
Skeletal muscle ATP kinetics are impaired in frail mice

Ashwin Akki & Huanle Yang & Ashish Gupta & Vadappuram P. Chacko &

Toshiyuki Yano & Michelle K. Leppo & Charles Steenbergen &

Jeremy Walston & Robert G. Weiss

Received: 21 November 2012 /Accepted: 3 May 2013 /Published online: 22 May 2013
# American Aging Association 2013

Abstract The interleukin-10 knockout mouse (IL10tm/tm)
has been proposed as a model for human frailty, a geriatric
syndrome characterized by skeletal muscle (SM) weak-
ness, because it develops an age-related decline in SM
strength compared to control (C57BL/6J) mice.
Compromised energy metabolism and energy deprivation
appear to play a central role in muscle weakness in meta-
bolic myopathies and muscular dystrophies. Nonetheless,
it is not known whether SM energy metabolism is altered
in frailty. A combination of in vivo 31P nuclear magnetic

resonance experiments and biochemical assays was used
to measure high-energy phosphate concentrations, the rate
of ATP synthesis via creatine kinase (CK), the primary
energy reserve reaction in SM, as well as the unidirectional
rates of ATP synthesis from inorganic phosphate (Pi) in
hind limb SM of 92-week-old control (n=7) and IL10tm/tm

(n=6) mice. SM Phosphocreatine (20.2±2.3 vs. 16.8±
2.3 μmol/g, control vs. IL10tm/tm, p<0.05), ATP flux via
CK (5.0±0.9 vs. 3.1±1.1 μmol/g/s, p<0.01), ATP synthe-
sis from inorganic phosphate (Pi→ATP) (0.58±0.3 vs.
0.26±0.2 μmol/g/s, p<0.05) and the free energy released
from ATP hydrolysis (ΔG∼ATP) were significantly lower
and [Pi] (2.8±1.0 vs. 5.3±2.0 μmol/g, control vs.
IL10tm/tm, p<0.05) markedly higher in IL10tm/tm than in
control mice. These observations demonstrate that, despite
normal in vitro metabolic enzyme activities, in vivo SM
ATP kinetics, high-energy phosphate levels and energy
release from ATP hydrolysis are reduced and inorganic
phosphate is elevated in a murine model of frailty. These
observations do not prove, but are consistent with the
premise, that energetic abnormalities may contribute met-
abolically to SM weakness in this geriatric syndrome.
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Introduction

Frailty in older adults is a clinical syndrome charac-
terized by skeletal muscle (SM) weakness, increased
inflammation and multi-systemic decline; it also is
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associated with high risk of adverse health outcomes
such as disability and mortality (Walston et al. 2002;
Walston et al. 2006). Despite recent advances in frailty
research in human cohorts, the mechanisms that me-
diate SM decline and adverse outcomes in frailty
remain unclear (Kanapuru and Ershler 2009). The
homozygous interleukin-10 null , B6.129P2-
IL10™/Cgn/J (IL10™/™) mouse has been proposed as
a model to study the biology linking chronic inflam-
mation and frailty (Walston et al. 2008) given that
they, like frail humans, develop elevated serum
interleukin-6 (IL6), muscle weakness, and higher mor-
tality compared to age-matched C57BL/6J (B6) con-
trols (Walston et al. 2008; Ko et al. 2012).

SM uses chemical energy in the form of ATP to fuel
the contractile apparatus and other cellular ATPases.
Mitochondria play an important role in maintaining
adequate ATP supply to the working muscle and
preventing muscle fatigue (Russ and Lanza 2011).
Compromised energy metabolism and energy depriva-
tion appear to play a central role in muscle fatigability
and weakness in metabolic myopathies (Radda 1986;
Wortmann 1991; Das et al. 2010) and muscular dys-
trophies (Radda 1986; Younkin et al. 1987; Barnes et
al. 1997) and may underlie SM weakness in frailty
(Nair 2005). The creatine kinase (CK) reaction is the
primary energy reserve in SM providing ATP during
periods of increased demand by rapidly and reversibly
converting phosphocreatine (PCr) and adenosine di-
phosphate (ADP) to ATP and creatine (Cr). SM CK
activity is reduced in aging and may contribute to the
loss of muscle function (Nuss et al. 2009). Nonethe-
less, it is not known whether in vivo SM CK energy
metabolism is altered in frailty. Given this back-
ground, we hypothesized that older, frail IL-10tm/tm

mice have reduced SM ATP synthesis and high-
energy phosphate (HEP) levels as compared to those
of age-matched B6 control mice.

Because in vitro methods to assess cellular energy
metabolism such as the measurement of enzyme ac-
tivities and mitochondrial respiration may not fully
reflect the in vivo cellular energy status, 31P magnetic
resonance spectroscopy (MRS) was used to measure
the in vivo unidirectional rate of ATP synthesis via
CK (PCr→ATP) as well as the rate of ATP synthesis
from inorganic phosphate (Pi→ATP) in the hind limb
SM of 92-week-old IL10tm/tm and age-matched B6
mice to test the hypothesis. We report here that in vivo
SM ATP kinetics (both PCr→ATP and Pi→ATP) are

markedly depressed in a murine model of frailty
suggesting that impaired ATP kinetics, reduced HEP
levels and diminished energy release during ATP hy-
drolysis, as well as increased Pi, are present and could
contribute metabolically, in theory, to SM weakness
and fatigue in frailty.

Methods

Animals

This investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-
23, revised 1996) and was approved by the Institu-
tional Animal Care and Use Committee of the Johns
Hopkins University. Ninety-two-week-old male IL-10
deficient (IL10tm/tm) and age- and sex-matched
C57/BL6 (B6) mice were used for this study. Strength
and activity decline with age in IL10tm/tm mice, as
compared to control mice, and mortality is increased
at this age (Walston et al. 2008; Ko et al. 2012).
IL10tm/tm mice were homozygous for the IL10tm/Cgn

targeted mutation and were fully backcrossed on B6
background (Kuhn et al. 1993). All mice were pur-
chased from the Jackson laboratory (Bar Harbor, ME;
National Institute on Aging, Bethesda, MD) and
housed in Johns Hopkins Animal Care facility under
specific pathogen-free (SPF) barrier conditions to pre-
vent pathogen contact. Prior to introduction to the
barrier, mice were quarantined for at least 1 month
and tested to confirm SPF status. The barrier was
sentinel tested for a number of pathogens as elaborated
in detail previously (Ko et al. 2012). Mice were
housed in 75 in.2, autoclave sterilized, high-
temperature polycarbonate shoebox cages in ventilat-
ed racks (Allentown Inc., Allentown, NJ, USA)
containing autoclaved corncob bedding (Harlan
Teklad, Indianapolis, IN, USA), autoclaved mouse
chow 2018SX (Harlan, Teklad), and reverse osmosis-
filtered hyperchlorinated water dispensed through an
in-cage automatic watering system (Edstrom Indus-
tries, Waterford, WI, USA). Rooms were maintained
at 72±2°F on a 14-h light/10-h dark cycle with auto-
mated monitoring by Siemens Building Technologies,
Inc. (Zurich, Switzerland). Cages were changed every
2 weeks in laminar airflow change stations (The Baker
Co., Sanford, ME, USA) with surface cleaning and
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disinfection with MB-10 disinfectant (Quip Laborato-
ries Inc., Wilmington, DE, USA). All caging was
sanitized by automatic cage washing systems and
autoclaved prior to use.

31P MR spectroscopy

Magnetic resonance (MR) experiments were car-
ried out on a Bruker Biospec horizontal bore
spectrometer equipped with a 4.7 T/40cm Oxford
magnet and a 12 cm actively shielded gradient
set, using a custom-built probe assembly as pre-
viously described (Gupta et al. 2011). After anes-
thesia with isoflurane [2 % for induction and 1 %
for maintenance] supplied via a nose cone, the
mouse was positioned horizontally on the probe
platform and the left leg pulled through the 1H
coil so as to position the left thigh on a 13 mm
31P surface coil. After the shimming procedure, a
scout image was obtained to ensure that only the
thigh was situated in the main radio frequency
field of the coil. 31P MR spectra were acquired
under fully relaxed conditions (90° pulse,
64 scans, and relaxation delay 16 s) using an
adiabatic excitation pulse.

Magnetization transfer (MT) was performed to
measure the unidirectional rate of ATP synthesis via
CK (i.e., CK flux) by applying a continuous wave
saturating pulse centered at the γ-ATP for 16 s and
measuring the PCr signal intensity (M0′). A control
experiment was performed in which the selective irra-
diation was placed downfield at a frequency equidis-
tant from the PCr resonance before measuring the PCr
signal (M0). MT experiments were performed to deter-
mine the pseudo-first order rate constant (kPCr→ATP)
for the forward CK reaction (PCr+ADP+H+→ATP+
Cr). Intrinsic T1PCr, the relaxation time of PCr in the
absence of chemical exchange, calculated in an earlier
study in SM from our group was used here to quantify
kPCr→ ATP [kPCr→ ATP= (M0−M0′)/(T1PCr ×M0′)]
(Gupta et al. 2011). CK ATP flux was determined as
the product of kPCr→ATP and [PCr] (Gupta et al. 2011;
Gupta et al. 2012).

MT experiments were also performed to quanti-
fy the unidirectional rates of ATP synthesis from
Pi in SM. kPi→ATP, the pseudo-first order rate
constant for Pi→ATP synthesis, was determined
by applying a continuous wave saturating pulse
centered at the γ-ATP for 16 s and measuring

the Pi signal (M0′Pi). This was compared with Pi
magnetization in the absence of γ-ATP saturation
(M0 Pi). T1′Pi, the spin lattice relaxation time for Pi
in the presence of γ-ATP saturation measured in
an earlier study (Cline et al. 2001), was used here
to calculate kPi→ATP [kPi→ATP=(M0 Pi−M0′Pi)/(T1′

Pi×M0 Pi)]. ATP synthesis from Pi was determined
as the product of [Pi] and kPi→ATP (Cline et al.
2001).

Biochemistry

At the end of MR experiments, mice were killed by an
intraperitoneal injection of sodium pentobarbital
(80 mg/kg body weight and repeated as necessary until
a deep level of anesthesia was obtained as documented
per toe pinch) and SM from left thigh rapidly frozen in
liquid nitrogen. Perchloric acid extracts of SM tissue
were obtained (Gupta et al. 2011) and [ATP] measured
using a luciferase enzyme based method (Ronner et al.
1999). Subsequently, [PCr] and [Pi] were calculated
using MR measured PCr/ATP and PCr/Pi ratios re-
spectively. Creatine was also measured in perchloric
acid extracts by an enzyme linked assay (Steenbergen
et al. 1977). In vitro, total CK activity was measured in
homogenized SM tissue as described previously
(Gupta et al. 2011) as was citrate synthase activity
using kits from Sigma (C3228 and CS0720) and
according to manufacturer’s protocol. To determine
whether the activity of other major phosphotransfer
reactions were altered in the skeletal muscle of frail
mice, in vitro activity of hexokinase and adenylate
kinase were measured using kits from Biomedical
Research Service Center (E-111 for hexokinase) and
PromoKine (PK-CA577-K312 for adenylate kinase)
and according to manufacturer’s protocol. To investi-
gate oxidative stress in muscle tissue, catalase activity
was determined using a kit (E-100) from BRSC, Uni-
versity of Buffalo, SUNY and protein carbonylation, a
major type of oxidative post-translational modifica-
tion, was determined with the OxiSelect Protein Car-
bonyl ELISA kit (STA-310) from Cell Biolabs Inc.
SM expression of CK-Muscle isoform (CKM) was
determined by standard Western blotting techniques
using antibodies specific to CKM as described recent-
ly in detail (Gupta et al. 2012).

Serum was separated from blood collected at the
time of sacrifice by centrifugation (3,000 rpm for
10 min at 4°C). Serum IL6 levels were measured using
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a mouse IL-6 High Sensitivity single-plex ELISA kit
from Bioscience (BMS603HS) according to manufac-
turer’s protocol.

Biochemical calculations

Intracellular free [ADP] was calculated from the CK
reaction at equilibrium via:

ADP½ � ¼ ATP½ � freeCR½ �
.

PCr½ � Hþ½ �Keq

� ��
ð1Þ

where the cytosolic concentrations are in moles per liter,
Keq is 1.66×10

9 L/mol for a [Mg+2] of 1.0 mmol/L (Bittl
et al. 1987; Saupe et al. 2000). A cytosolic volume of
0.65 mL/g wet weight (Bittl et al. 1987) was used to
convert metabolites measured in millimoles per kilo-
gram wet weight to moles per liter. The free energy
change of ATP hydrolysis (−ΔG∼ATP (in kilojoules per
mole)) was determined from the formula:

ΔGeATP ¼ ΔG0 þ RT log ADP½ � Pi½ �
.

ATP½ �; ð2Þ

where ΔG0 is the standard free energy change, R the
universal gas constant, and T is the absolute temperature
(Gibbs 1985).

The theoretically predicted rate of the CK equation
was calculated from the following relationship (Bittl et
al. 1987):

v f pred ¼ V fmax ADP½ � PCr½ �� �.
DKm ADPð ÞKi PCrð Þ

ð3Þ
where Vmax is the reported maximum velocity of the
CK reaction (Bittl et al. 1987), [PCr] was measured by
31P MRS as described above, [ADP] was calculated
per Eq. [1], the Km of ADP was 0.15 and Ki of PCr is
4.65, both taken from Bittl et al. (1987), and D was
determined from the relationship:

D ¼ 1þ ADP½ �
.
Ki ADPð Þ þ PCr½ �

.
Ki PCrð Þ

þ ATP½ �
.
Ki ATPð Þ þ Cr½ �

.
Ki Crð Þ

þ ADP½ � PCr½ �
.
Km ADPð ÞKi PCrð Þ

þ ATP½ � Cr½ �
.
Km ATPð ÞKi Crð Þ

þ ADP½ � Cr½ �
.
Km ADPð ÞKi Crð Þ

ð4Þ

where the Km and Ki are as previously reported for
skeletal muscle (Bittl et al. 1987), and [ADP], [Cr],

[PCr], and [ATP] determined in these studies as de-
scribed above.

Statistical analysis

Data are expressed as mean±standard deviation (SD).
Comparison of two groups was performed with un-
paired Student’s t test. A value of p≤0.05 was consid-
ered statistically significant.

Results

Phenotype

Body weights (31.1±4.7 vs. 34.9±3.7 g, control vs.
IL10tm/tm, p=0.14) were comparable between the two
groups. Nonetheless, serum IL6 levels were signifi-
cantly higher in IL10tm/tm mice (14.8±7.8 pg/ml) com-
pared to those of age-matched controls (3.3±
2.6 pg/ml, p<0.05).

Skeletal muscle energetics

Mean skeletal muscle [ATP] (6.1±0.5 vs. 6.5±
1.0 μmol/g wet weight, IL10tm/tm vs. control, p=
0.35) and creatine (15.6±3.4 vs. 17.5±2.7 μmol/g
wet weight, p=0.28) were comparable between the
two groups. Figure 1a and b show the representative
fully relaxed 31P MR spectra from skeletal muscle of
control and IL10tm/tm mice, respectively, at rest. As
evident from the spectra, the peak height for PCr was
lower while that for Pi higher in IL10tm/tm vs. control
mice. This was confirmed by the significantly lower
mean [PCr] (16.8±2.3 vs. 20.2±2.3 μmol/g wet
weight, IL10tm/tm vs. control, p<0.05) and twofold
higher mean [Pi] (5.3±2.0 vs. 2.8±1.0 μmol/g, p<
0.05) in the skeletal muscle of IL10tm/tm mice than
those in control mice. Mean calculated cytosolic [ADP]
was similar in IL10tm/tm and control mice (64±9 vs.
63±6 μM, p=0.85). However, the free energy released
with ATP hydrolysis (ΔG∼ATP, whereby a more negative
number indicates greater energy release) was lower in
IL10tm/tm mice (−55.9±1.4 vs. -58.8±1.1 kJ/mol,
IL10tm/tm vs. control, p<0.002).

Figure 2a and b show the representative skeletal
muscle MT spectra from control and IL10tm/tm mice
respectively at rest. The reduction in PCr signal inten-
sity with γ-ATP saturated (left vs. right spectrum in
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each panel) is directly proportional to the rate of ATP
synthesis through CK (Weiss et al. 2005). A smaller
decline in PCr signal observed in IL10tm/tm vs. control

mice indicates lower CK ATP flux in IL10tm/tm mice.
The summary values for kPCr→ATP (0.18±0.05 vs.
0.25±0.05 s−1, IL10tm/tm vs. control, p<0.05) and
CK ATP flux (3.1±1.1vs. 5.0±0.9 μmol/g/s, p<0.01)
were approximately 28 % and 38 % lower, respective-
ly, in IL10tm/tm mice compared to those in controls
(Fig. 3).

Mean SM kPi→ ATP (0.04±0.02 vs. 0.20±
0.05 s−1, IL10tm/tm vs. control, p<0.0001) and
unidirectional (Pi→ATP) ATP synthesis rates
(0.26±0.2 vs. 0.58±0.3 μmol/g/s, p<0.05) were
approximately 80% and 55% lower, respectively,
in IL10tm/tm mice compared to those in controls
(Fig. 3).

In vitro biochemistry

To determine whether the reduction in in vivo ATP
synthesis through CK, the primary muscle energy
reserve reaction, was due to decreased amounts of
CK protein or to maximal CK enzyme activity, in
vitro assays were performed on rapidly frozen
tissue. SM CKM protein levels were unchanged
between control and IL10tm/tm mice (Fig. 4) as
were in vitro total CK activity (35.4±2.4 vs.

PCr

γATP

Pi

a

b

Fig. 1 Fully relaxed 31PMR spectra. Representative fully relaxed
31P MR spectra from the hind limb skeletal muscle of control (a)
and IL10tm/tm (b) mice. Note the substantially higher inorganic
phosphate (Pi) signal in the skeletal muscle of IL10tm/tm

mouse

Fig. 2 31P Magnetization Transfer Spectra. Representative 31P MT
spectra from the hind limb skeletal muscle of control (a) and IL10tm/tm

(b) mice. The spectra were acquired with saturating irradiation (thick
arrows) in the control position (left spectrum in each panel) and γ-
ATP position (right spectrum in each panel). The decrease in the

height of PCr peak between control and γ-ATP saturation (slope of
the dotted lines) is directly related to the rate of ATP synthesis through
the CK reaction. A smaller decline in PCr signal with γ-ATP satura-
tion observed in IL10tm/tm vs. control mice indicates lower ATP flux
through CK in the skeletal muscle of IL10tm/tm mice
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32.8±2.0 IU/mg protein, IL10tm/tm vs. control, p=
0.07, Fig. 4), adenylate kinase activity (6235±1136
vs. 6813±1063 U/mg protein, p=0.37) and hexo-
kinase activity (0.17±0.03 vs. 0.14±0.02 U/mg
protein, p=0.26). In vitro SM citrate synthase ac-
tivity (126.3±24.4 vs. 91.1±28.6 μmol/ml/min/μg
protein, IL10tm/tm vs. control, p<0.05) was higher
in IL10tm/tm mice than in controls. Thus the in
vivo reductions in skeletal muscle ATP delivery
rates in IL10tm/tm mice were not associated with
decreased CKM expression, CK maximal activity,

adenylate kinase/hexokinase activities or mitochon-
drial citrate synthase activity, suggesting the im-
portance of direct in vivo measures in intact
muscle. Catalase activity is commonly increased
in conditions with increased oxidative stress and
skeletal muscle catalase activity was significantly
higher in IL10tm/tm than in control mice (p<0.02,
Fig. 5). Protein carbonylation, reportedly the most
frequent type of protein modification in response
to oxidative stress (England and Cotter 2005),
trended higher in IL10tm/tm mice (p=0.06, Fig. 5).

Fig. 3 Skeletal Muscle Energetics. Skeletal muscle concentra-
tions of ATP, Phosphocreatine (PCr) and Pi (a), the CK pseudo-
first order rate constant (kPCr→ATP) and rate of ATP synthesis
through CK (i.e., CK Flux) (b), and the pseudo-first order rate
constant for ATP synthesis from Pi (kPi→ATP) and unidirectional
(Pi→ATP) rates of ATP synthesis (c) in the hind limb of control

(white bars) and IL10tm/tm (gray bars) mice. The high-energy
phosphate, PCr, was lower, Pi was higher and rates of ATP
synthesis through both CK and from Pi, were significantly
reduced in IL10tm/tm mice as compared to controls. Results are
mean±SD for n=6–7 in each group. *p<0.05 vs. control
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Discussion

Frailty is characterized by a decline in SM strength and
physical activity resulting in adverse outcomes for
older adults including disability, institutionalization,
and mortality (Marzetti and Leeuwenburgh 2006;
Walston et al. 2006; Russ and Lanza 2011). The
IL10tm/tm mice develop an age-related increase in SM
weakness, inflammation and increased mortality com-
pared to age-matched B6 mice and thus have been
proposed as a model of human frailty (Walston et al.
2008; Ko et al. 2012). We report here, for the first time,
that in vivo SM energy metabolism is deranged at rest
in frail IL10tm/tm mice as evidenced by a decline in
intracellular [PCr], accumulation of Pi, together with a
decrease in the rate of ATP synthesis via CK (i.e., CK
flux) and in the unidirectional rate of ATP synthesis
from Pi as compared to age-matched controls. The
amount of energy released during ATP hydrolysis is
also significantly less in IL10tm/tm mice. These findings
demonstrate that, despite normal [ATP] levels, in vivo
SMATP kinetics and utilization are decreased in frailty

and represent a metabolic mechanism that could in
theory contribute to muscle weakness in this geriatric
syndrome.

Mitochondria, which are increasingly thought to in-
fluence multiple aging-related disease states including
frailty, play a central role in maintaining adequate HEP
supply to the working muscle and preventing muscle
fatigue with additional energetic support from glycoly-
sis and other phosphotransfer reactions including CK
and adenylate kinase (Dzeja and Terzic 2003; Russ and
Lanza 2011). As SM energy demand varies by several
orders of magnitude from resting to exercise conditions,
energy metabolism is tightly regulated in order to meet
the widely varying energy requirements (Das et al.
2010). For over two decades, clinical and experimental
studies have shown that deranged SM energy metabo-
lism underlies weakness and early fatigability in meta-
bolic myopathies (Radda 1986; Wortmann 1991) and
muscular dystrophies (Radda 1986; Das et al. 2010).
Further, aging is associated with altered SM energy
metabolism (Russ and Lanza 2011) and longitudinal
studies have shown that energy availability declines
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Fig. 5 Skeletal muscle catalase activity and protein carbonyla-
tion. Skeletal muscle catalase activity (left) and protein carbon-
ylation (right) in control (“WT” white bars) and IL10tm/tm mice
(“IL10”, gray bars). Catalase activity was significantly higher

(*p<0.02) and protein carbonylation trended higher (p=0.06) in
IL10 as compared to control hearts. Results expressed as mean ±
SD for n=6–7 for each group

Fig. 4 Skeletal Muscle CK
expression and activity.
Skeletal muscle CKM pro-
tein expression and in vitro
total CK activity in control
and IL10tm/tm mice. Results
expressed as mean±SD for
n=6–7 for each group
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and energy needs for independent living increase with
aging (Schrack et al. 2010). The results of this study
build on those observations and identify specific in vivo
SM reductions in ATP production, phosphorylation po-
tential and energy release in frailty.

31P MRS is an excellent tool to noninvasively mon-
itor cellular energy status in vivo by measuring the
levels of intracellular phosphorus metabolites namely
PCr, ATP and Pi. The technique has been successfully
used to elucidate the underlying defect in SM energy
metabolism in myopathies with similar clinical pre-
sentations (Radda 1986; Wortmann 1991). A unique
advantage of 31P MRS is its ability to quantify in vivo
kinetics of ATP synthesis from PCr through CK and
from Pi. Indeed, in vivo MRS detected significant
metabolic abnormalities in the present study that were
not detected by in vitro assays of [ATP], CK expres-
sion and activity or of enzymatic markers of mito-
chondrial number. To our knowledge, this is the first
study to investigate in vivo SM ATP kinetics in an
animal model of frailty.

The unidirectional rates of ATP synthesis from Pi (i.e.
Pi→ATP flux) represent the sum of all ATP synthesis
reactions involving Pi through both glycolysis and mito-
chondrial oxidative phosphorylation (OxPhos), but this
is dominated by glyoclytically mediated Pi-ATP ex-
change (Kemp 2008; Balaban and Koretsky 2011; From
and Ugurbil 2011; Kemp and Brindle 2012). An approx-
imately 55% decline in Pi→ATP flux in IL10tm/tm mice
was observed and this lower unidirectional Pi→ATP
flux was not due to substrate driving the reaction since
Pi was higher, not lower, in IL10tm/tm mice. The lower
Pi→ATP synthesis could be attributed to a decline in
glycolysis, mitochondrial OxPhos, or both. Elevated SM
in vitro citrate synthase activity in IL10tm/tm mice argues
against a decline in mitochondrial content. Nonetheless,
it is possible that mitochondrial enzymes were oxidative-
ly modified (i.e., carbonylation or nitrotyrosine modifi-
cation) (Feng et al. 2008; Staunton et al. 2011) owing to
enhanced inflammation and oxidative stress in IL10tm/tm

mice (Ko et al. 2012) which in turn could impair mito-
chondrial substrate oxidation and/or oxidative phosphor-
ylation. Whatever the reason, the finding of substantially
lower SM unidirectional Pi→ATP synthesis rates in
IL10tm/tm mice (vs. control) is novel and not predicted
by in vitro measures.

The CK reaction serves as spatial and temporal ATP
buffer in SM maintaining high cytosolic [ATP] at sites
of ATP utilization and low ADP levels at sites of ATP

synthesis (Ventura-Clapier et al. 2004). Both temporal
and spatial buffering actions of CK may be important
when energy demands vary widely during burst activ-
ity in SM (Ventura-Clapier et al. 2004). The ∼38 %
reduction in CK flux in SM of IL10tm/tm mice could
limit ATP supply and/or increase cytosolic free [ADP].
However, [ADP] was unchanged in SM of IL10tm/tm

mice. The lower CK ATP flux in IL10tm/tm mice was
due to a fall in both kPCr→ATP and [PCr] and implies
that these mice replenish the ATP pool (assuming no
change in oxidative phosphorylation) in approximate-
ly twice the time taken by control mice, thereby
slowing myofibrillar ATP delivery.

Despite a decline in in vivo skeletal muscle CK
ATP flux, CKM protein expression and in vitro total
CK activity remained unchanged in IL10tm/tm mice vs.
that of age-matched control mice. To gain insight into
substrate control of CK, as a possible cause of reduced
in vivo CK flux, the forward rate of ATP synthesis
through CK was predicted from in vitro metabolite
and enzyme activity measures (from Eq. [3]) and
compared to direct in vivo CK flux measures, after
both were converted to similar units. The measured in
vivo CK flux (∼7 mM/s) was similar to that predicted
(∼9.8 mM/s) in control mice, suggesting the enzyme
velocity in vivo is mostly under substrate control.
However, in IL10tm/tm mice in vivo forward CK flux
(∼4 mM/s) was much lower than the predicted rate
(∼10.7 mM/s), suggesting non-substrate regulation in
vivo. The ratio of in vivo CK flux to Vmax reflects how
fast the CK reaction is proceeding in vivo relative to
its capacity and is influenced by intrinsic properties of
the protein, substrate control, and other regulatory
factors (Saupe et al. 2000). Further, the mean ratio of
in vivo CK flux/CK Vmax (again after both are
converted to common units of mM/s) is 0.066 and
0.036 for control and IL10tm/tm, respectively, demon-
strating a 45 % reduction of in vivo forward CK flux
relative to the maximal CK capacity present in
IL10tm/tm mice as compared to that of control mice.
Because both of these separate calculations point to
non-substrate regulation of CK in skeletal muscle of
IL10tm/tm mice, it is tempting to speculate that post-
translational modification (i.e., phosphorylation
(Ponticos et al. 1998), carbonylation, nitrotyrosine
modification, etc.) of CKM protein may occur in frail
mice secondary to enhanced oxidative stress, a situa-
tion analogous to that observed in SM of aging wild-
type mice (Nuss et al. 2009). In support of this
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speculation, aged IL10tm/tm mice have increased cata-
lase levels (Fig. 5), suggesting enhanced oxidative
stress, and trending higher protein carbonylation
(Fig. 5, p=0.06), one of the most common oxidative
stress-related post-translational modifications, as com-
pared to age-matched control mice. In contrast, SM
kPCr→ATP and CK ATP flux in aged control mice
(Fig. 3) were comparable to those in young control
mice in an earlier study from our group (Gupta et al.
2011). The current and prior data together indicate
these differences in frail mice are not due to age alone
but inflammation in the setting of advanced age.

Another striking observation in the present study was
the markedly higher SM intracellular [Pi] in IL10tm/tm

mice (Fig. 3) which could, in part, contribute to SM
fatigue and weakness in these mice (Posterino and Fryer
1998). Increased inorganic phosphate reduces myofibril-
lar Ca+2 sensitivity, lessens sarcoplasmic-reticular Ca+2

release, and is associated with reduced force production
during immobilization in humans (Allen et al. 2008).
Increased inorganic phosphate also contributes to reduced
energetic efficiency and, importantly, to an unfavorable
change in ΔG∼ATP (∼3 kJ/mol). It cannot be over-
emphasized that in addition to the significant reductions
in the in vivo forward rates of ATP synthesis from both
CK and from Pi described above (Fig. 3), for each ATP
molecule hydrolyzed there is in addition significantly less
free energy generated. Thus, the aged IL10tm/tm mouse
model of frailty has multiple deficits in skeletal muscle
ATP synthesis and in energy production from ATP hy-
drolysis that are multiplicative and negatively impact
myofibrillar energy availability even at rest.

Limitations

These studies were designed to test for the first time
whether or not abnormalities in energy metabolism,
associated with weakness in other myopathies (Radda
1986; Wortmann 1991; Das et al. 2010) and muscular
dystrophies (Radda 1986; Younkin et al. 1987; Barnes
et al. 1997), are present in vivo at rest in aged
IL10tm/tm mice. They were not designed to determine
whether or not energetic abnormalities cause the mus-
cle weakness that was previously established in this
model (Walston et al. 2008). However, now that spe-
cific in vivo energetic abnormalities have been identi-
fied, these findings can guide future studies, beyond
the scope of this investigation, to determine whether
interventions that increase unidirectional PCr→ATP

through CK, Pi→ATP, or ΔG∼ATP, alone or in combi-
nation, improve muscle function in aged IL10tm/tm

mice. Studies of mitochondrial efficiency and
uncoupling can now be performed in isolated muscle
fibers (Schuh et al. 2012) or in vivo (Conley et al.
2013), and would provide complementary information
on bioenergetic decline in this frailty model.

In summary, we show here that in vivo SM energy
metabolism particularly that related to CK is reduced in
frail IL10tm/tm mice as evidenced by a decline in intra-
cellular [PCr], accumulation of Pi, together with a de-
crease in the forward rate of ATP synthesis via CK and
from Pi. The amount of energy liberated during ATP
hydrolysis (ΔG∼ATP) is also significantly reduced. These
findings demonstrate that in vivo SM ATP kinetics and
HEP content are reduced in this frail mouse model and
may possibly underlie its development of age-related
skeletal muscle weakness (Walston et al. 2008). Future
studies will also be required in frail human subjects to
determine the extent of energetic abnormalities at rest,
during activity, and during recovery and to test whether
improving intracellular ATP synthesis and/or myofibril-
lar ATP delivery augments SM performance and
strength in frailty.
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