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a b s t r a c t

Creatine (Cr) is an important organic compound acting as intracellular high-energy phosphate shuttle
and in energy storage. While located in most cells where it plays its main roles in energy metabolism and
cytoprotection, Cr is highly concentrated in muscle and brain tissues, in which Cr also appears to act in
osmoregulation and neurotransmission. This review discusses the basis of Cr metabolism, synthesis and
transport within brain cells. The importance of Cr in brain function and the consequences of its impaired
metabolism in primary and secondary Cr deficiencies are also discussed. Cr and phosphocreatine (PCr) in
living systems can be well characterized using in vivo magnetic resonance spectroscopy (MRS). This
review describes how 1H MRS allows the measurement of Cr and PCr, and how 31P MRS makes it possible
to estimate the creatine kinase (CK) rate constant and so detect dynamic changes in the Cr/PCr/CK
system. Absolute quantification by MRS using creatine as internal reference is also debated. The use of
in vivo MRS to study brain Cr in a non-invasive way is presented, as well as its use in clinical and pre-
clinical studies, including diagnosis and treatment follow-up in patients.

© 2016 Elsevier Inc. All rights reserved.
1. Creatine

Creatine (Cr), or a-N-methylguanidino acetic acid, is a nitroge-
nous organic acid playing an important role in the regeneration of
ATP through the Cr/phosphocreatine/creatine kinase (Cr/PCr/CK)
system (Fig. 1A [1,2]). Four different CKs have been described based
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on their tissue expression and subcellular localization: two mito-
chondrial, sMtCK (sarcomeric muscle) and uMtCK (ubiquitous/
brain), consuming mitochondrial ATP to produce PCr for export to
the cytoplasm, or in brown/beige adipose tissue for the control of
thermogenesis; and two cytosolic, B-CK (brain) andM-CK (muscle),
for local energy control through ATP regeneration by PCr con-
sumption [3,4]. Tissues with high ATP demand (heart, muscle and
brain) show elevated Cr levels.

Dietary intake is responsible for about half of the daily Cr needs,
while the remainder is synthesized endogenously through a two-
step enzymatic pathway: Arginine:glycine amidinotransferase
(AGAT or GATM; EC 2.1.4.1) converts arginine (limiting substrate)
and glycine into ornithine and the intermediate guanidinoacetate
(GAA), while guanidinoacetate methyltransferase (GAMT; EC
2.1.1.2) uses S-adenosylmethionine as co-factor to convert GAA into
Cr (also releasing S-adenosylhomocysteine). Total Cr content
amounts to ~120 g in a young adult of 70 kg body weight, of which
about 2% is replaced daily due to the non-enzymatic conversion of
Cr to creatinine [5,6]. Cr is transported into cells with high-energy
demand (including cells within CNS) by the Naþ-Cl--dependent Cr
transporter, SLC6A8 (also known as CT1, CRT, CRTR or CreaT) [5].
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Fig. 1. Creatine synthesis, transport and functions in CNS. A: Cr is synthesized through a two-step successive enzymatic pathway involving AGAT and GAMT, and is taken up by
cells through a specific transporter, SLC6A8. The main function of Cr allows ATP regeneration and high-energy phosphate shuttling through the Cr/PCr/CK system; Cr is also
suggested to be a neurotransmitter, and is an important CNS osmolyte. B: While microcapillary endothelial cells (MCEC) express SLC6A8, astrocytic feet lining them do not, implying
that only low amounts of peripheral Cr enter the brain through blood-brain barrier (BBB) and that CNS must accomplish part of its own endogenous synthesis of Cr. In most brain
regions, the Cr synthesis pathway is dissociated, with AGAT-expressing cells synthesizing GAA followed by GAA uptake through SLC6A8 in GAMT-expressing cells. The cell exit of Cr
and GAA occurs through so far unknown transporters or channels. Abbreviations: AGAT arginine:glycine amidinotransferase; Arg arginine; Cr creatine; ECM extracellular matrix;
GAA guanidinoacetate; GAMT guanidinoacetate methyltransferase; Gly glycine; MCEC microcapillary endothelial cells; Orn ornithine; PCr phosphocreatine; SAH S-adenosyl ho-
mocysteine; SAM S-adenosyl methionine; SLC6A8 Cr transporter.
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2. Creatine synthesis and transport in CNS

While in the periphery the main Cr synthesis pathway occurs
through the dissociated expression of AGAT in the kidney, which
releases GAA as substrate for GAMT expressed in liver, AGAT and
GAMT are also expressed in most other tissues, including the brain
[5e9]. Brain Cr was long-considered to be synthetized in peripheral
tissues followed by transport to the brain. Although microcapillary
endothelial cells at the blood-brain-barrier (BBB) express SLC6A8,
which allows peripherally synthesized Cr entry into the CNS, the
astrocytes, and particularly their end-feet ensheathing the BBB, do
not express the Cr transporter [7,10,11]. This leads to a very low
permeability of BBB for Cr. Thus, the brain is dependent on its own
endogenous synthesis of Cr through AGAT and GAMT expression
(Fig. 1B [7,8,12]).

In the CNS, neurons and oligodendrocytes can contain AGAT,
GAMT and SLC6A8 but astrocytes express only AGAT or GAMT as
described above [7,11,13]. In most brain structures, AGAT and GAMT
are rarely co-expressed in the same cell (particularly in cortex and
basal ganglia), and thus, GAA must be transported from AGAT- to
GAMT-expressing cells to complete the Cr synthesis pathway (Fig.1B
[8,14]). Moreover, this transport of GAA into brain GAMT-expressing
cells appears to occur through the same transporter as that used for
Cr, namely SLC6A8 [8]. While it was proposed that the final Cr syn-
thetic stepmostly occurs in glial cells [15,16], this does not seem tobe
the case inmanybrain structures, especially in cortexwhereneurons
rather that astrocytes have the highest GAMT expression, or in hip-
pocampal CA1-4 and dentate gyrus neurons, as well as in cerebellar
Purkinje cells which express GAMT in very high proportions [8].

Two coherent patterns of expression are thus found in the
different brain structures. First, as observed in most brain regions,
AGAT and GAMT are not co-expressed. This separation of AGAT and
GAMT expression might facilitate the fine tuning of GAA and Cr
synthesis, in regard to the essential function of Cr in cellular energy
metabolism. In addition, the efficient uptake of Cr and GAA by brain
cells might be essential for maintaining low extracellular concen-
trations to allow neuromodulation/neurotransmission by Cr while
avoiding the toxic effects of GAA (see below) [8,17,18]. It is note-
worthy that the dissociated expression of AGATand GAMT in CNS at
the intercellular level is similar to the tissular separation of these
enzymes between kidney and liver in the periphery [5,9,19]. Sec-
ondly, the cellular co-expression of AGAT and GAMT, sometimes
alsowith SLC6A8, may indicate cells with permanent high Cr needs.
Some specific brain structures, such as hippocampus, cerebellar
Purkinje neurons and hypothalamic nuclei contain up to 60% of
cells co-expressing AGATþ GAMT, and up to 65% of cells expressing
SLC6A8. The presumed elevated demands of Cr in these neuronal
layers are in line with their high creatine kinase activity [8,20].

During embryogenesis, the fetal needs for Cr are partly sup-
ported by active transport of Cr from the mother to the fetus [21].
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However, AGAT, GAMT and SLC6A8 are also expressed during
vertebrate embryogenesis in tissues that include the CNS
[15,22,23]. We have shown that AGAT and GAMT are expressed in
thewhole developing brain [22]. However, their low level (GAMT in
particular) at early developmental stages suggests that in contrast
to adulthood, the embryonic CNS predominantly depends on an
external Cr supply. This is probably sustained by the early expres-
sion of SLC6A8 in thewhole fetal brain, with particularly high levels
of expression in the periventricular zone and choroid plexus, before
microcapillary angiogenesis and differentiation of the BBB [12].

3. Creatine: a multifunctional molecule in the brain

The essential role of Cr in energy metabolism has been known
for a long time. Through the Cr/PCr/CK system, Cr serves in ATP
regeneration as well as the shuttling and buffering of high energy
phosphates (Fig. 1A) [1,2]. In the CNS, the function of Cr in energy
metabolism is particularly important for maintaining membrane
potentials, ion gradients and Ca2þ homeostasis [5,24]. Cr has also
been described as a potent antioxidant molecule, in particular
through scavenging of reactive oxygen species (ROS) [25]. Cr was
shown to be neuroprotective in in vivo and in vitro rodentmodels of
ischemia/anoxia [26], and was also suggested to protect the CNS
under neurodegenerative conditions such as Parkinson's (PD) or
Huntington's (HD) disease, in particular through cell energy sup-
port [27]. However, the first therapeutic trials for these two dis-
eases were disappointing, possibly due to the poor permeability of
the BBB for Cr (see above and Fig. 1B). Finally, the Cr/PCr/CK system
is essential during brain development to provide enough ATP in
neuronal growth cones to ensure normal growth of axons and
dendrites [28].

In addition to its well-known function in energy metabolism
(see above), Cr has recently been suggested to play roles in neu-
romodulation or even true neurotransmission (Fig. 1A). Cr and GAA
can act as neuromodulators of GABAergic neurons as partial ago-
nists of the post-synaptic GABAA receptor (GABAAR) [29,30], and
accumulated GAA under partial GAMT deficiency alters the
expression of the pre-synaptic GABA-synthesizing enzyme gluta-
mic acid decarboxylase (GAD) as well as that of the post-synaptic
GABAAR [18]. Moreover, a potential role for Cr as a true neuro-
transmitter was suggested by data showing that Cr can be released
from neurons in an action-potential dependent manner, while rat
brain synaptosomes are able to take up Cr [31,32]. This suggests
that Cr may act as a vesicle-harboured neurotransmitter, which
may also be recaptured/recycled through SLC6A8 expression in
axonal terminals [17]. This suggestion is reinforced also by the fact
that the Cr transporter SLC6A8 is a member of the Naþ- and Cl�-
dependent neurotransmitter transporter BETA family (together
with SLC6A6, SLC6A11, SLC6A12 and SLC6A13). More data are
needed however to demonstrate this potential role of Cr as true
neurotransmitter, in particular by discovering a so far unknown
specific postsynaptic Cr receptor. Cr is also a major osmolyte of the
CNS (Fig. 1A), as shown by 1H and 31P magnetic resonance spec-
troscopy (MRS) in rat cortical brain slices and primary astrocytic
cultures [33,34]. A decrease of brain Cr was shown in an in vivo
model of hepatic encephalopathy induced by bile duct ligation in
the rat, in parallel with an increase of glutamine [35,36]. Finally, Cr
was also suggested to be a potential regulator of appetite and
weight by acting on hypothalamic nuclei [37].

4. Measurement of brain creatine by in vivo magnetic
resonance spectroscopy

MRS offers a non-invasive opportunity to assess Cr content in
various tissues/organs in vivo, including brain. In particular, MRS
allows the study of the various metabolites which are involved in
the multifunctional role of Cr in the CNS: energy metabolism (e.g.
Cr, PCr, lactate, ATP, NADP), neuromodulation/neurotransmission
(e.g. Gln, Glu, GABA, Asp), osmolality (Gln, mIns, Tau, tCho, tCr), and
neuroprotection (NAA, GSH). Moreover, MRS measurements can be
performed in a longitudinal way to assess metabolic changes dur-
ing disease or treatment. Metabolite concentrations are measured
in a volume of interest (VOI) as a mean value containing intra- and
extracellular space and are usually compared between pathologic
and control groups or before and after disease/treatment if the
study design allows it.
4.1. 1H MRS

In 1H MR spectra, hydrogen nuclei (called protons) of Cr reso-
nate at three different frequencies: CH3 protons at 3.027 ppm, CH2
protons at 3.913 ppm and NH2 protons at 6.649 ppm (ppm ¼ parts
per million) [38]. The NH2 of Cr is often not detected in vivo because
of its short T2 and fast exchange of its protons with water [39]. In
PCr the chemical shifts are slightly different from those observed
with Crwith CH3 protons resonating at 3.029 ppm (chemical shiftCr-
PCr ¼ 0.002 ppm), CH2 protons at 3.930 ppm (chemical shiftCr-
PCr ¼ 0.017 ppm) and NH2 protons (when observed) at 6.581 and
7.296 ppm [38]. This difference between Cr and PCr resonant fre-
quencies is too small to be reliably distinguished at low magnetic
field (up to 3 T), thus often leading to the estimation of the sum of
these metabolites as total Cr (tCr ¼ Cr þ PCr). At higher magnetic
field, especially in animal studies, Cr and PCr concentrations can be
assessed separately [36,40], as illustrated in Fig. 2. This is particu-
larly useful when imbalance of the Cr/PCr ratio needs to be
observed. In the case of GAMT deficiency, the Cr precursor GAA can
be detected by 1H MRS as a singlet peak from CH2 protons reso-
nating at 3.78 ppm which may be misidentified as the Cr peak at
3.913 ppm [41,42]. The chemical shift position of this GAA peak in
the 1H MR spectrum is shown in Fig. 2.

All resonances of Cr and PCr are singlets without any J-coupling,
thus facilitating their detection and quantification (Fig. 3). The
absence of J-coupling, together with relatively high brain tissue
concentration, makes Cr an easily detectable metabolite with few
technical demands on localization pulse sequence (e.g. PRESS,
STEAM, LASER, SPECIAL). Although Cr and PCr (or tCr) can
reasonably be quantified using long echo times (TEs), Ke et al. [43]
showed a difference in T2 relaxation of Cr and PCr CH3 groups
(3.03 ppm) at 1.5 T indicating that the contributions of Cr and PCr in
the tCr peak change when acquired with different TEs [44]. It
means that a short TE sequence is important to minimize T2
weighting of Cr and PCr in the tCr peak. On the other hand, com-
parison between short and long TE acquisition allows the assess-
ment of Cr/PCr ratio even inmagnetic fields where Cr and PCr peaks
cannot be separately distinguished [43,44].
4.2. Brain Cr concentration in 1H MRS

The concentration of Cr measured by in vivo 1H MRS in the CNS
under physiologically normal conditions varies between 4.5 and
5.6 mmol/l in human and 3.5e5.5 mmol/l in rat; PCr reaches
3e5.5 mmol/l in human and 3e5 mmol/l in rat [36,40,45,46]. By
using off-resonance magnetization transfer experiments in rats, it
was shown that almost all brain metabolites have immobile pools
of variable size, suggesting specific interactions with macromole-
cules [47]. Thus, the measurement of tCr by in vivo 1H MRS appears
to result in an underestimate by approximately 13e18%, as part of
Cr present in brain tissue is MR invisible due to its immobilization
by binding to large molecules [48,49].



Fig. 2. PCr, Cr and GAA in 1H MR spectra. A: Simulated spectra of phosphocreatine (PCr), creatine (Cr) and guanidinoacetate (GAA) at different static magnetic fields (1.5 T, 3 T, 7 T
and 9.4 T). With increasing magnetic field, the CH2 peaks of Cr and PCr can be better separated. As indicated in the figure, the chemical shift between CH2 peaks of Cr and PCr is
equal to 0.017 ppm and corresponds to 1.086 Hz, 2.171 Hz, 5.067 Hz and 6.804 Hz at 1.5 T, 3 T, 7 T and 9.4 T respectively. In contrast, CH3 peaks of Cr and PCr are indistinguishable
even at 9.4 T (the chemical shift between Cr and PCr is 0.002 ppm and corresponds only to 0.8 Hz at 9.4 T). The GAA peak (at 3.78 ppm) is undetectable under physiological
conditions due to its low concentration and is typically observed only in the brain spectra from GAMT-deficient patients, sometimes wrongly reported as Cr CH2 peak due to its close
position. B: Simulated spectrum of Cr at different static magnetic fields (1.5 T, 3 T, 7 T and 9.4 T). The left column shows the chemical shift in ppm units, the CH3 peak at 3.027 ppm
and the CH2 peak at 3.913 ppm for every magnetic field strength. The right column shows the chemical shift in Hz units demonstrating a shift of resonant frequencies at different
magnetic fields. 0 ppm or 0 Hz is equivalent to no chemical shift and so corresponds to resonant Larmor frequency at each magnetic field strength (63.864 MHz at 1.5 T,
127.728 MHz at 3 T, 298.032 MHz at 7 T and 400.214 MHz at 9.4 T). Note: All simulated peaks have fixed linewidth to 2 Hz which results in apparently larger peaks at lower
magnetic fields in ppm scale (1 ppm at 1.5 T corresponds to 63.864 Hz whereas 1 ppm at 9.4 T corresponds to 400.214 Hz). All metabolites were simulated with NMRSCOPE B plug-in
in jMRUI software (http://www.mrui.uab.es/mrui/). Abbreviations: Cr creatine; GAA guanidinoacetate; PCr phosphocreatine.
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4.3. Use of Cr as a concentration reference in 1H MRS

The facile detection of Cr, in combination with relatively con-
stant levels in the brain under physiological conditions, is attractive
for the use of tCr as an internal concentration reference (by
providing the tCr concentration as internal reference against which
a metabolite concentration may be compared or as a ratio of
metabolite concentration to tCr concentration).

However, this approach has to be taken with caution. While no
significant change of tCr was reported in intrasubject daily vari-
ability [50] or due to aging [51] in adult human brain, tCr varies
considerably during brain development (with an increase of tCr
from 5.7 mmol/g at 7 days postnatal to 8.5 mmol/g at 28 days
postnatal in rats [52]). Moreover, regional changes between gray
and white matters were also observed in humans (tCr varying from
4.4 to 6.3 mmol/l inwhitematter to 5.7e10.9 mmol/l in graymatter
[53,54]).

While in many diseases brain tCr stays constant, pathologies
that disturb cell energetics may disturb tCr content. Examples of
such pathologies are not surprisingly primary creatine deficiencies,
but also stroke, tumors, as well as neurodegenerative and psychi-
atric diseases (see below).

An alternative would be to use water concentration as internal
reference [60,61]. This would not only eliminate possible bias in
concentrations of other brain metabolites due to changes in tCr
brain concentration but also allow precise detection of Cr and PCr
(or tCr) changes. In most CNS pathologies, changes of water content
in brain tissue are negligible. Changes due to various brain edemas
are in the range of 1e2% [55e57]. However in some disorders,
water content may vary to a greater extent (up to 10%), e.g. multiple

http://www.mrui.uab.es/mrui/


Fig. 3. In vivo and simulated 1H MR spectra at different echo times (TE). Left column: Evolution of in vivo 1H MR brain spectra at different echo times. Cr peaks (marked in red)
are very well quantifiable even at TE ¼ 60 ms compared to those of myo-Inositol (marked in green). Spectra were acquired in a rat brain in vivo at 9.4 T using the SPECIAL
spectroscopic sequence [178] in a voxel of 27 mm3 with 240 averages. Middle column: Simulated spectra of myo-Inositol as an example of a metabolite showing a complex J-
coupled spectral pattern with increasing TE, and thus, making the multiplets more difficult to quantify. Right column: Simulated singlets of Cr show no change due to J-evolution
with increasing TE and are very clear in the spectra even at longer TE. Note: Decrease of signal due to T2 relaxation is not taken into account in the simulated spectra. All metabolites
were simulated with NMRSCOPE B plug-in in jMRUI software (http://www.mrui.uab.es/mrui/). Abbreviations: Ala alanine; Asc ascorbate; Asp aspartate; Cr creatine; GABA g-
aminobutyric acid; Glc glucose; Gln glutamine; Glu glutamate; GSH glutathione; GPC glycerophosphocholine; PCho phosphocholine; PCr phosphocreatine; PE phosphoetha-
nolamine; Lac lactate; Ins myo-Inositol; NAA N-acetylaspartate; NAAG N-acetylaspartylglutamate; Tau taurine.
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sclerosis [58] or tumors [59]. This needs to be considered when
water signal representing water concentration is chosen as an in-
ternal concentration reference. Internal water referencing requires
the separate acquisition of the water signal under the conditions
identical to those used for acquisition of metabolite signals. In
addition, water concentration in the VOI needs to be known, which
depends on the tissue composition within that volume. The tissue
composition (cerebrospinal fluid (CSF), gray and white matter) can
be determined by performing tissue segmentation of a high reso-
lution structural image. Once the tissue composition in the VOI is
known, the water concentration can be estimated using published
values for the water content of various tissues types. A second non-
invasive method is the in vivo estimation of brain water versus
structural, NMR-invisible material (often called dry weight) and
presence of CSF by measuring the multi-compartment T2 decay
curve of the water signal [60,61]. The obtained information on the
water content in the VOI can be further used for quantitative esti-
mation of brain metabolites. For important advice on data
acquisition, processing and appropriate calculations of brain
metabolite concentrations in different units, consult ref [61].
However, it must be emphasized that regardless of the referencing
method used, corrections for relaxation of both metabolite and
reference signals need to be performed. The effects of relaxation are
consideredminimal for acquisitions performed at long TR and short
TE (fully relaxed spectra) and therefore, acquisitions obtained un-
der these conditions are considered to be good choices for absolute
quantification. However, in clinical practice these types of acqui-
sitions are very difficult to perform (i.e. long TR implies long
scanning time while on clinical scanners the typical short TEs are
around 20e30ms).

4.4. 31P MRS

Another way to measure PCr is to detect its phosphorus nucleus
by in vivo 31PMRS. 31PMRS is however less sensitive (~7% relative to
1HMRS) requiring longer acquisition times and/or bigger measured

http://www.mrui.uab.es/mrui/
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volumes but offers insight into cellular high energy metabolites
(ATP, PCr), phospho-monoesters and diesters as well as some other
phosphorus containing compounds (Fig. 4) which are difficult to
study ex vivo due to high metabolic rates.

The PCr peak is a singlet, dominating 31P brain spectra under
normal physiological conditions and often used as a chemical shift
reference assigned to 0 ppm. In the physiological range, its resonant
frequency does not change with change of pH or [Mg2þ] [62] unlike
many other 31P metabolites. The resonance frequency of inorganic
phosphate (Pi) can be used to determine the intracellular pH
(considering that the Pi signal is due to Pi mainly in the intracellular
space) by utilizing the Henderson-Hasselbalch equation as adapted
for MRS:

pH ¼ 6:75 þ log½ðdPi � 3:29Þ=ð5:68 � dPiÞ�
dPi being a chemical shift between Pi and PCr in ppm [63].

Similarly, chemical shift between b-ATP and PCr signals (db-ATP) in
ppm can be used to assess [Mg2þ] [64]:

pMg2þ ¼ 4:24 � log
��

db�ATP þ 18:58
�0:42�

�
� 15:74 � db�ATP

�0:84�

In the quantification of 31P MR spectra attention needs to be
paid to the correction due to T1 relaxation, as phosphorus metab-
olites have longer T1 relaxation times and sufficiently long TR (MR
sequence repetition time) is rarely used in order to maximize the
signal-to-noise ratio. On the other hand, there is no need for the
correction of T2 relaxation since 31P MR spectra are often acquired
as the FID (free induction decay) and not echos.
Fig. 4. In vivo 31P MR spectrum. In vivo 31P MR spectrum acquired in a rat brain at
9.4 T (a non-selective adiabatic half passage pulse was used for excitation, localization
was performed with OVS in the x-, y- and z-direction, together with a one dimensional
ISIS in the y-direction [179], voxel size 195 mm3, TR ¼ 5 s, 640 averages). Abbrevia-
tions: ATP adenosine triphosphate; GPC glycerophosphocholine; GPE glycer-
ophosphoethanolamine; Pi inorganic phosphate; NAD nicotinamide adenine
dinucleotide; NADP nicotinamide adenine dinucleotide phosphate; PCho phos-
phocholine; PCr phosphocreatine; PE phosphoethanolamine. dPi: difference between
resonant frequencies of PCr and Pi, used for determination of intracellular pH. db-ATP:
difference between resonance frequencies of PCr and b-ATP, used for determination of
[Mg2þ].
Concentration referencing in in vivo 31P MRS is more difficult
than that for 1H MRS due to the lack of a suitable, stable internal
concentration reference (such as tissue water content for 1H MRS).
Very often ATP or PCr concentration is fixed to a certain constant
value in the studied subjects. However this approach may lead to
inaccuracies if cell energetics are perturbed during disease. Another
possibility is the use of an external concentration reference [65,66]
with the correction/calibration for coil loading or metabolite
quantitation based on the reciprocity principle [67]. A hetero-
nuclear concentration reference is also possible, by using the PCr
concentration from the same volume if measured by 1H MRS at
high field [36], or by using directly tissue water as an internal
reference after correction to different detection sensitivities of the
proton and phosphorus spectrometer channels [68,69].

The brain PCr concentrations reported from in vivo 31P MRS vary
between 2.5 and 5.1 mmol/l in adult human [66,67,70,71],
1.4e2.8 mmol/l in neonatal and infant human [68,72] and
3.4e5.9 mmol/l in adult rat [36,73]. Reported values are in agree-
ment with those noted above as measured by in vivo 1H MRS.

4.5. Saturation transfer in 31P MRS

In many pathologies, the static concentrations of metabolites do
not change while the dynamic properties of metabolism vary, often
in order to maintain the metabolite concentrations stable for as
long as possible. This is in particular true for ATP, as mirrored in the
rate of CK reaction:

PCr2� þ MgADP� þ Hþ ��������!kPCr�ATP
)

kATP�PCr

Cr þ MgATP2�

(k: creatine kinase rate constant)

The high-energy phosphate exchange between ATP and PCr can
be studied using a saturation transfer experiment (magnetization
transfer technique, Fig. 5) [45,74,75]. Selective saturation of the g-
phosphorus in ATP molecule by a narrow-band pulse scheme such
as BISTRO [76] will result in reduction of PCr signal due to chemical
exchange of the phosphorus nucleus with saturated magnetization
between ATP and PCr (Fig. 5). However this selective saturation
pulse applied to g-ATP is not perfect and can also partially saturate
PCr. This decrease of PCr signal due to bleedover of the saturation
pulse and not chemical exchange of saturated phosphorus nuclei
from g-ATP is unwanted. So-called mirrored spectra need to be
acquired to perform the appropriate correction. For this acquisition,
a saturation radiofrequency (RF) pulse is applied, not at the g-ATP
resonance but at the mirrored position in respect to PCr. Using this
approach the PCr signal should decrease as a function of the length
of the saturation time (tsat) applied to the g-ATP according to the
equation:

MðtsatÞ=Mð0Þ ¼ ð1� kATP�PCrT1satÞ þ kATP�PCrT1sat expð
� tsat=T1satÞ

whereM(0) is the PCr signal intensity in themirrored spectrum and
T1sat is the apparent T1 relaxation time of PCr during the g-ATP
saturation. Since T1sat is often unknown, the equation needs to be
sampledwith enough tsat times in order to fit both T1sat and kATP-PCr,
which can provide an indication of metabolic rates of high-energy
phosphate buffer system/metabolism. Brain CK activity seems to be
altered in some psychiatric disorders and in some neurodegener-
ative diseases [77,78]. Under physiological conditions, brain CK
activity increases during swine brain development [79], while in
contrast Smith et al. [80] showed reduced CK flux in aged rats.



Fig. 5. 31P MR saturation transfer spectra. In vivo 31P MR saturation transfer spectra
acquired in a rat brain at 9.4 T (a non-selective adiabatic half passage pulse was used
for excitation, localization was performed with OVS in the x-, y- and z-direction,
together with a one dimensional ISIS in the y-direction [179], the g-ATP signal was
saturated by a BISTRO pulse train [76] interleaved with OVS, voxel size ¼ 195 mm3,
TR ¼ 8 s, 80 averages). A: Mirrored acquisition; saturation BISTRO pulse train applied
on the mirrored position of g-ATP in respect to PCr (at 2.48 ppm). B: g-ATP saturation;
saturation BISTRO pulse train applied on g-ATP (at -2.48 ppm). The g-ATP resonance is
suppressed as expected. C: g-ATP saturation with different saturation times
(number of saturation blocks from 1 to 16); Decrease of PCr due to transfer of saturated
phosphate from the g-ATP is observed. Abbreviations: ATP adenosine triphosphate;
PCr phosphocreatine; ppm parts per million.
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5. Cerebral creatine deficiency syndromes

As described above, the CNS levels of Cr (and PCr) measured by
MRS can be impaired in several neuropathological conditions.
Twenty-two years ago the first patient with an inborn error of
metabolism (IEM) affecting Cr synthesis or transport, or cerebral Cr
deficiency syndromes (CCDS), was identified. This GAMT-deficient
patient, described by St€ockler et al. [42,81,82], was rigorously
examined with 1H and 31P MRS, which helped to pave the way for
the diagnosis of CCDS and possible treatment. CCDS are caused by
mutations in GAMT [42], GATM (AGAT [83]) and SLC6A8 [84] genes.
AGAT and GAMT deficiencies are autosomal recessive, while
SLC6A8 deficiency is X-linked. These three diseases are
characterized by the absence, or a strong decrease, of Cr in the brain
when measured by 1H MRS. The CNS is the primary tissue affected
and patients show neurological symptoms beginning in early in-
fancy, in particular presenting with intellectual and developmental
delays (ID/DD), speech acquisition delay and, specifically for GAMT
but sometimes also for SLC6A8 deficiencies, additional intractable
seizures as well as extrapyramidal movement and behavioural
disorders [17,85e89].

The first CCDS discovered, GAMT deficiency, has been described
so far in about 110 patients [42,80e82,86]. GAMT deficiency shows
the CCDS-characteristic brain Cr deficiency with absent Cr reso-
nances in 1H MRS (Fig. 6). GAMT deficiency appears to be the most
severe of the CCDS due, apart from Cr deficiency, to GAA accumu-
lation in body fluids (plasma, serum, CSF) and tissues, including
CNS in which the endogenous brain Cr synthetic pathway is inop-
erative. GAA levels in CSF of GAMT-deficient patient may thus
exceed >100x the upper reference value [85,90,91], and a unique
GAA peak at 3.78 ppm (very close to the CH2 resonance of Cr, and
normally undetectable in the healthy brain), may be observed in
the brain of GAMT-deficient patients (Figs. 2 and 6 [41,42]). Some
GAMT-deficient patients also show hyperintensity in globus pal-
lidus on T2 weighted MRI, probably reflecting neuronal injury due
to GAA accumulation [42,92,93] as well as to a differential CNS
distribution of GAA, with higher GAA signals in gray than in white
matter using a 1H chemical shift imaging method [94]. The more
severe neurological phenotypes observed in GAMT deficiency are
due to the neurotoxic effects of GAA, which impairs GABA-ergic,
glutamatergic and cholinergic neurotransmission systems and can
have a direct depressing effect on brain energy metabolism by
inhibiting plasma membrane Naþ/Kþ-ATPase [29,95,96], and may
also affect neuronal differentiation during CNS development [18].

AGAT deficiency was the third discovered CCDS and the rarest,
with so far only 16 patients described worldwide [83,97]. AGAT
deficiency is characterized, as in the case of GAMT deficiency, by
low or undetectable brain Cr levels measured by 1H MRS, but also
by very low levels of GAA in all body fluids, including CSF
[85,87,97e100].

Finally, the second discovered CCDS, SLC6A8 deficiency [84],
appears to be the most frequent, and may account for 1e2% of male
intellectual disabilities [85,101e104]. As it is X-linked, SLC6A8-
deficient males are more severely affected than heterozygous fe-
males [105e108]. Cr and GAA levels are generally normal in plasma
of SLC6A8-deficient patients, while the Cr/creatinine ration in urine
is typically elevated [98]. As noted for the two other CCDS, brain Cr
virtual absence in 1H MRS is characteristic of SLC6A8 deficiency
(Fig. 6), while interestingly normal levels of Cr are usually
measured in CSF of these patients [14,85]. As in GAMT deficiency,
some SLC6A8-deficient patients may also present increased levels
of GAA in their brain due to the absence of a functional SLC6A8 to
complete the endogenous brain Cr synthetic pathway, as described
above, and this GAA accumulation can be observed by 1H MRS
[12,109].

6. Treatment and follow-up of creatine deficiency syndromes
by MRS

Brain 1H and 31P MRS in the first-described GAMT-deficient
patient [42] helped to follow up the treatments. Oral supplemen-
tation with arginine did not change the brain tCr resonance, while
GAA resonance increased (stimulation of AGAT activity);
arginine þ Cr supplementation increased CNS tCr but maintained
an elevated GAA; finally, Cr supplementation alone also increased
brain tCr. The 31P MRS was in agreement with the 1HMRS, with PCr
resonance following the behaviour of 1H tCr resonance and
phospho-GAA resonance following the behaviour of 1H GAA



Fig. 6. 1H MRS spectra in the cortex of patients suffering from creatine deficiency syndromes. Acquisition of 1H MRS spectra was obtained in the parietal gray matter, with the
following sequence parameters: 1.5 T MR scanner (Siemens Vision, Erlangen, Germany); single voxel MRS (short-echo time stimulated echo acquisition mode “STEAM” sequence,
with TR/TE/TM ¼ 6000/20/10 ms, 64 accumulations). A: Control subject (normal spectrum), 4.1 years old, showing the main choline (Cho), creatine (Cr, red arrows), myoinositol
(Ins) and N-acetylaspartate (NAA) peaks. B: GAMT-deficient patient, 2.6 years old (baseline) and 3.1 years old at follow up after Cr treatment. Note the cortical Cr deficiency at
baseline, followed by partial Cr replenishment after 6 months of Cr treatment. C: SLC6A8-deficient patient, 5.9 years old (baseline) and 8.6 years old at follow up after Cr treatment.
Note the cortical Cr deficiency at baseline, with no Cr replenishment after 2.7 years of Cr treatment.
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resonance. Both GAMT- and AGAT-deficient patients often respond
positively to Cr monohydrate supplementation, which strongly
improves their neurological status and CNS development [81,97]. Cr
supplementation is generally performed long-termwith high doses
of Cr (100e800mg/kg/day), to slowly replenish their brain Cr pools.
This supplementation is monitored by 1H MRS measurements
[81,97], demonstrating both active SLC6A8 transporter on micro-
capillary endothelial cells and the low permeability of BBB for Cr
(see above and Fig. 1B [12,110]). For GAMT deficiency and its more
severe phenotype due to CNS accumulation of GAA (see above),
coupling Cr supplementation to a strategy of GAA lowering is
generally proposed [12,81,111]. This is achieved by restricting
arginine in the diet together with ornithine supplementation,
leading to the reversal of AGAT reaction and thus helping to reduce
GAA. Despite clinical improvements, most GAMT- and AGAT-
deficient patients remain with irreversible brain damage, the
level of phenotype reversion under Cr therapy being highly
dependent on the age of the patient at the beginning of treatment,
with limited improvement in cognitive functions for late treated
patients [81,97]. In particular, the brain of GAMT- and AGAT-
deficient patients appears to develop normally if patients can be
treated pre-symptomatically with oral Cr (for GAMT deficiency,
coupled to the GAA-lowering strategy described above) [112e114].
For both GAMT and AGAT deficiencies, 1H MRS appears to be an
essential non-invasive tool for measuring the efficacy of treatment
follow-up of patients. In particular, as oral supplementationwith Cr
has to be applied on the life-long range, as CNS Cr replenishment is
very slow due to the low permeability of BBB for Cr, and as it has
been shown that patients respond differentially to the treatment,
1HMRS allows for the adjustment of themost effective daily dose of
Cr, which depending on the patient may vary from 100 to 800 mg/
kg/day [85,86,97].

Up to now, attempts to successfully treat SLC6A8-deficient pa-
tients have failed. Cr supplementation is inefficient in replenishing
CNS Cr in male patients, and has no effect on their neurological
phenotype [88,115e117] showing that SLC6A8 is the only Cr
transporter at the BBB [12]. Heterozygous females may respond
more positively due to the mosaical X-chromosome differential
inactivation [115]. Trials with the Cr precursors arginine and glycine
gave only modest results in two SLC6A8-deficient patients (slight
improvement in intellectual ability and amelioration of muscular
symptoms) but failed in many others [105,106,118e120], due to
AGATand GAMT dissociated expression in the CNS (Fig.1B) [12,110].
As a functional Cr transporter is absent on the BBB of SLC6A8-
deficient patients, considerable research has been performed over
these last years to identify Cr derivatives which would cross plasma
membrane independently of SLC6A8 while maintaining Cr func-
tions within the brain [121e128]. So far, however, none of these
derivatives have been found to be efficacious in the treatment of
SLC6A8 deficiency.
7. Secondary creatine deficiencies

7.1. Gyrate atrophy of the choroid and retina

Gyrate atrophy of the choroid and retina (GA) is an IEM caused
by mutations in the ornithine d-aminotransferase (OAT) gene
generating a secondary Cr deficiency by accumulation of ornithine,
which inhibits the AGAT reaction, thereby depleting GAA for Cr
synthesis [129e131]. Patients may show normal cognition, but
electroencephalography and magnetic resonance imaging (MRI)
analysis can reveal unspecific abnormalities and premature
degenerative brain changes, possibly related to the OAT deficiency-
induced secondary brain Cr deficiency [131,132].
7.2. Hyperammonemia

Hyperammonemia can be caused by several IEM (urea cycle
disorders being the most common) as well as by acute or chronic
liver disease, leading to high ammonium ion accumulation in the
CNS. Hyperammonemia is toxic to the brain through alteration of
neurotransmission and nitric oxide synthesis, oxidative stress and
cerebral energy metabolism, as well as osmotic stress due to
accumulation of glutamine in astrocytes [35,133e135,180]. High
ammonium ion exposure alters AGAT, GAMT and SLC6A8 gene
expression and leads to a secondary Cr deficiency in developing
brain cells [28,136]. We also recently showed by 1H MRS that brain
tCr is decreased in an in vivo rodent model of chronic liver disease
[137]. During development, while high ammonium exposure im-
pairs axonal growth, Cr supplementation under ammonium expo-
sure protects axonal elongation [28]. As described above, the BBB
has a limited permeability for Cr in physiological conditions.
However, high ammonium exposure induces SLC6A8 in astrocytes
surrounding the BBB [136] while microcapillary endothelial cells at
the BBB increase SLC6A8 expression as well as uptake of Cr [138]. It
is therefore suggested that Cr supplementation could be beneficial
and neuroprotective for hyperammonemic patients [139,140].

7.3. Stroke

The loss of brain functions in stroke is due to compromised
blood flow leading to insufficient oxygen and glucose delivery to
brain cells [141]. The Cr/PCr system can regenerate ATP even in the
absence of oxygen and glucose, but for a very limited time. In the
CNS PCr is present in limited amounts and is rapidly depleted after
anoxia or ischemia, preceding the ATP fall [142,143]. A fast dimi-
nution in CNS total Cr by MRS has also been demonstrated in
different in vivo models for brain ischemia [144e146] and in
ischemic patients [147], eventually leading to neuronal death by
necrosis or apoptosis [148,149].

7.4. Psychiatric disorders

It is thought that impairment of brain energy metabolism may
contribute to the pathogenesis of several psychiatric disorders
[150e152], in particular by disturbance of mitochondrial structure
and function, which can result in a perturbation of Cr/PCr meta-
bolism [77]. In schizophrenia, altered Cr metabolism in the brain
was observed, sometimes with contradictory results, Cr/PCr levels
being either decreased or elevated, including an asymmetrical
distribution of PCr between left and right temporal lobes
[153e157]. However no beneficial effect of Cr supplementation
could be observed in schizophrenic patients [158]. Decreased levels
of Cr can be observed in the CSF of individuals with mood disorders
or depression, with however Cr MRS measurements showing
differentially affected CNS structures between patients, as well as
sex-dependent differences [159e162]. A correlation between PCr
levels in frontal lobe (detected by 31P MRS) and the degree of
depression was observed [163]. In animal studies, Cr supplemen-
tation seemed to have positive antidepressant-like effects [77,164].
In depressed patients, relatively low doses of Cr (3e5 g/day)
ameliorated symptoms of depression even in patients resistant to
standard anti-depressants [165,166], and increased brain PCr, as
measured by 31P MRS [167].

8. Creatine as neuroprotective molecule

In addition to some of the neuropathologies described above, Cr
supplementation has been demonstrated to be neuroprotective in
several neurodegenerative conditions (see Ref. [24] for a review).
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In a mouse model of HD, Cr supplementation was shown to
stabilize intracellular Ca2þ, buffer intracellular energy reserves,
inhibit opening of the mitochondrial permeability transition pore
and decrease extracellular glutamate [168]. Cr supplementation
also increased life span, decreased brain atrophy and delayed the
formation of mutant huntingtin aggregates [169]. Positive effects of
Cr supplementation were also shown in HD patients under clinical
trial [170]. Similarly, Cr supplementation in animal models of PD
protected against both CNS dopamine depletion and neuronal loss
in the substantia nigra [171] while effects on PD patients have so far
been less convincing, only leading to a decrease in the necessary
dose of dopaminergic therapy [172].

In contrast, while Cr supplementation showed neuroprotective
effects in an in vivomodel of amyotrophic lateral sclerosis (ALS; e.g.
the G93A mouse) and attenuated its clinical symptoms [173], the
same was not true in ALS patients, possibly due to insufficiency of
Cr dosage as well as to treatments having started too late in the
progression of the disease [174,175].

In Alzheimer's disease (AD), inactive CKs and depositions
enriched in Cr have been observed [176]. However, while Cr sup-
plementation appeared neuroprotective against b-amyloid toxicity
in rat hippocampal neurons [177], this did not improve cellular
bioenergetics at late stages of AD [24], and the question remains
open whether Cr supplementation may improve AD outcome if
treatment start at much earlier stages.

9. Conclusion

In the CNS, Cr not only plays roles in energy metabolism within
the Cr/PCr/CK system, but is also one of the main brain osmolytes
and may also act as a possible neuromodulator/neurotransmitter.
Cr and PCr are easily detected in the in vivo brain by 1H and 31PMRS,
and have long been used as concentration references to help esti-
mate other CNS metabolites measured by MRS. However, Cr (and
PCr) can change in the CNS under several neuropathological con-
ditions, including primary Cr deficiencies (or CCDS), some neuro-
degenerative and neuropsychiatric diseases and conditions such as
stroke or ischemia. Therefore, the early detection of change of CNS
Cr concentration by MRS can help in diagnosis, offer prognostic
features and guide potential treatment. Moreover, the non-invasive
character of MRS offers an opportunity to follow the course of the
disease with time, verify the efficiency of a treatment and
personalize it. Reliable measurement of tCr is possible even with a
1.5 T scanner, which is available in most hospital centers. Detection
of brain Cr variations in pre-clinical and clinical studies may also
help to understand new mechanisms of disease, in particular
through the use of in vivo animal models (e.g. rodents) and MRS at
higher magnetic fields ranging from 7 T to 17 T.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments

Our work was supported by the Swiss National Science Foun-
dation, grants 3100A0-116859 and 31003A-130278, by the Centre
d'Imagerie BioM�edicale of the UNIL, UNIGE, HUG, CHUV& EPFL; the
Leenaards and Jeantet Foundations; and EU Grant FP7-PEOPLE-
2012-ITN project 316679 TRANSACT.

References

[1] T. Wallimann, M. Wyss, D. Brdiczka, K. Nicolay, H.M. Eppenberger, Intracel-
lular compartmentation, structure and function of creatine kinase
isoenzymes in tissues with high and fluctuating energy demands: the
“phosphocreatine circuit” for cellular energy homeostasis, Biochem. J. 281
(1992) 21e40.

[2] T. Wallimann, M. Tokarska-Schlattner, U. Schlattner, The creatine kinase
system and pleiotropic effects of creatine, Amino Acids 40 (2011)
1271e1296.

[3] T. Wallimann, M. Dolder, U. Schlattner, M. Eder, T. Hornemann, E. O'Gorman,
A. Rück, D. Brdiczka, Some new aspects of creatine kinase (CK): compart-
mentation, structure, function and regulation for cellular and mitochondrial
bioenergetics and physiology, Biofactors 8 (1998) 229e234.

[4] L. Kazak, E.T. Chouchani, M.P. Jedrychowski, B.K. Erickson, K. Shinoda,
P. Cohen, R. Vetrivelan, G.Z. Lu, D. Laznik-Bogoslavski, S.C. Hasenfuss,
S. Kajimura, S.P. Gygi, B.M. Spiegelman, A creatine-driven substrate cycle
enhances energy expenditure and thermogenesis in beige fat, Cell 163
(2015) 643e655.

[5] M. Wyss, R. Kaddurah-Daouk, Creatine and creatinine metabolism, Physiol.
Rev. 80 (2000) 1107e1213.

[6] J.T. Brosnan, M.E. Brosnan, Creatine: endogenous metabolite, dietary, and
therapeutic supplement, Annu. Rev. Nutr. 27 (2007) 241e261.

[7] O. Braissant, H. Henry, M. Loup, B. Eilers, C. Bachmann, Endogenous synthesis
and transport of creatine in the rat brain: an in situ hybridization study, Mol.
Brain Res. 86 (2001) 193e201.

[8] O. Braissant, E. B�eard, C. Torrent, H. Henry, Dissociation of AGAT, GAMT and
SLC6A8 in CNS: relevance to creatine deficiency syndromes, Neurobiol. Dis.
37 (2010) 423e433.

[9] R.P. da Silva, I. Nissim, M.E. Brosnan, J.T. Brosnan, Creatine synthesis: hepatic
metabolism of guanidinoacetate and creatine in the rat in vitro and in vivo,
Am. J. Physiol. Endocrinol. Metab. 296 (2009) E256eE261.

[10] S. Ohtsuki, M. Tachikawa, H. Takanaga, H. Shimizu, M. Watanabe, K.I. Hosoya,
T. Terasaki, The blood-brain barrier creatine transporter is a major pathway
for supplying creatine to the brain, J. Cereb. Blood Flow. Metab. 22 (2002)
1327e1335.

[11] C.S.W. Mak, H.J. Waldvogel, J.R. Dodd, R.T. Gilbert, M.T.J. Lowe, N.P. Birch,
R.L.M. Faull, D.L. Christie, Immunohistochemical localisation of the creatine
transporter in the rat brain, Neuroscience 163 (2009) 571e585.

[12] L. Hanna-El-Daher, O. Braissant, Creatine synthesis and exchanges between
brain cells: what can be learned from human creatine deficiencies and
various experimental models? Amino Acids 48 (2016) 1877e1895.

[13] M.T.J. Lowe, R.L.M. Faull, D.L. Christie, H.J. Waldvogel, Distribution of the
creatine transporter throughout the human brain reveals a spectrum of
creatine transporter immunoreactivity, J. Comp. Neurol. 523 (2015)
699e725.

[14] O. Braissant, H. Henry, AGAT, GAMT and SLC6A8 distribution in the central
nervous system, in relation to creatine deficiency syndromes: a review,
J. Inherit. Metab. Dis. 31 (2008) 230e239.

[15] A. Schmidt, B. Marescau, E.A. Boehm, W.K.J. Renema, R. Peco, A. Das,
R. Steinfeld, S. Chan, J. Wallis, M. Davidoff, K. Ullrich, R. Waldschütz,
A. Heerschap, P.P. De Deyn, S. Neubauer, D. Isbrandt, Severely altered gua-
nidino compound levels, disturbed body weight homeostasis and impaired
fertility in a mouse model of guanidinoacetate N-methyltrasferase (GAMT)
deficiency, Hum. Mol. Genet. 13 (2004) 905e921.

[16] M. Tachikawa, M. Fukaya, T. Terasaki, S. Ohtsuki, M. Watanabe, Distinct
cellular expressions of creatine synthetic enzyme GAMT and creatine kinases
uCK-Mi and CK-B suggest a novel neuron-glial relationship for brain energy
homeostasis, Eur. J. Neurosci. 20 (2004) 144e160.

[17] J.M. van de Kamp, C. Jakobs, K.M. Gibson, G.S. Salomons, New insights into
creatine transporter deficiency: the importance of recycling creatine in the
brain, J. Inherit. Metab. Dis. 36 (2013) 155e156.

[18] L. Hanna-El-Daher, E. Beard, H. Henry, L. Tenenbaum, O. Braissant, Mild
guanidinoacetate increase under partial guanidinoacetate methyltransferase
deficiency strongly affects brain cell development, Neurobiol. Dis. 79 (2015)
14e27.

[19] J.T. Brosnan, E.P. Wijekoon, L. Warford-Woolgar, N.L. Trottier, M.E. Brosnan,
J.A. Brunton, R.F.P. Bertolo, Creatine synthesis is a major metabolic process in
neonatal piglets and has important implications for amino acid metabolism
and methyl balance, J. Nutr. 139 (2009) 1292e1297.

[20] P. Kaldis, W. Hemmer, E. Zanolla, D. Holtzman, T. Wallimann, “Hot spots” of
creatine kinase localization in brain: cerebellum, hippocampus and choroid
plexus, Dev. Neurosci. 18 (1996) 542e554.

[21] Z. Ireland, H. Dickinson, R. Snow, D.W. Walker, Maternal creatine: does it
reach the fetus and improve survival after an acute hypoxic episode in the
spiny mouse (Acomys cahirinus)? Am. J. Obstet. Gynecol. 198 (2008) 1e6.

[22] O. Braissant, H. Henry, A.M. Villard, O. Speer, T. Wallimann, C. Bachmann,
Creatine synthesis and transport during rat embryogenesis: spatiotemporal
expression of AGAT, GAMT and CT1, BMC Dev. Biol. 5 (2005) 9.

[23] Z. Ireland, A.P. Russell, T. Wallimann, D.W. Walker, R. Snow, Developmental
changes in the expression of creatine synthesizing enzymes and creatine
transporter in a precocial rodent, the spiny mouse, BMC Dev. Biol. 9 (2009)
39.

[24] E. B�eard, O. Braissant, Synthesis and transport of creatine in the CNS:
importance for cerebral functions, J. Neurochem. 115 (2010) 297e313.

[25] P. Sestili, C. Martinelli, G. Bravi, G. Piccoli, R. Curci, M. Battistelli, E. Falcieri,
D. Agostini, A.M. Gioacchini, V. Stocchi, Creatine supplementation affords
cytoprotection in oxidatively injured cultured mammalian cells via direct
antioxidant activity, Free Radic. Biol. Med. 40 (2006) 837e849.

http://refhub.elsevier.com/S0003-2697(16)30389-X/sref1
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref1
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref1
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref1
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref1
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref1
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref2
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref2
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref2
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref2
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref3
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref3
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref3
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref3
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref3
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref4
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref4
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref4
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref4
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref4
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref4
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref5
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref5
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref5
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref6
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref6
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref6
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref7
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref7
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref7
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref7
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref8
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref8
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref8
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref8
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref8
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref9
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref9
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref9
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref9
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref10
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref10
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref10
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref10
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref10
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref11
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref11
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref11
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref11
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref12
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref12
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref12
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref12
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref13
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref13
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref13
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref13
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref13
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref14
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref14
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref14
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref14
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref15
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref15
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref15
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref15
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref15
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref15
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref15
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref16
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref16
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref16
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref16
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref16
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref17
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref17
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref17
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref17
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref18
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref18
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref18
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref18
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref18
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref19
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref19
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref19
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref19
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref19
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref20
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref20
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref20
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref20
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref21
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref21
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref21
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref21
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref22
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref22
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref22
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref23
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref23
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref23
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref23
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref24
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref24
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref24
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref24
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref25
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref25
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref25
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref25
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref25


V. Rackayova et al. / Analytical Biochemistry 529 (2017) 144e157154
[26] M. Lensman, D.E. Korzhevskii, V.O. Mourovets, V.B. Kostkin, N. Izvarina,
L. Perasso, C. Gandolfo, V.A. Otellin, S.A. Polenov, M. Balestrino, Intra-
cerebroventricular administration of creatine protects against damage by
global cerebral ischemia in rat, Brain Res. 1114 (2006) 187e194.

[27] M.F. Beal, Neuroprotective effects of creatine, Amino Acids 40 (2011)
1305e1313.

[28] O. Braissant, H. Henry, A.M. Villard, M.G. Zurich, M. Loup, B. Eilers,
G. Parlascino, E. Matter, O. Boulat, P. Honegger, C. Bachmann, Ammonium-
induced impairment of axonal growth is prevented through glial creatine,
J. Neurosci. 22 (2002) 9810e9820.

[29] A. Neu, H. Neuhoff, G. Trube, S. Fehr, K. Ullrich, J. Roeper, D. Isbrandt, Acti-
vation of GABA(A) receptors by guanidinoacetate: a novel pathophysiological
mechanism, Neurobiol. Dis. 11 (2002) 298e307.

[30] Y. Koga, H. Takahashi, D. Oikawa, T. Tachibana, D.M. Denbow, M. Furuse,
Brain creatine functions to attenuate acute stress responses through
GABAnergic system in chicks, Neuroscience 132 (2005) 65e71.

[31] M.J. Peral, M.D. V�azquez-Carretero, A.A. Ilundain, Naþ/Cl-/creatine trans-
porter activity and expression in rat brain synaptosomes, Neuroscience 165
(2010) 53e60.

[32] L. Almeida, G. Salomons, F. Hogenboom, C. Jakobs, A.N. Schoffelmeer,
Exocytotic release of creatine in rat brain, Synapse 60 (2006) 118e123.

[33] J.H. Bothwell, C. Rae, R.M. Dixon, P. Styles, K.K. Bhakoo, Hypo-osmotic
swelling-activated release of organic osmolytes in brain slices: implications
for brain oedema in vivo, J. Neurochem. 77 (2001) 1632e1640.

[34] J.H. Bothwell, P. Styles, K.K. Bhakoo, Swelling-activated taurine and creatine
effluxes from rat cortical astrocytes are pharmacologically distinct, J. Membr.
Biol. 185 (2002) 157e164.

[35] O. Braissant, V.A. McLin, C. Cudalbu, Ammonia toxicity to the brain, J. Inherit.
Metab. Dis. 36 (2013) 595e612.

[36] V. Rackayova, O. Braissant, V.A. McLin, C. Berset, B. Lanz, C. Cudalbu, 1H and
31P magnetic resonance spectroscopy in a rat model of chronic hepatic en-
cephalopathy: in vivo longitudinal measurements of brain energy meta-
bolism, Metab. Brain Dis. (2016) in press.

[37] R.A. Galbraith, M. Furukawa, M. Li, Possible role of creatine concentrations in
the brain in regulating appetite and weight, Brain Res. 1101 (2006) 85e91.

[38] V. Govindaraju, K. Young, A.A. Maudsley, Proton NMR chemical shifts and
coupling constants for brain metabolites, NMR Biomed. 13 (2000) 129e153.

[39] P. Vermathen, V. Govindaraju, G.B. Matson, A.A. Maudsley, Detection of
downfield 1H resonances in human brain using single voxel and SI methods,
Proc. Intl. Soc. Mag. Reson. Med. (1999) 1584.

[40] J. Pfeuffer, I. Tk�ac, S.W. Provencher, R. Gruetter, Toward an in vivo neuro-
chemical profile: quantification of 18 metabolites in short-echo-time 1H
NMR spectra of the rat brain, J. Magn. Reson 141 (1999) 104e120.

[41] U.F.H. Engelke, M. Tassini, J. Hayek, M. de Vries, A. Bilos, A. Vivi, G. Valensin,
S. Buoni, R. Zannolli, W. Brussel, B. Kremer, G.S. Salomons,
M.J.B.M. Veendrick-Meekes, L.A.J. Kluijtmans, E. Morava, R.A. Wevers, Gua-
nidinoacetate methyltransferase (GAMT) deficiency diagnosed by proton
NMR spectroscopy of body fluids, NMR Biomed. 22 (2009) 538e544.

[42] S. St€ockler, U. Holzbach, F. Hanefeld, I. Marquardt, G. Helms, M. Requart,
W. H€anicke, J. Frahm, Creatine deficiency in the brain: a new, treatable
inborn error of metabolism, Pediatr. Res. 36 (1994) 409e413.

[43] Y. Ke, B.M. Cohen, S. Lowen, F. Hirashima, L. Nassar, P.F. Renshaw, Biexpo-
nential transverse relaxation (T2) of the proton MRS creatine resonance in
human brain, Magn. Reson. Med. 47 (2002) 232e238.

[44] C.D. Rae, A guide to the metabolic pathways and function of metabolites
observed in human brain 1H magnetic resonance spectra, Neurochem. Res.
39 (2014) 1e36.

[45] R.A. De Graaf, In Vivo NMR Spectroscopy e 2nd Edition, John Wiley and Sons,
Chichester, 2007.

[46] M. Erecinska, I.A. Silver, ATP and brain function, J. Cereb. Blood Flow. Metab.
9 (1989) 2e19.

[47] R.A. De Graaf, A. Van Kranenburg, K. Nicolay, Off-resonance metabolite
magnetization transfer measurements on rat brain in situ, Magn. Reson.
Med. 41 (1999) 1136e1144.

[48] K.S. Opstad, B.A. Bell, J.R. Griffiths, F.A. Howe, An assessment of the effects of
sample ischaemia and spinning time on the metabolic profile of brain
tumour biopsy specimens as determined by high-resolution magic angle
spinning 1H NMR, NMR Biomed. 21 (2008) 1138e1147.

[49] G. Helms, J. Frahm, Magnetization transfer attenuation of creatine reso-
nances in localized proton MRS of human brain in vivo, NMR Biomed. 12
(1999) 490e494.

[50] N. Soreni, M.D. Noseworthy, T. Cormier, W.K. Oakden, S. Bells, R. Schachar,
Intraindividual variability of striatal 1H-MRS brain metabolite measurements
at 3T, Magn. Reson. Imaging 24 (2006) 187e194.

[51] D.E. Saunders, F.A. Howe, A. van den Boogaart, J.R. Griffiths, M.M. Brown,
Aging of the adult human brain: in vivo quantitation of metabolite content
with proton magnetic resonance spectroscopy, J. Magn. Reson. Imaging 9
(1999) 711e716.

[52] I. Tk�ac, R. Rao, M.K. Georgieff, R. Gruetter, Developmental and regional
changes in the neurochemical profile of the rat brain determined by in vivo
1H NMR spectroscopy, Magn. Reson. Med. 50 (2003) 24e32.

[53] Y. Wang, S.J. Li, Differentiation of metabolic concentrations between gray
matter and white matter of human brain by in vivo 1H magnetic resonance
spectroscopy, Magn. Reson. Med. 39 (1998) 28e33.
[54] P.J. Pouwels, J. Frahm, Regional metabolite concentrations in human brain as
determined by quantitative localized proton MRS, Magn. Reson. Med. 39
(1998) 53e60.

[55] C.R. Bosoi, C. Zwingmann, H. Marin, C. Parent-Robitaille, J. Huynh,
M. Tremblay, C.F. Rose, Increased brain lactate is central to the development
of brain edema in rats with chronic liver disease, J. Hepatol. 60 (2014)
554e560.

[56] O. Verdonck, H. Lahrech, G. Francony, O. Carle, R. Farion, Y. van de Looij,
C. Remy, C. Segebarth, J.-F. Payen, Erythropoietin protects from post-
traumatic edema in the rat brain, J. Cereb. Blood Flow. Metab. 27 (2007)
1369e1376.

[57] R. Serduc, Y. van de Looij, G. Francony, O. Verdonck, B. van der Sanden,
J. Laissue, R. Farion, E. Br€auer-Krisch, E.A. Siegbahn, A. Bravin, Y. Prezado,
C. Segebarth, C. R�emy, H. Lahrech, Characterization and quantification of
cerebral edema induced by synchrotron x-ray microbeam radiation therapy,
Phys. Med. Biol. 53 (2008) 1153e1166.

[58] W.S. Vargas, E. Monohan, S. Pandya, A. Raj, T. Vartanian, T.D. Nguyen,
S.M. Hurtado Rúa, S.A. Gauthier, Measuring longitudinal myelin water frac-
tion in new multiple sclerosis lesions, NeuroImage 9 (2015) 369e375.

[59] H.W. Bothe, W. Bodsch, K.A. Hossmann, Relationship between specific
gravity, water content, and serum protein extravasation in various types of
vasogenic brain edema, Acta. Neuropathol. 64 (1984) 37e42.

[60] T. Ernst, R. Kreis, B.D. Ross, Absolute quantitation of water and metabolites in
the human brain. I. Compartments and water, J. Magn. Reson. B 102 (1993)
1e8.

[61] R. Kreis, T. Ernst, B.D. Ross, Absolute quantitation of water and metabolites in
the human brain. II. Metabolite concentrations, J. Magn. Reson. B 102 (1993)
9e19.

[62] J.W. Pettegrew, Considerations for brain pH assessment by 31P NMR, Magn.
Reson Imaging 6 (1988) 135e142.

[63] O. Petroff, J. Prichard, Cerebral intracellular pH by 31P nuclear magnetic
resonance, Neurology 35 (1985) 781e788.

[64] S. Iotti, C. Frassineti, L. Alderighi, A. Sabatini, A. Vacca, B. Barbiroli, In vivo
assessment of free magnesium concentration in human brain by 31P MRS: a
new calibration curve based on a mathematical algorithm, NMR Biomed. 9
(1996) 24e32.

[65] G. Kemp, M. Meyerspeer, E. Moser, Absolute quantification of phosphorus
metabolite concentrations in human muscle in vivo by 31P MRS: a quanti-
tative review, NMR Biomed. 20 (2007) 555e565.

[66] K. Roth, B. Hubesch, D. Meyerhoff, S. Naruse, J. Gober, T. Lawry, M. Boska,
G. Matson, M. Weiner, Noninvasive quantitation of phosphorus metabolites
in human tissue by NMR spectroscopy, J. Magn. Reson 81 (1989) 299e311.

[67] R. Kreis, J. Slotboom, J. Pietz, B. Jung, C. Boesch, Quantitation of localized 31P
magnetic resonance spectra based on the reciprocity principle, J. Magn.
Reson 149 (2001) 245e250.

[68] E.B. Cady, M. Wylezinska, J. Penrice, A. Lorek, P. Amess, Quantitation of
phosphorous metabolites in newborn human brain using internal water as
reference standard, Magn. Reson. Imaging 14 (1996) 293e304.

[69] E.B. Cady, A reappraisal of the absolute concentrations of phosphorylated
metabolites in the human neonatal cerebral cortex obtained by fitting Lor-
entzian curves to the 31P NMR spectrum, J. Magn. Reson 91 (1991) 637e643.

[70] P.R. Luyten, J.P. Groen, J.W. Vermeulen, J.A. den Hollander, Experimental
approaches to image localized human 31P NMR spectroscopy, Magn. Reson.
Med. 11 (1989) 1e21.

[71] R.S. Lara, G.B. Matson, J.W. Hugg, A.A. Maudsley, M.W. Weiner, Quantitation
of in vivo phosphorus metabolites in human brain with magnetic resonance
spectroscopic imaging (MRSI), Magn. Reson. Imaging 11 (1993) 273e278.

[72] R. Buchli, E. Martin, P. Boesiger, H. Rumpel, Developmental changes of
phosphorus metabolite concentrations in the human brain: a 31P magnetic
resonance spectroscopy study in vivo, Pediatr. Res. 35 (1994) 431e435.

[73] X. Zhu, F. Du, Y. Zhang, W. Chen, Cerebral phosphate metabolite profiles and
their differentiation in human, cat and rat brains: a comparison study of
in vivo 31P MRS at high fields, in: Proc. 16th Sci. Meet. Int. Soc. Magn. Reson.
Med, 2008, p. 120.

[74] E.B. Cady, In vivo cerebral 31P magnetic resonance spectroscopy, in: I.Y. Choi,
R. Gruetter (Eds.), Neural Metabolism In Vivo, Springer, New York, 2012, pp.
149e180.

[75] D. Leibfritz, W. Dreher, Magnetization transfer MRS, NMR Biomed. 14 (2001)
65e76.

[76] Y. Luo, R.A. de Graaf, L. DelaBarre, A. Tannús, M. Garwood, BISTRO: an outer-
volume suppression method that tolerates RF field inhomogeneity, Magn.
Reson. Med. 45 (2001) 1095e1102.

[77] P.J. Allen, Creatine metabolism and psychiatric disorders: does creatine
supplementation have therapeutic value? Neurosci. Biobehav. Rev. 36 (2012)
1442e1462.

[78] R.H. Andres, A.D. Ducray, U. Schlattner, T. Wallimann, H.R. Widmer, Func-
tions and effects of creatine in the central nervous system, Brain Res. Bull. 76
(2008) 329e343.

[79] R.J. Corbett, A.R. Laptook, Age-related changes in swine brain creatine
kinase-catalyzed 31P exchange measured in vivo using 31P NMR magneti-
zation transfer, J. Cereb. Blood Flow. Metab. 14 (1994) 1070e1077.

[80] C.D. Smith, W. Landrum, J.M. Carney, P.W. Landfield, M.J. Avison, Brain cre-
atine kinase with aging in F-344 rats: analysis by saturation transfer mag-
netic resonance spectroscopy, Neurobiol. Aging 18 (1997) 617e622.

http://refhub.elsevier.com/S0003-2697(16)30389-X/sref26
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref26
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref26
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref26
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref26
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref27
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref27
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref27
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref28
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref28
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref28
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref28
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref28
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref29
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref29
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref29
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref29
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref30
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref30
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref30
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref30
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref31
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref31
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref31
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref31
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref31
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref31
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref31
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref32
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref32
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref32
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref33
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref33
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref33
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref33
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref34
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref34
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref34
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref34
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref35
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref35
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref35
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref36
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref36
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref36
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref36
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref36
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref36
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref37
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref37
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref37
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref38
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref38
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref38
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref39
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref39
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref39
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref39
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref40
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref40
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref40
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref40
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref40
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref40
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref41
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref41
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref41
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref41
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref41
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref41
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref42
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref42
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref42
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref42
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref42
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref42
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref43
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref43
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref43
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref43
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref44
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref44
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref44
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref44
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref44
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref45
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref45
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref45
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref45
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref46
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref46
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref46
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref47
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref47
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref47
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref47
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref48
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref48
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref48
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref48
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref48
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref48
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref49
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref49
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref49
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref49
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref50
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref50
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref50
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref50
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref50
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref51
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref51
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref51
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref51
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref51
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref52
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref52
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref52
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref52
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref52
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref52
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref53
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref53
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref53
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref53
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref53
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref54
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref54
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref54
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref54
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref55
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref55
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref55
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref55
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref55
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref56
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref56
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref56
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref56
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref56
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref57
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref58
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref58
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref58
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref58
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref59
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref59
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref59
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref59
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref60
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref60
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref60
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref60
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref61
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref61
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref61
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref61
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref62
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref62
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref62
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref62
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref63
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref63
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref63
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref63
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref64
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref64
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref64
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref64
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref64
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref64
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref65
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref65
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref65
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref65
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref65
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref66
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref66
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref66
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref66
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref67
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref67
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref67
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref67
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref67
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref68
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref68
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref68
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref68
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref69
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref69
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref69
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref69
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref69
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref70
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref70
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref70
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref70
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref70
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref71
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref71
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref71
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref71
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref72
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref72
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref72
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref72
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref72
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref73
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref73
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref73
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref73
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref73
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref74
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref74
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref74
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref74
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref75
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref75
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref75
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref76
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref76
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref76
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref76
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref77
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref77
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref77
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref77
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref78
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref78
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref78
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref78
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref79
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref79
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref79
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref79
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref79
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref79
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref80
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref80
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref80
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref80


V. Rackayova et al. / Analytical Biochemistry 529 (2017) 144e157 155
[81] S. St€ockler-Ipsiroglu, C. van Karnebeek, N. Longo, G.C. Korenke, S. Mercimek-
Mahmutoglu, I. Marquart, B. Barshop, C. Grolik, A. Schlune, B. Angle,
H.C. Araújo, T. Coskun, L. Diogo, M. Geraghty, G. Haliloglu,
V. Konstantopoulou, V. Leuzzi, A. Levtova, J. MacKenzie, B. Maranda,
A.A. Mhanni, G. Mitchell, A. Morris, T. Newlove, D. Renaud, F. Scaglia,
V. Valayannopoulos, F.J. van Spronsen, K.T. Verbruggen, N. Yuskiv, W. Nyhan,
A. Schulze, Guanidinoacetate methyltransferase (GAMT) deficiency: out-
comes in 48 individuals and recommendations for diagnosis, treatment and
monitoring, Mol. Genet. Metab. 111 (2014) 16e25.

[82] O. Braissant, GAMT deficiency: 20 years of a treatable inborn error of
metabolism, Mol. Genet. Metab. 111 (2014) 1e3.

[83] C.B. Item, S. St€ockler-Ipsiroglu, C. Stromberger, A. Mühl, M.G. Alessandrì,
M.C. Bianchi, M. Tosetti, F. Fornai, G. Cioni, Arginine:glycine amidino-
transferase deficiency: the third inborn error of creatine metabolism in
humans, Am. J. Hum. Genet. 69 (2001) 1127e1133.

[84] G.S. Salomons, S.J. van Dooren, N.M. Verhoeven, K.M. Cecil, W.S. Ball,
T.J. DeGrauw, C. Jakobs, X-linked creatine-transporter gene (SLC6A8) defect:
a new creatine-deficiency syndrome, Am. J. Hum. Genet. 68 (2001)
1497e1500.

[85] S. St€ockler, O. Braissant, A. Schulze, Creatine disorders, in: N. Blau, M. Duran,
K.M. Gibson, C. Dionisi-Vici (Eds.), Physician's Guide to the Diagnosis,
Treatment and Follow-up of Inherited Metabolic Diseases, Springer, New
York, 2014, pp. 529e540.

[86] A. Schulze, T. Hess, R. Wevers, E. Mayatepek, P. Bachert, B. Marescau,
M.V. Knopp, P.P. De Deyn, H.J. Bremer, D. Rating, Creatine deficiency syn-
drome caused by guanidinoacetate methyltransferase deficiency: diagnostic
tools for a new inborn error of metabolism, J. Pediatr. 131 (1997) 626e631.

[87] R. Battini, V. Leuzzi, C. Carducci, M. Tosetti, M.C. Bianchi, C.B. Item,
S. St€ockler-Ipsiroglu, G. Cioni, Creatine depletion in a new case with AGAT
deficiency: clinical and genetic study in a large pedigree, Mol. Genet. Metab.
77 (2002) 326e331.

[88] T.J. DeGrauw, G.S. Salomons, K.M. Cecil, G. Chuck, A. Newmeyer,
M.B. Schapiro, C. Jakobs, Congenital creatine transporter deficiency, Neuro-
pediatrics 33 (2002) 232e238.

[89] O. Braissant, H. Henry, E. B�eard, J. Uldry, Creatine deficiency syndromes and
the importance of creatine synthesis in the brain, Amino Acids 40 (2011)
1315e1324.

[90] S. Mercimek-Mahmutoglu, S. St€ockler-Ipsiroglu, A. Adami, R. Appleton,
H.C. Araújo, M. Duran, R. Ensenauer, E. Fernandez-Alvarez, P. Garcia,
C. Grolik, C.B. Item, V. Leuzzi, I. Marquardt, A. Mühl, R.A. Saelke-Kellermann,
G.S. Salomons, A. Schulze, R. Surtees, M.S. van der Knaap, R. Vasconcelos,
N.M. Verhoeven, L. Vilarinho, E. Wilichowski, C. Jakobs, GAMT deficiency:
features, treatment, and outcome in an inborn error of creatine synthesis,
Neurology 67 (2006) 480e484.

[91] S. Mercimek-Mahmutoglu, J. Ndika, W. Kanhai, T.B. de Villemeur, D. Cheillan,
E. Christensen, N. Dorison, V. Hannig, Y. Hendriks, F.C. Hofstede, L. Lion-
Francois, A.M. Lund, H. Mundy, G. Pitelet, M. Raspall-Chaure, J.A. Scott-
Schwoerer, K. Szakszon, V. Valayannopoulos, M. Williams, G.S. Salomons,
Thirteen new patients with guanidinoacetate methyltransferase deficiency
and functional characterization of nineteen novel missense variants in the
GAMT gene, Hum. Mutat. 35 (2014) 462e469.

[92] S. St€ockler, D. Isbrandt, F. Hanefeld, B. Schmidt, K. von Figura, Guanidinoa-
cetate methyltransferase deficiency: the first inborn error of creatine
metabolism in man, Am. J. Hum. Genet. 58 (1996) 914e922.

[93] A.V. Barger, N.G. Campeau, J.D. Port, D.L. Renaud, MRS is the test of choice for
detecting and monitoring disorders of creatine metabolism, Pediatr. Neurol.
40 (2009) 408e410.

[94] P.E. Sijens, K.T. Verbruggen, L.C. Meiners, R.J. Soorani-Lunsing, J.P. Rake,
M. Oudkerk, 1H chemical shift imaging of the brain in guanidino methyl-
transferase deficiency, a creatine deficiency syndrome: guanidinoacetate
accumulation in the gray matter, Eur. Radiol. 15 (2005) 1923e1926.

[95] A.I. Zugno, D.L. Oliveira, E.B.S. Scherer, M. Wajner, S. Wofchuk, A.T.S. Wyse,
Guanidinoacetate inhibits glutamate uptake in rat striatum of rats at
different ages, Neurochem. Res. 32 (2007) 959e964.

[96] A.I. Zugno, L.O. Pereira, C. Mattos, E.B.S. Scherer, C.A. Netto, A.T.S. Wyse,
Guanidinoacetate administration increases acetylcholinesterase activity in
striatum of rats and impairs retention of an inhibitory avoidance task, Metab.
Brain Dis. 23 (2008) 189e198.

[97] S. St€ockler-Ipsiroglu, D. Apatean, R. Battini, S. DeBrosse, K. Dessoffy,
S. Edvardson, F. Eichler, K. Johnston, D.M. Koeller, S. Nouioua, M. Tazir,
A. Verma, M.D. Dowling, K.J. Wierenga, A.M. Wierenga, V. Zhang, L.-
J.C. Wong, Arginine:glycine amidinotransferase (AGAT) deficiency: clinical
features and long term outcomes in 16 patients diagnosed worldwide, Mol.
Genet. Metab. 116 (2015) 252e259.

[98] L.S. Almeida, N.M. Verhoeven, B. Roos, C. Valongo, M.L. Cardoso, L. Vilarinho,
G.S. Salomons, C. Jakobs, Creatine and guanidinoacetate: diagnostic markers
for inborn errors in creatine biosynthesis and transport, Mol. Genet. Metab.
82 (2004) 214e219.

[99] S. Cognat, D. Cheillan, M. Piraud, B. Roos, C. Jakobs, C. Vianey-Saban, Deter-
mination of guanidinoacetate and creatine in urine and plasma by liquid
chromatography-tandem mass spectrometry, Clin. Chem. 50 (2004)
1459e1461.

[100] J.M. van de Kamp, A. Errami, M. Howidi, I. Anselm, S. Winter, J. Phalin-Roque,
H. Osaka, S.J.M. van Dooren, G.M. Mancini, S.J. Steinberg, G.S. Salomons,
Genotype-phenotype correlation of contiguous gene deletions of SLC6A8,
BCAP31 and ABCD1, Clin. Genet. 87 (2015) 141e147.

[101] E.H. Rosenberg, L.S. Almeida, T. Kleefstra, R.S. DeGrauw, H.G. Yntema, N. Bahi,
C. Moraine, H.-H. Ropers, J.P. Fryns, T.J. DeGrauw, C. Jakobs, G.S. Salomons,
High prevalence of SLC6A8 deficiency in X-linked mental retardation, Am. J.
Hum. Genet. 75 (2004) 97e105.

[102] A.J. Clark, E.H. Rosenberg, L.S. Almeida, T.C. Wood, C. Jakobs, R.E. Stevenson,
C.E. Schwartz, G.S. Salomons, X-linked creatine transporter (SLC6A8) muta-
tions in about 1% of males with mental retardation of unknown etiology,
Hum. Genet. 119 (2006) 604e610.

[103] A. Arias, M. Corbella, C. Fons, A. Sempere, J. Garcìa-Villoria, A. Ormazabal,
P. Poo, M. Pineda, M.A. Vilaseca, J. Campistol, P. Briones, T. P�ampols,
G.S. Salomons, A. Ribes, R. Artuch, Creatine transporter deficiency: preva-
lence among patients with mental retardation and pitfalls in metabolite
screening, Clin. Biochem. 40 (2007) 1328e1331.

[104] L. Lion-François, D. Cheillan, G. Pitelet, C. Acquaviva-Bourdain, G. Bussy,
F. Cotton, L. Guibaud, D. G�erard, C. Rivier, C. Vianey-Saban, C. Jakobs,
G. Salomons, V. des Portes, High frequency of creatine deficiency syndromes
in patients with unexplained mental retardation, Neurology 67 (2006)
1713e1714.

[105] J.M. van de Kamp, G.M.S. Mancini, P.J.W. Pouwels, O.T. Betsalel, S.J.M. van
Dooren, I. de Koning, M.E. Steenweg, C. Jakobs, M.S. van der Knaap,
G.S. Salomons, Clinical features and X-inactivation in females heterozygous
for creatine transporter defect, Clin. Genet. 79 (2011) 264e272.

[106] V. Valayannopoulos, N. Boddaert, A. Chabli, V. Barbier, I. Desguerre,
A. Philippe, A. Afenjar, M. Mazzuca, D. Cheillan, A. Munnich, Y. de Keyzer,
C. Jakobs, G.S. Salomons, P. de Lonlay, Treatment by oral creatine, L-arginine
and L-glycine in six severely affected patients with creatine transporter
defect, J. Inherit. Metab. Dis. 35 (2012) 151e157.

[107] S. Dreha-Kulaczewski, V. Kalscheuer, A. Tzschach, H. Hu, G. Helms,
K. Brockmann, A. Weddige, P. Dechent, G. Schlüter, R. Kr€atzner, H.H. Ropers,
J. G€artner, B. Zirn, A novel SLC6A8 mutation in a large family with X-linked
intellectual disability: clinical and proton magnetic resonance spectroscopy
data of both hemizygous males and heterozygous females, JIMD Rep. 13
(2014) 91e99.

[108] S. Mercimek-Mahmutoglu, G.S. Salomons, Creatine deficiency syndromes, in:
R.A. Pagon, M.P. Adam, H.H. Ardinger, S.E. Wallace, A. Amemiya, L.J.H. Bean,
T.D. Bird, C.T. Fong, H.C. Mefford, R.J.H. Smith, K. Stephens (Eds.), GeneRe-
views, 2015, pp. 1993e2016. Seattle.

[109] P.E. Sijens, K.T. Verbruggen, M. Oudkerk, F.J. Van Spronsen, R.J. Soorani-
Lunsing, 1H MR spectroscopy of the brain in Cr transporter defect, Mol.
Genet. Metab. 86 (2005) 421e422.

[110] O. Braissant, Creatine and guanidinoacetate transport at blood-brain and
blood-cerebrospinal fluid barriers, J. Inherit. Metab. Dis. 35 (2012) 655e664.

[111] A. Schulze, F. Ebinger, D. Rating, E. Mayatepek, Improving treatment of
guanidinoacetate methyltransferase deficiency: reduction of guanidinoacetic
acid in body fluids by arginine restriction and ornithine supplementation,
Mol. Genet. Metab. 74 (2001) 413e419.

[112] R. Battini, M.G. Alessandri, V. Leuzzi, F. Moro, M. Tosetti, M.C. Bianchi,
G. Cioni, Arginine:glycine amidinotransferase (AGAT) deficiency in a
newborn: early treatment can prevent phenotypic expression of the disease,
J. Pediatr. 148 (2006) 828e830.

[113] A. Schulze, G.F. Hoffmann, P. Bachert, S. Kirsch, G.S. Salomons,
N.M. Verhoeven, E. Mayatepek, Presymptomatic treatment of neonatal gua-
nidinoacetate methyltransferase deficiency, Neurology 67 (2006) 719e722.

[114] A. Schulze, R. Battini, Pre-symptomatic treatment of creatine biosynthesis
defects, Subcell. Biochem. 46 (2007) 167e181.

[115] K.M. Cecil, G.S. Salomons, W.S. Ball, B. Wong, G. Chuck, N.M. Verhoeven,
C. Jakobs, T.J. DeGrauw, Irreversible brain creatine deficiency with elevated
serum and urine creatine: a creatine transporter defect? Ann. Neurol. 49
(2001) 401e404.

[116] P. P�oo-Argüelles, A. Arias, M.A. Vilaseca, A. Ribes, R. Artuch, A. Sans-Fito,
A. Moreno, C. Jakobs, G. Salomons, X-linked creatine transporter deficiency
in two patients with severe mental retardation and autism, J. Inherit. Metab.
Dis. 29 (2006) 220e223.

[117] A. Bizzi, M. Bugiani, G. Salomons, D. Hunneman, I. Moroni, M. Estienne,
U. Danesi, C. Jakobs, G. Uziel, X-linked creatine deficiency syndrome: a novel
mutation in creatine transporter gene SLC6A8, Ann. Neurol. 52 (2002)
227e231.

[118] A. Chilosi, V. Leuzzi, R. Battini, M. Tosetti, G. Ferretti, A. Comparini,
M. Casarano, E. Moretti, M. Alessandri, M. Bianchi, G. Cioni, Treatment with
L-arginine improves neuropsychological disorders in a child with creatine
transporter defect, Neurocase 14 (2008) 151e161.

[119] B. Wilcken, E. Fagan, K. Sim, K. Carpenter, G. Salomons, Creatine transporter
defect: results of 6 months' treatment, J. Inherit. Metab. Dis. 31 (Suppl 1)
(2008) 70.

[120] C. Fons, A. Sempere, A. Arias, A. L�opez-Sala, P. P�oo, M. Pineda, A. Mas,
M.A. Vilaseca, G.S. Salomons, A. Ribes, R. Artuch, J. Campistol, Arginine
supplementation in four patients with X-linked creatine transporter defect,
J. Inherit. Metab. Dis. 31 (2008) 724e728.

[121] L. Perasso, G.L. Lunardi, F. Risso, A.V. Pohvozcheva, M.V. Leko, C. Gandolfo,
T. Florio, A. Cupello, S.V. Burov, M. Balestrino, Protective effects of some
creatine derivatives in brain tissue anoxia, Neurochem. Res. 33 (2008)
765e775.

http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref81
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref82
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref82
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref82
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref83
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref83
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref83
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref83
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref83
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref83
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref84
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref84
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref84
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref84
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref84
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref85
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref85
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref85
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref85
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref85
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref85
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref86
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref86
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref86
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref86
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref86
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref87
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref87
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref87
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref87
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref87
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref87
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref88
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref88
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref88
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref88
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref89
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref89
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref89
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref89
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref89
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref90
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref91
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref92
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref92
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref92
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref92
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref92
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref93
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref93
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref93
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref93
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref94
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref94
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref94
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref94
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref94
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref94
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref95
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref95
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref95
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref95
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref96
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref96
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref96
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref96
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref96
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref97
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref98
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref98
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref98
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref98
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref98
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref99
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref99
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref99
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref99
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref99
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref100
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref100
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref100
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref100
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref100
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref101
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref101
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref101
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref101
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref101
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref102
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref102
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref102
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref102
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref102
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref103
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref103
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref103
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref103
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref103
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref103
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref103
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref104
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref104
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref104
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref104
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref104
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref104
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref104
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref105
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref105
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref105
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref105
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref105
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref106
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref106
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref106
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref106
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref106
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref106
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref107
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref108
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref108
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref108
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref108
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref108
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref109
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref109
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref109
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref109
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref109
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref110
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref110
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref110
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref111
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref111
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref111
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref111
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref111
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref112
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref112
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref112
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref112
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref112
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref113
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref113
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref113
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref113
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref114
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref114
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref114
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref115
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref115
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref115
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref115
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref115
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref116
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref116
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref116
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref116
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref116
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref116
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref117
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref117
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref117
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref117
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref117
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref118
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref118
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref118
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref118
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref118
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref119
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref119
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref119
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref120
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref120
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref120
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref120
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref120
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref120
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref120
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref121
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref121
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref121
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref121
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref121


V. Rackayova et al. / Analytical Biochemistry 529 (2017) 144e157156
[122] L. Perasso, E. Adriano, P. Ruggeri, S.V. Burov, C. Gandolfo, M. Balestrino,
In vivo neuroprotection by a creatine-derived compound: phosphocreatine-
Mg-complex acetate, Brain Res. 1285 (2009) 158e163.

[123] E. Adriano, P. Garbati, G. Damonte, A. Salis, A. Armirotti, M. Balestrino,
Searching for a therapy of creatine transporter deficiency: some effects of
creatine ethyl ester in brain slices in vitro, Neuroscience 199 (2011) 386e393.

[124] S. Burov, M. Leko, M. Dorosh, A. Dobrodumov, O. Veselkina, Creatinyl amino
acids - new hybrid compounds with neuroprotective activity, J. Pept. Sci. 17
(2011) 620e626.

[125] Y. Kurosawa, T.J. DeGrauw, D.M. Lindquist, V.M. Blanco, G.J. Pyne-Geithman,
T. Daikoku, J.B. Chambers, S.C. Benoit, J.F. Clark, Cyclocreatine treatment
improves cognition in mice with creatine transporter deficiency, J. Clin.
Invest. 122 (2012) 2837e2846.

[126] A. Trotier-Faurion, S. D�ezard, F. Taran, V. Valayannopoulos, P. De Lonlay,
A. Mabondzo, Synthesis and biological evaluation of new creatine fatty esters
revealed Dodecyl creatine ester as a promising drug candidate for the
treatment of the creatine transporter deficiency, J. Med. Chem. 56 (2013)
5173e5181.

[127] A. Trotier-Faurion, C. Passirani, J. B�ejaud, S. D�ezard, V. Valayannopoulos,
F. Taran, P. de Lonlay, J.-P. Benoit, A. Mabondzo, Dodecyl creatine ester and
lipid nanocapsule: a double strategy for the treatment of creatine trans-
porter deficiency, Nanomedicine 10 (2015) 185e191.

[128] T.D. Vlasov, S.G. Chefu, A.E. Baisa, M.V. Leko, S.V. Burov, O.S. Vesyolkina,
Creatine amides : perspectives for neuroprotection, Neurosci. Behav. Physiol.
43 (2013) 464e469.

[129] I. Sipil€a, Inhibition of arginine-glycine amidinotransferase by ornithine: a
possible mechanism for the muscular and chorioretinal atrophies in gyrate
atrophy of the choroid and retina with hyperornithinemia, Biochim. Biophys.
Acta 613 (1980) 79e84.

[130] T. Wang, A.H. Milam, G. Steel, D. Valle, A mouse model of gyrate atrophy of
the choroid and retina: early retinal pigment epithelium damage and pro-
gressive retinal degeneration, J. Clin. Invest. 97 (1996) 2753e2762.

[131] V. Valayannopoulos, N. Boddaert, K. Mention, G. Touati, V. Barbier, A. Chabli,
F. Sedel, J. Kaplan, J.L. Dufier, D. Seidenwurm, D. Rabier, J.M. Saudubray, P. De
Lonlay, Secondary creatine deficiency in ornithine delta-aminotransferase
deficiency, Mol. Genet. Metab. 97 (2009) 109e113.

[132] K. N€anto-Salonen, M. Komu, N. Lundbom, K. Hein€anen, A. Alanen, I. Sipil€a,
O. Simell, Reduced brain creatine in gyrate atrophy of the choroid and retina
with hyperornithinemia, Neurology 53 (1999) 303e307.

[133] L. Cagnon, O. Braissant, Hyperammonemia-induced toxicity for the devel-
oping central nervous system, Brain Res. Rev. 56 (2007) 183e197.

[134] L. Cagnon, O. Braissant, Role of caspases, calpain and cdk5 in ammonia-
induced cell death in developing brain cells, Neurobiol. Dis. 32 (2008)
281e292.

[135] L. Cagnon, O. Braissant, CNTF protects oligodendrocytes from ammonia
toxicity: intracellular signaling pathways involved, Neurobiol. Dis. 33 (2009)
133e142.

[136] O. Braissant, L. Cagnon, F. Monnet-Tschudi, O. Speer, T. Wallimann,
P. Honegger, H. Henry, Ammonium alters creatine transport and synthesis in
a 3D culture of developing brain cells, resulting in secondary cerebral cre-
atine deficiency, Eur. J. Neurosci. 27 (2008) 1673e1685.

[137] V. Rackayova, M. Loup, H. Henry, V. McLin, C. Cudalbu, O. Braissant, Sec-
ondary brain creatine deficiency and neurological impairment in BDL rats, an
in vivo model of chronic cholestatic liver disease, J. Inherit. Metab. Dis. 39
(Suppl 1) (2016) S227.

[138] M. B�elanger, T. Asashima, S. Ohtsuki, H. Yamaguchi, S. Ito, T. Terasaki,
Hyperammonemia induces transport of taurine and creatine and suppresses
claudin-12 gene expression in brain capillary endothelial cells in vitro,
Neurochem. Int. 50 (2007) 95e101.

[139] O. Braissant, Current concepts in the pathogenesis of urea cycle disorders,
Mol. Genet. Metab. 100 (2010) S3eS12.

[140] O. Braissant, Ammonia toxicity to the brain: effects on creatine metabolism
and transport and protective roles of creatine, Mol. Genet. Metab. (100
Suppl) (2010) S53eS58.

[141] G.A. Donnan, M. Fisher, M. Macleod, S.M. Davis, Stroke, Lancet 371 (2008)
1612e1623.

[142] P. Lipton, T.S. Whittingham, Reduced ATP concentration as a basis for syn-
aptic transmission failure during hypoxia in the in vitro Guinea-pig hippo-
campus, J. Physiol. 325 (1982) 51e65.

[143] T.P. Obrenovitch, O. Garofalo, R.J. Harris, L. Bordi, M. Ono, F. Momma,
H.S. Bachelard, L. Symon, Brain tissue concentrations of ATP, phosphocrea-
tine, lactate, and tissue pH in relation to reduced cerebral blood flow
following experimental acute middle cerebral artery occlusion, J. Cereb.
Blood Flow. Metab. 8 (1988) 866e874.

[144] M. Peres, D. Bourgeois, S. Roussel, Y. Lefur, P. Devoulon, C. Remy, B. Barrere,
M. Decorps, E. Pinard, D. Riche, A.L. Benabid, J. Seylaz, Two-dimensional 1H
spectroscopic imaging for evaluating the local metabolic response to focal
ischemia in the conscious rat, NMR Biomed. 5 (1992) 11e19.

[145] P. Gideon, O. Henriksen, B. Sperling, P. Christiansen, T.S. Olsen,
H.S. Jorgensen, P. Arlien-Soborg, Early time course of JV-acetylaspartate,
creatine and phosphocreatine, and compounds containing choline in the
brain after acute stroke, Stroke 23 (1992) 1566e1572.

[146] H. Lei, C. Berthet, L. Hirt, R. Gruetter, Evolution of the neurochemical profile
after transient focal cerebral ischemia in the mouse brain, J. Cereb. Blood
Flow. Metab. 29 (2009) 811e819.
[147] V.P. Mathews, P.B. Barker, S.J. Blackband, J.C. Chatham, R.N. Bryan, Cerebral
metabolites in patients with acute and subacute strokes: concentrations
determined by quantitative proton MR spectroscopy, Am. Roentgen Ray Soc.
165 (1995) 633e638.

[148] U. Dirnagl, C. Iadecola, M.A. Moskowitz, Pathobiology of ischaemic stroke: an
integrated view, Trends Neurosci. 22 (1999) 391e397.

[149] S. Zhu, M. Li, B.E. Figueroa, A. Liu, I.G. Stavrovskaya, P. Pasinelli, F. Beal,
R.H. Brown Jr., B.S. Kristal, R.J. Ferrante, R.M. Friedlander, Prophylactic cre-
atine administration mediates neuroprotection in cerebral ischemia in mice,
J. Neurosci. 24 (2004) 5909e5912.

[150] D.G. Kondo, T.L. Hellem, Y.-H. Sung, N. Kim, E.-K. Jeong, K.K. Delmastro,
X. Shi, P.F. Renshaw, Review: magnetic resonance spectroscopy studies of
pediatric major depressive disorder, Depress. Res. Treat. 2011 (2011)
650450.

[151] C. Stork, P.F. Renshaw, Mitochondrial dysfunction in bipolar disorder: evi-
dence from magnetic resonance spectroscopy research, Mol. Psychiatry 10
(2005) 900e919.

[152] S.J. Wood, M. Yucel, C. Pantelis, M. Berk, Neurobiology of Schizophrenia
Spectrum Disorders: The Role of Oxidative Stress vol. 38, Ann. Acad. Med,
Singapore, 2009, p. 396.

[153] S. Bluml, J. Tan, K. Harris, N. Adatia, A. Karme, T. Sproull, B. Ross, Quantitative
proton-decoupled 31P MRS of the schizophrenic brain in vivo, J. Comput.
Assist. Tomogr. 23 (1999) 272e275.

[154] S. Tayoshi, S. Sumitani, K. Taniguchi, S. Shibuya-Tayoshi, S. Numata, J.I. Iga,
M. Nakataki, S.I. Ueno, M. Harada, T. Ohmori, Metabolite changes and gender
differences in schizophrenia using 3-Tesla proton magnetic resonance
spectroscopy (1H-MRS), Schizophr. Res. 108 (2009) 69e77.

[155] R.F. Deicken, G. Calabrese, E.L. Merrin, S. Vinogradow, G. Fein, M.W. Weiner,
Asymmetry of temporal lobe phosphorus metabolism in schizophrenia: a
31phosphorus magnetic resonance spectroscopic imaging study, Biol. Psy-
chiatry 38 (1995) 279e286.

[156] R.F. Deicken, G. Calabrese, E.L. Merrin, D.J. Meyerhoff, W.P. Dillon,
M.W. Weiner, G. Fein, 31P magnetic resonance spectroscopy of the frontal
and parietal lobes in chronic schizophrenia, Biol. Psychiatry 36 (1994)
503e510.

[157] T. Fujimoto, T. Nakano, T. Takano, Y. Hokazono, T. Asakura, T. Tsuji, Study of
chronic schizophrenics using 31P magnetic resonance chemical shift imaging,
Acta Psychiatr. Scand. 86 (1992) 455e462.

[158] A. Kaptsan, A. Odessky, Y. Osher, J. Levine, Lack of efficacy of 5 grams daily of
creatine in schizophrenia: a randomized, double-blind, placebo-controlled
trial, J. Clin. Psychiatry 68 (2007) 881e884.

[159] H. Agren, F. Niklasson, Creatinine and creatine in CSF: indices of brain energy
metabolism in depression, J. Neural Transm. 74 (1988) 55e59.

[160] V. Gabbay, D.A. Hess, S. Liu, J.S. Babb, R.G. Klein, O. Gonen, Lateralized
caudate metabolic abnormalities in adolescent major depressive disorder: a
proton MR spectroscopy study, Am. J. Psychiatry 164 (2007) 1881e1889.

[161] Y. Mirza, J. O'Neill, E.A. Smith, A. Russell, J.M. Smith, S.P. Banerjee,
R. Bhandari, C. Boyd, M. Rose, J. Ivey, P.F. Renshaw, D.R. Rosenberg, Increased
medial thalamic creatineephosphocreatine found by proton magnetic
resonance spectroscopy in children with obsessiveecompulsive disorder
versus major depression and healthy controls, J. Child. Neurol. 21 (2006)
106e111.

[162] F.G. Nery, J.A. Stanley, H.H. Chen, J.P. Hatch, M.A. Nicoletti, E.S. Monkul,
K. Matsuo, S.C. Caetano, M.A. Peluso, P. Najt, J.C. Soares, Normal metabolite
levels in the left dorsolateral prefrontal cortex of unmedicated major
depressive disorder patients: a single voxel 1H spectroscopy study, Psych.
Res. Neuroimaging 174 (2009) 177e183.

[163] T. Kato, S. Takahashi, T. Shioiri, T. Inubushi, Brain phosphorous metabolism in
depressive disorders detected by phosphorus-31 magnetic resonance spec-
troscopy, J. Affect. Disord. 26 (1992) 223e230.

[164] P.J. Allen, K.E. D'Anci, R.B. Kanarek, P.F. Renshaw, Chronic creatine supple-
mentation alters depression-like behavior in rodents in a sex-dependent
manner, Neuropsychopharmacology 35 (2010) 534e546.

[165] D. Amital, T. Vishne, S. Roitman, M. Kotler, J. Levine, Open study of creatine
monohydrate in treatment-resistant posttraumatic stress disorder, J. Clin.
Psychiatry 67 (2006) 836e837.

[166] S. Roitman, T. Green, Y. Osher, N. Karni, J. Levine, Creatine monohydrate in
resistant depression: a preliminary study, Bipolar Disord. 9 (2007) 754e758.

[167] D.G. Kondo, Y.H. Sung, T.L. Hellem, K.K. Fiedler, X. Shi, E.K. Jeong,
P.F. Renshaw, Open-label adjunctive creatine for female adolescents with
SSRI-resistant major depressive disorder: a 31-phosphorus magnetic reso-
nance spectroscopy study, J. Affect. Disord. 135 (2011) 354e361.

[168] H. Ryu, R.J. Ferrante, Emerging chemotherapeutic strategies for Huntington's
disease, Expert Opin. Emerg. Drugs 10 (2005) 345e363.

[169] R. Ferrante, O. Andreassen, B. Jenkins, A. Dedeoglu, S. Kuemmerle, J. Kubilus,
R. Kaddurah-Daouk, S. Hersch, M. Flint-Beal, Neuroprotective effects of
creatine in a transgenic mouse model of Huntington's disease, J. Neurosci. 20
(2000) 4389e4397.

[170] S. Hersch, S. Gevorkian, K. Marder, C. Moskowitz, A. Feigin, M. Cox, P. Como,
C. Zimmerman, M. Lin, L. Zhang, A. Ulug, M. Beal, W. Matson, M. Bogdanov,
E. Ebbel, A. Zaleta, Y. Kaneko, B. Jenkins, N. Hevelone, H. Zhang, H. Yu,
D. Schoenfeld, R. Ferrante, H. Rosas, Creatine in Huntington disease is safe,
tolerable, bioavailable in brain and reduces serum 8OH2’dG, Neurology 66
(2006) 250e252.

http://refhub.elsevier.com/S0003-2697(16)30389-X/sref122
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref122
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref122
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref122
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref123
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref123
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref123
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref123
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref124
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref124
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref124
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref124
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref125
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref125
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref125
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref125
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref125
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref126
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref126
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref126
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref126
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref126
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref126
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref126
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref127
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref127
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref127
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref127
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref127
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref127
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref127
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref128
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref128
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref128
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref128
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref129
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref129
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref129
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref129
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref129
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref129
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref130
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref130
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref130
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref130
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref131
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref131
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref131
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref131
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref131
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref132
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref132
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref132
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref132
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref132
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref132
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref132
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref133
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref133
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref133
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref134
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref134
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref134
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref134
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref135
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref135
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref135
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref135
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref136
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref136
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref136
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref136
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref136
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref137
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref137
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref137
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref137
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref138
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref138
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref138
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref138
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref138
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref138
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref139
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref139
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref139
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref140
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref140
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref140
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref140
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref141
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref141
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref141
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref142
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref142
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref142
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref142
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref143
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref143
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref143
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref143
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref143
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref143
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref144
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref144
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref144
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref144
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref144
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref144
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref145
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref145
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref145
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref145
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref145
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref146
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref146
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref146
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref146
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref147
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref147
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref147
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref147
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref147
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref148
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref148
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref148
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref149
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref149
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref149
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref149
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref149
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref150
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref150
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref150
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref150
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref151
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref151
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref151
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref151
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref152
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref152
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref152
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref153
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref153
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref153
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref153
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref153
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref154
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref154
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref154
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref154
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref154
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref154
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref155
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref155
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref155
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref155
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref155
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref156
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref156
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref156
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref156
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref156
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref156
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref157
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref157
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref157
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref157
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref157
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref158
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref158
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref158
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref158
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref159
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref159
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref159
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref160
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref160
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref160
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref160
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref161
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref162
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref162
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref162
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref162
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref162
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref162
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref162
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref163
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref163
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref163
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref163
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref164
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref164
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref164
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref164
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref165
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref165
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref165
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref165
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref166
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref166
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref166
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref167
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref167
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref167
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref167
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref167
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref168
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref168
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref168
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref169
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref169
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref169
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref169
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref169
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref170
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref170
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref170
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref170
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref170
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref170
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref170


V. Rackayova et al. / Analytical Biochemistry 529 (2017) 144e157 157
[171] R.T. Matthews, R.J. Ferrante, P. Klivenyi, L. Yang, A.M. Klein, G. Mueller,
R. Kaddurah-Daouk, M.F. Beal, Creatine and cyclocreatine attenuate MPTP
neurotoxicity, Exp. Neurol. 157 (1999) 142e149.

[172] A. Bender, W. Koch, M. Elstner, Y. Schombacher, J. Bender, M. Moeschl,
F. Gekeler, B. Müller-Myhsok, T. Gasser, K. Tatsch, T. Klopstock, Creatine
supplementation in Parkinson disease: a placebo-controlled randomized
pilot trial, Neurology 67 (2006) 1262e1264.

[173] P. Klivenyi, R.J. Ferrante, R.T. Matthews, M.B. Bogdanov, A.M. Klein,
O.A. Andreassen, G. Mueller, M. Wermer, R. Kaddurah-Daouk, M.F. Beal,
Neuroprotective effects of creatine in a transgenic animal model of amyo-
trophic lateral sclerosis, Nat. Med. 5 (1999) 347e350.

[174] G.J. Groeneveld, J. de Leeuw van Weenen, F.L. van Muiswinkel, H. Veldman,
J.H. Veldink, J.H.J. Wokke, P.R. Bar, L.H. van den Berg, Zinc amplifies mSOD1-
mediated toxicity in a transgenic mouse model of amyotrophic lateral
sclerosis, Neurosci. Lett. 352 (2003) 175e178.

[175] J. Shefner, M. Cudkowicz, D. Schoenfeld, T. Conrad, J. Taft, M. Chilton,
L. Urbinelli, M. Qureshi, H. Zhang, A. Pestronk, J. Caress, P. Donofrio,
E. Sorenson, W. Bradley, C. Lomen-Hoerth, E. Pioro, K. Rezania, M. Ross,
R. Pascuzzi, T. Heiman-Patterson, R. Tandan, H. Mitsumoto, J. Rothstein,
T. Smith-Palmer, D. MacDonald, D. Burke, A clinical trial of creatine in ALS,
Neurology 63 (2004) 1656e1661.

[176] T.S. Bürklen, U. Schlattner, R. Homayouni, K. Gough, M. Rak, A. Szeghalmi,
T. Wallimann, The creatine kinase/creatine connection to Alzheimer's dis-
ease: CK-inactivation, APP-CK complexes and focal creatine deposits,
J. Biomed. Biotechnol. 2006 (2006) 1e11.

[177] G.J. Brewer, T.W. Wallimann, Protective effect of the energy precursor cre-
atine against toxicity of glutamate and beta-amyloid in rat hippocampal
neurons, J. Neurochem. 74 (2000) 1968e1978.

[178] V. Mlyn�arik, G. Gambarota, H. Frenkel, R. Gruetter, Localized short-echo-time
proton MR spectroscopy with full signal-intensity acquisition, Magn. Reson.
Med. 56 (2006) 965e970.

[179] V. Mlyn�arik, M. Cacquevel, L. Sun-Reimer, S. Janssens, C. Cudalbu, H. Lei,
B.L. Schneider, P. Aebischer, R. Gruetter, Proton and phosphorus magnetic
resonance spectroscopy of a mouse model of Alzheimer's disease,
J. Alzheimers. Dis. 31 (Suppl 3) (2012) S87eS99.

[180] S.W. Brusilow, R.C. Koehler, R.J. Traystman, A.J.L. Cooper, Astrocyte glutamine
synthetase: importance in hyperammonemic syndromes and potential
target for therapy, Neurotherapeutics 7 (2010) 452e470.

http://refhub.elsevier.com/S0003-2697(16)30389-X/sref171
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref171
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref171
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref171
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref172
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref172
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref172
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref172
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref172
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref173
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref173
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref173
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref173
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref173
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref174
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref174
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref174
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref174
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref174
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref175
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref175
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref175
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref175
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref175
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref175
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref175
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref176
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref176
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref176
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref176
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref176
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref177
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref177
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref177
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref177
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref178
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref178
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref178
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref178
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref178
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref179
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref179
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref179
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref179
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref179
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref179
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref180
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref180
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref180
http://refhub.elsevier.com/S0003-2697(16)30389-X/sref180

	Creatine in the central nervous system: From magnetic resonance spectroscopy to creatine deficiencies
	1. Creatine
	2. Creatine synthesis and transport in CNS
	3. Creatine: a multifunctional molecule in the brain
	4. Measurement of brain creatine by in vivo magnetic resonance spectroscopy
	4.1. 1H MRS
	4.2. Brain Cr concentration in 1H MRS
	4.3. Use of Cr as a concentration reference in 1H MRS
	4.4. 31P MRS
	4.5. Saturation transfer in 31P MRS

	5. Cerebral creatine deficiency syndromes
	6. Treatment and follow-up of creatine deficiency syndromes by MRS
	7. Secondary creatine deficiencies
	7.1. Gyrate atrophy of the choroid and retina
	7.2. Hyperammonemia
	7.3. Stroke
	7.4. Psychiatric disorders

	8. Creatine as neuroprotective molecule
	9. Conclusion
	Conflict of interest
	Acknowledgments
	References


