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Summary

Creatine (Cr) is recommended as a dietary suppleaspecially for athletes but its
therapeutic potential is also discussed. It ismgslthat human body uses Cr for the
formation of phosphocreatine, which is necessaryascular work as a source of energy.
Production of Cr in a body is closely connectedthionine cycle where guanidinoacetate
(GAA) is in a final step methylated from S-adenasgthionine (SAM). Increased availability
of SAM for phosphatidylcholine (PC) and sarcosiyietsesis can potentially stimulate
endogenous production of betain a thus methylaifdromocysteine (HCy) to form
methionine. Our subject who was methylentetrahyaladé reductaseMTHFR) 677TT
homozygote lowered plasma HCy from 33.3 pmol/LZdllumol/L following 1-month Cr
supplementation (5 g/day) opposite to 677CC andj€otypes whose HCy levels tended to
increase (but still in normal ranges). We suppbsaé €r supplementation stimulates pathways
leading to production of sarcosine which can séowegenerate tetrahydrofolate (THF) to
form 5, 10-methylene-THF. This could potentiallgiease MTHFR enzyme activity which
may later result in increased HCy methylation. @y@ementation significantly effects
metabolism of one carbon unit and potentially lotwedy’s demands for methyl groups. This
could be beneficial as in the case of reduced erzagtivity such aMTHFR 677C/T

polymorphism.
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Introduction
Creatine (Cr) supplementation has been widely usathletes to support recovery in

short term bouts of high-intensity exercise enapiirore effective training and performance.



Beneficial effect of Cr supplementation in youngalthy males is the enhanced muscle fiber
size, strength and increased lean body mass (Ga#esblal. 1994, Kreideset al. 1998). The
greatest improvements in performance have beerdfwuactivities, which possibly stress the
phosphocreatine (PCr) system such as series ofgugler output exercises (Terjung et al.
2000). Studies have shown improved anaerobic eseep@rformance (Laet al. 2009), and
specific performance in many sports such as fimswing (Juhasz et al. 2009), swimming,
all-out cycling, sprinting, repeated jumping, aedistance training (Juhn and Tarnopolsky
1998).

The potential therapeutic value of Cr supplemeartatias recently been investigated
with respect to various neurodegenerative disond@ish include; Alzheimer’s, Parkinson’s,
amyotrophic lateral sclerosis, and Huntington” eake patients (Adhihetty and Beal 2008). In
patients with diseases that result in atrophy oscaleufatigue secondary to impaired energy
production there have shown beneficial effects flnsupplementation. Cr supplementation
has also been investigated in various neuromusdidaases including mitochondrial
cytopathies, neuropathic disorders, dystrophiesgenital myopathies, and inflammatory
myopathies (Tarnopolsky and Martin 1999).

The daily turnover of Cr (1 — 2 g/ day) is replaedther through dietary Cr intake
(from animal-derived tissues such as meat) or tfinc@ndogenous synthesis in the liver from
amino acid precursors (arginine, glycine and meithe). At the same time and
approximately the rate (2 g/day), Cr is broken daavareatinine and excreted to the urine
(Steadet al. 2006).The first step of Cr synthesis is the fororabf guanidinoacetate (GAA)
and ornithine in a reaction catalyzed by glycinedanotransferase (AGAT), GAA can then
be methylated on the original glycine nitrogen gssadenosylmethionine (SAM) as the
methyl donor. This reaction yields Cr ag@ddenosylhomocysteine (SAH) and is catalyzed by

the enzyme guanidinoacetdemnethyltransferase (GAMT) (Wyss and Kaddurah-Daouk



2000). The rate limiting step in Cr synthesis i fbrmation of guanidinoacetate by AGAT
and it has been shown that Cr supplementation degulates AGAT expression (Guthmiller
et al. 1994). An increase in serum levels of Cr resulteal decrease in AGAT enzyme
activity, enzyme level, and mRNA expression inkidhey (McGuireet al. 1984). On the
other hand, the growth hormone up-regulates AGAdression in rats (Guthmillet al.

1994). AGAT is highly active in the kidneys, whesgaAMT is highly active in the liver.
Therefore it is suggested that GAA is synthesizamarily in the kidney and then transported
to the liver where it is methylated to form Cr (V8y@nd Kaddurah-Daouk 2000). In rats, Van
Pilsum et al. (1972) documented high activity of RlGapart from kidney in pancreas, brain,
spleen, and testes. In a study Edison et al. (280hors suggested that renal GAA
production in a human may account only for abo@b 29 total GAA synthesis.

Cr metabolism disorders have so far been descab# level of two synthetic steps,
GAMT and AGAT, and at the level of the Cr transport (CrT1). The most common GAMT
and AGAT deficiency symptoms and signs are deldgeduage development, learning
disorders, autistic behavior, epileptic seizures, movement disorders (Gordon 2010).
GAMT and AGAT deficiency are treatable by oral @pplementation, but patients with Cr
transporter deficiency do not respond to this typeeatment (Evangelioet al. 2009).

Neither nine months of L-arginine supplementati@hribt showed effectiveness in the four
patients affected with Cr transporter deficiencgr(et al. 2008).

In a human body, more than 90% of SAM is used fethylation reactions by at least
50 different methyltransferaseStéadet al. 2009. There are three major methyltransferases
playing an important role in the generation of hogsteine (HCy) and regulation of methyl
group metabolism; except for GAMT they include phteatidylethanolamine N-
methyltransferase (PEMT), and glycine N-methyltfarese (GNMT) (Muddtt al. 2007).

Production of Cr via GAMT and phosphatidylcholif®3) via PEMT is considered to be the



largest consumer of methyl groups derived from SA&téad et al. (2006) suggests opposite
of original investment where GAMT has been propdsectbnsume up to 70% of methyl
groups (Muddkt al. 1980), and considers PEMT to be the primary comswhmethyl

groups, having the greatest impact on HCy levelsak found thaPEMT -/- mice have

lower choline pools in liver despite being fed suént or supplemental amounts of dietary
choline (Zhuet al. 2003). WherPEMT is deleted in mice, plasma HCy concentrations fall
50% and, when it is over expressed, plasma HCyesuretions increase 40%, demonstrating
that PEMT activity is a very major consumer of SAAMhd thereby a producer of HCy)
(Jacobst al. 2005). Furthermore, aethylation of macromolecules such as DNA, RNA,
histones, and other proteins play critical rolesefiular metabolism. Therefore, the level of
SAM must be carefully regulated to maintain celldlameostasid {ukaet al. 2009.

The serum concentration of HCy is positively asatad with the risk of ischemic
heart disease, deep vein thrombosis and pulmomaoplesm, and stroke (Boushetyal.
1995). A meta-analysis by Boushey et al. (1993 b$tudies showed that HCy was an
independent, graded risk factor for atherosclemisease. Total HCy (tHCy) measured in
blood is usually the sum of free (reduced) HCy pratein-bound HCy (Brosnaat al. 2004).
There are two methylation pathways to form methmerfrom HCy, both of which result in
lowering HCy concentrations (Olthef al. 2003). In the first, vitamins B12 and folic acicta
involved in a reaction catalyzed by methionine bgste (MTR) (Weisberg al. 2001).
Deficiencies of these vitamins can result in eledgilasma HCy concentrations (Baiktal.
2002, Heet al. 2010). Also single nucleotide polymorphisms inggenoding enzymes
involved in this pathway can result in elevated HEplood. Examples are substitutions as
MTR 2756A/G (Barbosat al. 2008), methionine synthase reductddé@iRR 66A/G)
(Naushadtt al. 2008), methylenetetrahyrofolate reductdd@iFR 677C/T and 1298A/C)

(Weisberget al. 2001), or methylenetetrahydrofolate dehydroge(sidéHFD1 1958G/A)



(Brodyet al. 2002). The most profound effect on HCy levelslwold was found iMTHFR
677C/T and/or ilMTR 2756A/G (Barbosat al. 2008). The 677C/T variant which leads to the
substitution of Ala-222 by valine produces MTHFR:yme with reduced activity, resulting

in an elevation of serum HCy concentrations of al20%o (Brattstronet al. 1998). The

677C/T polymorphism is surprisingly common, witroab10% of people in the population
being homozygous affected (TT), 47% homozygousfanedd (CC), and 43% heterozygotes
(CT) (Brattstromet al. 1998). In the Czech population similar frequenevwese elicited (CC

— 41%, CT — 49%, TT — 10%) (Vesadeal. 2005).

An association with hyperhomocysteinemia was atsmdl inMTHFR 1298A/C
polymorphism (Barboset al. 2008), although its contribution seems to be lessmpared to
677C/T (Baileyet al. 2002, Barbosat al. 2008). In additional studies, the activity of yme
produced by the heterozygotes for both mutationsloxer compared to individuals who
carried only 677T/T (Changa al. 2000). The genetic influence of tNeFrHFR
polymorphism on HCy levels is attenuated in femalgremenopausal age and is not
significant in subjects who exhibit serum leveldaate and/or vitamin B12 above the 50th
percentile of distribution in the general populat{@€ortese and Motti 2001). A decrease in
serum HCy of 3 mmol/l (achievable by daily intakeabout 0,8 mg folic acid) should reduce
the risk of ischemic heart disease by 16%, deeptheombosis by 25% and stroke by 24%
(Wald et al. 2002).

In the second pathway, the methylation of HCy tarfonethionine is catalyzed by
betaine homocysteine methyltransferase (BHMT) wisah addition to choline
dehydrogenase (CHDH), and PEMT the most importanyme in choline metabolism (da
Costaet al. 2006). Betaine, once formed from choline via CHBRates its methyl group to
HCy via BHMT to form methionine. Administration bétaine can lower plasma HCy

concentrations (Steengeal. 2003). Activity of BHMT is increased during methioe



excess and plasma betaine was shown to be a steveigninant after methionine increase in
tHCy in subjects not supplemented with B-vitamiHslM et al. 2004). On the other hand,
neither a common variant 742G/A, nor other variamBHMT gene seem to play a
significant role in plasma HCy (Hedt al. 2000, Morinet al. 2003).

The aim of the present post-hoc analysis is touatalnomocysteinemia following Cr

supplementation in relation MTHFR 677C/T genotype.

Methods
Subjects

This is a secondary analysis of data from 11 agklparticipating in our previous
study (Navratilet al. 2010) who provided DNA from buccal cells. Of thgsaticipants, 10
submitted DNA testing. All subjects were young,&gé4 — 28 y old, healthy, physically
active persons, dealing with sportive activitiee (hockey, football, horsemanship, and
athletics) on a professional level. Subjects' hemgkight, and body composition via
Bioelectrical Impedance Analyse (Multi-frequencyabszer In Body 3.0, Korea) was
measured. All 10 men were Caucasian. Subject clesistecs are shown in Table 1. Written
informed consent was obtained from all subjectseupdotocols approved by the Institutional

Ethics Committee of the Charles University of Facof Physical Education and Sport.

Intervention

As previously published, all subjects ingestedd §R-monohydrate (Plutino, Czech
Republic) a day, diluted in tepid water. These dagere administered every morning (at
about 8 a.m.) for 30 dayBarticipants were not allowed to consume any atbpplement,
especially those containing vitamin B and folicca@nd they were advised to maintain their

usual dietary habits and physical activity durihg study.



Biochemical Assays
Fasting blood and urine samples were collectedselme and the next morning after
completion 30-day Cr supplementation and furthedyaed for several metabolites including

HCy as described previousliévratil et al. 201Q Petret al. 2011J).

Genotyping

Genomic DNA was isolated from buccal cells colldotéth cheek brushes
(Whatman, USA). Samples were lysed and DNA wasglstetd with DNA Extract All
Reagents Kit (Applied Biosystems, USA) accordinght® manufacturer’s protocol. Samples
(5 uL) were genotyped according to the manufactureéogpol on an lllumina BeadStation
500G Golden Gate genotyping platform using a cugianel (GS0011351-OPA) of 384
candidate single-nucleotide polymorphisms. Fromwhele set the genotypes for the

MTHFR C677T polymorphism (rs1801133) were extracted.

Results

Of 10 subjects, 9 individuals were carrying 677CQ+énd 1 individual the 677TT
genotype. Pre-test levels of plasma HCy were noemmang those carrying 677CC+CT
genotype (6.3+1.3 umol/l), but strongly elevate®@®rTT carrier (33.2 umol/l). After 30-day
Cr supplementation individuals with 677CC+CT gepetynildly elevated HCy levels, but
completely different response was registered inf@/@arrier who lowered HCy almost to

normal levels (Tab. 2).

Discussion
We found an individual response of plasma HCy te@pplementation which was

associated with genotypesMTHFR 677C/T polymorphism. Our results cannot be



considered as statistically significant due toltve number of subjects and the presence of
just one TT carrier. In spite of that, we assumeauicomes to be interesting, as they should
contribute to better understanding how suppleme@techn affect methyl donor balance and
consequent plasma HCy levels.

A meta-analysis of published cohort studies stiitashyperhomocysteinemia
moderately increases the risk of a first cardiouksoevent, regardless of age and follow-up
duration (Bautista&t al. 2002). In homocystinuria, which is a rare inhetitesorder (most
often due to cystathionine 3-synthase deficiend¢y¢clvoccurs in 1 from 200.000 people),
plasma HCy levels are markedly elevated (gBtbl/L; normal range, 5 to 15 pmol/L), and
patienthave severe, widespread vascular disease (Bekhaiy1998). In the general
population, mildo moderate elevations in plasma HCy (15 to 35 jiljhake common and
may occur due to inherited enzyme variants aralfetative deficiency of folate, vitaminB
or vitamin Bs, whichare required for the normal metabolism of HCy (Uit al. 1993).

Our subjects with CC and CT genotypes had pre€st concentration in normal
ranges 6.1+1.3 pmol/L with milder individual difeerces. The only carrier of TT genotype
had elevated HCy (33.3 umol/L). After 30-day Cr@ementation all CC and CT carriers
increased plasma HCy to 10.9+3.2 umol/L oppositEft@arrier who significantly lowered
HCy levels to 17.1 umol/L. An interpretation of #eechanges is not simple to explain.
Reliable description of addressed biochemical pattsvshould be supported by analysis of
associated intermediates e.g. sarkosine in urine.

We assume that supplemented Cr inhibited the sgistioé endogenous Cr and thus
increased availability of SAM for PC and sarcossgathesis via PEMT and GNMT
respectively. Concomitantly, the methylation of H@lied more on BHMT where methyl
donor is betain, stimulated by increased produadioRC and choline via increased PEMT

activity. Although PEMT is considered to be a majonsumer of SAM and a producer of



HCy by some authors (Jacodisal. 2005), provided that PC and choline levels arécent
from diet, HCy methylation from betaine could benstlated. Moreover, resulting
dimethylglycine demands tetrahydrofolate (THF)garcosine formation via
dimethylglycine-dehydrogenase. THF is also neededlicine formation from sarcosine via
sarcosine-dehydrogenase (SARDH). Sarcosine pranfucéin also be accelerated due to
better availability of SAM for GNMT. Based on thdsets TFH is dynamically converted to
5,10-methylene-THF (methylene tetrahydrofolatepatating MTHFR enzyme to 5-methyl-
THF production which is later used for HCy convensio methionine via MTR. Higher
availability of 5, 10-methylene-THF could possiletfectively stimulate MTHFR even in
677TT carriers. This can have quite a strong efi@dtiCy levels as we registered in our one
677TT carrier.

In fact, studies evaluated effects of Cr on HCels\are not consistent. Cr
administration haBeen shown to decrease plasma tHCy by 25% in$#&tadet al. 2001)
and byl0% in humans, according to one report (Korzun 2004another reporthis
reduction in humans was not significant (Steestg@. 2001). Opposite to these results, Cr
supplementation (alone or in combination with Lkange) was associated with an 11 — 20%
increase in HCy concentration, which was not aitable to worsened renal function,
providing evidence against an effect of Cr on dasireg methylation demand (Jaharegial.
2009). In rats, plasma HCy was increased up tou2shafter intense anaerobic exercise, but
Cr supplementation decreased plasma HCy independegrercise intensity (Deminietal.
2011). Recent study shows interesting results abeuyprevalence of hyperhomocysteinaemia
(>15 pmol /l) in elite athletes which was 47% congglato 17% in controls without any
correlation between HCy and any of the other ingagtd variables, including plasma folate,
vitamin B12, blood pressure, lactate dehydroge(iaS#l), creatine kinase (CrK), total and

high-density lipoprotein (HDL) cholesterol and iriéeikin-6 (IL-6) (Borrioneet al. 2008).



Our findings demonstrate an increase of HCy follgCr supplementation in
MTHFR 677C allele carriers but an average and individugimentation were all in normal
ranges (<15 umol /l). We suppose, when levels etady choline (PC) are sufficient to cover
physical needs, a great part of choline from endoge production of PC should be used to
form betain for further HCy methylation. Providdxht choline from diet does not meet body
demands, endogenous choline production (via PEBIVery important. Under these
conditions most probably less betain can be pratit@wenethylate HCy. Pathways following
methylation with betain seem to have a secondathyfation potential in regeneration of
THF to form 5,10-methylene-THF. Cr supplementasanificantly effects metabolism of
one carbon unit and potentially lower body demdodsnethyl groups. This could be

beneficial as in the case of reduced enzyme agtikie MTHFR 677C/T polymorphism.
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Table 1. Descriptive characteristics of 10 exertrained men

Variable Value

Age (y) 24.6x2.1
Height (cm) 181.7+4.8
Weight (kg) 82.8£11.0
Body fat (%) 12.0£2.9
BMI (kg.m’) 25.0+2.4
Fat Free Mass (kg) 75.61£8.0

Values are means + SD.

Table 2. Pre-test and post-test HCy levels iredgiitMTHFR 677C/T genotypes

677CC 677CT 677TT 677CC+CT
(n=4) (n=25) (n=1)
HCy (umol/l)
pre-test 5.9+1.3 6.6+1.3 33.2 6.3+1.3
post-test 9.9+2.9 11.6+3.3 17.1 10.943.2

Values are means + SD.



Figure 1. Biochemical pathways related to Cr metabolism aethionine cycle
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Creatine supplementation leads to inhibition okitslogenous synthesis. Simultaneously PEMT and GNMT

activity is stimulated leading to produce cholibetain and sarcosine respectively. Production @guadiation

of sarcosine utilize THF to form 5, 10-methyleneH stimulating MTHFR activity (bold arrows). GAA,
Guanidinoacetate; AGAT, Glycine amidinotransfer&aM, S-adenosylmethionine; SAH, S-
adenosylhomocysteine; GAMT, guanidinoacetate N-gigtnsferase; PEMT, Phosphatidylethanolamine N-
methyltransferase; GNMT, Glycine N-methyltransferad®C, Phosphatidylcholine; MTR, Methionine synthas
MTRR, Methionine synthase reductase; MTHFR, Methgtetrahyrofolate reductase; BHMT, Betaine
homocysteine methyltransferase; CHDH, Choline detyyenase; TFH, Tetrahydrofolate; SARDH, Sarcosine

dehydrogenase; DMG, Dimethylglycine; Met, MethiaidHCY, S-adenosylhomocysteine hydrolase.



