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Abbreviations

CK Creatine kinase

Cr Creatine

PCr Phosphoryl creatine

TCr Total Cr, Cr plus PCr

CrT Creatine transporter or solute carrier SLC6AS
GAA Guanidinoacetic acid

P-GAA Phosphoryl guanidinoacetic acid

GPA Guanidinopropionic acid

AGAT  Arginine: glycine amidinotransferase

GAMT Guanidinoacetate methyltransferase

“Creatine in Health, Sport and Medicine”: an
introduction to a Focus Group Meeting held
in Laufen, Germany, in April 2015

Following a memorable International Conference on “Cre-
atine in Health, Medicine and Sport”, held in July 2010 in
the Howard Theatre, Downing College, Cambridge Univer-
sity, UK, organized by Roger Harris" [see Special Issue
in Amino Acids Vol. 40(5) May 2011], it was decided to
continue the tradition by organizing a similar event 5 years
later. As a result, a second FGM on “Creatine in Health,
Sport and Medicine” was held between April 21st and 25th
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in the old monastery, now a conference center (Kapuziner-
hof), in the small town of Laufen, Germany, located on the
German/Austrian border. The meeting was organized by
Theo Wallimann® and Roger Harris".

The purpose of the Laufen meeting was again to bring
together leading biochemists, molecular biologists, geneti-
cists, physiologists and clinical researchers, with those
directly involved in the translation of creatine research
into practical applications for health, medicine and sport.
Within the past decade, the creatine field has moved from
being a topic of interest mainly for those involved in sport
and strength training, to numerous aspects of human health
and disease, where new, and in cases surprising, findings
have continued to be made over the past five years (see this
Special Issue: Creatine).

From a total of 80 international participants from all
continents, 28 researchers presented invited lectures, and
3 out of a total of 29 posters were selected for short oral
presentations. Twenty-five research groups now present
their work here in this special issue of Amino Acids, either
as reviews or as original work.

General impressions and appraisal of progress in CK
research

The conference site at the old monastery in Laufen was
superb, with restored monks cells, a professional confer-
ence infrastructure, and the delights of both an indoor and
outdoor restaurant with excellent Bavarian food/beer and
large monastery garden, fostering a climate of scientific
exchange and open discussion on current research, and the
joy and privilege of being a scientist, including problems
with funding. A number of scientific contacts were rein-
forced and new collaborations begun, the results of which
are likely to be presented at the next conference, planned
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for 2022. All in all, this was an ideal place to hold such a
meeting. Thankfully, AlzChem AG in Trostberg, Germany,
the only Western manufacturer of creatine monohydrate
(Creapure®), sponsored all invited speakers, and the highly
professional staff of the company, led by Dr. Barbara Niess,
managed most of the administrative work. The organizers
wish to thank all persons involved in this event for their
excellent, highly motivated work.

Basic science: old and new creatine kinase
micro-compartments

Skeletal muscle, due to its homogeneity (some 55 % of
total protein is myosin, 20 % is actin, and 25 % of proteins
constitutes the rest), high specialization and high structural
order, was the organ of choice for localization studies of
CK and for the isolation and characterization of ATPase-
associated CK micro-compartments. Dimeric cytosolic
muscle-type MM-CK is found associated with the contrac-
tile apparatus at the sarcomeric M-band, where it is func-
tionally coupled to the myofibrillar actin-activated myosin
ATPase, at the sarcoplasmic reticulum coupled to the Ca*"
pump ATPase), and at the sarcolemma, where it is coupled
to the Nat/K™-ATPase. In addition, a mitochondrial mtCK
isoform is localized between the inner (IM) and outer mem-
brane (OM) of mitochondria, where this octameric mtCK
is sandwiched between the ATP carrier of the IM and the
voltage-dependent anion carrier (VDAC) of the OM (for
review see Wallimann et al. 1992, 2011).

Due to the abundance of these proteins and structures,
it was relatively easy to isolate highly purified myofibrils,
SR vesicles and plasma membrane preparations, as well
as mitochondria, where CK localization was confirmed by
various techniques employing light and electron micros-
copy and functional tests performed with highly enriched
preparations. The isolation of such micro- compartments,
however, becomes increasingly more difficult with the het-
erogeneity of other tissues, e.g. brain, where there is a mul-
titude of highly different cell types that are not organized
in a homogeneous, orderly fashion as with skeletal muscle
(see Hanna-El-Daher and Braissant 2016).

Using sophisticated membrane and vesicle isolation pro-
cedures and yeast two-hybrid analysis suited to identify
membrane proteins as interaction partners, Schlattner et al.
(2016) identified a number of membrane proteins of the
brain associated with brain-type cytosolic BB-CK. These
novel micro-compartments of BB-CK with, for example,
VAMP2 proteins and JWA, shed new light on synaptic
functions dependent on BB-CK-mediated energy provision.
Again using brain tissue, BB-CK was shown, after phos-
phorylation at serine residue number 6 by AMP-activated
protein kinase (AMPK), to be targeted to endoplasmic
reticulum membranes (ER) in propinquity to the ER Ca**
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ATPase pump. This is the first example of phosphorylation-
dependent targeting of CK to a specific subcellular location
demonstrating that, depending on the energy status of the
brain cells, BB-CK may be directed to the SR where highly
energy-dependent processes such as calcium pumping need
optimal energy provision at the site of ATP demand. The
coordinated action of the energy sensor AMPK with an
important enzyme in energy metabolism, BB-CK, is a note-
worthy event that may be a general feature in many other
cells (Schlattner et al. 2016).

Yan (2016) presented new findings of his laboratory,
demonstrating a distinct micro-compartment of BB-CK
that is associated with the mitotic spindle apparatus, which
needs high levels of energy for initiating and proceeding
with cell division. BB-CK, found to be important for the
energetics of cell division and cell cycle control, may thus
also be involved in cancer cell progression and metasta-
sis. Down-regulation or inhibition of CK by inhibitors or
siRNA appears to retard mitosis, promote apoptosis and
reduce metastasis, whereas creatine supplementation itself
has now been convincingly shown to provide anti-cancer
effects (Campos Ferraz et al. 2016; Deminice et al. 2016a;
Pal et al. 2016).

Creatine in health

Consuming a normal balanced diet, including fresh meat
and fish, modern man may receive sufficient amounts of
the carninutrient creatine for optimal body functions. How-
ever, additional creatine supplementation may be indicated
for athletes to achieve further improvement in performance.
Creatine supplementation (3—4 g/day is shown not only to
improve muscle mass and performance, both short term
high-intensity and endurance, but also to improve recovery
after heavy exercise and avoid muscle soreness and injury
(see Roberts et al. 2016; Twycross Lewis et al. 2016).

In their review of the role of dietary creatine, Brosnan
and Brosnan (2016) lead us through the evolutionary his-
tory of paleolithic (carnivore) to modern man (omnivore
or vegetarian), looking at the ingested amounts of dietary
creatine. Clearly, vegetarians, and even more so vegans,
show lower plasma and muscle levels of total creatine than
do omnivores. The authors reason that the gastrointestinal
tract and the liver are exposed to higher concentrations of
creatine before it is assimilated by the target tissues, skel-
etal and cardiac muscle, and brain and nervous tissue, and
that this may be related to the very interesting finding that
creatine is important, via enhanced cellular energetics of
intestinal epithelial cells, in maintaining the intestinal bar-
rier function under healthy condition, as well as in ame-
liorating mucosal inflammation in animals suffering from
inflammatory bowel disease (Glover et al. 2013). In addi-
tion, the novel finding that the liver—which under normal
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conditions is the only organ in the body that is not express-
ing CK—can be prevented from developing into fatty liver
or NAFL through creatine supplementation in animals fed a
high-fat diet is rather unexpected. This would indicate that
creatine not only serves cellular energy-related functions
(enhanced PCr/ATP ratio), but also may be involved in
hitherto unknown signaling pathways in lipid metabolism
(Deminice et al. 2016b), thus supporting the pleiotropic
effects of creatine (Wallimann et al. 2011).

In a comprehensive review, Gualano et al. (2016) dis-
cuss the potential benefits of creatine supplementation for
the aging population and highlight the positive effects of
creatine on skeletal muscle, especially if combined with
training, as well as on bone and brain function. Future
studies with older individuals, frail elderly and those with
cognitive decline were proposed. In general, to support the
encouraging data, larger human trials with longer dura-
tion of physical training and creatine supplementation are
needed to definitely recommend creatine supplementation
specifically for the management of age-related deficits such
as sarcopenia (Pinto et al. 2016).

A review concerning differences in sex-specific
responses to creatine supplementation and exercise
between male and female human subjects was presented
by Ellery et al. (2016a). The apparent endocrine modula-
tion of creatine metabolism may be one explanation, but
much work is still needed in this area; for example, future
creatine supplementation studies should be conducted with
cohorts of women followed through the menstrual cycle,
as well as during pregnancy and then post-partum. Thus,
gender-specific research with creatine is developing into
a very interesting topic that deserves specific attention in
the future [see also the publication by Kondo et al. (2016),
who describe gender-specific positive effects of creatine for
young women with severe depression].

This review is then followed by original work of the
same group showing that maternal dietary creatine supple-
mentation during pregnancy in a rodent animal model, the
spiny mouse, protected the neonate from multi-organ dam-
age, if birth was taking place under conditions with intra-
partum hypoxia and birth asphyxia (Dickinson et al. 2014).
Since the effects of nutritional supplementation during
pregnancy must be subject to careful investigation, Ellery
et al. (2016b) again used the spiny mouse model and fed
mid-gestation pregnant and virgin spiny mice with a rather
high dose of 5 % w/w creatine in the chow for 18 days,
followed by analysis of the expression pattern of the two
enzymes involved in endogenous creatine synthesis, AGAT
and GAMT, as well as of the creatine transporter (CrT).
From these data, it appeared that creatine supplementa-
tion had no effect on the body weight and composition, and
only a minimal impact on endogenous creatine metabolism
in either pregnant or non-pregnant spiny mice. However,

increasing maternal dietary creatine ingestion during preg-
nancy was found to be useful for preventing birth asphyxia
in the spiny mouse animal model (Ellery et al. 2016b).
These data are supported by independent evidence show-
ing that creatine fed to pregnant rats favors brain develop-
ment and protects the embryonic and neonate brain in vivo
against cellular stressors (Sestili et al. 2016). This should
open the way for future clinical pilot studies with pregnant
women to investigate whether maternal dietary creatine
consumption through extra meat or fish or through direct
creatine supplementation, preferentially during the last
trimester of pregnancy, could also be useful for treating
birth asphyxia in humans, as suggested by Wallimann et al.
(2011).

In conclusion, it is generally accepted now that creatine
is an essential metabolite for normal cell and body func-
tion, from embryonic life to adulthood, into senescence,
for men and women, as well as for pregnant women and
the newborn. A lack of creatine, as seen in creatine defi-
ciency syndromes due to either genetic defects of the
enzymes involved in endogenous creatine synthesis,
AGAT or GAMT (Stockebrand et al. 2016; Schulze et al.
2016), or genetic defects in the creatine transporter (CrT)
(Santacruz and Jacobs 2016; Perna et al. 2016), leads to
more or less severe neuromuscular and neurological phe-
notypes, similar to what is seen in CK-deficient (Strei-
jger et al. 2005) or creatine-depleted (GPA) animal mod-
els (Wyss and Wallimann 1994). Thus, a specific caveat
should be announced here for women who consume vegan
or vegetarian diets, and thus who have lower levels of
total creatine in their body organs, to either switch their
diet to allow for fresh meat and fish during pregnancy or
to supplement with highly pure creatine in order to support
healthy embryonic and neonatal development (see Walli-
mann et al. 2011).

Creatine in sport

A major incentive for studies on creatine was the 1992
report that the total creatine pool (PCr + Cr) in muscle
could be increased in humans subjects within as little as
5 days when 20 g of creatine monohydrate per day was
given as a dietary supplement (Harris et al. 1992), and the
subsequent reporting in multiple studies that this resulted
in an increase in high-intensity exercise performance (e.g.
Greenhaff et al. 1993). As a result, creatine supplementa-
tion was adopted as a performance-enhancing supplement
by athletes around the time of the 1992 Barcelona Olym-
pics. However, for reasons unknown, the response to cre-
atine supplementation was highly variable (Harris et al.
1992; Greenhaff et al. 1994), and our understanding of why
this should be the case has advanced little in the past two
decades. At the time of the initial studies, investigations
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were hampered by the need to take percutaneous muscle
biopsies, and in most cases were limited to just one mus-
cle, m. vastus lateralis. Janssen et al. (2016) report on the
extraordinary advances being made with MRS, which
could resolve this issue of variability. Using a clinical 3T
MRS unit able to detect both 'H and '3C spin resonances,
coupled with supplementation with *C-enriched creatine,
the authors were able to estimate in vivo Cr uptake, turno-
ver and PCr/TCr ratios of individual muscles (biceps femo-
ris, semimembranosus, semitendinosus, adductor magnus
and gracilis) in an examination taking just 1 h. Although
described as a feasibility study, indications of variability
in the response to Cr supplementation between muscles
within the same individual and due to age and gender are
also reported. The failure of some individuals to respond to
creatine supplementation has been an issue in many stud-
ies, particularly where effects on exercise performance
were being investigated but where no actual measurements
of muscle TCr were included, as well as a cause of dis-
appointment to individual athletes themselves. As much
as anything else, the study by Janssen et al. (2016, in this
issue) highlights the amazing technological advances made
since the aforementioned muscle biopsy study of 1992 and
others on the level of Cr and PCr in human muscle at rest
and in response to exercise (Harris et al. 1974; Hultman
et al. 1967).

Ostojic (2016) reviews the possible use of guanidi-
noacetic acid (GAA) to increase creatine in muscle and as
an ergogenic aid. The kidney and pancreas are assumed
to be the principal organs for GAA synthesis through the
action of AGAT, and is itself the immediate precursor of Cr.
The final methylation step to Cr is performed by GAMT
and was assumed (with the exception of brain) to occur pri-
marily in the liver, although other sites including muscle
(Daly 1985) have been suggested based on GAMT locali-
zation. In papers reviewed by Ostojic (2016), oral admin-
istration of GAA was effective in raising the muscle TCr
pool, which because of its greater stability in aqueous and
mildly acidic conditions makes it an attractive alternative
to Cr in sport-related products. This would clearly be the
case if GAA were equally or more effective than orally
supplied creatine in raising the muscle TCr pool. However,
as reviewed by Ostojic in this issue regarding the pharma-
covigilance of GAA, concerns remain over the safety of
regular supplementation with GAA, not least because of
the elevation of plasma homocysteine, which has been rec-
ognized as a risk factor for cardiovascular and arterioscle-
rotic disease. As noted in the article, this raises the question
of whether GAA supplementation could ever be considered
for use by athletes as an ergogenic aid, even if it proved
to be more effective than Cr in raising the muscle TCr
pool, and despite its greater amenity for inclusion in sports
products.
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A detailed review of the ergogenic benefits to athletes
of creatine elevation in muscle is presented in Twycross
Lewis et al. (2016). Based initially on studies of Harris
et al. (1992), supplementation with 20 g per day of creatine
monohydrate for 5-10 days was advocated, achieving a
25-30 % increase in muscle TCr, that was then followed
by a maintenance dose of 3 g per day. However, about 30 %
of individuals, principally those with TCr content close
to 150 mmol/kg dry muscle, showed little or no increase
(non-responders), whereas those with initial content of less
than 110 mmol/kg dm showed the greatest increase (Harris
et al. 1992; Greenhaff et al. 1994). Alternative supplemen-
tation programs achieving the same increase in muscle TCr
involve considerably lower doses, though for much longer
periods (Hultman et al. 1996). Still unresolved, however,
is the primary mechanism by which TCr, and specifically
PCr, exerts an ergogenic effect. Is this through the provi-
sion of additional "high-energy phosphate" for ATP re-syn-
thesis, or through the maintenance of low intracellular ADP
concentrations? The possibility that it is the latter is sup-
ported by the lower exercise-related plasma hypoxanthine
and uric acid concentrations (markers of adenine nucleo-
tide degradation) following Cr supplementation (Tang et al.
2014) and the lower post-exercise muscle IMP concentra-
tion (McConell et al. 2005). In this alternative model, the
primary role of PCr in exercising muscle is in preventing
the accumulation of ADP triggering the onset of adenine
nucleotide degradation via myokinase/AMP deaminase to
IMP, and subsequently to hypoxanthine, a role which fits
with the relative properties of the PCr-CK system com-
pared with other members of the phosphorylguanidino fam-
ily (Ellington 1989). Twycross Lewis et al. (2016) raise the
additional possibility that the increase in water retention in
muscle with Cr supplementation, possibly associated with
increased muscle glycogen storage (Ferndndez-Elias et al.
2015), may help in the maintenance of total body hydra-
tion and fatigue resistance when exercising under hot ambi-
ent conditions likely to contribute to dehydration and ther-
mal stress. This, together with the documented ergogenic
effects of muscle creatine elevation, would be important
to athletes performing in endurance events, especially in
hot climates, as well as to military personnel operating in
desert conditions.

Although Cr supplementation has been demonstrated in
previous studies to enhance muscle glycogen recovery fol-
lowing glycogen-depleting exercise, Roberts et al. (2016)
describe for the first time the time course over which this
occurs. While, once again, Cr supplementation augmented
muscle glycogen recovery, it was evident that this occurred
not as a gradual bifurcation from the typical glycogen-load-
ing response expressed in the placebo group, but as a tran-
sient, almost twofold increase in the resynthesis rate during
the initial 24 h. Furthermore, the authors concluded from
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previous work (Robinson et al. 1999) that the enhancement
of glycogen synthesis by Cr must have occurred between
6 and 24 h post exercise. The authors were unable to sug-
gest a mechanism to explain this intriguing and unexpected
finding. For many athletes and sports persons where events
are held on adjacent days, such as professional tennis,
where inclement weather disrupts the normal programme,
the advantage to be gained by enhanced glycogen recov-
ery in such a short period may be the difference between
focused and unfocused play in the following tournament
round. Intriguingly, in this study, glycogen recovery from
an almost depleted state in both the placebo and Cr-sup-
plemented subjects was not associated with any increase in
muscle water, which would seem to contradict the findings
of Fernandez-Elias et al. (2015) cited above.

Creatine in developing muscle and brain,
cell- and neuroprotection and clinical studies

Creatine metabolism has long been thought to be a rela-
tively simple process involving two enzymatic steps and a
creatine transporter, with endogenous synthesis of creatine
taking place first in the kidney (via AGAT to give GAA)
and then in the liver (via GAMT to give creatine), from
where it is exported into the blood system and transported
to the target cells and organs, mainly skeletal and cardiac
muscle and the brain and neuronal tissue, via a creatine
transporter (LSC6AS or CrT). Alimentary creatine acquired
via creatine transporters of the small intestine would take
the same route once reaching the bloodstream, from where
it would be taken up by the target organs, including the
brain. However, it now turns out that peripherally supplied
creatine has only limited permeability to the brain, as the
creatine transporter is absent from the astrocytes that sur-
round brain blood vessels at the blood—brain barrier. The
laboratory of Olivier Braissant convincingly demonstrated
that the brain possesses the potential for endogenous cre-
atine synthesis, contrary to what has been believed for
decades. In addition, there is a complicated heterogenic
mosaic-like expression of creatine kinase (CK) isoen-
zymes, the two creatine synthesis enzymes (AGAT and
GAMT) and the creatine transporter (CrT) in different
cells throughout the brain. Due to this complexity, there
is intracellular exchange of GAA and/or creatine between
the different brain cells, which, similar to neurotransmit-
ter trafficking between brain cells, complicates the picture
(Hanna-El-Daher and Braissant 2016). Creatine is not only
the precursor of the high-energy PCr that, together with
micro-compartmentalized CK isoenzymes, is important
for brain energetics (Wallimann et al. 2011), but can also
function as a neurotransmitter. In their comprehensive and
beautifully illustrated review, the authors explain in a unify-
ing theory how their findings relate to the different clinical

phenotypes of the three creatine deficiency syndromes and
also explain why GAA can be toxic to the brain (Hanna-El-
Daher and Braissant 2016).

Creatine promotes a wide range of physiological
responses that go beyond its contribution in satisfying cel-
lular energy needs. The laboratory of Sestili et al. (2016)
has convincingly shown that creatine promotes in vitro
muscle cell and neuron differentiation and displays muscle
cell and neuroprotective effects, both in vitro and in vivo,
e.g. against oxidative stress. For example, creatine acceler-
ates the differentiation process from myoblasts into myo-
tubes. Creatine also favors the electrophysiological matura-
tion of neuroblasts in vitro and protects both muscle and
neuronal cells from oxidative stress. Interestingly, maternal
Cr supplementation has also been shown to promote the
morpho-functional development of hippocampal neurons in
rat offspring in vivo, thus providing a rationale for creatine
supplementation during pregnancy to support brain devel-
opment, maturation and protection against cellular stressors
in the embryonic and neonate brain (Sestili et al. 2016).

As transplanted neuronal progenitor or stem cells may
have a therapeutic clinical potential in the future, but are
often difficult to cultivate and to bring to differentiation,
cell cultures were used to study the trophic and cell-pro-
tective effects of creatine (see above) in early (E14) and
late (E18) developmental stages of rat striatal progenitor
cells (Andres et al. 2016). Similar to earlier experiments,
the findings corroborated evidence that creatine is indeed
a GABA-ergic differentiation factor, but additionally dem-
onstrated that this effect is dependent on the developmen-
tal stage of the progenitor neurons, in that creatine sig-
nificantly increased the number of branching points in the
E18-stage but not in the E14-stage progenitor cells. These
data, which are also supported by the results of Sestili et al.
(2016) showing that creatine improved the differentiation
and electrophysiological maturation of neuroblasts in vitro,
may have implications for selection of the optimal develop-
mental stage of cells to be grafted into the brain for thera-
peutic purposes.

Because creatine, a natural nutritional supplement, has
shown astonishing neuroprotection in experimental animals
as model systems for neurodegenerative diseases such as
ALS and Parkinson’s and Huntington’s disease (for review,
see Beal 2011), it seemed logical that clinical research-
ers around the world would first undertake pilot and then
large-scale clinical trials with creatine at various dosages,
mostly in patients showing full-fledged symptoms. Andreas
Bender and Thomas Klopstock, who pioneered this work
in Munich, analyzed the outcomes of all of the clinical tri-
als, and concluded that creatine supplementation at vari-
able dosages (usually 5-10 g, but also up to 30 g per day
for many months) in several controlled multi-center clini-
cal trials involving over 1000 patients showed no benefit
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in any of these neurodegenerative diseases (Bender and
Klopstock 2016). Whether the neuroprotective effects of
creatine could display a preventive effect if administered
to the patients before the actual insult, accompanied by the
onset of the pathophysiological cascade, remains a topic
for future clinical trials. What certainly emerged from the
study is that creatine supplementation is safe, even if given
to patients at relatively high doses for a prolonged period
of time—for example, in one RCT study, 1687 patients or
healthy controls received a daily average dose of 9.5 g of
creatine for a total of 5480 patient-years, with no signifi-
cant side effects registered (see Tables 1-3 in Bender and
Klopstock 2016).

As a part of the National Institute of Mental Health’s
experimental medicine initiative, Kondo et al. (2016), in
a careful clinical study, investigated the effect of creatine
supplementation (2.4 or 10 g per day, for 8 weeks) in ado-
lescent girls with antidepressant-resistant major depressive
disorder (MDD)who did not respond to serotonin reup-
take inhibitors. MDD is likely related to brain mitochon-
drial dysfunction, and is predicted to become the leading
cause of global disease burden by 2030. Using *'P-NMR
spectroscopy, the authors demonstrated a dose-dependent
increase in phosphocreatine (PCr) in the frontal lobes
of subjects treated with creatine and, most importantly,
showed a clear inverse correlation between brain PCr con-
tent and depression scores (Kondo et al. 2016). In light
of the disappointing results obtained in human patients
with ALS and Parkinson’s and Huntington’s disease (see
Bender and Klopstock, above), these data for patients suf-
fering from treatment-resistant MDD are significant and
very encouraging. But the reason that females and not
males with MDD respond to creatine treatment remains
an enigma, although it may be related to those gender-
specific effects of creatine also reported by Ellery et al.
(2016a). However, the fact that simple substitution with
creatine monohydrate might serve as an efficient adjuvant
therapeutic intervention in females suffering from MDD is
rather exciting and deserves further, larger-scale clinical
studies.

Creatine in heart function and liver pathology

It is widely accepted that creatine is of the utmost impor-
tance for cellular energetics in skeletal and cardiac muscle
as well as in brain and neuronal tissues. Unfortunately, in
clinical studies, creatine supplementation has shown no sig-
nificant positive effects in chronic neurodegenerative dis-
eases (see above). Balestrino et al. (2016) surmise that cre-
atine may be better suited for clinical interventions in more
acute situations, where tissues undergo an energy deficit
crisis, e.g. during ischemic stroke in the brain or myocar-
dial ischemic attack leading to heart infarction. However,

@ Springer

since creatine would have to be energetically charged to
PCr before it could develop its potential, and because the
tissue in question is itself energy-depleted and thus cannot
use its ATP to charge PCr, creatine should then be admin-
istered preventively to patients at high risk of stroke, even
before the event takes place. An alternative approach, pro-
posed and researched successfully by the group around Val-
dur Saks already in the 1980s (Ruda et al. 1988) and fol-
lowed up by Balestrino et al. (2016), is that PCr is directly
administered to patients by intravenous infusion as early as
possible after an ischemic heart attack and during cardiac
surgery. This strategy resulted in a significant improvement
in cardiac parameters and subsequent prevention of car-
diac arrhythmia, which is often also a problem after car-
diac surgery. However, despite a convincing rationale with
experimental clinical evidence for the addition of PCr to
cardioplegic solutions, this promising intervention has not
yet been widely adopted by cardiac intervention and sur-
gery clinics. It seems that larger multi-center studies are
needed so that PCr—which, due to its inherent chemical
instability in aqueous solution, would have to be dissolved
as freeze-dried powder directly into the cardioplegic solu-
tion just before use—can be brought to fruition for the ben-
efit of patients with cerebral and cardiac ischemic attacks
(Balestrino et al. 2016).

In their earlier provocative work entitled “Living with-
out creatine”, Lygate et al. (2013) showed that transgenic
mice without GAMT voluntarily ran as fast and per-
formed the same level of work when tested to exhaustion
on a treadmill, and additionally, that their survival follow-
ing myocardial infarction was not altered in comparison
to wild-type animals. Based on these results, the authors
questioned the long-held paradigm that creatine is essen-
tial for high workload and chronic stress responses in heart
and skeletal muscle. However, in addition to the fact that
these GAMT knockout mice show severely altered guani-
dino compound levels, lower body weight and impaired
fertility (Schmidt et al. 2004), they accumulate significant
amounts of guanidinoacetate (GAA), which is phosphoryl-
ated by CK to form energy-rich P-GAA, as seen clearly by
3IP_NMR spectroscopy in vivo in skeletal and cardiac mus-
cle (Heerschap et al. 2007). It is well known that P-GAA
can still serve, albeit less efficiently than PCr, as a substrate
for the CK reaction to replenish ATP from P-GAA (Boehm
et al. 1996). Although Lygate et al. (2013), using *'P-NMR
saturation transfer measurements, were apparently unable
to show a phosphoryl-transfer from the energy-rich P-GAA
to ADP to give ATP in cardiac muscle, this had been shown
earlier to take place in vivo, at least in skeletal muscle (Kan
et al. 2004). There is no apparent explanation as to why this
would not also happen in cardiac muscle, where a clearly
discernible P-GAA peak was visible. Since the flux through
the CK system is orders of magnitude higher than the
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highest ATP turnover reaction, only a relatively small flux
through the CK reaction, in this case from P-GAA to ATP,
would be needed to satisfy cardiac energy needs (Walli-
mann 1996). Perhaps this phosphoryl transfer flux was too
low to be measured by the method employed? Since the
accumulated P-GAA levels are generally high in GAMT
knockout animals, it is likely that the relatively mild phe-
notype in terms of skeletal and cardiac muscle performance
can be explained by this fact. Thus, the results described
above do not justify the conclusions taken by Lygate et al.
(2013), specifically in light of the fact that reduced PCr
concentrations and PCr/ATP ratios, as well as a reduced
flux through the CK reaction, have been consistently seen
in human myocardial infarction (Bottomley et al. 2009).

Zervou et al. (2016) show in an elegant study that mice
over-expressing the creatine transporter (CrT), and thus
displaying elevated cardiac total creatine levels, were pro-
tected against ischemia/reperfusion injury via improved
energy reserves. However, mice with very high cardiac cre-
atine concentrations developed more or less severe cardiac
hypertrophy and dysfunction. Using these latter mice for an
integrated proteomic and metabolomics study, the authors
found that mice with very high cardiac creatine content
showed reduced expression of multiple proteins. In a par-
allel metabolomics analysis using '"H-NMR spectroscopy,
significant changes in a number of key metabolites were
also detected that implied impairment of glycolysis, fatty
acid oxidation and the TCA cycle, resulting in a substrate-
rich but energy-poor heart. These results revealed hitherto
unsuspected feedback mechanisms between creatine con-
tent and many key metabolites in the heart (Zervou et al.
2016) that argue for a pleiotropic action of creatine, in
addition to those effects already known (Wallimann et al.
2011). Such sophisticated combined proteomic and metab-
olomics approaches are likely to add yet another dimension
to the fields of CK and creatine research, as also exempli-
fied by Stockebrand et al. (2016).

Fatty liver is the early stage of nonalcoholic fatty liver
disease (NAFLD), which can lead to nonalcoholic steato-
hepatitis (NASH) and eventually to hepatocellular carci-
noma. The incidence of these diseases is rising globally.
However, there is no specific treatment for them. In a com-
prehensive review, Demenice et al. (2016b) summarized
the literature on the subject and also presented data of their
own showing that creatine supplementation prevented liver
fat accumulation in rats with either 3 weeks of a high-fat
diet or 4 weeks of a choline-deficient diet. Total liver fat
and liver triglycerides, as well as liver TBARS as an indi-
cator of oxidative insult, were significantly lower in rats
fed a high-fat diet supplemented with creatine than in con-
trols. This project certainly seems ripe for clinical studies
with humans to test whether creatine is a new therapeutic
approach to treating fatty liver disease.

Creatine and cancer

Creatine and creatine analogues such as cyclo-creatine
have long been known to inhibit tumor growth in vitro
and experimentally in animals (Miller et al. 1993). Now,
an exploratory study looking at potential mechanisms cor-
roborates these findings and demonstrates unambiguously
that creatine supplementation is indeed able to significantly
slow tumor growth, by approximately 30 %, in tumor-
bearing rats. Ultimately, however, creatine treatment did
not improve overall survival of the experimental animals.
At the same time, inflammatory parameters associated with
cachexia as well as metabolic acidosis in tumor-bearing
rats were lowered by creatine (Campos Ferraz et al. 2016).
In addition, inflammatory parameters including TNF-a,
C-reactive protein and IL-6, as well as markers for oxida-
tive damage, were all lowered. The fact that creatine sup-
plementation restored the impaired creatine-CK system
in tumor cells led the authors to surmise that inhibition of
AGAT and/or GAMT, which is thought to support cancer
cell metabolism by contributing to polyamine and methio-
nine synthesis, as shown by Locasale (2013), may be one
of the reasons for the anti-cancer effects of creatine. The
data reported by Campos Ferraz et al. (2016) are in accord
with similar data by Patra et al. (2008), and suggest a
potential therapeutic effect of creatine for the treatment of
cancer (Pal et al. 2016). The latter authors present evidence
that creatine supplementation should be viewed as an adju-
vant therapeutic intervention together with methylglyoxal
(MG), a long-known anti-cancer agent. The same authors
demonstrate that the anti-cancer effect of MG is enhanced
by concomitant creatine supplementation, both in chemi-
cally transformed muscle cells in vitro and in a sarcoma
180 animal model in vivo. Combination treatment with MG
and creatine in tumor-bearing mice resulted in a marked
reduction in tumor growth and a significantly better animal
survival rate; this seemed to be especially true when ascor-
bic acid was included as the third compound in this mixture
(Pal et al. 2016).

Another publication in this issue showed that cre-
atine supplementation in Walker 256 tumor-bearing rats
that developed cachexia, in parallel with higher oxidative
stress and elevated plasma homocysteine (Hcy) levels,
also resulted in an approximately 30 % reduction in tumor
growth. In addition, creatine treatment led to a reduction in
plasma Hcy concentrations and hepatic oxidative stress in
the tumor-bearing animals (Deminice et al. 2016a). Thus,
again, the anti-cancer and anti-cachexia effects observed in
this experimental animal cancer model simply by supple-
mentation of creatine—which is an efficient and safe nutri-
tional supplement also for humans—will justify further
work along these lines, eventually testing creatine supple-
mentation in clinical cancer trials.
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Animal models and human patients with creatine
deficiencies: a miserable life without creatine

AGAT deficiency

Stockebrand et al. (2016) present novel and unexpected
findings on the metabolic function of the CK/PCr sys-
tem, different from that of its known function for cellular
energy buffering and intracellular energy shuttling (Wal-
limann et al. 2011). The transgenic mouse lacking AGAT,
the enzyme for the first step of endogenous creatine syn-
thesis, is a true creatine-deficient mutant, provided that this
animal is not receiving any alimentary creatine that can be
adsorbed via the creatine transporter (CrT) by the intes-
tine. This is in contrast to the GAMT knockout counterpart
(Zervou et al. 2016), which is able to synthesize guani-
dinoacetate (GAA). This GAA may then be phosphoryl-
ated to produce energy-rich P-GAA, which in turn can be
used as a substrate by CK instead of PCr (Heerschap et al.
2007). In contrast to the latter, mice with AGAT deficiency
present with complete absence of creatine and GAA in all
tissues of the body and, as would be expected, with a severe
muscle phenotype associated with reduced muscle strength,
muscle atrophy, decreased ATP and increased inorganic
phosphate (Pi) levels (Nabuurs et al. 2013). The latter situa-
tion results in significantly disturbed oxidative phosphoryl-
ation. In addition, the lack of metabolic interaction of the
PC/Cr system with AMP-activated protein kinase (AMPK)
(Neumann et al. 2003) and the lowered energy state, as
visualized by lowered ATP concentrations, in these trans-
genic AGAT knockout mice result in chronic activation of
the AMPK, suggesting that the PCr/Cr pool must also play
a central role in whole-body energy homeostasis.

Searching for an explanation in this direction, Stock-
ebrand et al. (2016) used a combined transcriptomic and
metabolic analysis and found metabolic alterations in pyru-
vate conversion to alanine in the glucose pathway, as well
as in enzymes of serine production and one-carbon metab-
olism, indicating that the PCr/Cr system is not only an
energy buffer and shuttle (Wallimann et al. 1992, 2011), but
a crucial component involved in numerous systemic meta-
bolic processes as well. This opens the field to the discov-
ery of new avenues of metabolic physiology and signaling
of CK and creatine. It is to be expected that the application
of even faster and more sensitive omics technologies to the
CK/creatine system will provide many unexpected novel
insights into the metabolic network involving creatine.

GAMT deficiency
A deficiency of the enzyme for the second step of endoge-

nous creatine synthesis, GAMT, leads to creatine depletion,
but at the same time also to GAA accumulation in the brain.
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The latter is a known to exert neurotoxic and epileptogenic
seizures by inhibiting, among others, the Na*/Kt-ATPase
and CK activity, and is therefore responsible for the severe
epileptic seizures seen in humans afflicted with this type of
creatine deficiency syndrome. One strategy for lowering
the GAA concentration in GAMT deficiency is to supple-
ment with ornithine, the byproduct of AGAT, and thus to
suppress the AGAT reaction through feedback inhibition.
Here, Schulze et al. (2016) used transgenic GAMT-mutant
mice to study brain activity and GABA ,-mediated mecha-
nisms. Since GAA is also known to evoke picrotoxin-medi-
ated chloride currents, the authors found that when they
injected picrotoxin into the brain, wild-type mice reacted
with induced seizures, but at the same dose of picrotoxin,
GAMT-mutant mice did not develop such seizures. When
GAMT-deficient mice and patients were treated with orni-
thine to reduce the concentration of accumulated GAA,
their seizure phenotypes improved. Here, ornithine supple-
mentation in GAMT-mutant mice before picrotoxin admin-
istration raised the seizure threshold, whereas the same
mice treated simultaneously with both ornithine and pic-
rotoxin no longer showed seizures. These data are impor-
tant in that they contribute to a better understanding of the
pathophysiology of seizures in human GAMT deficiency,
where a GABA ,-mediated transmission takes place. Thus,
together with an arginine-restricted diet and ornithine plus
creatine supplementation, which constitutes the current
standard treatment for GAMT-deficient patients, this very
intervention when combined with picrotoxin may provide
a rational basis for a therapeutic intervention in the future.

Creatine transporter (CrT) and CrT deficiency

Under normal conditions, myocytes and neurons have only
a limited capacity to endogenously synthesize their own
creatine, which is needed, however, for proper physiologi-
cal function. Therefore, such cells express a specialized
creatine transporter (CrT), which belongs to the family
of solute carriers SLC6AS. CrT is a two-sodium and one-
chloride creatine co-transporter that can be inhibited rather
specifically by the creatine analogue guanidinopropionic
acid (GPA). In their concise review, Santacruz and Jacobs
(2016) present the facts known about CrT and provide
some additional hints for possible regulatory mechanisms
of CrT on the transcriptional and translational level by vari-
ous signaling cascades and respective protein kinases and
phosphatases, as well as by post-translational modification.
In this respect, AMP-activated protein kinase (AMPK),
which senses the cellular energy state by the intracellular
PCt/ATP ratio, seems especially interesting. In cardio-
myocytes, activation of AMPK activates creatine transport
activity, likely to ensure sufficient provision of cardiac cells
with the energy precursor creatine (Darrabie et al. 2011).
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In proximal kidney tubules, however, activation of AMPK
inhibits creatine transporter activity, by down-regulation
of the transport and/or insertion of the CrT protein into the
apical membrane (Li et al. 2010). This down-regulation
of creatine transport could be important for reducing cel-
lular energy expenditure for creatine reabsorption by the
proximal tubules. Together with absorbed sodium, which
would increase the energetic load on the Nat/KT-ATPase,
this would be unfavorable under conditions of local and
whole-body metabolic stress (Li et al. 2010). Curiously, it
is still not known whether AMPK, in fact, interacts directly
with and phosphorylates CrT, or whether these effects are
indirect via another protein kinase in the signaling cas-
cade. Translational modification by N-linked glycosyla-
tion positively affects the insertion of CrT into the plasma
membrane (Straumann et al. 2006). In light of the still
rather fragmentary knowledge about CrT, and the clinical
importance of this transporter in this most severe form cre-
atine deficiency syndrome, further and extensive studies on
the structure, function and regulation of CrT would be of
paramount importance for determining whether there still
may be ways to channel creatine or usable analogues (by
CK) into cells genetically deficient in CrT (Kurosawa et al.
2012; Trotier-Faurion et al. 2015).

To elucidate the physiological importance of creatine
in both a cellular and whole-animal context, Perna et al.
(2016) describe some details of the phenotype of the first
transgenic CrT knockout mouse as a high-fidelity animal
model for human CrT deficiency. Phenotypically, these
animals present with a reduced body mass, but at the same
time with a twofold increase in body fat. Increased energy
expenditure during treadmill running was observed in the
CrT knockout mice compared to the wild type. Also, the
cellular expenditure was higher in the CrT versus control
mice. Finally, mitochondrial respiration was higher in the
skeletal muscle and brain of CrT knockout mice compared
to in controls. This, together with other data, indicated
a higher mitochondrial content in the brain and skeletal
muscles of the CrT knockout mice, similar to the situa-
tion seen in creatine-depleted (by GPA supplementation)
or double-CK knockout mice (Wallimann et al. 1998). In
these latter two cases, a generally lowered cellular energy
state, caused either by reducing the availability of creatine
as substrate for CK (by GPA supplementation) or by ablat-
ing the CK enzyme system as a whole, both resulted in a
compensatory overproduction of mitochondria (Wiesner
et al. 1999; O’Gorman et al. 1998). In the case of the CrT
knockout mouse, one would expect to see similar changes
in terms of mitochondrial propensity, size and shape, as
well as in the appearance of intra-mitochondrial inclu-
sions (O’Gorman et al. 1997). However, since CrT knock-
out mice still express in certain brain cells both creatine
synthesis enzymes (AGAT and GAMT), as well as both

brain-type CK isoenzymes, only those neurons will be
affected, which are devoid of endogenous creatine synthe-
sis and therefore depend on creatine import via an intact
CrT (see Hanna-El-Daher and Braissant 2016). Thus, one
would expect to see the above-mentioned mitochondrial
changes only in a this subpopulation of neurons. Such an
analysis may not be trivial, and this was likely why no pic-
tures of such brain slices stained for mitochondria could be
shown yet by Perna et al. (2016). It is hoped that a full-
fledged, detailed analysis of the content and disposition
of mitochondria in the different cells of the brain and in
other tissues of CrT-deficient mice, including mitochon-
drial morphometry, will verify this hypothesis in the future.
The data of Perna et al. (2016) with the CrT-knockout
mice, however, show that without the CK-PCr-Cr system
at work, the efficiency of energy utilization at the whole-
body and cellular levels is lowered significantly, e.g. more
oxygen and ATP are spent for the same amount of work in
the CrT-deficient mice compared with wild-type animals
(Perna et al. 2016). And this corresponds exactly to the
theoretically predicted main physiological function of the
entire CK-PCr-Cr system—that, by the CK-PCr-Cr system,
the free energy change of ATP hydrolysis exemplified by
(AG g1p hydrolysis = AGgps: = RT x In ([ATPJ/[ADP] x [P;]),
which strongly depends on the ATP/ADP ratio, is kept
high in resting as well as in working cells as long as pos-
sible, and this also during a high workload (Wallimann
et al. 1992). This is facilitated by keeping the local ATP/
ADP ratio high at subcellular sites near cellular ATPases
via associated cytosolic MM-CK;; this is especially impor-
tant, for example, in the vicinity of the energetically highly
demanding Ca>*-ATPase or calcium pump at the sarcoplas-
mic reticulum (SR), or in conjunction with the sarcolemma
Na™/K'-ATPase, where fractions of cytosolic MM-CK are
co-localized (Wallimann et al. 2011). Supporting such an
explanation is the most striking phenotype of the double-
CK knockout mouse, which presents with significant diffi-
culty with muscle relaxation (Steeghs et al. 1997; Abraham
et al. 2002), or conversely, by keeping the ADP/ATP ratio
high in the vicinity of the mitochondrial ADP/ATP-carrier
(ANT) in a tight functional micro-compartment with mito-
chondrial mtCK (Wallimann et al. 2011).

Again, obviously, the CrT knockout phenotype is not
lethal, but its efficiency of energy utilization is severely
impaired, even though this may be mitigated by compen-
satory metabolic changes, as for example also seen in the
AGAT and GAMT knockout mice (see Stockebrand et al.
2016; Zervou et al. 2016), as well as in the CK knockouts
(for review see Wallimann et al. 2011). It is to be expected
that in the near future, a “true creatine knockout mouse”
will be generated. Such an experimental model would have
to be a double-knockout mouse with a combination of both
CrT and AGAT deletions. This mutant should be unable to
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acquire alimentary creatine and to endogenously synthesis
its own creatine, and finally, would be unable to transport
creatine between various cells.

To conclude, creatine and its energy-charged form,
phosphocreatine (PCr), in conjunction with the correspond-
ing evolutionarily highly conserved enzyme creatine kinase
(CK) (for review see Ellington and Suzuki 2007), all are
essential for normal physiological body function and thus
for a normal life. This is apparent from the various cre-
atine-deficient animal models as well as their human coun-
terparts. Although creatine deficiency is not instantaneously
lethal, animals affected may not survive for any length of
time in the wild, and human subjects suffering any of the
creatine deficiency syndromes, be it AGAT, GAMT or CrT
deficiency, are all more or less severely handicapped—for
example, with significant mental retardation, needing per-
manent assistance in specialized institutions (for review of
human creatine deficiency syndromes, see Schulze 2013).
The generation of a “true creatine knockout transgenic
animal model”, which would be devoid of both CrT and
AGAT, is of paramount importance, and will once and for-
ever show the real phenotype, if not lethal, of creatine defi-
ciency per se (see above).

So, then, living without creatine (Lygate et al. 2013) is
not an option. Who would want to live with severe muscu-
lar atrophy, neuromuscular and neurological impairments,
developmental speech delay, epileptic seizures, autism
and brain atrophy, shivering due to lack of thermoregula-
tion, as well as troubled fertility and reproduction, audi-
tory hearing and sense of equilibrium, and many more?
Patients with AGAT deficiency can be cured permanently
by simple creatine supplementation, if the genetic defect is
discovered early in life. Curing patients with GAMT defi-
ciency is somewhat more difficult, since one must reduce
endogenous synthesis and accumulation of GAA, which in
these patients shows toxicity to the brain (see Schulze et al.
2016). Finally, if we could understand more of the basics of
the CrT, that is, its function and regulation (see Santacruz
and Jacobs 2016), we might also be able to bring creatine
into those brain cells that are lacking the capacity of endog-
enous creatine synthesis and thus need an intact CrT in
order to acquire creatine from the serum, as with muscle,
or from surrounding astrocytes in the brain (see Hanna-El-
Daher and Braissant 2016).

Some progress appears to have been made in this area
using a mouse model with a genetic defect in the CrT, in
that a creatine analogue, cyclo-creatine, can be trans-
ported into the brains of these animals, where it is phos-
phorylated to P-cyclo-creatine, which is still a reasonable
substrate for the CK reaction and suited well enough for
fulfilling the cellular energy needs (Kurosawa et al. 2012).
It will be interesting to learn how this strategy will work
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for CrT-deficient human patients, for whom no cure at all
exists for the consequences of the gene defect of CrT.
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