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Disturbed energy metabolism and muscular dystrophy
caused by pure creatine deficiency are reversible
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Key points

e Creatine (Cr) plays an important role in muscle energy homeostasis as a substrate in the
creatine kinase phosphoryl exchange reaction, but the consequences of creatine depletion are
incompletely understood.

e We assessed the morphological, metabolic and functional consequences of systemic creatine
depletion on skeletal muscle in a mouse model with deficiency of an essential enzyme in the
biosynthesis of creatine (AGAT~/~ mice).

e We show that Cr depletion leads to several metabolic abnormalities in muscle, including
reduced ATP, increased inorganic phosphate levels and reduced activities of proton-pumping
respiratory chain enzymes and an elevated glycolytic contribution in ischaemic circumstances.

e The Cr-depleted muscle suffers from reduced grip strength, severe atrophy and abnormal
mitochondrial structures, increased overall mitochondrial content and an increased number
of lipid droplets.

e Oral Cr administration led to rapid accumulation in skeletal muscle (faster than in brain) and
reversed all the muscle abnormalities, revealing that the condition of the AGAT~/~ mice can
be switched between Cr deficient and normal simply by dietary manipulation.
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Abstract Creatine (Cr) plays an important role in muscle energy homeostasis by its participation
in the ATP—phosphocreatine phosphoryl exchange reaction mediated by creatine kinase.
Given that the consequences of Cr depletion are incompletely understood, we assessed the
morphological, metabolic and functional consequences of systemic depletion on skeletal muscle
in a mouse model with deficiency of L-arginine:glycine amidinotransferase (AGAT /=), which
catalyses the first step of Cr biosynthesis. In vivo magnetic resonance spectroscopy showed a
near-complete absence of Cr and phosphocreatine in resting hindlimb muscle of AGAT/~
mice. Compared with wild-type, the inorganic phosphate/s-ATP ratio was increased fourfold,
while ATP levels were reduced by nearly half. Activities of proton-pumping respiratory chain
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enzymes were reduced, whereas F;F,-ATPase activity and overall mitochondrial content were
increased. The Cr-deficient AGAT/~ mice had a reduced grip strength and suffered from
severe muscle atrophy. Electron microscopy revealed increased amounts of intramyocellular
lipid droplets and crystal formation within mitochondria of AGAT~/~ muscle fibres. Ischaemia
resulted in exacerbation of the decrease of pH and increased glycolytic ATP synthesis. Oral Cr
administration led to rapid accumulation in skeletal muscle (faster than in brain) and reversed
all the muscle abnormalities, revealing that the condition of the AGAT/~ mice can be switched
between Cr deficient and normal simply by dietary manipulation. Systemic creatine depletion
results in mitochondrial dysfunction and intracellular energy deficiency, as well as structural and
physiological abnormalities. The consequences of AGAT deficiency are more pronounced than
those of muscle-specific creatine kinase deficiency, which suggests a multifaceted involvement
of creatine in muscle energy homeostasis in addition to its role in the phosphocreatine—creatine
kinase system.

(Received 26 July 2012; accepted after revision 30 October 2012; first published online 5 November 2012)
Corresponding author A. Heerschap: Department of Radiology 667, Geert Grooteplein 10, 6500HB Nijmegen, The
Netherlands. Email: a.heerschap@rad.umen.nl

Abbreviations AGAT, L-arginine:glycine amidinotransferase; AMPK, adenosine monophosphate-activated protein
kinase; B-GPA, -guanidinopropionic acid; CK, creatine kinase; Cr, creatine; Crn, creatinine; CrT, creatine transporter;
CS, citrate synthase; EM, electron microscopy; GAA, guanidine acetate; GAMT, guanidine acetate methyltransferase;
GLUT4, glucose transporter 4; HEP, high-energy phosphate; MR, magnetic resonance; MRS, magnetic resonance
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acquisition mode; ISIS, image selected in vivo spectroscopy.
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Introduction

Phosphocreatine (PCr) is a major source of ATP
replenishment in tissues with rapidly fluctuating energy
demand. This supply is mediated by the creatine kinase
(CK) reaction, in which creatine (Cr) and ADP are
reversibly phosphorylated to PCr and ATP, respectively.
The PCr—CK system, which functions as a spatial and
temporal buffer of ATP levels, requires a high level of
total cellular Cr; 20—40 mM in mammal skeletal muscle
(Wyss & Kaddurah-Daouk, 2000). High intracellular Cr
concentrations are accomplished by a combination of
endogenous production and exogenous dietary intake,
followed by cellular uptake of Cr from blood vessels
(Fig. 1).

The PCr—CK system of cardiac and skeletal muscle
has been thoroughly investigated in transgenic mouse
models with partial or complete deletions or over-
expression of muscle-specific CK isoforms. These studies
have been valuable in defining the role and importance
of the PCr—CK system in skeletal muscle in different
circumstances, e.g. at rest, upon stimulation or during
ischaemia (for reviews see Nicolay et al. 1998; Heerschap
et al. 2007; Saks et al. 2007; Salomons & Wyss, 2007; Saks,
2008). Surprisingly, skeletal muscle of double knockout
mice with complete absence of both the cytosolic (M-CK)
and mitochondrial (Sc-CKmit) CK isoforms still contains
a substantial amount of PCr; however, this cannot easily
be recruited for ATP buffering, and the consequent lack

of burst activity shows the particular importance of the
ATP-buffering role of the PCr—CK system during the initial
phase of intense muscle contraction (de Haan ef al. 1995;
Steeghs et al. 1998). As these double knockout mice still
contain substantial amounts of (P)Cr, they cannot be
used as a model to study the ultimate consequence of
Cr absence.

Previous studies have explored the administration
of Cr analogues to replace creatine, in particular
B-guanidinopropionic acid (B-GPA). This has several
effects on muscular phenotype and biochemistry, which
include reduced ATP levels, a switch from fast to slow
myosin isoform expression (Moerland et al. 1989) and
decreased muscle fibre diameters (Shoubridge et al.
1985). However, the supplemented B-GPA can still be
phosphorylated and used as a high-energy phosphate
(HEP) analogue and thus compensate at least partly for
the absence of PCr in skeletal muscle.

To study the effect of pure Cr deficiency in muscle,
therefore, requires disruption of Cr biosynthesis. Severely
depleted Cr levels have been reported in patients with
defects in the expression of one of the two enzymes
of de novo Cr synthesis, namely L-arginine:glycine
amidinotransferase (AGAT; EC 2.1.4.1) and guanidino
acetate methyltransferase (GAMT; EC 2.1.1.2).

Although GAMT~/~ mice are essentially free of (P)Cr
(Schmidt et al. 2004), they accumulate guanidino acetate,
one of the precursors of Cr, as well as its phosphorylated
form, PGAA (Renema et al. 2003). As PGAA is able

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society



J Physiol 591.2

to buffer ATP in (mildly) energy-demanding conditions
(Kan et al. 2004), it compensates, at least partly, for the
lack of (P)Cr, which hampers the full assessment of the
consequences of Cr deficiency.

The recent generation and characterization of an
AGAT~/~ mouse model provides new opportunities to
study the consequences of Cr deficiency (Choe et al. 2012).
In contrast to GAMT/~ mice, AGAT/~ mice do not
accumulate any guanidino acetate (Choe et al. 2012). As
no alternative HEP compounds, such as PGAA, are found
in AGAT~/~ mice, this mouse provides an ideal model in
which to study pure Cr deficiency. Creatine depletion in
AGAT~/~ mice resulted in significantly reduced total body
weight, reduced adiposity and improved glucose tolerance
(Choe et al. 2012). The activation of AMP-activated
protein kinase by intracellular energy depletion could
explain the systemic metabolic phenotype (Choe et al.
2012). However, detailed tissue-specific effects of Cr
depletion in skeletal muscle (the tissue containing about
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Figure 1. Biosynthesis of creatine
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90% of the total body Cr content) have not yet been
investigated.

The aim of this study was to characterize energy-related
metabolic, structural and functional abnormalities caused
by systemic Cr deficiency in skeletal muscle of AGAT~/~
mice. In addition, we explored to what extent the effects
or adaptations could be reversed by Cr supplementation,
and used such replenishment to compare the kinetics of
Cr accumulation in skeletal muscle with that in brain.

Methods
Ethical approval and animal experiments

Generation and care of the animals as well as
all experimental procedures were in accordance with
institutional guidelines and national laws for the
protection of experimental animals, complied with the
regulations of the National Institutes of Health, and were
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De novo synthesis of creatine mainly takes place in the kidneys, pancreas and liver. The first step of the biosynthesis
of creatine (Cr) is rate limiting and is catalysed by L-arginine:glycine amidinotransferase (AGAT). The second step
is catalysed by guanidinoacetate methyltransferase (GAMT). The produced Cr is transported by Cr transporters
(CRT) towards tissues that have a high energy demand, such as muscle or brain, where it is phosphorylated in the
creatine kinase (CK) reaction, which plays an important role in maintaining ATP levels. A proportion (~1.5%) of
the total Cr is converted non-enzymatically into creatinine (Crn), which is excreted by the kidneys.
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approved by the respective local animal ethics committees
(Hamburg, 110/10; Nijmegen, 2007-173). Anesthaesia has
been described for the various experiments below.

L-Arginine:glycine amidinotransferase knockout mice
(AGAT /) were generated by a gene-targeting strategy
for AGAT deletion (Choe et al. 2012). Heterozygous mice
were used for breeding, because homozygous knockout
mice were infertile. Chow was essentially Cr free (Sniff,
Soest, Germany). Creatine supplementation was achieved
by addition of 1% to drinking water or 0.5% Cr to chow.
Body weight was determined weekly.

Muscle histopathology

To analyse muscle morphology, wild-type (WT) mice
and AGAT/~ female mice aged 16-20 weeks, either
on a Cr-free diet or on a chow containing Cr (for
12 weeks), were anaesthetized (120 mg kg™! ketamine and
16 mgkg™' xylazine) were perfused transcardially with
2% glutaraldehyde in PBS. Tissues were postfixed in 1%
050y, dehydrated and embedded in Epon. Light micro-
scopic images were recorded after Toluidine Blue staining
of semi-thin longitudinal sections from gastrocnemius
muscle. Additionally, ultrathin sections were stained with
uranyl acetate and lead citrate and examined with a Zeiss
EM902 electron microscope (EM).

For morphometric analysis of skeletal muscle, fresh
muscle tissue from extensor digitorum longus and gastro-
cnemius muscle (three mice per group) was prepared
under anaesthesia (isoflurane 2.5-3% v/v in oxygen)
and rapidly frozen after removal of the specimen
for histological staining following standard laboratory
procedures. Briefly, the specimen was put into mounting
medium on a cork plate, with care being taken to yield
transverse sections, and put into isopentane (cooled
to —160°C). Frozen sections of 8 um thickness were
processed in a standard laboratory cryostat. Per specimen,
several sections were mounted on coated slides for
histological and histochemical staining procedures. For
morphometry, slides routinely stained with haematoxylin
and eosin were used. Myocyte diameters were determined
in multiple transverse sections of muscle using the
AxioVision program (Carl Zeiss Imaging Solutions
GmbH, Goéttingen, Germany) and calculated by averaging
data from five images (Kellner et al. 2009).

Grip strength measurements

Maximal grip force of male AGAT/~ knockout mice
(—/—), heterozygous (4+/—) and wild-type (4/+) mice
aged between 15 and 20 weeks was measured using a grip
strength meter (TSE-Systems, Bad Homburg, Germany)
and compared with mice supplemented with Cr for
12 weeks. Within each group, the mean grip force of each
mouse was calculated from 15 appropriate trials.
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In vivo magnetic resonance spectroscopy

Metabolite levels in hindlimb skeletal muscle were
measured non-invasively by *'P and 'H magnetic
resonance spectroscopy (MRS). For all magnetic
resonance (MR) experiments, mice were anaesthetized
with isoflurane (Abott, Cham, Switzerland; induction
dose, 4 min at 4-3%; steady state, 1.0-1.8% isoflurane) in
a gas mixture of 33/66% O,/air. The steady-state isoflurane
dose was adjusted based on the breathing rate, which
was monitored continuously using a pneumatic cushion
respiratory monitoring system (Small Animal Instruments
Inc., Stony Brook, NY, USA) and kept between 80
and 120 breaths min~'. Body temperature was controlled
at 37+ 1°C. The MR experiments were performed in
a 200 mm horizontal-bore magnet (Magnex Scientific,
Abingdon, UK) interfaced to an MR spectrometer (MR
Solutions, Guildford, UK) operatingat 300.22 MHz for 'H
and at 121.53 MHz for >'P. The magnet was equipped with
a gradient insert with gradient strength of 150 mT m™!,
rise time of 150 us and free bore size of 120 mm.

The 'H MR measurements of skeletal muscle of
the lower hindlimb were performed using a solenoid
radio frequency coil positioned at the magic angle
with respect to the By field (in ’t Zandt et al
1999). Multislice gradient echo images (repetition time
(TR) =250 ms, echo time (TE)=5ms, field of view
(FOV) 20 mm x 20 mm, 256 x 256 matrix) were used
to guide the positioning of 16 ul voxels in the tibialis
anterior/extensor digitorus longus region. Localized
'H MR spectra were recorded using stimulated echo
acquisition mode (STEAM) (Bottomley, 1987), with
variable pulse power and optimized relaxation delays
(VAPOR) water suppression (Pfeuffer et al. 1999; Tkac
et al. 1999), TE=15ms, TM =10 ms, TR =5s and 128
averages. All 'H spectra were analysed with AMARES
(http://sermn02.uab.es/mrui/) using Gaussian line shapes.
Absolute levels of total Cr (tCr) and taurine (Tau)
in muscle were determined from the water signal of
additional 'H spectra acquired without water suppression
(eigh averages), assuming a water content of 77%
(Sjogaard & Saltin, 1982) and corrected for T, relaxation
using values determined in a previous study (Renema et al.
2003).

The *'P MR spectra in muscle were obtained in
AGAT~/~ (n=8) and WT mice (n=6) by non-localized
pulse-acquire experiments (40 us pulse, o ~90 deg,
TR=7s, 256 averages) using a three-turn solenoid
radio frequency coil with a diameter of 8 mm (in ’t
Zandt er al. 2003). Signal integrals were determined
by fitting resonances of PCr, inorganic phosphate (P;),
phosphomonoesters and ATP. The phosphomonoesters
and P; line widths were fixed to 0.7 times the line width
of B-ATP (experimentally observed in the spectra with
the highest signal-to-noise ratio). Metabolite levels were

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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corrected for T, relaxation and expressed as a ratio with
respect to the signal intensity for §-ATP (Kan et al. 2004).

We assessed possible differences in absolute ATP tissue
concentrations in an additional group of mice (four WT
and five AGAT/~ mice) by acquiring one-dimensional
Image selected in vivo spectroscopy (ISIS) localized
P MR spectra (5mm thick cross-sectional slice of
the hindlimb). The localisation of the corresponding
muscle volume was obtained from multiple spin echo
images (TR/TE=1500/12ms, 10 slices, 1 mm slice
thickness, FOV =12 mm x 12 mm, matrix = 128 x 128,
two averages) by manual delineation of the cross-sectional
muscle area in the ISIS-localized slices. In this way, we
could compare the ATP signal intensity per unit muscle
volume between WT and AGAT~/~ mice.

Tissue pH was determined in both tissues from the
chemical shift difference (S) between P; and a-ATP; the
frequency of the latter does not shift in the physiological
pH range (Moon & Richards, 1973).

In brain, '"H MR specra were also recorded using
an elliptical 'H surface coil (15x 11 mm) from a
2.2mm x 2 mm X 2 mm voxel located partly in thalamus
and hippocampus (STEAM, TE = 15ms, mixing time
(TM) =10ms, TR=5s, 256 averages; Kan et al. 2007).
Multislice gradient echo images were acquired in trans-
verse (TR=4000ms, TE=4ms, 10 slices of 1 mm)
and horizontal directions (TR =4000 ms, TE = 10 ms,
4 slices of 1 mm), avoiding inclusion of ventricles in
the volume of interest. The 'H MR brain spectra
were analysed with LCModel software to obtain tCr
concentrations (Provencher, 1993 http://2-provencer.
com/pages/lcmodl.shtml). Absolute quantification was
performed using the water signal from the unsuppressed
spectra (Kan et al. 2007), assuming a mean tissue water
content of 78% (in’t Zandt et al. 2004).

Creatine accumulation and washout in muscle
and brain

To study Cr accumulation in AGAT~/~ muscle and
brain tissue and its effect on other metabolite
levels, we performed sequential MRS measurements
during 35 days of ad libitum Cr supplementation via
drinking water (5.32g (500 ml)~!). Additional glucose
(4.32 g (500 ml)~') was added to compensate for the bitter
taste of Cr (Ipsiroglu et al. 2001; Kan et al. 2007). The 'H
spectra and *'P spectra were recorded in hindleg muscle
at 0, 1, 2, 11, 16, 21, 24 and 34 days of supplementation
in eight AGAT~/~ mice. After supplementation, the mice
were put on a Cr-free diet, to assess the rate of Cr
breakdown by acquiring MR spectra at 5, 15, 35, 55
and 85days of Cr restriction. To minimize effects of
anaesthetics, the mice were divided into two groups (n =4
per time point), which allowed for a recovery period of at
least 10 days between two sequential MR measurements.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Creatine accumulation in brain was determined in 11
AGAT~/~ mice, divided into three groups. Each group
underwent MR experiments three or four times, resulting
in spectra on days 0, 1, 3, 7, 11, 15, 25, 30, 36 and 45 of
Cr supplementation Breakdown rate constants of Cr were
determined using the following equation representing the
kinetics of non-enzymatic degradation:

[tCr] = [tCr]y x e X (1)

where t represents the number of days on a Cr-free
diet, [tCr] is the total Cr concentration on day ¢, [tCr],
is the concentration of tCr on the last day of the Cr
supplementation period and k is the Cr breakdown rate
constant.

Monitoring changes in muscle volume by MR imaging

Relative muscle volumes were determined by drawing
the regions of interest (ROIs) around the hindleg
muscle in five subsequent cross-sectional gradient echo
images (TR =250 ms, TE = 5 ms, FOV 20 mm x 20 mm,
256 x 256 matrix) positioned 3 mm distal from the knee
joint of the hindleg. The surface areas of the five ROIs
were multiplied by the 1 mm slice thickness to yield muscle
volume over a 5 mm length of the hindleg. Muscle growth
upon Cr supplementation was expressed relative to the
volume on day 0.

Muscle MRS during ischaemic occlusion

To assess the role and capacity of the the PCr—CK system
in skeletal muscle, we monitored by >'P MRS the dynamic
changes in ATP, PCr, P; and pH upon ischaemic occlusion
of the hindlimb in AGAT™/~ and WT mice. Reversible
obstruction of blood flow through hindlimb skeletal
muscle was accomplished in the MR magnet by clamping
the hindlimb above the knee with a diaphragm plate (in
’t Zandt et al. 1999). The *'P spectra were acquired with a
time resolution of 1.46 min (TR = 1400 ms, 76 averages)
for 7 min prior to the ischaemic period, and during 25 min
of ischaemia and 16 min of recovery (Kan et al. 2004).
The ischaemia experiments in AGAT~/~ were performed
after a long period of Cr deprivation (i.e. day 0) and at 2
and 21 days of Cr supplementation (n=>5 per group).
All metabolite signals acquired before, during or after
the ischaemic occlusion were normalized to the mean
signal intensity of B-ATP before ischaemia was applied
(B-ATP).

During ischaemia, ATP is supplied for basal (i.e.
non-contractile) ATPase activity by the following two
means: by breakdown of PCr and by glycolytic ATP
synthesis (in the closed system of the ischaemic muscle,
oxidative ATP synthesis can be ignored, and [ATP] does
not change significantly). The component supplied by PCr
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breakdown is simply estimated as the rate of decline of
[PCr], calculated here by linear regression analysis of the
last spectrum before ischaemic occlusion and the first four
spectra (7 min) of the ischaemic period (Blei ef al. 1993;
Marcinek et al. 2004). The glycolytic contribution to the
resting ATPase flux is determined from changes in pH
occurring in the same period, taking into account the
H* stoichiometry of glycolytic ATP synthesis and net PCr
breakdown, and the cytosolic buffer capacity (Kemp et al.
2001; Marcinek et al. 2010). Total ATP production rate,
the sum of PCr breakdown and glycolytic ATP synthesis,
is therefore given by:

—8[PCr]

ATP production rate (f) = 57

S[PCr] SpH
1.5 - p—
o (V oo P )

where —y = —27.239 + 13.593 x pH-2.1440 x (pH)? +
0.10887 x (pH)? is the (positive) amount of HT
‘consumed’ as a consequence of PCr breakdown
(Kushmerick, 1997) and B is the sum of the cyto-
solic non-P; buffering capacity, assumed to be
16 mmol I"! (pH unit)™!  (Marcinek et al.  2010),
and the calculated buffering contribution of P; (Roos &
Boron, 1981) as follows:

B = 20 slykes + 2.3 [P;] ¢ (1 — ¢)

where
1

¢ = 1 + 10(H—675)

Biochemical determination of muscle metabolites

For absolute quantification of metabolites, hindlimb
muscles (hamstrings) were snap-frozen in liquid nitrogen
and stored at —80°C. After freeze drying, 10-15mg dry
muscle tissue was extracted with 1 M perchloric acid. After
centrifugation, the supernatant was neutralized with 2 M
KHCO:;. These extracts were used for spectrophotometric
determination of Cr, PCr, ATP, ADP, AMP and lactate
(Harris et al. 1974). The biochemically determined
metabolite concentrations for each muscle sample were
expressed as micromoles per gram dry weight.

Mitochondrial activity in vitro

Hamstring muscles from adult AGAT/~ and WT
littermates were removed under isoflurane anaesthesia
(5% for >4 min, in a gas mixture of 25/75% O,/air)
and the animals were decapitated by cervical dislocation
instantly afterwards. The muscle tissue was immediately
stored in liquid nitrogen. Mitochondria were iso-
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lated from 70-120 mg samples of wet muscle tissue
for spectrophotometric determination of mitochondrial
enzyme activities of NADH dehydrogenase (complex]I,
EC 1.6.5.3), succinate dehydrogenase (complexIl, EC
1.3.5.1), ubiquinol-cytochrome ¢ reductase (complex III,
EC 1.10.2.2), cytochromec¢ oxidase (complexIV, EC
1.9.3.1), succinate dehydrogenase (SCC, EC 1.3.5.1) and
FFy-ATPase (complexV, EC 3.6.3.14). All the values
were expressed as milliunits per unit citrate synthase
activity (CS, EC 2.3.3.1). Details of the methods have
been described previously (Cooperstein & Lazarow, 1951;
Mourmans et al. 1997; Janssen et al. 2007; Jonckheere et al.
2008). Citrate synthase activity was used as a marker for
mitochondrial content. The ratio of complex V activity
to total ATPase activity was determined in the absence
and presence of oligomycin (8 mgml™'), the specific
inhibitor of the Fy-part of complexV (Jonckheere et al.
2008).

Statistical analysis

Data are given as means % SD unless stated otherwise. The
following statistical tests were applied: unpaired Student’s
ttest for comparisons between WT and AGAT~/~ mice,
one-way ANOVA for comparison of WT, AGAT/~ and
Cr-supplemented AGAT~/~ mice, and two-way ANOVA
for multiparametric measurements with Bonferroni’s post
hoc test using GraphPad Prism (version 4; GraphPad Inc.,
La Jolla, CA, USA).

Results
Morphology

Light and electron microscopy of hindlimb muscle
demonstrated two important morphological abnor-
malities in muscle fibres of AGAT™/~ mice (Fig. 2): first,
a large increase in lipid droplets (Fig. 2D, E and G),
mainly around the mitochondria (Fig. 2G); and second,
electron-dense layers with the typical appearance of
crystal structures, located within numerous mitochondria
(Fig. 2H). After 12 weeks of Cr supplementation
(Fig. 2F), lipid droplets decreased to numbers comparable
to those seen in WT mice (Fig. 2A-C), and the intra-
mitochondrial crystal structures were no longer observed.
Histopathology also showed a significantly smaller average
myocyte diameter in AGAT ™/~ mice compared with that
of WT control animals (Fig. 3A), whereas the AGAT /-
mice that were supplemented with Cr (AGAT~/~ + Cr)
had normal-sized myocytes. Hence, the morphological
abnormalities seen in the AGAT ™/~ mice on a Cr-free diet
were completely abolished by oral Cr treatment.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Grip strength supplementation improved grip strength in all groups;

Grip strength of AGAT~/~ mice was significantly reduced,
by >70%, compared with WT mice (Fig. 3B), while
heterozygous littermates did not differ from WT. Creatine
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however, the gain was statistically significant only in
the AGAT™/~ mice, which showed a complete recovery
of strength to WT levels. The AGAT/~ mice were

Figure 2. Photomicrographs of skeletal
muscle sections

A and D, light microscopic images show Toluidine
Blue-stained semi-thin longitudinal sections from
hindlimb muscle of wild-type (WT; A) and
AGAT~/~ mice (D) on a normal Cr-free diet.

D, AGAT~/~ muscle shows an increased number
of lipid droplets (small white dots) when
compared with the muscles of the WT control
animals. £, G and H, electron microscopic images
of hindlimb skeletal muscle of AGAT~/~ muscle
demonstrate that the lipid droplets were mainly
present in close proximity to the mitochondria (G).
H, in AGAT~/~ muscle multiple mitochondria
contain electron-dense bodies between the
mitochondrial cristae membranes. B, electron
microscopic images of WT mice on a creatine-free
diet show normal skeletal muscle for comparison.
F, after 12 weeks of Cr supplementation, the
number of lipid droplets in the electron
microscopic images of the AGAT~/~ mice
decreases to normal amounts, and the
abnormalities in the mitochondria are no longer
observed. Creatine supplementation did not reveal
any changes in the WT mice. Magnifications: A
and D, x440; and B, C and £E-H, x12,000. Scale
bars: (A, D) = 20um, (B, C, E=H) = 1um.

Figure 3. Reduced muscle volume, myocyte diameter
and grip strength in AGAT~/~ mice

A, myocyte diameters determined from neuropathological
analysis. B, muscle force determined by grip strength tests
in WT (+/+), and AGAT-deficient knockout (—/—) mice on
a Cr-free diet and after 12 weeks of Cr supplementation.
C, cross-sectional gradient echo images of hindlimb
(TR/TE = 250/5 ms, FOV = 20 mm x 20 mm, 256 x 256
matrix). D, increasing muscle volume of AGAT=/~ mice
upon Cr supplementation determined from cross-sectional
MR images. Values are means £ SEM, n = 5-10 per
group. Significant differences compared with all other
groups: ***P < 0.001 (Student’s unpaired t test).
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hypotonic (hanging down when lifted by their tail),
but muscle tone and habitus normalized upon Cr
supplementation.

Body weight and muscle atrophy

Body weight was significantly reduced in Cr-depleted
AGAT~/~ mice (19.7 £2.2g, n=8) compared with WT
animals (37.8 +7.1g, n=5) and was accompanied by
severe muscle atrophy. Cross-sectional gradient-echo MR
images of hindlimb muscles demonstrate a reduction of
relative muscle volume to 34 +9% (n=>5) compared
with WT (100 £ 21%, n=4; Fig. 3C). The decreased
muscle volumes are consistent with the decreased myo-
cyte diameters described above (see ‘Morphology’).
The atrophy was apparently not confined to the
leg muscles; thoracolumbar kyphosis in AGAT ™/~
mice suggests additional dysfunction of the postural
and paraspinal muscles. Creatine supplementation for
3 months increased the body weight of AGAT/~ mice
up to 56%, while age-matched WT mice showed an
increase of only 19.3 £ 4.7% over that period, which is not
significantly different from WT animals on a normal diet
(15.3 42.2%). In contrast, age-matched AGAT~/~ mice
showed no increase in body weight during this period.
The body weight of heterozygous mice did not differ
from that of WT animals regardless of diet. Besides the
normalization of body weight and composition (i.e. water,
fat and lean mass) during Cr supplementation (Choe
et al. 2012), skeletal muscle volume also recovered, as
demonstrated by the increase in cross-sectional muscle
areas and amelioration of kyphosis (Fig. 3D).

Metabolite levels

In vivo 'H MR spectra of skeletal muscle of AGAT /-
mice demonstrated virtually complete absence of the Cr
signals at 3.0 and 3.9 p.p.m., while taurine levels were not
significantly different from those of WT mice (Fig. 4A). As
expected, AGAT/~ muscles did not show PCr signals at
0 p.p.m. in *'P MR spectra either (Fig. 4B). Importantly,
these spectra did not reveal any other phosphorylated
guanidine compound that could replace PCr in its
ATP-buffering role, such as phosphorylated forms of
guanidinoacetate or arginine. Upon Cr supplementation,
normal PCr and tCr signals were observed (see Table 1).
Intracellular pH, as calculated from the chemical shift
difference between a-ATP and P;, was not statistically
different between the two groups. Interestingly, the lack of
Cr in skeletal muscle of the mutants was accompanied by
significant elevation of the P;/B-ATP ratio, approximately
fourfold compared with WT levels (Table 1), as a
consequence of either low ATP concentration or high P;
concentration, or both. To resolve this, we determined
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the ratio of B-ATP signal intensity to muscle volume
over five slices, which was significantly reduced in the
AGAT~/~ mice (63+8% of WT levels). Biochemical
analysis confirmed decreased ATP concentrations by 53%
in the AGAT™/~ muscle (Table 1). The decreased ATP
levels imply that absolute P; concentrations are increased
by approximately twofold in AGAT/~ muscle compared
with WT. Biochemical determinations of tissue metabolite
concentrations confirmed the nearly complete absence
of PCr in AGAT~/~ hamstring muscle, demonstrating a
~87% depletion in Cr content compared with WT. Very
similar PCr/ATP ratios in WT muscle were calculated
from biochemical determinations (3.04+0.4) and in
vivo MR spectra (3.2 £0.1). Biochemically determined
concentrations of ADP, AMP and lactate in muscle were
not significantly different between WT and AGAT /-
mice, whereas ATP/ADP and ATP/AMP ratios were both
much lower in the AGAT~/~ muscle (Table 1).

Mitochondrial enzyme activities

The increased P; and decreased ATP concentrations
suggested adaptive changes in oxidative phosphorylation
in AGAT~/~ muscle. We therefore measured respiratory
chain activities in isolated mitochondria of muscle tissue.
Enzyme activities of complexIl and complexV, total
ATPase and citrate synthase were significantly elevated
per gram of wet muscle tissue (Table 2). Given that

A B
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Figure 4. Magnetic resonance spectra of muscle obtained
from WT mice (top) and AGAT—/~ mice on a Cr-free diet
A "H MR spectrum (A) obtained from a 16 ul voxel and a
non-localized 3'P MR spectrum (B) obtained in hindlimb tissue of WT
(upper spectra) and AGAT~/~ mice (lower spectra) on a Cr-free diet.
The unlocalized 3'P AGAT—/~ spectrum was multiplied by four to
increase visibility, which was a direct consequence of the severe
reduction in muscle volume. Note the absence of total creatine (tCr)
and phosphocreatine (PCr) and the relatively large inorganic
phosphate (P;) signal in the AGAT~/~ muscle.
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Table 1. Metabolite levels and pH in wild-type and AGAT~/~ mice

Parameter Wild-type (n = 5-6) AGAT/~ (n=8) AGAT/~ +Cr (n=4) Units

In vivo magnetic resonance spectroscopy
[tCr] 289 + 2.9 4.1 + 1.5t 22.7 + 2.0t mm
PCr/B-ATP 3.2 £ 0.1 0.3 + 0.1% 3.0 £ 0.3 —
Pi/B-ATP 0.5 £+ 0.04 2.0 + 0.3} 0.6 £ 0.2 —
PCr/P; 6.1 + 0.6 0.1 +£ 0.1} 50+ 15 —
pH 7.20 + 0.06 7.25 + 0.04 7.24 + 0.04 —
ATP/volume 1.00 + 0.06 0.63 + 0.08*** — a.u.

Biochemical
Cr 400 + 124 5.1 &+ 3.7ttt — umol (g dry mass)~!
PCr 75.2 + 15.7 1.1 £ 3.2 — umol (g dry mass)~"
ATP 25.1 £ 3.1 13.5 + 3.9ttt — umol (g dry mass)~!
ADP 45+ 15 41 +13 — umol (g dry mass)~!
AMP 0.1 + 0.1 0.4 + 0.1 — umol (g dry mass)~!
Lactate 10.6 + 5.2 115 + 6.2 — umol (g dry mass)~!
PCr/ATP 3.0+ 04 0.1 £ 0.2%** — —
ADP/ATP 0.18 + 0.03 0.31 + 0.05*** — —
ATP/AMP 256 + 116 34 + 10*** — —

The mice used here were on creatine (Cr)-free diet for at least 5 months. The AGAT/~ + Cr mice were supplemented for 35 days.
Values determined by in vivo magnetic resonance spectroscopy were corrected for relaxation differences (Tq, T>). Total creatine
concentration ([tCr]) is expressed in millimoles per litre of tissue using a factor of 0.77 for the intracellular water fraction. Absolute
quantification of phosphate metabolites in skeletal muscle was determined in vitro on freeze-clamped hindlimb muscle extracts
and determined by spectrophotometry. Data are expressed as means + SD. ***P < 0.001 compared with WT littermates, by unpaired
Student’s t test. {P < 0.05, {{1P < 0.001 when compared with wild-type littermates, by two-way ANOVA with Bonferroni post hoc

test.

CS is commonly used as a marker for mitochondrial
mass, the elevation of its activity in AGAT™/~ muscle
(170% of WT levels) indicates an increased mitochondrial
content. The ratio of F-type ATPase (complexV) to
total ATPase activity was comparable between the two
groups, hence not only is F-type ATPase increased
by ~90%, but total ATPase activity per mitochondrial
content (mg wet weight) is equally increased. Using CS
activity as a marker for mitochondrial content, activities

Table 2. Respiratory enzyme activities

of complexesIII and IV per mitochondrial content in
AGAT™/~ muscle were significantly decreased by 36
and 27%, respectively (Table 2). A similar decrease was
seen in complexI (38%), although it did not reach
statistical significance. This implies that the H*-pumping
respiratory enzymes are downregulated in mitochondria
of AGAT/~ muscle, while other respiratory enzyme
activities were not significantly different from WT
muscle.

Enzyme activity (mU (g wet weight)~") Enzyme activity (mU (U CS)~ 1)

Enzyme Wild-type AGAT/~ Wild-type AGAT/~

Complex | 44 + 1.1 44 + 1.6 567 + 107 352 + 145
Complex Il 28 £ 0.9 6.5 + 2.8* 372 + 124 481 + 129
Complex Il 125 + 2.6 134 + 3.7 1622 + 208 1031 £ 273***
SCC 16 + 0.4 3.2 +£ 1.1 208 + 39 240 + 52
Complex IV 145 + 3.7 17.7 £ 5.1 1866 + 350 1355 £+ 295%**
Complex V 45 + 1.0 10.4 + 3.2%** 589 + 109 815 + 250
Total ATPase 50+ 14 10.8 £+ 1.6%** — —

(&) 78 £ 1.6 1313 2= 3.5 — —

Values are means + SD; n = 9 per group. All muscle samples were taken from mice on a creatine-free diet. *P < 0.05, ***P < 0.001,
when compared with wild-type, by two-way ANOVA. Abbreviations: complex |, NADH dehydrogenase; complex I, succinate
dehydrogenase; complex Ill, ubiquinol-cytochrome ¢ reductase; complex IV, cytochrome c oxidase; complex V, FiFo-ATPase; CS,
citrate synthase; and SCC, succinate dehydrogenase.
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Accumulation of creatine in muscle and brain

Creatine-supplemented AGAT/~ mice demonstrated a
rapid accumulation of Cr in skeletal muscle (Fig. 5A).
The tCr signal intensities of '"H MR spectra from tibialis
anterior/extensor digitorum longus muscle reached
normal WT levels within 1day of supplementation,
whereas the accumulation in brain was much slower

C. I. Nabuurs and others
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(Fig. 5B). In the hypothalamic/hippocampal region of
AGAT~/~ mice, tCr levels gradually increased to WT
levels over about 20 days. Given that we previously studied
Cr supplementation in GAMT/~ mice in the same
experimental set-up and with the same Cr dosing protocol
(Kan et al. 2007), we can directly compare treatment
responses between these two models of Cr deficiency.
Two differences are apparent in Cr accumulation
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Figure 5. Metabolic changes in AGAT-/~ and GAMT~/~ mice during Cr supplementation

A and B, changes in total creatine (tCr) concentrations were obtained from 'H spectra of muscle from a 16 ul
voxel (STEAM) in the lower limb tibialis anterior/extensor digitorum longus (A) and an 8.8 ul voxel in the hypo-
thalamic/hippocampal region of the brain (B). Total Cr levels in AGAT~/~ mouse muscle (filled circles) were
compared with tCr levels obtained in triceps surae in GAMT~/~ mice (grey circles; the GAMT~/~ data were used
with permission from Kan et al. 2007). C—E, changes in PCr/B-ATP (C) and Pi/B-ATP signal ratios (D) and taurine
concentration (E) in hindleg muscle of AGAT~/~ mice during Cr administration. The ratios were determined from
unlocalized 3'P MR spectra. Data are means + SEM, n > 3 per time point.
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(Fig. 5A and B). Creatine accumulation in AGAT/~
muscle occurs faster than in GAMT /~ animals, but levels
off after 2 days. In contrast, skeletal muscle tCr levels in
GAMT~/~ mice increased up to about 4 weeks, eventually
reaching higher levels than in AGAT~/~ mice. However,
there is no apparent difference in the kinetics of cerebral
Cr accumulation between the two models.

Most Cr taken up by muscle is immediately
phosphorylated, as shown by the near-instantaneous
increase of PCr/B-ATP ratios upon Cr supplementation
(Fig. 5C). An initial overshoot in PCr/S-ATP during the
first 2 days normalized after 11 days of supplementation.
In contrast to this very rapid replenishment of (P)Cr, the
high initial P; levels in skeletal muscle of AGAT~/~ mice
normalized only slowly upon Cr administration, taking
more than 15 days to reach normal WT levels (Fig. 5D).
One other change in metabolite content was observed;
after 1 day of Cr supplementation, the taurine (Tau) levels
in muscle showed a transient decrease (Fig. 5E).

Creatine breakdown in muscle and brain

During Cr restriction, both tCr and PCr levels
exponentially decreased towards zero (Fig. 6A). The break-
down rates of tCr and PCr in hindlimb muscle were
1.0 + 1.2and 1.5 £ 0.2% day ', respectively. Interestingly,
during Cr restriction the P;/8-ATP ratios did not change
within the first 2 months and started to increase at
PCr/B-ATP ratios of ~1 (Fig. 6A). The breakdown rate
tCr in brain (Fig. 6B) was 1.8 £ 0.9% per day.

Figure 7 illustrates in a time-independent form the
different kinetics of PCr/B-ATP (x-axis) and P;/B-ATP
(y-axis) in AGAT~/~ muscle during the Cr accumulation
and washout periods (Fig. 7, combined data of Fig. 5C
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and D and 6A). Strikingly, total phosphate content (or its
close surrogate, P; + PCr) is not maintained at a constant
level. During Cr supplementation, replenishment of (P)Cr
occurred instantly, while the high initial P; levels in
skeletal muscle of AGAT~/~ mice normalized only slowly;
therefore, it was not directly depleted as a mass-balance
consequence of phosphorylation of the Cr taken up.

Ischaemia experiments

The PCr—CK system functions as a rapid energy buffer
in situations of high energy demand. Therefore, we
investigated the effect of Cr deficiency in response to a
metabolic challenge by performingischaemia—reperfusion
experiments on AGAT/~ and WT hindlimb muscles.
Analysis of *'P MRS spectra during 25 min of ischaemic
occlusion demonstrated the expected responses to
ischaemia in WT muscle, i.e. a decrease of PCr, an equal
increase of P; and, slightly delayed, a drop in pH (Fig. 8),
which reflects the respective roles of the PCr—CK system
and glycolysis in maintaining ATP levels in the absence of
oxygen. We determined the flux through ATPase indirectly
from decreasing PCr levels (WT, 0.78 & 0.86 mM min™")
during the first 7 min of ischaemia (Fig. 8 D). In WT mice,
initial glycolytic ATP synthesis rates, calculated from the
pH change over the first 7 min of ischaemia, were small
compared with ATP generation via the CK-PCr system
(Fig. 8E).

In the AGAT/~ mice (day0) intracellular pH
immediately started to decrease on occlusion, reaching
a significantly lower pH at the end of the ischaemic period
(6.52 £ 0.16) compared with WT mice (6.96 £ 0.04). The
initially elevated P; levels demonstrated only a small
increase upon ischaemia. The ATPase rates could not be
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Figure 6. Changes in PCr and P; levels in hindleg muscle and tCr levels in brain during Cr restriction

A, PCr/B-ATP follows an exponential decay in AGAT~/~ mice upon Cr restriction, whereas P;/8-ATP ratios gradually
increase when Cr intake is restricted. The P; levels start to increase when PCr/B-ATP ratios decrease below ~1.5.
Metabolite levels in muscle were determined from unlocalized 3'P MR spectra. B, tCr concentrations in the
thalamic/hippocampal region (8.8 ul volume) were determined by "H MRS after 35 days of supplementation using
water as a reference signal. Day O indicates the last day of the Cr administration. The WT reference values are
given to the left of the dashed line. Data are means + SD, n = 3-4 per time point.
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determined for individual AGAT~/~ mice, owing to the
very low PCr levels in the AGAT~/~ mice (i.e. PCr/B-ATP
~0.5). However, summation of all PCr time courses of
AGAT~/~ in this group (1 = 7) enabled estimation of the
initial slope of the average time course, which was sub-
sequently multiplied by an ATP concentration of 4.9 mm
(60% of WT ATP levels) to obtain an estimate of average
ATP synthesis rate from PCr depletion; this was decreased
at 0.12 mM min !, compared with 0.78 £ 0.14 mM min~!
for WT mice. Initial glycolytic ATP synthesis completely
compensated for the near absence of the PCr—CK bulffer,
as is shown by a total ATP synthesis (sum of initial ATP
production by PCr depletion and glycolysis; Fig. 8F) that
was not different from WT levels. The ATP levels of these
mice did not change during the ischaemic period (data
not shown).

The AGAT~/~ mice supplemented with Cr for 2 days
demonstrated a similar decreased muscle pH at the
end of the ischaemic period to that of the WT mice.
Changes in P;/B-ATP ratios after 25 min of ischaemia
with respect to baseline (AP;/B-ATP) were significantly
larger in AGAT/~ (3.9£1.5) than in WT muscle
(2.1 £0.7, P=0.04, unpaired Student’s ¢ test), matching
the larger drop in PCr (APCr/B-ATP =2.4=£0.5; see
also Fig. 8). The ATPase flux as determined from the
initial PCr depletion in the AGAT/~ mice after 2 days
of Cr supplementation, and assuming ATP levels still
to be 4.9 mM (60% of WT levels), was larger than that
of WT mice, although not significantly so. Initial ATP
synthesis from glycolytic and PCr depletion, however,
contributed almost equally to total initial ATP synthesis
in the AGAT~/~ mice after 2 days of Cr supplementation
(Fig. 8D and E). At 21 days, all changes (pH, PCr depletion
and P; increases) during ischaemic occlusion were similar
to those of WT. Total initial ATP synthesis was mainly
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dependent on PCr depletion, as the glycolytic contribution
decreased towards normal WT levels.

Discussion

In this study, we demonstrate that hindlimb skeletal
muscle of AGAT/~ mice kept on a Cr-free diet is
depleted of Cr and PCr and results in reduced ATP
and elevated P; levels. The absence of Cr was associated
with muscular atrophy, reduced strength, dysfunction of
mitochondrial respiratory chain enzymes, morphological
alterations and an increased dependence on glycolytic
ATP production in energy-demanding situations. Those
effects were all reversible by oral Cr supplementation.
Furthermore, Cr accumulation and degradation showed
tissue-specific kinetics in skeletal muscle and brain.

Changes in phosphate metabolites due to Cr
deficiency

Levels P; are twofold increased in skeletal muscle of
AGAT™/~ mice with Cr deficiency, which cannot be
explained by systemic hyperphosphataemia, because the
plasma phosphate concentration in AGAT/~ mice was
not elevated (data not shown). In order to understand
the conditions for hyperphosphataemia to occur, we
must consider some relevant physiological principles.
Any stable cytosolic [P;] is in steady state with trans-
membrane P; transport (such that passive P; efflux equals
secondary active P; influx) and also with intracellular
metabolic fluxes (such that the rates of P;-consuming
and P;-generating processes are equal). Both aspects are
part of the metabolic ‘setting’ of the cell, which in muscle
defines the resting baseline from which perturbations (e.g.

Figure 7. Changes in PCr and P; levels in
hindleg muscle of AGAT~/~ mice during Cr
dz2 administration and restriction

Ratios of PCr/B-ATP and Pi/B-ATP during Cr
supplementation (filled squares) and Cr
restriction (grey squares). Note that the fast
accumulation of PCr and slow adaptation of P;
levels during Cr treatment results in an
immediate increase of total phosphate content
in muscle. During Cr restriction, P; levels start to
increase when PCr/B-ATP ratios decrease below
~1.5. Metabolite levels in muscle were
determined from unlocalized 3'P MR spectra.
Data are means, n = 3—4 per time point. Note
that the overshoot in PCr/8-ATP during the first
2 days of Cr supplementation can be explained
by adaptations in gene expression, resulting in

5 decreases in [ATP] that are likely still to be
present after only 2 days of Cr
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Figure 8. Metabolic responses to ischaemia and calculated ATPase flux

A-C, changes of PCr (A) and P; signal intensities (B), as well as pH (C), in skeletal muscle before and during
an ischaemic period. Signal intensities and pH levels were determined from 3'P MR spectra in WT mice (black),
AGAT~/~ mice on a Cr-free diet (day O; blue), and after 2 (red) and 21 days (grey) of Cr administration. The
PCr and P; signal intensities were normalized to the B-ATP signal intensity before ischaemia (8-ATPg). Data are
means & SEM, n = 5-7 per group. D-F, rates of ATP generation by net breakdown of PCr (D), by glycolysis (),
and their sum (total ATPase rate; F), determined from the decreases in PCr and pH during the first 7 min of the
ischaemic period, assuming normal ATP levels (7.8 mm) in WT and AGAT~/~ mice on day 21 and reduced levels
(60%) in AGAT—/~ mice on day 0 and day 2. Data are means =+ SD, n = 5-7 per group. Significant differences
were determined by ANOVA. # Value obtained from the summed spectrum of the entire AGAT~/~ group, because
of low individual signal intensities.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society



584 C. I. Nabuurs and others

exercise, ischaemia) take off. Direct ex vivo measurements
of sarcolemmal P; transport would be needed to explain
how the transmembrane steady state is maintained at
this high cytosolic [P;], but one might speculate that an
increase in P; uptake is a consequence of the absence of
the CK—PCr system. An increased [P;] might have several
consequences; for instance, it may promote a cellular
milieu that can maintain sustained mechanical output at
the expense of maximal power of the fibres (Kushmerick
etal. 1992). Although [ADP] is classically assumed to have
the key feedback role in mitochondrial ATP production,
recent studies point to the importance of [P;] as a feedback
signal, especially at low rates of ATP turnover as in low
and moderate exercise (Scheibye-Knudsen & Quistorff,
2009; Jeneson et al. 2011). From this perspective, an
increased [P;] represents an increase in feedback signal,
in response either to an increased ATP demand or
to decreased capacity of oxidative synthesis (glycolytic
ATP synthesis is negligible in resting, normally perfused
muscle). In this context, it would be interesting to confirm
a potentially increased ability for endurance exercise
in AGAT™/~ mice, similar to CK-deficient muscle that
demonstrates a resistance to fatigue during low-intensity
exercise (Dahlstedt et al. 2000). Increased P; is also
associated with inhibited force production (e.g. Pathare
et al. 2005), although changes in resting [P;] make
proportionately less difference to exercise [P;] the higher
the intensity of exercise.

The mechanism of the decreased [ATP] must involve
relative activation of the pathways of adenine nucleotide
synthesis and breakdown, which again can be thought of
as aspects of the metabolic setting of the cell.

The ischaemia experiments, used as a stress test for
integrated ATP supply, provide a non-invasive technique
to determine ATP generation from the initial PCr
depletion once oxidative ATP synthesis is halted by
ischaemia. Unfortunately, the lack of PCr hampered this
assessment in truly Cr-depleted muscle. However, the
rate of glycolysis to lactate seems to compensate for this
lack in order to maintain a similar total initial ATP
synthesis rate (i.e. the resting ATP demand) compared
with that of WT or Cr-supplemented AGAT~/~ mice.
The situation is strikingly different on the second day
of Cr supplementation, when the rate is substantially
increased due to a normal contribution from the PCr—CK
buffering system in addition to a still-elevated glycolytic
contribution.

From another point of view, the combination of
elevated P; and decreased ATP levels compared with
WT is similar to that observed in cat, rat and mouse
soleus muscles, which have a high fraction of slow-twitch
oxidative type I fibres (Meyer et al. 1985; Kushmerick et al.
1992). Independent of fibre type, the elevated activity
of citrate synthase and F-type ATPase and the increased
availability of intramyocellular lipid droplets point
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towards an upregulation of oxidative ATP production
in mitochondria of resting AGAT~/~ muscle. While the
proton-pumping respiratory enzymes are downregulated,
the majority of the metabolic alterations suggest an
increased oxidative metabolism in AGAT~/~ muscle. This
may be related to the enhanced energy expenditure, as
indicated by the increased food intake in combination
with a low body fat content (Choe et al. 2012).

Creatine deficiency and a non-functional
PCr-CK system

Skeletal ~muscle normally contains  substantial
concentrations of Cr (~30 mm), which comprises > 90%
of the total body Cr content. At normal resting conditions,
about 85% of the total Cr is present in the phosphorylated
form. The depletion of Cr in the AGAT~/~ mice disables
the PCr—CK system for all tissues, including skeletal
muscle. Double CK knockout mice (CK=/= mice) with
deletions of muscle-specific CK-isoforms, i.e. cytosolic
M-CK and mitochondrial ScCKmit (Steeghs et al. 1998;
in ’t Zandt et al. 2003), also have to cope without this
system for ATP buffering. It is of interest to compare them
with Cr-depleted AGAT~/~ mice.

In contrast to the Cr-depleted AGAT~/~ mice, in
which Cr and PCr are absent, CK=/= muscles have
near-normal concentrations of tCr and a substantial
amount of PCr (in ’t Zandt et al 2003). Further
experiments suggested that the presence of PCr in
CK=/= muscle could be due to minute amounts of
B-CK (cytosolic CK isoform), deposited in myotubes
during the fusion of myoblasts, which start their
differentiation with substantial B-CK levels. The pre-
sence of some B-CK makes sense, because CK=/= mice
are subject to active muscle degeneration—regeneration
processes (Mombken et al. 2005). As the PCr—CK system
seems to be essential for myoblast differentiation and
fusion (O’Connor et al. 2008), the potential for muscle
regeneration in Cr-depleted AGAT/~ mice is likely to be
severely deficient. Although CK=/= mice show reduced
mass of some muscles (Momken et al. 2005), muscle
atrophy is much more severe in Cr-depleted AGAT /-
mice. In CK=/= mice, muscle atrophy may be caused
by limited voluntary exercise (Momken et al. 2005), but
as locomotor activity in Cr-depleted AGAT~/~ does not
appear to be different from that of WT mice (see Choe
et al. 2012), it is more plausible that impaired muscle
regeneration contributes to muscle atrophy, possibly due
to other effects of severe Cr deficiency. It is worth noting
here that in addition to a defect in metabolism the atrophy
may be the main contributor to the decreased grip strength
of the AGAT~/~ mice, because the muscle cross-sectional
area correlates with contractile power (Maughan et al.
1983; del Porto et al. 2010; Akima et al. 2012).
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In some other aspects, Cr-depleted AGAT/~ skeletal
muscle resembles that of CK=/= mice. Both demonstrate
a larger number of intramyocellular lipid droplets near
mitochondria, as well as elevated GLUT4 activation, pre-
sumably reflecting similar metabolic adaptations (Steeghs
et al. 1998). In CK=/= muscle, mitochondrial density
is elevated, but no electron-dense mitochondrial inter-
membrane inclusions were reported (Steeghs et al. 1997a,
1998). The latter may be associated with mitochondrial
ScCKmit. While, strikingly, ATP levels are decreased and
P; is increased in Cr-depleted AGAT/~ muscle, ATP
levels in CK=/= muscle were comparable to normal WT
muscle, and only mild elevations in P;/8-ATP ratios were
observed in basal conditions (Steeghs et al 1997a,b).
However, in CK=/= mice the P;/ATP ratios can be increased
by an ischaemic period, without recovery for at least
a day thereafter (in ’t Zandt et al. 1999). Moreover,
both CK=/= and AGAT~/~ muscle demonstrate abnormal
functionality; depleted AGAT™/~ mice suffer from a
reduced grip strength, while the absence of the PCr—CK
system results in a lack of burst activity upon electric
stimulation (de Haan et al. 1995; Steeghs et al. 1998).

Taken together, in comparison to muscle of CK=~/=
mice, Cr-depleted AGAT/~ skeletal muscle shows a
more severe phenotype at a metabolic and morphological
level. This can be attributed to additional effects of
inoperable PCr—CK systems of non-muscle cells present
in (immature) skeletal muscle tissue and/or effects of the
pure absence of Cr.

Energy metabolism in the absence of Cr, compared
with other models of Cr depletion

Absence or depletion of Cr in skeletal muscle and other
body tissues has been studied in humans and mice with a
defect in the genome encoding for GAMT, which catalyses
the final step in Cr synthesis. The GAMT ™/~ muscle
demonstrated accumulation of GAA and PGAA. The latter
can serve as an alternative substrate for the CK reaction
(Stockler et al. 1997; Kan et al. 2004); in contrast, muscle
of AGAT~/~ mice has no alternative HEP compound that
can be used as an ATP buffer. In GAMT/~ mice, the
grip strength was reduced by only 16% compared with
WT littermates (Schmidt et al. 2004), the specific force of
the medial gastrocnemius muscle was decreased by 34%
(Kan et al. 2005), and P;/B-ATP in GAMT~/~ muscle was
increased by only ~60% (Kan et al. 2004). These aspects
indicate a milder phenotype compared with the AGAT~/~
mice in the present study.

Upregulation of the activities of respiratory enzymes
has also been observed in GAMT /= brain and muscle
(CS and complex V; Schmidt et al. 2004) and in GAMT~/~
fibroblasts incubated in Cr-free medium (complexes I, IIT
and V; Das et al. 2000). In the latter, the enhanced enzyme
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activities were still present after 1 week, but were restored
to normal after 2 weeks when the incubation medium was
supplemented with Cr.

Creatine can also be depleted by administration of Cr
analogues, in particular 8-GPA. This has several effects on
muscular phenotype and biochemistry (Moerland et al.
1989), some of them similar to those we have observed
in AGAT™/~ muscle. Systemic GPA supplementation
competitively inhibits Cr accumulation by muscle fibres,
where cytosolic GPA is reversibly phosphorylated to
P-GPA by CK (Boehm et al. 1996). Thus, GPA is acting
as a HEP trap and reduces the Cr concentration (Clark
et al. 1994). The P-GPA can act as an alternative HEP
in vivo, exactly like P-GAA in GAMT~/~ mice, although
in vitro MM-CK is much less active on these substrates
compared with Cr (about 1500-fold lower for P-GPA and
100-fold lower for P-GAA; Roberts & Walker, 1983).

Interestingly, B-GPA-fed rats showed a 50% decrease in
ATP concentration in both slow- and fast-twitch skeletal
muscle, which is in agreement with the decrease that we
observed in Cr-depleted AGAT/~ muscle. Upon B-GPA
accumulation, glycolytic muscles demonstrate enhanced
respiratory chain enzyme activities (complex IV and CS)
and higher mitochondrial density (Shoubridge er al.
1985; Moerland et al. 1989), as well as a switch from
fast to slow myosin isoform expression and a 3.5-fold
faster post-stimulation PCr recovery (Ren et al. 1993).
Slow-twitch muscle undergoes milder changes on -GPA
feeding, although post-stimulus oxidative recovery was
still twofold faster (Moerland et al. 1989).

The increased expression of GLUT4 transporters and
a shift towards a more oxidative metabolism in skeletal
muscle of B-GPA-fed rats (Shoubridge et al. 1985; Ren
et al. 1993) suggest that absence of Cr leads to increased
glucose uptake and catabolism in muscle, which is in
agreement with the increased glucose tolerance and
insulin sensitivity that we have observed in the AGAT/~
mice (Choe et al. 2012). Our data suggested that (P)Cr
depletion and decreased ATP levels result in chronic
activation of AMP-activated protein kinase (AMPK) and
insulin-independent glucose uptake in skeletal muscle.
It is worth noting that AMPK promotes mitochondrial
biogenesis in muscle of WT mice and AMPK knockouts,
both treated with B-GPA (Zong et al. 2002). Activation
of AMPK counteracts energy deficiency by increasing
glucose transport via enhanced GLUT4 translocation
(Holmes et al. 1999; Hayashi et al. 2000; Bergeron et al.
2001), stimulating B-oxidation by inhibition of acetyl
CoA carboxylase (Kudo et al. 1995; Dyck et al. 1999)
and increasing mitochondrial enzyme activities (Winder
et al. 2000). Those adaptations indicate an upregulation
of oxidative metabolism and fit well, in particular with
the large elevation in AMP/ATP ratio, which determines
the phosphorylation (i.e. activation) of AMPK. The
upregulation of AMPK activity is worth further study
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to elucidate the mechanism linking Cr depletion with
increased GLUT4 expression.

The severe atrophy in the AGAT™/~ mice occurs to
a certain extent also in B-GPA-fed rats, as shown by a
decrease in the diameter of fast-twitch fibres (Shoubridge
etal. 1985). Moreover, electron-dense mitochondrial inner
membrane inclusion bodies have been reported in muscle
of B-GPA-fed rats, presenting initially only in slow-twitch
muscle, but during longer B-GPA supplementation also
in fast-twitch muscle and heart (O’Gorman et al. 1997).
These structures were associated with high levels of
ScCKmit that co-crystallise within the mitochondrial
cristae with unknown structures, possibly in the absence
of a proper substrate (Stadhouders et al. 1994; O’Gorman
et al. 1996, 1997).

Taken together, these studies indicate that enhanced
aerobic metabolism occurs in muscle depleted of Cr,
whether by B-GPA administration or by GAMT or
AGAT deficiency. The present results suggest that the
fully Cr-depleted muscles in AGAT~/~ mice are most
severely affected, perhaps because PGAA in GAMT /-
mice, B-GPA in rodents fed with this Cr analogue, or
residual PCr still can serve as an HEP buffer, whereas
the PCr—CK system in Cr-depleted AGAT~/~ muscle is
completely non-functional (Wyss & Kaddurah-Daouk,
2000). Although valuable information on consequences
of Cr deficiency have been gained from studies performed
on Cr-analogue-fed models and GAMT ™/~ mice, the
AGAT~/~ mice in this study are a model for pure Cr
deficiency. Recently, a complete Cr deficiency has also been
demonstrated in a mouse model for creatine transporter
(CrT) deficiency, but to our knowledge the consequences
for muscle metabolism and morphology have not yet been
investigated (Skelton ef al. 2011).

Ischaemia and upregulated glycolytic ATP production

To characterize the metabolic effects of pure Cr deficiency
further, we subjected Cr-depleted AGAT™/~ muscle to
a period of ischaemia. The AGAT/~ mice showed an
enhanced drop in pH in occluded muscle, which is at least
partly due to the absence of the pH-buffering capacity of
the CK reaction. In agreement with this, a similar end-pH
during the same ischaemic protocol was observed in the
double CK knockout, CK=/= (in’t Zandt et al. 1999). Inter-
estingly, in those mice the ATP declined by 30% during
the ischaemic period, with a proportional elevation in P;
and phosphomonoesters. Although ATP levels were lower
in resting AGAT~/~ muscle, they did not decline further
during ischaemic occlusion. This might be explained at
least partly by ATP production from residual PCr (~3 mm)
in the muscles of the knockout mice that were used
for the ischaemia study. Nevertheless, in the absence of
almost all of the ATP-buffering and pH-buffering effects
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of the PCr—CK system, the muscle was able to generate
sufficient ATP from glycolysis to maintain the increased
ATP demand without significant loss of ATP.

Together with the upregulated ATPase activity in resting
muscle after 2days of Cr supplementation, the slow
changes in P; levels upon supplementation and break-
down suggest that there are slow adaptations in ATPase
activity at the transcriptional level. Unfortunately, the low
signal-to-noise ratio of the *'P MR spectra of the small
muscle volumes in AGAT~/~ mice hampered accurate
determination of postischaemic recovery in AGAT ™/~
mice after 2 days of Cr supplementation.

Creatine supplementation

In patients with AGAT or with GAMT deficiency, oral
administration of Cr increases its levels in the central
nervous system and improves neurological condition
(Stockler et al. 1994; Bianchi et al. 2000). However,
treatment responses in other tissues have not been
thoroughly investigated in patients, except for two
CrT-deficient patients who did show Cr in muscle in
contrast to a complete deficiency in brain (deGrauw
et al. 2003; Pyne-Geithman et al. 2004). In the present
study, we explored the accumulation of Cr by muscle
of AGAT™/~ mice and demonstrated that muscle was
replenished within 1 day of creatine supplementation. The
overshoot in PCr/B-ATP ratios during the first 2 days
of Cr supplementation can be explained by the lower
ATP concentrations in the AGAT/~ muscle that are pre-
sumably caused by transcriptional adaptations and take
several days to increase from 13.5 umol (g dry weight)™!
to normal WT levels (25.1 umol (g dry weight)™").

As muscle volume drastically increased upon Cr
treatment, depleted AGAT™/~ muscle tissue clearly
benefits from Cr treatment, not only from a metabolic
point of view. The gain in muscle mass accounted for at
least a part of the increase in body weight in response
to Cr treatment, and is likely to involve increases in the
volume of individual muscle fibres. A relation between
muscle volume and Cr concentration was not only shown
in B-GPA-fed rats, in which Cr depletion was accompanied
by decreases in the diameter of glycolytic muscle fibres; Cr
supplementation in healthy subjects has also frequently
been associated with an increase in cellular volume, which
might be due to an osmotic effect of creatine (Low et al.
1996; Juhn & Tarnopolsky, 1998; van Loon et al. 2003).
Interestingly, we observed a transient change in the level
of another potential osmolyte, taurine, in response to the
rapid and large increase in tCr levels, which might suggesta
balance between taurine and Cr in osmolytic homeostasis.

A comparison between the rates of Cr accumulation in
AGAT~/~ and GAMT~/~ mice revealed that Cr in muscle
of AGAT™/~ mice immediately reached normal levels,
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whereas Cr concentrations in GAMT ™/~ mice increased
substantially, but less pronounced during the first day
of supplementation (Kan et al. 2007), which was then
followed by a slower increase to a supranormal steady-state
level. This small difference in the accumulation curves
between the two groups could be related to the fact that
the "H MRS voxels in AGAT~/~ and GAMT~/~ mice were
placed in different hindlimb muscles. Thus, we cannot
rule out a potential effect of fibre-type composition on the
accumulation curves. The delayed uptake in the GAMT~/~
mice was explained by competition between the newly
available Cr and the accumulated plasma GAA (Boehm
et al. 1996). However, it is not known whether AGAT ~/~
mammals have a more profound upregulation of Cr
transporters.

In contrast to the complete tCr replenishment in muscle
within 1 day of supplementation, the brain demonstrated
a much more gradual increase of Cr, taking about 20 days
to reach normal WT values. This pattern has also been
observed in a GAMT-deficient patient (Ensenauer ef al.
2004) and in GAMT/~ mice (Kan et al. 2007). Pre-
vious in vivo labelling studies in rats and mice showed
that the brain is able to take up Cr from the blood, even
against a large concentration gradient (Ohtsuki et al. 2002;
Perasso et al. 2003), via the Na*- and Cl~-dependent
Cr transporter protein, SLC6A8 (Guimbal & Kilimann,
1993; Sora et al. 1994). This transporter is expressed
in the microcapillary endothelial cells that form the
blood—brain barrier (Braissant et al. 2001; Ohtsuki et al.
2002; Nakashima et al. 2004; Acosta et al. 2005), but not in
the astrocytes that surround the capillaries, which might
be the main reason for the relatively inefficient cerebral
uptake of Cr (Braissant et al. 2001; Ohtsuki et al. 2002;
Tachikawa et al. 2004; Braissant, 2012).

Creatine administration studies in healthy humans,
rats and mice have shown no change (Horn et al. 1998;
Wilkinson et al. 2006) or a limited elevation of Cr in
the brain (Dechent et al. 1999; Ipsiroglu et al. 2001;
Lyoo et al. 2003; Hersch et al. 2006) with respect to
basal concentrations. Our results show saturation of the
cerebral Cr accumulation, which levels off at the normal
concentrations of WT control animals. This is most likely
to be due to downregulation of transporter proteins at high
Cr concentrations (Guerrero-Ontiveros & Wallimann,
1998; ten Hove et al. 2008).

The virtually complete replenishment of cerebral Cr
in AGAT~/~ mice seems to be in accordance with pre-
vious reports on AGAT-deficient patients, in whom oral Cr
intake increased Crlevels in the brain and improved neuro-
logical condition (Bianchi ef al. 2000, 2007; Battini et al.
2002). However, a comparative study in a few patients with
either AGAT or GAMT deficiency suggested a less effective
treatment response in GAMT ™/~ patients (Bianchi et al.
2007; Schulze & Battini, 2007), which has been ascribed to
apotential competition between the elevated GAA levels in
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blood and the administered Cr (Boehm et al. 1996) and/or
a neurotoxic effect of GAA accumulation. In contrast, we
did not observe a difference in Cr accumulation between
the two mouse models. Furthermore, GAA is not taken up
into brains of AGAT-GAMT double knockout mice on a
0.5% GAA-containing diet (data not shown), indicating
that GAA cannot pass the blood-brain barrier and thus
might not compete with Cr at the Cr transporter.

Creatine breakdown

The irreversible conversion of Cr and PCr into Crn is one
of the few non-enzymatic reactions in vivo. Membrane
permeability for Crn results in a constant diffusion
out of the Cr-containing tissues into the blood, from
where it is excreted in urine (Wyss & Kaddurah-Daouk,
2000). Whole-body Cr turnover can be determined by
’N-labelling studies. We have reported a '’C-labelling
study of local turnover in human muscle where Cr content
was only mildly increased by *C-labelled supplementation
(Kan et al. 2006). The present study enabled the
determination of tissue-specific turnover/degradation of
Cr in a fully depleted to normal range. The results are in
accordance with the reported total body Cr turnover of
~1.7% (Walker, 1979; Wyss & Kaddurah-Daouk, 2000)
and the local turnover we reported (Kan et al. 2006), as
expected for a non-enzymatic process with no involvement
of rate-limiting transporters.

The depletion of Cr from normal to a complete absence
takes several months, as shown by the breakdown rates.
This explains why the MRS data still show some residual
tCr and PCr, because these mice were measured after
5—6 months of Cr-free diet. The accumulation of Cr, in
contrast, is much faster and shows that AGAT™/~ mice
have the useful property of being switchable between
states of complete tissue Cr depletion and normal Cr
levels simply by withholding Cr or feeding them with Cr.
This avoids complications due to any pre- and postnatal
adaptation that occurs in mice lacking the variousisoforms
of brain- or muscle-specific CK or the Cr transporter.

In rapid perturbations, such as ischaemia or exercise,
changes in the concentration of PCr and P; are opposite,
so that total P; + PCr content is maintained; there are no
changes in net P; or Cr flux across the sarcolemma on this
time scale. (This linear inverse relation between P; and
PCr can be seen in the dotted line in Fig. 8 representing
changes during ischaemia in WT mice). However, changes
in resting concentration during long-term perturbations
depend on different physiological processes, largely those
of trans-sarcolemmal transport. Total phosphate content
(or its close surrogate, P; + PCr) is not maintained during
supplementation or depletion; during Cr supplementation
replenishment of (P)Cr occurred instantly, while the
high initial P; levels in skeletal muscle of AGAT/~
mice normalized only slowly (Fig. 7). Therefore, P; was
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not directly depleted as a mass-balance consequence of
phosphorylation of the Cr taken up. The slow kinetics of
the normalization of P; suggest transcriptional processes,
and the general principles of the regulation of cell [P;]
imply that these are at work in trans-sarcolemmal P;
transport, perhaps as a part of the reversal of a general
process of adaptation towards a predominantly oxidative
metabolic phenotype in Cr-deficient muscle. A similar
phenomenon was observed in GAMT/~ mice during
Cr supplementation, because (PCr + PGAA)/ATP ratios
after 2 days of Cr administration were increased when
compared with normal PCr/ATP ratios, while P;/8-ATP
was also still beyond normal WT levels (Kan et al.
2004).

Conclusion

In conclusion, the mouse model with AGAT deficiency,
which can be switched between Cr-depleted and
Cr-repleted states, provides a unique opportunity to study
muscle metabolism and morphology in the absence of
Cr without compensation by accumulated guanidino
compounds. Compared with CK-deficient muscle, which
does contain Cr although it cannot be used in the CK
system, the more severe phenotype of AGAT/~ mice on a
Cr-free diet provides evidence for an important role of Cr
in skeletal muscle integrity, apart from being a substrate
in the CK reaction. The effects of Cr depletion on muscle
show some similarities with the phenotype of Cr-depleted
GAMT~/~ mice and B-GPA-fed rodents. The phenotype
in Cr-depleted AGAT/~ skeletal muscle appears more
pronounced, which is not surprising given that it is the
only model in which Cr is completely depleted and no
alternative HEP bulffer is available. As in the other models
of PCr—CK system deficiencies, depleted AGAT~/~ muscle
adapts towards a more oxidative metabolism. Transport
of Cr into muscle tissue is very efficient; therefore, Cr
deficiency in skeletal muscle is easily rescued by dietary Cr
intake.
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