the aged skeletal
muscle. The end result of this shift in energetics is that
resting ADP concentrations are nearly double in the aged
muscle despite the 50% reduction in the rate of ATP
synthesis.

Reduced coupling may have an impact on ageing muscle
beyond the direct effects on cell energetics. Lower Ap itself
may contribute to the loss of muscle fibres and sarcopenia.
Reduced Aphasbeen shown to reduce the threshold for the
mitochondrial permeability transition (MPT) (Bernardi,
1992), which induces apoptosis by releasing cytochrome
¢ into the cytoplasm. This effect on the MPT supports
the results demonstrating that increased rates of apoptosis
are associated with an increase in proton conductance in
multiple cell types (Stoetzer et al. 2002; Heerdt et al. 2003).
Therefore, the increased proton leak in the 30-month-old
mouse muscle could lead to hotspots of apoptosis along
the muscle fibres and be another mechanism leading
to segmental atrophy and fibre loss described by Aiken
and coworkers in ageing skeletal muscle (McKenzie et al.
2002).

Uncoupling proteins

One hypothesis suggests that increased proton leak is
an adaptive response in ageing animals to reduce Ap
and attenuate reactive oxygen species (ROS) production,
particularly at the complex I-ubiquinone interface (Brand,
2000). The proposed mechanism is an increased proton
conductance due to uncoupling protein activity. This
UCP mediated leak may be through direct transport
of protons or indirectly as a by-product of fatty acid
translocation across the mitochondrial inner membrane
(Garlid et al 2001). Our results indicate that the
mitochondrial uncoupling that we observ in aged mouse
skeletal muscle is not mediated by increased protein
expression of the muscle specific uncoupling protein
isoform, UCP3. It has recently been observed that oxidative
stress may play a role in regulating UCP function in vitro
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(Echtay et al. 2002). Our results do not address the
potential up-regulation of UCP3 proton translocating
activity by ROS or by-products of oxidative damage in
the aged mice. However, this hypothesis proposes mild
uncoupling of oxidative phosphorylation as a protective
mechanism against ROS production as opposed to the
severe uncoupling measured in this study. UCP3 activity
may reduce ROS production at younger ages and thus delay
the accumulation of oxidative damage, but we suggest
that at the old age examined in this study oxidative
damage accumulates, leading to further increases in proton
leak and mitochondrial dysfunction. Future studies that
combine in vivo measurements of mitochondrial function
with genetic manipulations of uncoupling proteins and
antioxidant defenses will be necessary to sort out the
mechanisms underlying the changes in mitochondrial
function in the aged mice.
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