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Chapter 11

The phosphocreatine circuit
and creatine supplementation,
both come of age!

Theo WALLIMANN, Uwe SCHLATTNER. Lourdes GUERRERO and Max
DOLDER

Institure of Cell Biology, ETH-Hinggerberg. CH-8093 Ziirich, Swit-erland

Summary

reatine kinase (CK) isoenzymes, specifically located at places of energy demand and

energy production, are linked by a phosphocreatine/creatine (PCr/CRT) circuit. found

in cells with intermittently high energy demands. Cytosolic CKs. in close conjunction
with Ca>*-pumps. play a crucial role for the energetics of Ca>*-homeostasis. Mitochondrial
CK (Mi-CK). a cuboidal-shaped octamer with a central channel. binds and cross-links mito-
chondrial membranes and forms a functionally coupled microcompartment with porin and
adenine nucleotide translocase for vectorial export of PCr into the cytosol. The CK system is
regulated by adenosine monophosphate-activated protein kinase (AMPK) via PCt/CRT and
adenosine triphosphate/adenosine monophosphate (ATP/AMP) ratios. Mi-CK stabilizes and
cross-links cristae-membranes or inner/outer membranes to form parallel membrane stacks
and, if overexpressed due to CRT-depletion or cellular energy stress, forms those crystalline
intramitochondrial inclusions often seen as hallmarks in mitochondrial cytopathy patients.
Mi-CK is a prime target for free radical damage by peroxynitrite. Mi-CK octamers, together
with CK substrates, have a marked stabilizing and protective effect against mitochondrial per-
meability transition pore opening, thus providing a rationale for CRT supplementation of
patients with neuromuscular and neurodegenerative diseases. In addition to the well docu-
mented improvement of high-intensity intermittent exercise performance after CRT
supplementation, recent results seem to indicate that CRT supplementation may also favor-
ably affect long-endurance exercise. Chronic CRT ingestion at high dosage, however, was
shown to down-regulate the expression and/or accumulation of CRT transporter polypeptides
in muscle. These findings call for an adjustment of the CRT supplementation schedules wide-
ly used by many athletes. An intermission of one month, after three months of CRT intake,

may thus be advisable.

Discussion
The creatine kinase/phosphocreatine circuit

The enzyme CK, catalyzing the reversible transfer of the N-phosphoryl group from phos-
phocreatine (PCr) to ADP to regenerate ATP, plays a key role in the energy homeostasis of
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cells with intermittently high, tfluctuating energy requirements. e.g. skeletal and cardiac mus-
cle. neurons. photoreceptors. spermatozoa and electrocytes. Cytosolic CK isoenzyme(s)
(MM-CK. MB-CK and BB-CK) are always co-expressed in a tissue-specific fashion togeth-
er with a mitochondrial isoform. Using biochemical fractionation and in situ localization, we
were able to show that the CK isoenzymes, earlier considered to be strictly soluble, are in fact
compartmentalized subcellularly and coupled functionally and/or structurally either to sites
of energy production (glycolysis and mitochondria) or energy consumption [cellular adeno-
sine triphosphatases (ATPases). such as the acto-myosin ATPase and SR-Ca~*-ATPase]. Thus
they form an intricate. highly regulated energy distribution network—the so-called PCr-
circuit or PCr-shuttle (Figure 11.1: for review see reference | and the special volumes of Mol.
Cell Biochem. 133/134. 1994, and 184. 1998).
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Figure 11.1 (facing) The PCr-circuit: a temporal

and spatial energy buffering
system for energy metabolism in cells wi

network and regulatory
th intermittently high energy

requirements.

Upper. cxtosolic side: the bulk of soluble, cviosolic CK (CK ) equilibrates global ATP/ADP and

PCH/CRT ratios by its equilibrium reaction (depicied in the middle right of the figure). In skeletal
muscle ar rest, these metabolite levels are approximately 3—-5 mM710-20) oM and 2040 mM/10~15
mM, respectively 247 Ope of the main functions of C. K is 1o keep the concentration of free global

ADP very low and thus 1o maintain global ATP remarkably stable also during cell activation. This

part of the PCr-circuit model represents the classic textbook function of CK as a temporal energy
buffer. being backed up by adenylate kinase as a second safeguard against declining ATP und risin g

ADP levels. Some of the cviosolic CK _is functionally coupled to glyvcolysis and, during periods of
anaerobic work-outpur and recovery. preferentially accepts glveolytic ATP to replenish the very large
PCr pool (ATP from glvcolysis, depicied in the middle left of the figure). Additionally. however, some
Sractions of cytosolic CK are very specifically associared (C K with ATP requiring processes at sires
. I8 associated with the contractile apparatus and the

of energy consumption. For example, CK
sarcoplasmic reticulum, where i1 Jorms functionally coupled microcompartments with the acto-myosin
-ATPase. respectively, or with other ATP requiring processes. like rhe

ATPase and the SR-Cu*
Na*/K*-ATPase. eic. (see top of fi erated in situ by C K, via PCr,
vicinity of these AT Puses.

gure). There. ATP is directly regen
thus keeping local ATP/ADP rarios very high in the immediate

CK is phosphorviared and down-regulared in its activiry by AMP-dependent protein kinase (AMPK,
1op right), which itself is the first enzyme that has been Sound to be regulared by the PCr/CRT ratio.
that is. AMPK is activated by high CRT versus PCr levels .

Lower mitochondrial side: mitochondrial Mi-CK is bound 1o the
membrane (IM) and localized along the cristae

where IM and OM are in close vicinity

outer side of the inner mitochondrial
menmbranes, as well as at mitochondrial conract sires,
8 At these sites, Mi-CK octamers are forming
microcompartments with porin (P) and adenine nucleotide translocase (ANT) Jor energy transfer from
ATP 10 CRT. followed by vectorial transport of PCr into the cviosol. ATP generated by oxidative
phosphoryiation is preferentially accepied by Mi-CK octamers. transphosphorviated onto CRT, which

is entering through mitochondrial porin (VDAC) to give PCr which then is exported into the cytosol.
Thus, under high work-load, PCr would be shuttled from mitochondria to sites of energy consumption
(ATPuses. top of figure). where it is used by CK 1o regenerate ATP locally in situ 1o fuel these ATP-
requiring processes and to keep local ATP/ADP ratios very high. Creatine would diffuse back 1o the
mitochondria to be recharged again. This part of the model represents the sparial buffering function
of the PCr-circuir. The specifically localized CK isoenzymes at sites of energy consumption and
energy production are connected via PCr and CRT as mediators. generating metabolic waves and

. . . . . Y o 4
dampening oscillations of metabolites == 45,

The dynamic recruitment of either free or membrane-bound Mi-CK octamers (double-arrows 5 or ],
respectively), possibly depending on the metabolic state of the mitochondria, the dvnamic
octamer/dimer equilibrium of Mi-CK (double arrows 2 and 4), as well as octameri-ation of Mi-CK
dimers bound on the IM (double-arrow 2 J. all observed in vitro, are schematically visualized as
potential modulatory events for long-term metabolic regulation. The interaction of Mi-CK with porin
and complex formation of the enzyme with ANT, most likely facilitated by cardiolipin associated with
ANT. are also illustrated. Under the conditions expected to prevail in the mitochondrial
intermembrane space, however: the equilibria of these reactions, as observed in vitro, would clearly
Javour the membrane-bound octamer 2! 23 - However, since the formation of contact sites and the

establishment of protein complexes are thought 10 be rather dynamic, an on/off recruitment of Mi-CK
octamer into contact sites could easily be envisuged. Finally. these events that are heavily influenced
by the exquisite sensiti vity of Mi-CK rowards peroxynitrite and other ROS 2%, may be relevant also for
the control of the permeability transition pore Y145 .
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This non-equilibrium energy transport model has been challenged. hased upon global 31p.
nuclear magnetic resonance (*'P-NMR) experiments. measuring CK-mediated flux in mus-
cles at different work-loads = . The conclusions reached by these authors were: that the CK
system is in equilibrium with the substrates, behaving like a solution of well-mixed enzymes:
that effects of compartmentation were negligible with respect to total cellular bioenergetics:
that thermodynamic characteristics of the cytosol could be predicted as if the CK metabolites
were freely mixing in solution. However, based on the organizational principles of sarcom-
eric muscle. as well as on our findings concerning the highly structured subcellular
CK-compartments, this interpretation seemed rather unlikely and thus has been questioned *,
In support of this, *'P-NMR CK-flux measurements with transgenic mice showing graded
reductions of MM-CK expression in their muscles. revealed a strikingly unexpected, ‘anom-
alous” CK-flux behaviour °. These results indicate that some flux through CK. presumably
bound CK. and possibly also some PCr and/or ATP. is NMR-invisible or otherwise not
amenable to this analysis *°. In the meantime, more evidence from NMR-measurements =),
as well as from recent in vivo *[C]CRT-tracer studies ', is accumulating in favour of com-
partmentation of the CK system and for the existence of different pools of CK substrates. As
a matter of fact, it has now become clear that, in muscle. CRT and PCr molecules do not tum-
ble freely. but display partial orientational ordering. which is in contrast to what is expected
for small molecules dissolved in water . Furthermore. *'P-NMR saturation transfer experi-
ments with sea-urchin spermatozoa show that the CK-flux increases by a factor of 10-20
upon sperm activation '*. These specialized sperm cells derive their energy for motility entire-
ly from fatty oxidation within the single large mitochondrion located just behind the sperm
head. from where PCr is diffusing along the 50 um long sperm tail to fuel the dynein/tubulin
ATPase. It 1s obvious that in these polar. elongated cells, the diffusional limitation of ADP is
the key limiting factor with respect to high-energy phosphate provision '¥. Also in support of
the PCr-shuttle model. the calculated diffusional flux of ADP in these sperm cells is by 2 and
3 orders of magnitude smaller than those of ATP and PCr.
respectively ',

In conclusion. it becomes obvious that calculations of free cellular [ADP] by using glob-
al [ATP] and [PCr], determined by in vivo >'P-NMR. together with the CK equilibrium
constant. may be valid only in certain limited cases. e.g. in fast twitch glycolytic white mus-
cle fibers, where the buffer function of CK by far prevails the transport function and where
the flux through the CK reaction at rest and during high work load are higher by a factor of
100 and 20. respectively, than the total cellular ATPase turnover at these respective states. In
cases where the transport function of the CK prevails. e.g. oxidative tissues or in polar cells
(sea urchin sperm) with high concentrations of Mi-CK. local ADP and ATP levels, e.g. in the
mitochondrial intermembrane space or near CK-ATPase complexes, may differ by orders of
magnitude compared to the bulk concentrations calculated from the CK equilibrium constant.
Considering the complications of subcellular compartmentation of CK isoenzymes in a cell
where, after activation, some CK will work in the forward direction and some in the reverse
direction, the interpretation of global CK flux measurements may also represent a rather dif-
ficult endeavour.

The importance of creatine kinase for Ca®*-homeostasis and muscle contraction

Transgenic CK(-/-) double knock-out mice show significantly increased relaxation times of
their limb muscles, and altered Ca®*-transients in myotubes after stimulation, as well as
remarkable remodeling of the contractile apparatus with increased numbers of mitochondria
and grossly over-produced tubular SR membranes '*. The obvious difficulties of these mice
with muscle Ca’*-handling, as the main phenotype, is in line with biochemical and function-
al data showing that some MM-CK is specifically associated with SR membranes '3, where

120

Supplied bv the British Librarv 05 Dec 2017 1440 (GMT)




Chapter 11 Creatine kinase and creuatine supplementaiion

it is crucial for fueling the energetically highly demanding Ca?*-ATPase 15-17 Therefore, the
most crucial function of the CK-system in muscle is related to the energetics of Ca*-home-
ostasis®.

In addition. some CK is also associated with the myofibril . The domain responsible for
the isoenzyme-specific binding of MM-CK to the myofibrillar M-band has been localized by
an in siti biochemical approach, using heterologously expressed. fluorescently labelled site-
directed mutants. as well as M/B-CK chimaeras for diffusion into chemically skinned skeletal
muscle fibers ™*. This M-band interaction domain could be narrowed down to two “charge-
clamps’. symmetrically organized on an exposed face of each M-CK monomer 0. Using the
same approach to study the weak MM-CK binding to the myofibrillar I-band, obseryed by in
sirt immunofluorescence localization. we found that MM-CK binding to this sarcomeric
region is mediated by some glycolytic enzymes 9.

AMP-activated protein kinase: a ratiometric PCr/CRT energy sensor at last

According to recent findings, AMP-activated protein kinase (AMPK) is able to bind rather
tightly to muscle-type MM-CK and phosphorylate the latter 1o inhibit Its activity to a certain
extent. AMPK itself is regulated not only by the ATP/AMP ratio. but also by the PCr/CRT
ratio *. This invalidates the long-held dogma that PCr and CRT are metabolically complete-
ly inert compounds. Thus. AMPK, as an energy sensor system, could represent the missing
link for regulation of adaptive metabolic changes, e.g. after depletion of CRT levels in skele-
tal and cardiac muscle. Interestingly enough, both the ablation of the muscle-type CK
isoenzymes in transgenic animals ' or the depletion of CRT. the substrate of the CK reac-
tion, after supplementation with B-phosphorylated guanidinopropionic acid (B-GPA )™, seem
to elicit very similar adaptational effects in skeletal muscle. The activation of AMPK by
decreasing PCr/CRT ratios and increasing AMP, as observed during muscle activation at high
work-load would lead to progressively stronger inactivation of cytosolic muscle-type MM-
CK . This could very well explain the long-standing enigma of why, in muscle, the
CK-mediated reaction flux. which can be more than 10-fold to 20-fold higher than the high-
est ATPase turnover, depending on the muscle type. does not increase with higher workload,

but rather tends to decrease instead 7% L

Mitochondrial creatine kinase for metabolic channeling of high-energy phosphate
compounds

Mitochondrial creatine Kinase (Mi-CK) is located in the mitochondrial intermembrane space
along the inner membrane. but also at contact sites where inner and outer membranes are in
close proximity”*. Mi-CK can directly transphosphorylate intramimchondrially—produced
ATP into PCr, which subsequently is exported to the cytosol. A well-documented role of Mj-
CK is the functional coupling of mitochondrial CK to oxidative phosphorylation 2! 22, which
facilitates the antiport of ATP versus ADP through the inner membrane via the adenine
nucleotide translocator (ANT). In addition, a physical interaction of Mi-CK with outer mito-
chondrial membrane porin (VDAC) has also been demonstrated 2. The recently solved
atomic X-ray structure of octameric Mi-CK ** is consistent with the proposed energy chan-
neling function of this enzyme. Detailed structure/function analyses concerning the
molecular physiology, catalytic site and mechanism, octamer/dimer equilibrium, as well as
the interaction of Mi-CK with mitochondrial membranes have been published !5 The idep-
tical top and bottom faces of the Oclamer contain putative membrane binding motifs likely to
be involved in the binding of Mi-CK to mitochondrial membranes. The central 20 Angstroms
wide channel of the Mi-CK Octamer may be of functional significance for the exchange of
energy metabolites between mitochondria and cytosol. If Mi-CK would follow a ‘back door’
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mechanism by which PCr is to be expelled into the central channel of the Mi-CK octamer. as
depicted in hypothetical models (see Figures 6A and 7 in reference 21). vectorial transport of
PCr from the mitochondrial matrix into the cytosol could be greatly facilitated.

Exquisite sensitivity of Mi-CK to peroxynitrite: effects on cellular Ca**-homeostasis
and linkage to pathological states

Peroxynitrite (ONOO", PN), the product of the reaction between nitrogen monoxide (NO) and
the supemmde anion O, has been shown to be highly u,dulve towards Mi-CK 0. Recently, a
mitochondrial NO symha.se isoform has been discovered >7. Thus. mitochondria as a notori-
ous source of O, especially after ischemia/reperfusion episodes. additionally produce PN
internally. We have found that Mi-CK in intact mitochondria is a prime target of inactivation
and modification by PN, at concentrations of PN that are much lower than those needed for
inactivation of mitochondrial respiratory chain enzymes *°. The pronounced sensitivity of Mi-
CK towards reactive oxygen species (ROS). especially peroxynitrite, may explain the effects
seen after perturbation of cellular pro-oxidant/antioxidant balance. e.g. after ischemia/reper-
fusion. These effects include energy failure, paralleled by elevated ADP levels and chronic
calcium overload due to inactivation of the CK system. Perfusion of hearts with NO donors
lead to an inhibition of cardiac CK by 65% and a concomitant decrease in heart contractile
reserve -°. Stimulation of inducible NO-synthase (NOS), which is mdced increased in vivo in
skeletal muscle biopsies from patients with chronic heart failure *, also leads to an NO-
dependent depression of cardiac function **. Thus. a correlation between a compromised CK
system and energy failure of the heart becomes obvious.

Most recently. we found that PN is also affecting the ohuomem state of Mi-CK. PN-treat-
ment of Mi-CK octamers leads to some dimerisation. whereas treatment of dimeric Mi-CK
with the same reagent prevents reoctamerization of Mi-CK dimers in a PN-concentration
dependent manner *'. These findings may explain why. in different models of cardiac infarc-
tion, one consistently detects a significantly enhanced proportion of Mi-CK dimers as
compared to cases of non-infarcted heart tissue®’.

The results that cytosolic CKs, and therefore also SR-bound MM-CK. which is function-
ally coupled to the SR-Ca**-pump '*-'7, are also very sensitive to reactive oxygen species
(ROS) as well 333 indicate that impairment of the CK system by ROS would severely dis-
turb cellular Ca**-handling and homeostasis. As a consquence of cellular Ca’*-overload
resulting, among other factors, in a break-down of mitochondrial membrane potential. mito-
chondria may release additional Ca®* into the cytosol **, thus aggravating the situation even
more *°. The interaction of elevated Ca**-levels and raise in ROS would then lead to a vicious
cycle with progressive inactivation of both Mi-CK and SR-bound MM-CK. Therefore, the
destabilization of cellular energetics by chronic exposure to ROS, thought to occur in many
neuromuscular diseases *°. may finally lead to apoptosis or cell death. especially in those cells
with high mitochondrial activity. Skeletal muscle and cardiac or neuronal cells are ideal can-
didates as chronically elevated Ca’*-levels or Ca’*-overload has been identified as a major
player of cell destruction *, A clear link between chronically elevated Ca®*-concentration and
a calcineurin-dependent signaling pathway. eventually leadino to cardiac hypertrophy and
chronic heart failure has been demonstrated very recently

In accordance with the CK/ Ca**-connection, in brain, the concentration of CK was found
to be very high in those cells that display high-frequency Ca**-spiking, e.g. cerebellar
Purkinje neurons, as well as granule and pyramidal cells of the hippocampus *7. A most recent
finding. showing that in neurodegenerative diseases. like Alzheimer’s disease. CK enzyme
activity is severely reduced and cytosol-membrane partitioning is aberrant *%, also corrobo-
rates the imporant role of the CK/PCr-system in the energetics of brain pathology.

122

Supplied bv the British Librarv 05 Dec 2017 14:40 (GMT)




Chapter 11 Creatine kinase and creatine supplementation

Involvement of Mi-CK and CK substrates in mitochondrial permeability transition
and early apoptosis

A protein complex containing ANT and mitochondrial porin has recently been described to
display the characteristics of the mitochondrial permeability transition pore (MTP) or mega-
channel *. The physical interaction and functional coupling of Mi-CK with porin and ANT
indicates an involvement of Mi-CK in the regulation of MTP, since octameric Mi-CK ! in this
protein complex 23 40 plus CRT or CRT analogs, can delay MTP *!. This has been demon.
~ strated by using transgenic mice that express Mi-CK in liver. Since liver cells of wild-type
animals do not contain this enzyme, but otherwise are identical. mitochondria of livers serve
as an ideal control. Our experiments provided exciting new evidence that Mi-CK is not only
involved in mitochondrial energy transfer and shuttling of high-energy phosphate, but may
also participate directly in mitochondrial permeability transition (MPT) #/,
The Ca’*-dependent increase of inner membrane permability to ions and solutes js
dependent on the transmembrane potential difference, matrix pH, SH-group reactants and is
modulated by a variety of effectors. Cyclosoporin-A turned out to be a very potent inhibitor
of MPT +2 Interestingly, CRT or cyclocreatine (cCr)  delayed cyclosporin-A-
sensitive swelling and inhibited concomitant increase of state 4 respiration of mitochondria
from Mi-CK-containing transgenic livers *!. No comparable effect was seen with control liver
mitochondria that do not contain any CK. This novel Mi-CK-related phenomenon deserves
further attention since it may shed some new light on the recently observed neuroprotective
effects of CRT and its analogs in animals models *3 .

In addition, protein complexes. containing octameric Mi-CK. porin and ANT, could be
isolated from detergent solubilized rat brain extracts 3 40 After reconstitution into malate-
loaded lipid vesicles, the presence of octameric Mi-CK prevented Ca’*-induced malate
release, which, however, was observed after dimerization of Mi-CK #!. The fact that highly
purified ANT, functionally reconstituted as an ATP/ADP exchange carrier, displayed a Ca?*-
dependent release of internal substances. while atractyloside or HgCl, both induced
unspecific pore opening of ANT, indicate that ANT is capable of adopting a pore-like struc-

- ture under conditions known to induce MPT 5. Mi-CK was shown to be functionally coupled
to ANT 12.46.47 and to form complexes with porin and ANT 0. Therefore, it is obvious that
Mi-CK octamers could directly affect this ANT-mediated permeability transiton. Thus, the
arrangement of Mi-CK as an energy channeling unit, sandwiched in between porin and ANT,
and linking OM and IM together, seems not only important for high-energy phosphate con-
version and transport (see Figure 11.1), but the molecule may also act as a protective
regulatory component of the permeability transition complex. Depending on the cellular
energy state and intracellular [Ca®*], octameric Mi-CK ‘may prevent MTP ¥ an early event
in the execution of apoptosis ** in cells with high energy demands. thus sparing the cells from
or delaying cell death. On the other hand, dimerization of the Mi-CK octamer may allow the
ANT to switch to its MTP-like state 8 eventually leading to apoptosis.

Enhancement of physical performance by creatine supplementation

The CK/PCr system is now recognized as an important metabolic regulator during health and
disease. Creatine, synthesized in part by the body, but also ingested by food. especially meat
and fish %, is taken up into cells by a creatine transporter (CreaT)>!. Creatine supplementa-
tion in humans leads to an increase in intracellular CRT and PCr, concomitantly improving
anaerobic performance of muscle 32 33 and speeding up recovery after exhaustive excercise
36, We could show, however, that CRT supplementation may also have beneficial effects
for high-intensity, aerobic long-endurance exercise 37, In a double-blinded placebo-controlled
study, 20 highly-trained top athletes were subjected, at 1650 meters above sea level (in
Davos. Switzerland), to a series of spiro-ergometric short-term and long-term performance
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tests. befy ‘after 10 days of supplementation with 3 X 3.3 g of CRT (PODIUM®) per
day. In accordance with earlier studies. short perfommnce and maximal work output were
both improved ﬁ\ approximately 30 Watts. In a I hour spiro-ergometric test at 85% power
output of the individually determined anaerobic threshold, the CRT group was able to per-
form. after CRT, supplementation, at the same level of exercise with a significantly lower
heart rate (—8.4 beats/min) than before CRT intake. In this group, lactate levels were lower by
0.48 mM/L and iBorg scale numbers by 1.35 points. These effects were not observed in the
controls. Ventilation, VO, and respiratory quotient (RQ) were basically unchanged. indicat-
ing mostly a peribheral effect 37. The effects of CRT on endurance performance observed here
seem to be due 0 increased efficiency of energy utilization by heart and skeletal muscle and
may be related to the involvement of CK in the energetics of Ca**-homeostasis. As a conse-
quence of CRT supplementation. the elevated cellular PCr level increases the supply of the
SR-Ca’*-ATPase with high-energy phosphates via coupled CK and. thus. also increases the
efficiency of Ca**-pumping. During long-endurance exercise, this process consumes a sig-
nificant proportion of the available bioenergy. In addition. CRT-stimulated respiration and
enhanced resynthesis of PCr after CRT ingestion ~* and/or the recently discovered control of
AMP-activated protein kinase by the PCr/CRT ratio * and its effects on CK and lipid metab-
olism in general™ could be important factors leading to the observed improvement of aerobic
exercise described above.

Down-regulation of the creatine transporter after chronic creatine ingestion

The CreaT, responsible for the uptake of CRT into a variety of tissues and cells, was detect-
ed in rat skeletal and cardiac muscle, cerebellum. forebrain and kidney. Two polypeptides
with an apparent Mr of 70 kDa and 55 kDa were always recognized by both of our specific
polyclonal antibodies directed against synthetic peptides of either the NH,-terminus or the
COOH-terminus of CreaT. indicating a high degree of homology between the two proteins *'.
In contrast to pubhshcd data obtained by Northern blot analysis, suggesting a complete
absence of CreaT mRNA message in liver. we could clearly detect both CreaT polypeptides
also in rat liver and hepatocyte lysates. In support of this, cultured hepatocytes show an
endogenous CreaT activity which is antagonized by the CRT analog, B-GPA. a well known
inhibitor of CreaT. Glyco-staining of CreaT. enriched by immuno-affinity chromatography.
mainly containing both the 70 kDa and 55 kDa bands, showed strong glycosylation of pref-
erentially the upper 70 kDa polypeptide indicating that the latter is a post-translationally
modified form of the 55 kDa core protein. HeLa cells transfected with rat CreaT ¢cDNA
showed an increase in '"C-creatine uptake, when compared to control cells, that was antago-
nized by B-GPA. In parallel. an increase in the expression of both the 70 kDa and the 55 kDa
polypeptides over endogenous CreaT of controls was noticed on Western blots. Furthermore,
we have found that chronic CRT supplementation at high dosage of rats down-regulates, in
vivo, the expression and/or accumulation of the CreaT in skeletal muscle. but not in brain and
heart **. This finding may have far reaching consequences with respect to CRT supplemen-
tation schedules that are widely used by many athletes. They would call for an intermission
of CRT intake after three months with a break of a least one month. However. detailed stud-
ies on humans are needed to optimize the CRT supplementation schedules in use with respect
to the observed down-regulation of CreaT expression and/or accumulation.

Creatine supplementation as adjuvant therapy for neuromuscular diseases

Creatine seems helpful, not only for athletes to improve physical performance on different
levels (see above), but it is also emerging as a therapeutic aid for neuromuscular and neu-
rodegenerative diseases. In some of these diseases. especially in mitochondrial myopathies.
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acompensatory over-expression of Mi-CK. due to cellular energy deficit, can lead to the for-
mation of pathological intramitochondrial crystalline Mi-CK inclusions %, that, at least in the
B-GPA-animal model. disappear completely upon administration of CRT %0

A protective effect of CRT on neuronal function, especially during hypoxia or anoxia. was
first described some years ago on brain slices ©'- 62 Only recently, encouraged by the success
of CRT supplementation for improvement of muscle performance in humans. have CRT and
analogs attracted new interest for brain metabolism 93-65. [ animal models. the CRT analog,
B-GPA. was shown to remarkably protect the brain of mice from hypoxic damage and
seizures in vivo * and significant neuroprotective effects of CRT and ¢Cr have been described
in an animal model of Huntington’s disease . as well as for Parkinsonism . Creatine and
¢Cr afforded significant protection against malonate, as well as 3-nitropropionic acid (3-NP)
lesions and ROS generation in the brain. The observed neuroprotective effects would be fully
in line with the high expression levels and localization of CK isoenzymes found in brain. both
regionally 7 and on a cellular level 7. as well as functionally in the adult brain % or dur-
ing brain development and maturation 7°.

The above neuroprotective effects are paralleled also with astonishing findings in trans-
genic mice expressing BB-CK in liver. which normally is devoid of CK activity. Livers of
such mice become highly resistant to hypoxia " and liver toxins 7. In addition. CK and CRT.
improving the intracellular phosphorylation potential of these transgenic livers, confer pro-
tection of ATP levels and stabilization of pH during a fructose load . Most recently, CRT
supplementation of dystrophic muscle cells from mdx mice was shown to result in a marked
cell protection. after a challenge by either hypo-osmotic swelling or high extracellular Ca2*.
against chronically elevated calcium levels seen in untreated control cells ™. Promising pre-
liminary results and favorable subjective feed-back responses with patients suffering from
different neuromuscular diseases 7 have stimulated controlled double-blinded clinical stud-
ies. Thus, the validity of CRT supplementation as a possible adjuvant therapy for
neuromuscular and neurodegenerative diseases is currently being tested.

A bright future can be foreseen for CRT as a nutritional supplement. and a plethora of
medical applications for CRT supplementation as an adjuvant therapy wait for serious clini-
cal trials. Finally, for some cases. CRT and its analogs will be used in the future for
full-fledged pharmaceutical intervention. e.g. for treating inborn errors of CRT metabolism
" or for anti-cancer therapy 77,
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