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ABSTRACT

Beneficial effects of creatine were firstly shown in sport,
where itself has been recognized as an ergogenic substance, in-
creasing exercise endurance, muscle strength and lean body
mass. Creatine supplementation is very interesting, due to the fact
that creatine supplementation have been reported to be beneficial
for wide spectrum of diseases and conditions referring neuro-
degenerative, rheumatic diseases, myopathies, cancer, type 2 di-
abetes. Creatine is a principle component of the creatine ki-
nase/phosphagen system. In cardiomyocytes, it plays an im-
portant role in the buffering and transport of chemical energy to
ensure that supply meets the dynamic demands of the heart. Stud-
ies in mice proved that elevated creatine protects the heart from
ischemia-reperfusion injury. A natural precursor of creatine,
guanidinoacetic acid (GAA), plays an important role as an energy
carrier/mediator in the cell. GAA is formed in the first step of cre-
atine synthesis. Supplementation with GAA might be of great sig-
nificance in some circumstances where biosynthesis of GAA is
limited like deficient diet, kidney failure, renal insufficiency, exer-
cise-related GAA depletion. Betaine is a neutral compound in the
form of zwitterion. Betaine supplementation is associated with im-
proved cognition, neuroprotection, cardioprotection and exercise
physiology. Betaine insufficiency represents increased risk for
secondary heart failure and acute myocardial infarction. This
mini-review outlines the evidence in support of creatine and cre-
atine related compounds (GAA and betaine) elevation and exam-
ines the pharmacological approaches that are currently availa-
ble. Since data from the available studies, regarding cardiopro-
tection are inconsistent, this review might help clarifying the ben-
efits of creatine, GAA and betaine supplementation on cardiovas-
cular system.
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SAZETAK

Pozitivni efekti kreatina pokazani su najpre u sportu, gde je
prepoznat kao ergogena supstanca, povecavajuci otpornost na
vezbanje, snagu misica i telesnu masu. Suplementacija kreatinom
pokazala je pozitivne efekte na veliki broj bolesti i stanja kao Sto
su neurodegenerativne, reumatske bolesti, miopatije, karcinom,
dijabetes tip 2. Kreatin je glavna komponenta kreatin kinaza fos-
fagenog sistema. U kardiomiocitima igra vaznu ulogu u tran-
sportu hemijske energije cime obezbeduje energetske potrebe
srca. Studije na miSevima pokazale su da povisen nivo kreatina
ima protektivni efekat na ishemijsko-reperfuzionu povredu. Pri-
rodni prekursor kreatina, guanidinoacetatna kiselina (GAA), igra
vaznu ulogu kao nosilac energije/posrednik u celiji. GAA se for-
mira u prvom koraku sinteze kreatina. Suplementacija GAA-om
moze biti od velikog znacaja u nekim okolnostima kada je biosin-
teza GAA ogranicena, poput nedovoljnog unosa ishranom,
bubreZne i renalne insuficijencije i smanjenja GAA povezanog sa
vezbanjem. Betain je neutralno jedinjenje u obliku cviter jona.
Suplementacija betainom povezuje se sa poboljsanom kognici-
jom, neuroprotekcijom, kardioprotekcijom i boljim efektima fi-
zicke aktivnosti. Nedostatak betaina predstavija povecani rizik za
sekundarnu sréanu insuficijenciju i akutni infarkt miokarda. Ovaj
pregledni clanak pokazuje znacaj kreatina i srodnih supstanci
(GAA i betaina) i ispituje farmakoloSke pristupe koji su trenutno
dostupni. S obzirom da su podaci o kardioprotektivnom efektu ne-
konzistentni, ovaj pregledni rad moze pomoci da se razjasne pred-
nosti suplementacije kreatina, GAA i betaina na kardiovaskularni
sistem.

Kljuéne reci: betain, kreatin, guanidinoacetatna kiselina, kar-
diovaskularni sistem
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INTRODUCTION

Protective effects of creatine (Cr) in cardiovascular health
have been investigated by multiple research groups. Since
myocytes do not synthesize Cr physiologically, these cells
depend on cellular uptake across the membrane by creatine
transporter (CrT) to maintain intracellular Cr levels. Hypoxia
interferes with energy metabolism, including the activity of
the Cr energy shuttle, and therefore affects intracellular aden-
osine triphosphate (ATP) and phosphocreatine (PCr) levels.
For example, profound alterations in Cr and PCr levels are
observed in heart failure and in the peri-infarct region of the
heart in animal models of ischemic injury. Recent study re-
ports the benefits of Cr supplementation in the form of ability
to enhance the physiological response to oxidative stress
through the increase of ATP and PCr content in hypoxic (is-
chemic) cardiomyocites (1). Also, it was reported that an in-
crease in cardiac Cr content exerted a protective effect in a
rat model of ischemia and reperfusion (2). Additionally, it
has been demonstrated that Cr supplementation ameliorates
oxidative stress caused by doxorubicin in cultured cardiomy-
ocytes (3).

Small amount of evidence about the effects of betaine and
GAA (guanidinoacetic acid) supplementation on cardiovas-
cular system is available, especially in humans. So far, some
authors revealed the possible antiangiogenic effect of betaine
via suppression of ROS (reactive oxygen species) mediated
VEGF (vascular endothelial growth factor) signaling in mice
model. This effect might be helpful in reduction of ische-
mia/reperfusion injury by the reduction of oxidative stress
(4). Others, show that betaine protects against coagulation
events in vivo and in vitro and suggest that betaine pretreat-
ment decreases lipid peroxidation in plasma (5, 6). As for the
animal models, several mechanisms of betaine cardioprotec-
tive effects were described in the literature, from antiathero-
sclerotic, antioxidant, membrane stabilizing properties to de-
crease in accumulated long-chain acylcarnitines in the period
of myocardial ischemia (7-12).

There is no doubt that Cr and related compounds have the
potential to act cardioprotective. Therefore, the aim of this
review article is to systematically represent and obtain the re-
sults of the studies that have investigated the effects of Cr and
Cr related compounds (GAA and betaine) supplementation
on cardiovascular system and possible role of oxidative
stress.

Metabolism of creatine

In the human organism the main Cr storage is present in
skeletal muscle (two-thirds in a phosphorylated form and
one-third as free Cr) where their concentrations are approxi-
mately about 30mM, while lower, but not less important con-
centration can be found in brain, about 10mM. Two crucial
physiological roles of Cr refer to muscle mass development
and urine removal in the form of creatinine. There are two
ways to maintain the right amount of Cr in the body, adequate
nutritional intake and endogenous synthesis  (13).

Endogenous synthesis of Cr is approximately 1 gram per day
and occurs extensively in the liver and kidneys, to a lesser
extent in the pancreas. The rest of Cr is consumed by diet and
is synthetized from two essential amino acids arginine and
methionine and one nonessential amino acid glycine (14).
Three enzymes take part in this process: The first enzyme L-
arginine:glycine amidinotransferase (AGAT), mostly in the
kidney, transfers the amidino group from arginine to glycine
to yield L-ornithine and guanidinoacetic acid (GAA). The
second one, methionine adenosyltransferase (MAT) converts
methionine into S-adenosylmethionine (SAM) where SAM
acts as donor of methyl group for GAA at the original glycine
nitrogen and by action of the third enzyme N-guanidinoace-
tate methyltransferase (GAMT), predominantly in the liver,
yields Cr and S-adenosylhomocysteine (SAH) (Figure 1)
(15-17). AGAT is found in the kidney and GAMT in the
liver, that implies an interorgan movement of GAA from the
kidney to the liver. So, Cr biosynthesis is an inter-organ pro-
cess.

Figure 1. Creatine metabolism
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The role of Cr transporter (CrT; gene family transporters
SLC6AB8) is inevitable because that is the only known mech-
anism for Cr uptake through the plasma membrane. This
transporter is similar and closely related to y-aminobutyrate



(GABA), taurine and betaine transporters and is highly spe-
cific for Cr. Given in notice the physiological role of Cr it is
clear that CrT is expressed in the tissues that demand energy,
such as skeletal muscle, heart, kidney and brain. Cardiomyo-
cytes also take up Cr from the bloodstream via plasma mem-
brane CrT. Afterwards phosphoryl group from ATP is being
transferred to Cr in order to form phosphocreatine (PCr). This
reaction happens in the mitochondria and is catalysed by mi-
tochondrial creatine-kinase (Mt-CK) which is located in the
intermembrane space of mitochondria and results with in-
creasing level of PCr in cytosol, where it serves as a highly
mobile, short-term energy reserve. The reverse reaction re-
sults in formation of ATP and is catalysed by the cytosolic
CK dimers closely coupled to ATPases. Creatine uptake
(against a 50-fold concentration gradient) depends of the
trans-membrane Na* gradient and includes co-transport of
two Na* and one CI" for each molecule of Cr (6, 15, 16). In
other words, CrT is a symporter that uses the energy accumu-
lated in the sodium gradient across the membrane to induce
the transport of Cr into the cell. During the transport cycle, a
Cl-ion is also translocated into the cell with a stoichiometry
of 2Na*:1CI:1Cr. In cardiac and skeletal myocytes, Cr up-
take depends of extracellular Cr concentration: increases in
extracellular Cr content decrease Cr uptake, contrary, de-
creases in Cr content increase Cr uptake. Thus, the homeo-
stasis of intracellular Cr content is physiologically regulated
by negative feedback (7) Cr cell efflux includes two parallel
processes, low level of passive Cr efflux and diffusion of
non-enzymatic creatine degradation products (6, 12).

Due to the fact that cardiomyocytes do not normally ex-
press AGAT and GAMT proteins it is considered that local
Cr biosynthesis in not thought to occur in the heart tissue but
there is evidence about the expression of AGAT mRNA in
the heart under pathological conditions, whose importance
needs to be furtherly explained without concomitant expres-
sion of GAMT (6, 8, 9). Some authors have investigated the
sex differences in the metabolism and suggested that the ef-
fectiveness of Cr as an ergogenic aid for female athletes is
less than that for men. This variability probably is the conse-
quence of the cyclic nature of female sex hormones, and/or
the presence or absence of testosterone. It is well established
the sex difference in creatinine clearance by Cockroft and
Gault and serum Cr values, which are higher in females (10,
11), afterwards Brosnan et al. subjected that daily Cr synthe-
sis is higher in males than females (17), while recent study
conducted in 2015. exposed the fact that concentration of cir-
culating GAA is higher in males (18).

Creatine as a supplement

Large and still growing number of studies and research
groups have been investigating the efficacy of Cr supplemen-
tation. Beneficial effects of Cr were firstly shown in sport,
among athletes, where itself has been recognized as an ergo-
genic substance, increasing exercise tolerance, muscle
strength and lean body mass (2, 19, 20). Clinically viewed,
Cr supplementation is very interesting, due to the fact that
Cr supplementation have been reported to be beneficial for

wide spectar of diesases and conditions reffering neuro-
degenerative, rheumatic diseases, myopathies, cancer, type 2
diabetes. In spite of widespread investigation of Cr, its safety
profile has remained excellent (21, 22). It is of great im-
portance to emphasize the differences between Cr supple-
mentation effect in middle aged/old people and young ath-
letes that are commonly used in studies regarding beneficial
effects of Cr. Several authors confirmed the efficacy of Cr
supplementation in older population regarding increased lean
and/or body mass and muscle function. What is more, this
positive effect is present in both acute and chronic Cr supple-
mentation and in conjunction with resistance training, which
could result in even greater skeletal muscle adaptation than
just performing resistance training (23-25). Yet, others™ find-
ings are different, suggesting Cr supplementation doesn’t
augment the adaptive effects of resistance training combined
with whey protein on muscle function and body composition
in older individuals (26).

Cr might also be helpful in bone diseases since PCr is
used to resynthesize energy (ATP) in bone cells. In other
words it may stimulate osteoblast, or inhibit osteoclast and
reduce bone resorption. Nevertheless, this promising bone
protective potential has to be furtherly examined, since, the
data from the studies are inconsistent. There is evidence
about the positive effects of 24-week treatment with Cr com-
bined with resistance training on muscle function, but not
bone mass and bone serum markers and fat mass in popula-
tion of older women (27). In aging adults, Cr supplementa-
tion (7 g/d) may have beneficial effects on bone mineral den-
sity if combined with more frequent (>3 days/week) re-
sistance training for long period (a year or more). Studies of
Cr supplementation in humans of shorter durations or using
lower doses showed no benefit on bone properties (28, 29).

Another energy demanding tissue is certainly neuronal,
thus it can also benefit from Cr supplementation. Large num-
ber of studies has investigated the neuroprotective effects of
Cr in different diseases, from neurodegenerative to cognitive
disorders. This includes inborn or acquired diseases charac-
terized by progressive loss of nervous-system cells such as
Alzheimer’s, Huntington’s, Charcot-Marie-Tooth’s and Par-
kinson’s disease and amyotrophic lateral sclerosis (ALS)
which all have in common characteristics, such as energy de-
pletion in brain, increased oxidative stress and dysfunction of
mitochondria. Cr administration in these conditions might al-
leviate mentioned dysfunctions (30-32).

High increase in muscle Cr content caused by Cr supple-
mentation can be expected in individuals with lower muscu-
lar Cr content (for example, vegetarians). Nevertheless, this
increase in Cr content varies from 0 to 40% and can be
achieved by loading phase (high dose/short term or low
dose/long term) and subsequently remained constant by
maintenance phase (2-3g/d) (33). Over the last few decades
several forms of Cr have been synthetized in order to exhibit
improved physical performance, better chemical properties,
increased bioavailability, improved effectiveness and safety
profile. The most commonly used among Cr supplements



are: creatine-pyruvate, creatine-citrate, creatine-malate, cre-
atine-taurinate, creatine-phosphate, creatine-orotate, crea-
tine-ethylester, creatine-pyroglutamate, creatine-gluconate,
and magnesium-creatine chelate (21). Two dosing schemes
of Cr are commonly found in the literature: short term/ high
dose protocol (20g/d or 0,3g/kg/d for 5 days respectively) and
long term/low dose protocol (3 g/d or 0.03 g/kg/ d for about
4-6 weeks) (34, 35). If properly dosed, most of these Cr
forms, were not reported to have safety concerns. Possible
concerns reffer to magnesium Cr-chelate which could mani-
fest gastrointestinal adverse effects when the tolerable upper
intake level of the supplementary magnesium intake (250-
350 mg) is exceeded, creatine ethyl ester which can be related
to increase in serum creatinine levels, due to high gastroin-
testinal conversion of creatine ethyl ester to creatinine, crea-
tine-phospate could induce mild gastrointestinal symptoms if
supplemented more the 750 mg phosphorus daily, while the
tricreatine-orotate form was related to significant safety is-
sues due to tumor-promoting effects of orotic acid (14, 36-
39). Up until today, the safety of creatine supplementation
has remained unknown in children and adolescents.

Guanidinoacetic acid (GAA) as a precursor of creatine

As previously mentioned, guanidinoacetic acid (GAA
also known as glycocyamine or guanidinoacetate) is a natural
precursor of Cr, playing an important role as an energy car-
rier/mediator in the cell. GAA together with L-ornithine is
formed in the first step of creatine synthesis in an enzyme-
catalyzed (AGAT) reaction from two amino acids L-arginine
and glycine, mostly in the kidney and pancreas, while second
step happens in the liver and requires GAMT enzyme (13,
16, 17). Step one reaction in the Cr synthesis was discovered
to be rate-limiting because of the fact that respective AGAT
enzyme is subject to feedback inhibition on a pretranslational
stage (40), while Cr control by feedback for enzyme GAMT
wasn't observed (41).

Up until now it is well known that exogenous application
of Cr can increase and help filling up the cellular levels of Cr
in the conditions such as physical activity, ageing, neuro-
degenerative, neuromuscular and cardiovascular disease, but
data that speak about GAA as a supplement and its power
and safety profile are inconsistent and unclear (12-14, 19).
Supplementation with GAA might be of great significance in
some circumstances where biosynthesis of GAA is limited
like deficient diet, kidney failure, renal insufficiency, exer-
cise-related GAA depletion (41). There are many advantages
of GAA as a supplement: higher solubility in water, bioavail-
ability, stability and cost-effectiveness in comparison with Cr
(16, 42). Nowadays, GAA oral supplementation is a novel
concept and strategy to increase cellular Cr levels in different
conditions.

Several studies evaluated the metabolic, clinical and
therapeutic effect of GAA in the last decade. Ostojic et al.
evaluated the effects of chronical six-week oral supplemen-
tation with 2,4 g of GAA daily in healthy humans, and sug-
gested that GAA supplementation leads to a significant

increase in fasting serum Cr, up to 50% after six-week period
with acceptable safety profile and low incidence of biochem-
ical abnormalities, such as increased homocysteine level
which can be omitted by promoting the removal mechanisms
(43, 44). Same research group conducted more investigations
relative to GAA, and also confirmed that even low doses
(1,2g/d) induce significant improvement in exercise perfor-
mance in young individuals of both genders (45). The phar-
macokinetic profile after per os application of GAA was also
investigated and it is confirmed that single dose of GAA
pharmacokinetic parameters were nonlinear relative to dose
size, and even higher dose of 4,8g induced longer time of ab-
sorption, augmented bioequivalence and longer half elimina-
tion time, thus, that GAA is subject to saturable metabolism
(46). Back in 1950-s studies in humans discovered favorable
effects of oral administration of GAA in patients with cardiac
decompensation, arthritis, anxiety and depression (47-49). In
addition, beneficial effects of GAA as a supplement was also
confirmed in broilers where GAA showed increase in growth
and feed conversion ratio (47). Several authors observed
moderate hyperhomocysteinemia after GAA oral supplemen-
tation in rat animal model, while others discovered antioxi-
dant system disturbances after intrastriatal application of
GAA (20, 50, 51). What is more, oral supplementation with
GAA has recently shown significant increase in Cr in the
brain and nervous tissue, which is of great importance in neu-
rodegenerative and neuromuscular diseases (52).

Betaine as a new ergogenic compound

Betaine (N-trimethylglycine) is a neutral compound in the
form of zwitter ion, that can be found in the human body ei-
ther as the product of oxidation of choline in the liver or kid-
neys or by nutrition. High content of betaine can be found in
foods such as vegetables, such as wheat bran, wheat germ,
wheat bread, spinach, beets, sugar beets and in seafood such
as shrimp and shellfish (53). Two crucial physiological roles
of betaine have been described, as a methyl donor in the
transmethylation of homocysteine and as an osmolyte main-
taining fluid balance. Catabolism of betaine happens in the
kidney and liver, exactly in mitochondria, and involves a
couple of reactions that result in the transmethylation of ho-
mocystein to methionine, catalyzed by betaine homocysteine
S-methyltransferase (BHMT), and the subsequent formation
of di-methylglycine (DMG). In this way, betaine conserves
Met for protein synthesis, detoxifies homocystein, and sup-
plies the universal methyl donor S-adenosylmethionine
(SAM). Its metabolism connects several metabolites that play
an important role in the health of humans, including choline
(an important source of betaine), and homocysteine and me-
thionine which are involved in its catabolism (54, 55).

Betaine as a supplement, has received attention recently
because of the number of studies associating betaine supple-
mentation with improved cognition, neuroprotection, cardio-
protection and exercise physiology (56-65). Speaking of the
impact of betaine on nervous system, variable studies have
investigated this topic and the potential neuroprotection by
betaine (63-65). Knight et al. indicate hippocampal



accumulation of betaine(via betaine/GABA transporter
(BGT1)), which is time dependent, dose dependent and os-
molality dependent and also observe the effect on other os-
molytes and neurotransmission which reflects in reduction of
taurine, Cr and myoinositol in isosmotic conditions and dra-
matic change in glutamate an glycine in hyperosmotic state.
All of this implicate neuromodulation in the hipocampal re-
gion that is particularily succeptible to damage and possible
neuroprotection (63). Others evaluated positive betaine effect
in cognitive and memory disorders such as Alzheimer’s dis-
ease (64, 65). A cohort study conducted in patients with acute
coronary event, such as acute myocardial infarction, heart
failure failure and secondary acute myocardial infarction ex-
amined connection between betaine insufficiency and sec-
ondary events in these patient and has come to conclusion
that betaine insufficiency represents increased risk for sec-
ondary heart failure and acute myocardial infarction, high
level of plasma homocysteine appears to be associated with
evidence of betaine insufficiency, and the subjects with both
high homocysteine and possible betaine insufficiency are at
greater risk of secondary events, especially heart failure and
also that increased plasma level of betaine might be con-
nected with metabolic syndrome and diabetes (66). Mecha-
nism of action of betaine as an ergogenic substance was in-
vestigated by several authors (57, 58, 67). Bloomer and his
research team reported that nor acute or chronic supplemen-
tation with betaine did not impact plasma nitrate/nitrite in ex-
ercise-trained men, contradictory to Igbal et al. results (66,
67). Pryor and his coworkers came to similar results, reffer-
ing that acute application of betaine does not increase plasma
nitrate levels nor alter cardiovascular response at rest or dur-
ing light to moderate cycling (68).

Effects of creatine, betaine and GAA on cardiovascular
system

It is already clear and explained in the literature why the
role of Cr in energetic metabolism is of great importance.
This refers to buffering and transfer of chemical energy in the
form of ATP via the CK catalysed reactions and connection
between the energy production and energy utilization in the
cell in accordance with high energy demand (3, 15). There is
a wealth of evidence that many components of the CK system
are impaired in chronic heart failure and that there exists a
tight connection between a low PCr/ATP ratio and mortality
in human heart failure. A possible strategy of reversing this
energetic deficit is strongly supported by recent findings that
M-CK overexpression protects against heart failure in a
mouse pressure-overload model (3, 69).

Many studies have investigated the possible antioxidant
activity of Cr because of its well established role in the ener-
getic metabolism in the cell. What is more, functional im-
portance of this is reflected in pathophysiology of myocardial
ischemia/reperfusion injury and should contribute to cardio-
protective effect of Cr in this condition. The animal model
that is often used for this type of investigation enrolls mice
with elevated Cr due to over-expression of the creatine trans-
porter (CrT-OE) and mice with creatine-deficiency (GAMT

KO) and comparison between these two group of animals.
Such investigation has been done by Aksentijevic et al.,
where the authors suggest that Cr content does not influence
the detrimental effects of acute oxidative stress on cardiac
function or in other words that Cr doesn’t seem to exercise
antioxidant activity on the isolated heart using Langendorff
model (70).

On the other side, Cr overexpression in CrT-OE hearts
seems to protect from the ischemic-reperfusion injury in vivo
in a dose-dependent way (increase of myocardial Cr 20-
100%), while greater functional recovery ex vivo. This can
be explained by increase in energy storage in the form of PCr
and delay of mitochondrial permeability transition pore
opening (mPTP) induced in oxidative stress during both is-
chemic and reperfusion injury, but no antioxidant effect was
confirmed in this study since creatine did not attenuate the
response to H2Oz, in spite of earlier reported antioxidant ac-
tivity of Cr (3, 71, 72). In addition, Kingsley et al. also sup-
ported these findings since their study’s results did not dis-
cover Cr related enhancement of antioxidant defence or pro-
tection against lipid peroxidation induced by cycling in
healthy males (73). Nevertheless, except antioxidant activity
as a potential mechanism of protection, which is discussed in
several studies, it was also shown that physiological Cr sup-
plementation could express antiapoptic property and de-
crease in citotoxicity of cardiomyocites caused by doxorubi-
cin (71). Some research group hypothesised that mice with
AGAT enzyme deficiency fed with Cr free diet would create
awhole body Cr deficiency and thus, cardiac impairment that
could be improved by Cr supplementation. However, Cr was
shown only to improve systolic pressure, while homoarginine
supplementation completely preserved and recovered all
other haemodynamic parameters in Langendorff perfused
heart model (74). The reduced availability of Cr has been as-
sociated with HF, increased prevalence of ventricular ar-
rhythmias and ischemia. Some researchers aimed to prove
benefits of Cr supplementation in these patients. Even
though several positive effects of Cr supplementation have
been described mostly in healthy individuals, studies using
Cr in patients with HF are reduced. The results of the present
study show that intake of oral Cr supplements, at a dose that
is proven to be effective in stimulating the beneficial effects
of exercise training in younger healthy subjects, is safe but
does not enhance the benefits of cardiac rehabilitation in pa-
tients with coronary artery disease or chronic heart failure
(75).

Regarding GAA, not sufficient evidence is present to sup-
port its possible cardioprotective properties. Pioneer investi-
gations relative to this topic were conducted back in the
1950-s, where the authors found that Cr precursor GAA ex-
erts beneficial effects on patients in cardiac decompensation,
when orally administered. Speculated mechanisms for this
action were due to increase in energy levels or increased bi-
oavailability of dimethylglycine for incorporation into tissues
proteins, thus, possibly repairing damaged muscle cells of the
heart (33, 34). Nevertheless, this research direction was left
until the last decade. Recent human study focused on



determining the effect of orally administered GAA on redox
status of healthy men. Of all measured parameters: plasma
total antioxidant capacity, superoxide dismutase (SOD), glu-
tathione peroxidase, total oxidant status and malondialde-
hyde, only SOD activity significantly increased after 2-week
of GAA (3g/day) administration suggesting possible antiox-
idant power of the GAA supplementation. Since SOD is an
important element of enzymatic antioxidant defense system
and strong superoxide scavenger, GAA treatment could be
considered beneficial, since oxidative stress is present in
many cardiovascular pathologies (76). Same research group
additionally investigated the effect of same dosage of GAA
administration on cardiometabolic and inflammation markers
in healthy men. They observed no significant effects on tra-
ditional biomarkers of cardiometabolic risk. Both serum
hsCRP (c-reactive protein) and insulin remained unchanged
after 10-week GAA administration. Additionally ratio of tri-
glycerides to HDL (high density lipoprotein) cholesterol,
which is an indicator of atherogenic profile also remained un-
affected by the GAA supplementation. This indicates that
there is no major cardiometabolic impairment caused by
GAA (77).

Previously mentioned cohort study conducted in patients
with acute coronary event, such as acute myocardial infarc-
tion, heart failure and secondary acute myocardial infarction
examined connection between betaine insufficiency and sec-
ondary events in these patient and has come to conclusion
that betaine insufficiency represents increased risk for sec-
ondary heart failure and acute myocardial infarction, high
level of plasma homocysteine appears to be associated with
evidence of betaine insufficiency, and the subjects with both
high homocysteine and possible betaine insufficiency are at
greater risk of secondary events, especially heart failure and
also that increased plasma level of betaine might be con-
nected with metabolic syndrome and diabetes (66). Taking
into consideration that betaine supplementation is not expen-
sive and is safe, this strategy may be utilized in order to

improve lipid profile of these patients, since betaine was
proved to improve atherogenic profile in a mouse model.
Given the fact that MTHR (methylentetrahydrofolate reduc-
tase) deficient mice are prone to lipid accumulation in aorta
and liver and increased oxidative stress, betaine supplemen-
tation may be considered beneficial in these conditions. Long
term supplementation with betaine was shown to reduce the
risk for atherogenesis via decrease in cumulation of both
homocysteine and lipids, in increasing ApoA-I levels, but
with no effect on oxidative stress as measured by the levels
of nitrosylated protein (78). Lipotropic effect of betaine
could be explained with the possibility of betaine to promote
transmethylation reactions which affect gene expression or
provide the methyl groups that serve for phosphatidylcholine
synthesis. Another publication confirmed these results in a
different experimental model. It has been observed that
chronic 14 week supplementation with 1, 2 or 4% betaine re-
sulted in decrease of atherosclerotic lesion area, reduction in
aortic expression of TNF-a in a dose dependent manner in
apolipoprotein E-deficient mice (46).

CONCLUSION

This mini-review outlines the evidence in support of cre-
atine and creatine related compounds (GAA and betaine) el-
evation and examines the pharmacological approaches that
are currently available. Since data from the available studies,
regarding cardioprotection are inconsistent, this review
might help clarifying the benefits of Cr, GAA and betaine
supplementation on cardiovascular system.

Table 1. Proposed mechanisms of cardiovascular effects of creatine, betaine and GAA

Study Supplement Dose/time Effect on CVS Mechanism Sample
loxidative
Santacruz et al. Crea- stress
tine supplementation citotoxicity . )
reduces doxorubicin- . 5mmol/I tfunction (pro- caused by Ammal/ HL-1 cell
. : Creatine - line/ Sprague Daw-
induced cardiomyo- tective) DOX. lev rats
cellular injury. (2015) lapoptosis y
caused by
DOX
Mert et al. .Effects Tg_[';\l Shift from va-
?;t;:gﬁa;:]ngasrlé?;éeaﬂte;- Creatine-mon- 4 weeks lelevated para- | gal to sympa- | Human/ male body-
nomic functions in ohydrate 7,5mg/day sympathetic thetic cardiac | builders
bodybuilders.(2017) modulation in | modulation
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Study Supplement Dose/time Effect on CVS Mechanism Sample
Kingsley et al. Role of No enhance in
creatine supp_lem_enta- non-enzymatic Human/ males ex-
tion on exercise-in- . 20g/day antioxidant de- - A
. Creatine - hausting cycling
duced cardiovascular 5 days fence or protect -
. o R exercised
function and oxidative against lipid
stress.(2009) peroxidation
Santacruz et al. Hy-
poxia decregses crea- TATP _
tine uptake in cardio- . Animal/ Rat neona-
. ) . — 1PCr in hy- : .
myocytes, while crea Creatine Immol/l THIF activation oxic RNCS tal cardiomyocites
tine supplementation P (RNCS cell line)
enhances HIF activa-
tion. (2017).
Carvalho et al. Influ-
ence of creatine supple-
mentation on the func- Creatine 5g/d No significant / Male patients with
tional capacity of pa- 6 months improvement heart failure
tients with heart fail-
ure. (2012)
Hemati et al.Effects of
Complementary Crea- .
- Attenuation of
tine Monohy_dr_ate and _ } IL-6 inflammation _ _
Physical Training on Creatine mon- 5g/d |hsCRP and endothe- Patients with heart
Inflammatory and En- ohydrate 8 weeks IVCAM1 . failure (HF)
. . . lial dysfunc-
dothelial Dysfunction lp selectine tion markers
Markers Among Heart
Failure Patients. (2016)
Cornelissen et al. Creatine mon-
Effect of creating sup- ohydrate - Female patients
plementation as a po- No significant : s
tential adjuvant therapy * 5g/d improvement W'th coronary arter
. S Combined aer- . . / ies disease and
to exercise training in . i 3 months in cardiac reha- . .
) S obic and re e chronic heart fail
cardiac patients: a ran- : : bilitation
. sistance train- ure
domized controlled ing(3/week)
trial.(2010) g
Lygate et al. Moderate
elevation of intracellu-
lar creatine by targeting lischemia- lmPTP
the creatine transporter / / reperfusion in- tenergy re- | CrT-OE mice
protects mice from jury serve(PCr)
acute myocardial in-
farction. (2012)
Falle:-r, et al. Imp_alred 1 LV end-sys-
cardiac contractile . .
function in argi- star)dard diet 1and 7 o tolic pressure
nine-alvcine amidi- with 0.5% weeks No significant | 1LV end dias-
9y (w/w) crea- effect on heart | tolic pressure .
notransferase knockout . . AGAT-/- mice
. - . tine I- functional re- No effect on
mice devoid of creatine i 14mg/l 10 her f
is rescued by Homoarginine days coverry _other func-
- hydrochloride tional parame-
homoarginine but not ters

creatine.(2018)
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Study Supplement Dose/time Effect on CVS Mechanism Sample
Ostojic, et al. Oxidant-
Antioxidant Capacity - . .
of Dietary Guar)ldln_(:jace- 23\’\;36“ Pgte.mlal Loxi- |y g 1SOD | Healthy men
Guanidinoacetic Acid ticaci glday ative stress
(2015)
Ostojic, et al. Effects of No significant
Guanidinoacetic Acid changes in car-
Loading - diometabolic
on Biomarkers of Car- Guar)ldln_(()jace- 1(3) v/vdeeks markers (HDL, / Healthy men and
diometabolic ticact g/day TGL, CK, women
Risk and Inflammation CRP,AST,
(2018) ALT, GGT)
cupplementation yToL
proves the atherogenic THDL choles- Improvement
. O . 1 year terol .| MTHFR deficient
risk factor profile in a betaine od atherogenic .
- 300 mg/kg No effect on mice
transgenic mouse N profle
oxidative stress
model of hyperhomo-
cysteinemia (2007)
Lv S, et al. Betaine Inhibition of
supplementation atten- 14 weeks laortic expres- | aortic inflam-
uates atherosclerotic le- betai 0,1,2o0r4g sion of TNF- matory re- APO-E deficient
L A . etaine ) . -
sion in apolipoprotein of beat- alpha in a dose- | sponse medi- | mice
E-deficient mice ine/100g diet | dependentway | ated by TNF-
(2009) alpha.
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