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Abstract The daily requirement of a 70-kg male for cre-
atine is about 2 g; up to half of this may be obtained from a
typical omnivorous diet, with the remainder being synthe-
sized in the body Creatine is a carninutrient, which means
that it is only available to adults via animal foodstuffs,
principally skeletal muscle, or via supplements. Infants
receive creatine in mother’s milk or in milk-based formu-
las. Vegans and infants fed on soy-based formulas receive
no dietary creatine. Plasma and muscle creatine levels are
usually somewhat lower in vegetarians than in omnivores.
Human intake of creatine was probably much higher in
Paleolithic times than today; some groups with extreme
diets, such as Greenland and Alaskan Inuit, ingest much
more than is currently typical. Creatine is synthesized from
three amino acids: arginine, glycine and methionine (as
S-adenosylmethionine). Humans can synthesize sufficient
creatine for normal function unless they have an inborn
error in a creatine-synthetic enzyme or a problem with the
supply of substrate amino acids. Carnivorous animals, such
as lions and wolves, ingest much larger amounts of cre-
atine than humans would. The gastrointestinal tract and the
liver are exposed to dietary creatine in higher concentra-
tions before it is assimilated by other tissues. In this regard,
our observations that creatine supplementation can prevent
hepatic steatosis (Deminice et al. J Nutr 141:1799-1804,
2011) in a rodent model may be a function of the route of
dietary assimilation. Creatine supplementation has also
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been reported to improve the intestinal barrier function of
the rodent suffering from inflammatory bowel disease.
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Abbreviations

AGAT Arginine:glycine amidinotransferase
GAA Guanidinoacetic acid

GAMT  Guanidinoacetate methyltransferase

HIF Hypoxia inducible transcription factor

SAM S-adenosylmethionine
SLC6A8 Creatine transporter
Introduction

Creatine intake is a hot topic with athletes. It has been
shown that there was an ergogenic effect of creatine dur-
ing resistance training and that subjects with initially low
levels of intramuscular creatine obtained better results
with dietary supplementation of creatine (Burke et al.
2003). Creatine is only known to be required for a single
enzymatic reaction, that of creatine kinase which intercon-
verts creatine and phosphocreatine in tissues with a rapid,
high demand for ATP (Wallimann et al. 2011). More than
90 % of the body’s creatine and phosphocreatine is present
in muscle (Brosnan and Brosnan 2007), with some of the
remainder being found in the brain (Braissant et al. 2011).
Creatine turnover occurs by way of a simple, nonenzy-
matic chemical dehydration to creatinine which is removed
in the urine. About 1.5-2.0 % of the body’s pool of cre-
atine and phosphocreatine is thought to be lost each day
by such spontaneous removal (Crim et al. 1975). Thus, an
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equivalent amount of creatine must be replaced each day by
synthesis and/or dietary intake.

Creatine synthesis

Creatine synthesis is a relatively straightforward pro-
cess, involving only two enzymes. Arginine:glycine ami-
dinotransferase (AGAT) is present in kidney (Guthmiller
et al. 1994), brain (Braissant et al. 2001) and pancreas
(Da Silva et al. 2014a). It condenses the amino acids argi-
nine and glycine to give guanidinoacetic acid (GAA). The
second enzyme, guanidinoacetic acid methyltransferase
(GAMT) is present in liver (Ogawa et al. 1988), brain
(Braissant et al. 2001) and pancreas (to a much lesser
extent, Da Silva et al. 2014a). It transfers a methyl group
from S-adenosylmethionine (SAM) to GAA to give cre-
atine. Most of the body’s supply of creatine is synthesized
in liver, but it is believed that creatine for brain can be syn-
thesized within the brain itself (Braissant et al. 2001). Cre-
atine synthesized in liver must be secreted into the blood-
stream by an unknown mechanism (Da Silva et al. 2014a)
and then actively transported into muscle by the creatine
transporter (SLC6AS8), a Na™- and CI~ -dependent sym-
porter (Brosnan and Brosnan 2007). The steps of creatine
synthesis and transport are shown in Fig. 1. There is a small
amount of SLC6AS8 at the blood—brain barrier, so creatine
can be moved from blood to brain, but only slowly (Brais-
sant 2012).

Inborn errors have been recognized in AGAT, GAMT
and SLC6AS with very serious consequences: deficiency of
creatine in brain and muscle, mental retardation, seizures

Fig. 1 Creatine’s life his-

and speech delay (Sykut-Cegielska et al. 2004). In humans,
brain is much more severely affected than muscle, either
because muscle has another mechanism to transport cre-
atine (Pyne-Geithman et al. 2004) or because dietary
creatine has much freer access to muscle and heart than
to brain, as shown by creatine uptake studies in rodents
(Ipsiroglu et al. 2001). In the case of the brain, the lower
access of peripheral creatine to the CNS is the low per-
meability of the blood:brain barrier for creatine due to
a lack of transporters in the astrocytes surrounding the
blood:brain barrier (Braissant et al. 2001). Muscle energy
metabolism is seriously disturbed in AGAT knockout mice
on creatine-free chow because of creatine deficiency and it
can be reversed by treatment with dietary creatine (Nabuurs
et al. 2013). It has been noted that supplementation with
large doses of creatine in AGAT or GAMT deficiency will
normalize the situation if started at birth (Schulze and Bat-
tini 2007; Braissant et al. 2011). To date, there is no sat-
isfactory treatment for the transporter defect (Braissant
et al. 2011). The inheritance of these genetic disorders
of creatine synthesis is autosomal recessive and they are
thought to be relatively rare, although probably underdiag-
nosed (Sykut-Cegielska et al. 2004). It has been argued that
AGAT and GAMT deficiency disorders should be included
in newborn screening since early detection can lead to very
positive results for the infant (Longo et al. 2011; Pasquali
et al. 2014). Little information is available on the frequency
of heterozygosity and characteristics of carriers for these
disorders. In a study of two Tunisian siblings with GAMT
deficiency, both parents showed levels of GAMT activity
of about 20-25 % of control levels (Nasrallah et al. 2012).
Another study involving relatives showed increased GAA
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in one individual when the patient had GAMT deficiency,
and low plasma GAA and creatine + creatinine in a rela-
tive when the patient had AGAT deficiency (Carducci et al.
2002). There is also one recent report on an individual
showing somewhat elevated urinary GAA and low creatine;
this probably represents a heterozygous GAMT deficiency
(Nasrallah et al. 2015). Thus it is possible that some het-
erozygotes would need to receive at least part of their cre-
atine from the diet when their own creatine synthesis is
compromised.

Creatine synthesis requires arginine and glycine for the
first step, and SAM as a methyl donor in the second step.
Both arginine and glycine can be synthesized by mam-
mals, but especially young growing animals may need
supplementary arginine and glycine in the diet (Wu et al.
2004; Wang et al. 2013). In patients with an inborn error
of the urea cycle, other than arginase I deficiency, arginine
becomes a dietary essential amino acid (Brosnan and Bros-
nan 2010). If there are insufficient substrates, creatine syn-
thesis would be curtailed. The best sources of arginine and
glycine are also very good sources of creatine, so a defi-
cient diet could put the person or animal in double jeop-
ardy. The availability of SAM depends on the supply of
one-carbon groups, which in turn depends on the level of
folate, vitamin B ,, vitamin B,, and one-carbon precursors
such as serine, glycine, histidine, tryptophan and choline
(Brosnan et al. 2015). Supplementation of the diet of rats
with creatine conserves SAM and decreases plasma homo-
cysteine (Stead et al. 2001), so it might be expected that
such supplementation would overcome deficiencies in the
one-carbon supply for creatine synthesis and conserve the
groups for other essential pathways. In neonatal piglets,
plasma homocysteine can be decreased by giving an oral
supplement containing betaine, choline, creatine and vita-
min B, whereas none of the individual components was
effective alone (Cote-Robitaille et al. 2015). These stud-
ies are relatively clear-cut in experimental animals where
completely adequate diets are fed. The situation in humans
is much less clear, with some reports that creatine supple-
mentation does decrease plasma homocysteine (McCarty
2001) and others that it does not (Steenge et al. 2001). A
recent study by Peters et al. (2015) on Bangladeshi adults
who were taking 3 g of creatine per day did not show a
significant decrease in total homocysteine in plasma. The
creatine groups, however, did experience a decline in GAA
and in those receiving creatine and folic acid, the decline
in GAA was significantly associated with a decline in
plasma total homocysteine. It should also be noted that
more than 50 % of the subjects in this study had hyperho-
mocysteinemia so there are probably many factors affect-
ing homocysteine concentrations in addition to methyl
supply. In an earlier study, 21 g of creatine, and even more
S0 a combination treatment with 9 g of arginine plus 21 g

of creatine, given for 4 days to human subjects resulted in
an increase of homocysteine levels (Jahangir et al. 2009).
Changes in homocysteine induced by creatine supplemen-
tation may depend on the C677T polymorphism of methyl-
enetetrahydrofolate reductase (MTHFR) (Petr et al. 2013).
In addition, acute variations especially in the reduced
form of homocysteine, as opposed to total homocysteine,
are related to changes in serum creatine levels induced by
physical exercise (Sotgia et al. 2007).

It is known that creatine synthesis is regulated physi-
ologically in kidney by down-regulation of AGAT, both at
the transcriptional and activity levels in animals (McGuire
et al. 1984) and in humans (Derave et al. 2004). More
recently, AGAT retroregulation by creatine levels has
been shown in developing brain cells (Hanna-El-Daher
et al. 2015). Thus, taking a creatine supplement has been
shown to decrease the rate of endogenous synthesis, shift-
ing the metabolic burden of creatine synthesis away from
the recipient animal or person. Such a decrease would be
expected to result in conservation of arginine, glycine and
SAM.

Creatine intake from the diet

Creatine is a “carninutrient”, which means that it is
only available in the diet via animal foodstuffs, primar-
ily from muscle meats (including fish) and, to a lesser
extent, from dairy products. It is interesting to note that
liver contains only about 10 % as much creatine as does
muscle meat (Harris et al. 1997). We have reported that
infants receive some creatine in mothers’ milk, or some-
what more in milk-based formulas, but much less or
none in milk-free or entirely soy-based formula (Edison
et al. 2013). Lacto-ovo vegetarians receive little dietary
creatine (Solis et al. 2014), while vegans and infants fed
on soy-based formulas receive no dietary creatine (Edi-
son et al. 2013). Thus normal dietary intake of creatine
is low in milk-fed infants, forcing them to synthesize
about 90 % of their daily requirement (Edison et al.
2013). This observation has important implications for
neonatal amino acid metabolism and for infants suffer-
ing from creatine deficiency syndromes. The relatively
small amounts of creatine coming from milk or formula
would not help very much in overcoming the problems
of an inborn error of creatine synthesis since these dis-
orders typically require relatively high therapeutic doses
of creatine (Sykut-Cegielska et al. 2004) so it is essen-
tial to recognize an inborn error of creatine synthesis at
birth to enable immediate creatine supplementation. A
recent study by Solis et al. (2014) reported that vegetar-
ians had low plasma creatine but that brain levels were
the same as those in omnivores, indicating that dietary
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creatine intake did not determine the brain creatine con-
centration. On the other hand, muscle of vegetarians did
contain less creatine than that of omnivores (Burke et al.
2003). These observations provide further evidence for
endogenous synthesis of creatine in the CNS (Braissant
et al. 2001).

Dietary creatine is readily absorbed regardless of
the source (Harris et al. 2002), although there can be
some losses during cooking depending upon the condi-
tions used (Harris et al. 1997). Boiling meat causes an
increased conversion of creatine to creatinine, especially
at low pH (Harris et al. 1997); boiling either chicken
breast or stewing beef for 20 min retained about 90 %
of the creatine in the raw meat, whereas more prolonged
boiling (up to 60 min) lost up to 30 % of the original cre-
atine. In addition, some creatine is leached into the cook-
ing fluid and would be lost if the broth were discarded
(Purchas et al. 2004). Cambero et al. (1992) reported no
change in creatine content of beef broth heated at tem-
peratures from 55 to 95 °C for 60 min. Thus, simply
considering the creatine content of raw meat is not an
accurate guide to dietary creatine intake. This problem
becomes particularly important when trying to determine
the creatine intake of our ancestor, Paleolithic man, since
it is not clear how the meat was handled before it was
consumed. Many groups did, and some still do, eat raw
fish (sushi) or meat (steak tartare) or cured fish (smoked
salmon) or cured meat. For example, 50 years ago Alas-
kan Arctic Eskimos were reported to eat much of their
meat uncooked (Ho et al. 1972). People in a number
of countries use air-drying to preserve fish or meat, a
method which is reported to preserve the creatine con-
tent of the food (Harris et al. 1997). This is also observed
in salted and dry-cured ham, even after months of dry-
curing (Mora et al. 2010). Whatever the state of the meat
or fish, it certainly has more creatine than other foods.
Hunter-gatherer societies often ate large amounts of ani-
mal foods; for example, diets of Alaskan and Greenland
natives consisted of more than 95 % animal foods (Cord-
ain et al. 2002) so their intake of creatine would be much
higher than ours is today. The estimated intake of food
from animal/fish sources by a variety of hunter-gatherer
societies ranged from 0.5 to 1.0 kg per day (Kuipers et al.
2010), providing approximately 2 to 4 g creatine per day
in the raw food (Harris et al. 1997).

Wild carnivores, such as wolves and lions, ingest much
creatine. For example, a 35 kg wolf would eat about 4 kg
of meat per day with a creatine content of approximately
30 mmol/kg, thus providing about 16 g creatine per day
(Harris et al. 1997). There is no information available on
creatine synthesis or concentrations in these animals, but
this amount is likely to be more creatine than the wolf
would require in a day.

@ Springer

Newly reported effects of creatine

Some effects of creatine may be related to the route taken
in the assimilation of dietary creatine, for instance the gas-
trointestinal tract and the liver are both exposed to dietary
creatine before it is taken up by muscles and other tissues.

Intestine

Intestinal epithelial cells are held together by tight and
adherens junctions in the apical junctional complex (Ivanov
et al. 2010). These structures are in close contact with the
F-actin filaments of the cytoskeleton, and ATP hydrolysis
is involved in their maintenance (Ivanov et al. 2010). These
structures are illustrated in Fig. 2. In inflammatory states,
the barrier function of the apical junction is disordered:
intestinal epithelial cells are exposed to a hypoxic environ-
ment. Hypoxia-inducible transcription factors (HIFs) are
activated in hypoxic situations. In the case of inflammatory
bowel disease, HIF upregulates genes for creatine kinase
and creatine supplementation in mouse colitis models has
been shown to attenuate the inflammatory response (Glover
et al. 2013). This may have clinical consequences, since
chronic inflammation associated with intestinal colitis is a
major risk factor for colitis-associated colon cancer. Thus,
these observations provide a compelling argument for cre-
atine supplementation as an adjuvant therapy to promote
epithelial restitution and ameliorate mucosal inflammation
via enhanced cellular energetics of intestinal epithelial cells
(Glover et al. 2013).

Brain

In a recent review, Joncquel-Chevalier Curt and cowork-
ers propose that creatine is a neurotransmitter in the CNS
which might modulate GABAergic and/or glutamatergic
neurons (Jonquel-Chevalier Curt et al. 2015).
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Fig. 2 Proposed creatine effect on barrier function in intestinal
mucosal cells. AJ apical junctional complex, CK creatine kinase, HIF
hypoxia-inducible factor, broad arrow activation of CK transcription
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Liver

We have observed that creatine supplements given to rats
fed a high-fat diet (35 % fat by weight) prevent the hepatic
steatosis which is usually observed in this model (Deminice
et al. 2011). Creatine supplementation has a similar effect
on Zucker fatty rats on a normal rodent diet (7 % fat by
weight) (unpublished observations). Liver would not nor-
mally contain much creatine since it synthesizes it for other
tissues, but in the supplemented rats the 11.7-fold elevation
of creatine concentration in plasma resulted in a sevenfold
increase in creatine in liver (unpublished observations).
Healthy liver does not express creatine kinase (Brosnan
et al. 1990) so there must be some more direct effect of
creatine rather than phosphocreatine on lipid synthesis or
oxidation or on energy metabolism (da Silva et al. 2014b).
It will be interesting to see whether a simple creatine sup-
plementation will also positively affect non-alcoholic fatty
liver disease (NAFLD) in humans.

Adipose tissue

A new function for creatine in adipose tissue has been pro-
posed by Kazak et al. (2015). They report that beige adipo-
cytes (white adipocytes turning brown-like) can use a novel
substrate cycle for thermogenesis. Mitochondria from these
cells can use the mitochondrial creatine kinase isoform to
phosphorylate creatine to phosphocreatine; creatine and
inorganic phosphate may then be liberated from phospho-
creatine with resultant heat production. Pharmacological
inhibition of creatine synthesis diminishes this thermogen-
esis mechanism. These data are in accord with the previ-
ously reported phenotype of knockout mice with both cyto-
solic and mitochondrial brain-type isoforms deleted that
present with a defect in thermoregulation and severe hypo-
thermia when exposed to the cold (Streijger et al. 2009).
These novel findings may have important implications for
patients (and experimental animals) with genetic defects in
creatine synthesis.

Conclusions and perspectives

Creatine is synthesized in the human from three amino
acids, glycine, arginine and methionine. While sufficient
creatine can be made in most people to replace the daily
losses as creatinine, it appears that omnivores who ingest
creatine in their diets tend to have higher levels of cre-
atine in plasma and muscle than do vegetarians. Creatine
synthesis in some individuals is compromised because of
mutations in the genes encoding AGAT or GAMT. Patients
who are homozygotes for an inborn error in one of these
enzymes will generally need supplementary creatine but it

is possible that even some heterozygotes have sufficiently
impaired creatine synthesis so that they too might benefit
from a dietary supplement. Inborn errors of glycine, argi-
nine or SAM synthesis may also interfere with creatine
synthesis, requiring an exogenous source of creatine.
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