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Biochemical and clinical characteristics of creatine deficiency
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Creatine deficiency syndromes are a newly described group of inborn errors of
creatine synthesis (arginine : glycine amidinotransferase (AGAT) deficiency and
guanidinoacetate methyltransferase (GAMT) deficiency) and of creatine transport
(creatine transporter (CRTR) deficiency). The common clinical feature of creatine
deficiency syndromes is mental retardation and epilepsy suggesting main involvement of cerebral gray matter. The typical biochemical abnormality of creatine deficiency syndromes is cerebral creatine deficiency, which is demonstrated by in vivo
proton magnetic resonance spectroscopy. Measurement of guanidinoacetate in body
fluids may discriminate between the GAMT (high concentration), AGAT (low concentration) and CRTR (normal concentration) deficiencies. Further biochemical characteristics include changes in creatine and creatinine concentrations in body fluids.
GAMT and AGAT deficiency are treatable by oral creatine supplementation, while
patients with CRTR deficiency do not respond to this type of treatment. The creatine
deficiency syndromes are underdiagnosed, so their possibility should be considered
in all children affected by unexplained mental retardation, seizures and speech delay.
.
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Creatine (a-methyl-guanidinoacetic acid)
and phosphocreatine play an essential role in
the storage and transmission of phosphate-bound energy. Despite the importance
of creatine, its metabolism and distribution in
humans are not well understood (Bianchi et
al., 2000).
Creatine is synthesized mainly in the liver
and pancreas by the action of arginine : glycine amidinotransferase (AGAT) and guanidinoacetate methyltransferase (GAMT).
Creatine reaches muscle and brain via an active transmembrane creatine transport system (CRTR). Creatine is then utilized in the
cellular pool of creatine/phosphocreatine,
which together with creatine kinase and
ATP/ADP provides a high energy phosphate
buffering system. Intracellular creatine and
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creatine phosphate are non-enzymatically
converted to creatinine, with a constant daily
turnover of 1.5% of body creatine. Creatinine
is excreted in urine and the daily urinary
creatinine excretion is directly proportional
to total body creatine (Fig. 1).
According to the metabolic pathway of
creatine, creatine deficiency syndromes may
be due to disorders of creatine synthesis including AGAT (MIM 602360) and GAMT
(MIM 601240) deficiency and disorders of
creatine transport including the transmembrane creatine transporter (CRTR, MIM
300036) deficiency. GAMT deficiency was recognized as the first inborn error of creatine
metabolism in 1994 (Stöckler et al., 1994),
and a few years later, AGAT deficiency (Item
et al., 2001) and CRTR (SLC6A8) deficiency
(Salomons et al., 2001) were described. Inheritance of GAMT and AGAT deficiency is
autosomal recessive, while CRTR deficiency
is X-linked. So far, about 20 patients with
GAMT deficiency, 4 patients with AGAT deficiency, and more than 20 patients with CRTR
deficiency have been diagnosed worldwide.

CLINICAL CHARACTERISTICS

Figure 1. Metabolic pathway of creatine/phosphocreatine.
AGAT, arginine : glycine amidinotransferase; GAMT,
guanidinoacetate methyltransferase; CRTR, creatine
transporter; CK, creatine kinase.

The main clinical symptoms observed in all
three creatine deficiency syndromes are:
mental retardation, seizures and speech delay. Patients with GAMT deficiency exhibit a
more complex clinical phenotype with severe
to mild presentation. The severe phenotype
includes intractable epilepsy, early global developmental delay, extrapyramidal movement disorder and abnormal signal intensities of the basal ganglia. Patients with the intermediate type exhibit moderate to severe
mental retardation, speech delay, behavioural
changes (autistic, hyperkinetic behaviour),
and epilepsy (treatable with common anticonvulsive drugs) with minor or unspecific
EEG changes. The few patients described so
far with the mild phenotype presented with
mental retardation, autistic behavior, and
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speech delay (Mercimek-Mahmutoglu et al.,
2004, submitted*). Interestingly, patients
with disorders of creatine synthesis and
creatine transport do not have signs of cardiac myopathy nor do they have pronounced
signs of skeletal myopathy, although muscle
tissue might be another site of creatine
depletion.
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sured by in vivo proton magnetic resonance
spectroscopy in white and gray matter and revealed profound generalized deficiency; 0.3
mmol/L (control values: 5.1 ± 0.9) and 0.2
mmol/L (control values: 5.5 ± 0.8), respectively (Stöckler et al., 1994).

BIOCHEMICAL AND MOLECULAR
DIAGNOSTICS
Extra- and intracellular creatine pool

Patients with disorders of creatine synthesis have systemic depletion of creatine and
creatine phosphate due to impairment of de
novo creatine biosynthesis. Patients with
CRTR deficiency — due to impairment of cellular creatine transport — have intracellular
depletion of creatine and creatine phosphate,
while extracellular (urinary) creatine concentrations are normal or even elevated.
Creatine in brain

A common denominator of GAMT, AGAT
and CRTR deficiency is depletion of the cerebral creatine pool. Direct measurement of total creatine levels in the brain is possible by in
vivo proton magnetic resonance spectroscopy: a complete lack of creatine, in the presence of a normal spectral pattern of the remaining metabolites, is a striking and unique
pattern. Creatine has a prominent proton
magnetic spectrum in the brain, and its deficiency cannot be overlooked (Fig. 2). However, still little is known about brain creatine
uptake and brain creatine distribution
(Bianchi et al., 2000). In the first described
patient with GAMT deficiency creatine and
phosphocreatine concentrations were mea-

Figure 2. In vivo proton magnetic resonance
spectroscopy (1H MRS) of the brain of a patient
with cerebral creatine deficiency due to GAMT
deficiency.
A. Complete lack of creatine resonance. B. Normalisation of creatine spectrum after 6 months of treatment
with oral creatine monohydrate.

Creatine in muscle

Muscle contains more than 90% of the body
creatine pool. As in the brain, creatine is
taken up from blood against a concentration
gradient by an active transporter (CRTR).
Creatine concentration was low in muscle biopsy of the first reported patient with GAMT

*Mercimek- Mahmutoglu S, Stöckler-Ipsiroglu S, Item CB et al., (2004) Clinical, biochemical and molecular characteristics of guanidinoacetate methyltransferase (GAMT) deficiency, a newly recognized inborn error of creatine
biosynthesis. Ann Neurol.; submitted.
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deficiency (2.4 mmol/g wet weight; normal
range: 25.3 ± 5.8) and in another patient with
GAMT deficiency muscle creatine, measured
by proton magnetic resonance spectroscopy,
was detectable, but lower than in normal controls (Ensenauer et al., 2000).
Creatine in body fluids

In patients with GAMT deficiency, plasma
and urinary creatine concentrations are low;
mean value — 18 mmol/L (normal range:
18–90 mmol/L) and 38–46 mmol/kg per 24 h
(normal range: 88–132 mmol/kg per 24 h), respectively (Schulze et al., 1997). In the proton
magnetic resonance spectroscopy of random
urine samples, of plasma and cerebrospinal
fluid the values were found to be below the detection limit: <5 mmol/mmol creatinine, undetectable and <2 mmol/L (control values:
30–1140 mmol/mmol creatinine, 100–264
mmol/L and 25–70 m/L), respectively
(Schulze et al., 1997).
In contrast, in patients with AGAT deficiency, plasma creatine was found to be
within the normal range in two patients: 122
and 95 mmol/L, and urinary creatine concentration was only moderately reduced (Bianchi
et al., 2000). Therefore, determination of
creatine in body fluids seems to be a specific
marker of GAMT deficiency, but not for
AGAT deficiency. In the patients with CRTR
deficiency, the urinary creatine excretion relative to the creatinine excretion is elevated,
and the ratio creatine/creatinine can be used
as a first biochemical diagnostic marker for
this disease.
Guanidinoacetate

The accumulation of guanidinoacetate in tissues and body fluids is pathognomonic for
GAMT deficiency, while levels below normal
are characteristic for AGAT deficiency.
Guanidinoacetate is not altered in CRTR
deficiency.
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Creatinine

Urinary creatinine excretion is directly related to the intracellular creatine pool. As the
cellular creatine pool is diminished both in
disorders of creatine synthesis and in disorders of creatine transport, assessment of the
daily creatinine excretion in 24-h urine samples may be helpful in the diagnosis of GAMT,
AGAT, and CRTR deficiency. However, in
various conditions with reduced muscle mass
(e.g. in newborns and very young infants and
in patients with muscle disease) this test may
not be reliable as it merely reflects an unspecific reduction of the body creatine pool.
Plasma creatinine concentrations have been
found both below and within (the lower) normal range in patients with creatine deficiency
syndromes. Therefore, determination of
plasma creatinine concentrations alone is not
a suitable diagnostic tool for the recognition
of these disorders.

Enzymatic diagnosis

GAMT and AGAT deficiency are confirmed
enzymatically by determination of the respective enzyme activities. The highest activities
are measured in liver biopsy samples. GAMT
is a monomeric, cytosolic protein (relative
molecular mass 31000) catalyzing the final
step in the biosynthesis of creatine by the
transfer of a methyl group from S-adenosylmethionine to guanidinoacetate (Fig. 1). The
GAMT activity in three control livers varied
between 34.1 to 38.2 units/g liver tissue and
the residual GAMT activity — below the limit
of detection, i.e. 1.9 units/g liver tissue
(Stöckler et al., 1996). For a less invasive diagnosis, sensitive assays for the measurement of GAMT and AGAT activities have
been developed in fibroblasts and virus (EBV)
transformed lymphoblasts. The GAMT activity determined in control human cultivated
fibroblasts, virus transformed lymphoblasts
and amniotic cells were as follows: 0.38–0.56,
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0.61–0.84 and 0.38–0.56 nmol/h per mg protein, respectively. The four described patients
with GAMT deficiency had the enzyme activity in fibroblasts and lymphoblasts below the
detection limit, i.e. <0.1 nmol/h per mg protein (Ilas et al., 2000).
A radiochemical assay for the determination
of AGAT activity in fibroblasts and lymphoblasts, based on the separation of radioactive
labelled substrate from reaction product by
HPLC, revealed no detectable activity in cell
lines from patients with AGAT deficiency (in
normal control cell lines the enzyme activity
was clearly measurable) (Item et al., 2001).
Moreover, for GAMT and AGAT assays the
method of stable isotope dilution has been introduced (Verhoeven et al., 2001).
The creatine transporter (CRTR) belongs to
the sodium-dependent plasma membrane
transporter family. CRTR deficiency may be
diagnosed by creatine uptake studies in cultured fibroblasts. Salomons et al. (2001) reported recently a non-radioactive creatine uptake method that allows the identification of
creatine uptake defect in cultured cells. In
fibroblasts of two unrelated patients affected
with creatine transporter deficiency the uptake defect was negligible, when the cells
were cultured at physiological creatine levels.
Only incubations at very high (500 mmol)
creatine levels resulted in some uptake (approximately 25% of the values found in control cells).
Mutation analysis

Molecular analysis of the GAMT, AGAT and
CRTR genes is available. Thirteen different
mutations located in various exons of the
GAMT gene have been found in patients with
GAMT deficiency (Item et al., 2002; 2004).
The four patients with AGAT deficiency
(three of them from the same pedigree) were
homozygous for the T149X nonsense mutation (Battini et al., 2002; Item et al., 2001; and
unpublished results). Different mutations
have also been identified in the CRTR defi-
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cient families (Bizzi et al., 2002; Hahn et al.,
2002; Salomons et al., 2001).
For a review of diagnostic procedures see
(Stöckler et al., 2003).
For an overview of clinical and biochemical
characteristics see Table 1 and (Stromberger
et al., 2003).

TREATMENT AND OUTCOME

The systemic creatine deficiency caused by
disorders of creatine synthesis (GAMT and
AGAT deficiency) can be corrected by oral
supplementation of creatinemonohydrate.
Dosages from 350 mg to 2 g/kg body weight
per day have been used in patients with
GAMT and AGAT deficiency. The dose of 350
mg/kg body weight per day is about 20 times
the daily creatine requirement and has been
reported not to induce side effects in healthy
volunteers (Greenhaff et al., 1993).
GAMT deficiency

The clinical response to oral creatine supplementation demonstrated in the first described patient with GAMT deficiency
(Stöckler et al., 1996) includes resolution of
extrapyramidal sings and symptoms, substantial developmental progress, improvement of
epilepsy and of general condition (Ganesan et
al., 1997; Schulze et al., 1997; Stöckler et al.,
1996). During the 25-month period of treatment almost complete recovery of brain
creatine was achieved. Although creatine
supplementation leads to a substantial clinical benefit, none of the patients has achieved
normal development.
The accumulation of guanidinoacetate cannot be sufficiently corrected by creatine
monohydrate supplementation alone. Therefore dietary restriction of arginine, which is
the rate limiting substrate for the synthesis of
guanidinoacetate, and substitution of ornithine, which competetively inhibits the synthesis of guanidinoacetate, is an additional
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therapeutic approach. Reduction of guanidinoacetate concentrations via competitive inhibition of AGAT activity by additional substitution with high doses of ornithine failed
(Stöckler et al., 1997). Restriction of dietary
arginine, which is the immediate precursor of
guanidinoacetate and AGAT substrate, has
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mg/kg) an almost complete restoration of the
extremely low pretreatment cerebral creatine
levels was obtained. The correction of cerebral creatine was accompanied by a favorable
clinical response as shown by significant improvement of highly abnormal developmental
scores (Battini et al., 2002; Bianchi et al.,

Table 1. Clinical and biochemical characteristics of GAMT, AGAT and CRTR deficiency and diagnostic tests
Disorder Clinical
Biochemical characteristics
Diagnostic test
Confirmation
characteristics
GAMT

AGAT

Mental retardation

Deficiency of brain creatine

Brain MRS

GAMT activity
(f,l)

Speech delay
Epilepsy
(intractable)

Accumulation of guac
Low creatinine and
creatine excretion

(Extra) pyramidal
symptoms & signs

GAMT
mutations
(b,f,l,dbs)

High urinary uric acid/
creatinine ratio

Guac u, p, csf, dbs
Creatinine 24 h urine
Creatine & creatinine
in CSF*
Creatine, creatinine,
uric acid in urine

Mental retardation

Brain MRS
Guac u, p, csf, dbs
Creatine urine
Creatinine 24 h urine

(Epilepsy)

Deficiency of brain creatine
Low guac excretion
Low creatine excretion ?
Low creatinine
excretion ?

AGAT activity
(f,l)
AGAT mutations
(b,f,l,dbs)

Mental retardation

Deficiency of brain creatine

Brain MRS

Speech delay

Low creatinine
excretion ?
High urinary creatine/
creatinine ratio

Creatinine 24 h urine

CRTR activity
(f,l)
CRTR mutation
(b,f,l)

Speech delay

CRTR

Epilepsy

Creatine and
creatinine urine

Abbrevations: Guac, guanidinoacetate; u, urine; p, plasma; csf, cerebrospinal fluid; dbs, dry blood spot sample; f,
fibroblasts; l, lymphoblasts; b, blood; ?, expected but not measured so far in respective patients. *Stöckler et al., 1997;
Schulze et al., 1997.

also failed to lower guanidinoacetate levels
(Schulze et al., 1998). Combined arginine restriction and ornithine supplementation can
decrease the elevated guanidinoacetate concentrations permanently. As shown in one patient, the correction of the metabolite pattern
is also associated with a significant improvement of the clinical outcome (Schulze et al.,
2003).
AGAT deficiency

In three patients with AGAT deficiency,
upon oral creatine supplementation (300

2000). As guanidinoacetate concentration is
low in AGAT deficiency, creatine substitution
alone might effectively prevent neurological
sequelae in early treated patients.
CRTR deficiency

Unlike in the patients with GAMT and
AGAT deficiency, in CRTR deficiency oral
creatine substitution does not result in an increase of brain creatine levels.
For a review of treatment see (Stöckler et
al., 2004).
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CONCLUSION

Up to now creatine deficiency syndromes
have been underdiagnosed. An alertness of
clinicians is necessary to identify new patients. Therefore it is important to establish
laboratories offering selective screening for
specific analytes (quantitative methods for
guanidinoacetate and creatine), as well as
combined MRI/MRS investigations in patients at clinical risk. For interpretation of
MRS results it is important to know that in
creatine deficiency syndromes the almost
complete lack of cerebral creatine is a striking
feature.

REFERENCES
Battini R, Leuzzi V, Carducci C et al. (2002)
Creatine depletion in a new case with AGAT
deficiency: clinical and genetic study in a
large pedigree. Mol Genet Metab.; 77:
326–31.
Bianchi MC, Tosetti M, Fornai F et al. (2000)
Reversible brain creatine deficiency in two
sisters with normal blood creatine level. Ann
Neurol.; 47: 511–3.
Bizzi A, Bugiani M, Salomons GS et al. (2002)
X-linked creatine deficiency syndrome: a
novel mutation in creatine transporter gene
SLC6A8. Ann Neurol.; 52: 227–31.
Ensenauer R, Thiel T, Schwab KO et al. (2000)
Presence of muscle creatine deficiency in a
patient with guanidinoacetate methyltransferase (GAMT) deficiency. J Inherit
Metab Dis.; 23 (suppl. 1): 212.

881

Hahn KA, Salomons GS, Tackels-Horne D et al.
(2002) X-liniked mental retardation with seizures and carrier manifestations is caused by
a mutation in the creatine-transporter gene
(SLC6A8) located in Xq28. Am J Hum
Genet.; 70: 1349–56.
Ilas J, Mühl A, Stöckler-Ipsiroglu S. (2000)
Guanidinoacetate methyltransferase (GAMT)
deficiency: non-invasive enzymatic diagnosis
of a newly recognized inborn error of metabolism. Clin Chim Acta.; 290: 179–88.
Item CB, Stöckler-Ipsiroglu S, Stromberger C et
al. (2001) Arginine:glycine amidinotransferase (AGAT) deficiency: the third inborn error of creatine metabolism in humans. Am J Hum Genet.; 69: 1127–33.
Item CB, Stromberger C, Mühl A et al. (2002)
Denaturing gradient electrophoresis for the
molecular characterization of six patients
with guanidinoacetate methyltransferase deficiency. Clin Chem.; 48: 767–9.
Item CB, Mercimek-Mahmutoglu S, Battini R et
al. (2004) Characterisation of seven novel
mutations in seven patients with GAMT deficiency. Hum Mutat.; 23: 524.
Salomons GS, van Dooren SJM, Bunea D,
Verhoeven NM, Degrauw TJ, Jakobs C.
(2001a) Creatine transporter deficiency: development of a new fuctional test for
creatine uptake in cultured cells. J Inher
Metab Dis.; 24 (Suppl. 1): 119.
Salomons GS, van Dooren SJ, Verhoeven NM et
al. (2001b) X-linked creatine-transporter gene
(SLC6A8) defect: a new creatine-deficiency
syndrome. Am J Hum Genet.; 68:
1497–1500.

Ganesan V, Johnson A, Connelly A et al. (1997)
Guanidinoacetate methyltransferase deficiency: New clinical features. Pediatr Neurol.;
17: 155–7.

Schulze A, Hess T, Wevers R, Echhardt S,
Surtees RAH. (1997) Creatine deficiency syndrome caused by guanidinoacetate
methyltransferase deficiency: diagnostic tools
or a new inborn error of metabolism. J
Pediatr.; 131: 626–31.

Greenhaff PL, Casey A, Short AH, Harris R,
Soderlund D, Hultman E. (1993) Influence of
oral creatine supplementation on muscle
torque during repeated bouts of maximal voluntary exercise in man. Clin Sci.; 187:
219–27.

Schulze A, Mayatepek E, Bachert P, Marescau
B, De Deyn PP, Rating D. (1998) Therapeutic
trial of arginine restriction in creatine deficiency syndrome. Eur J Pediatr.; 157: 606–7.

882

J. Sykut-Cegielska and others

Schulze A, Bachert P, Schlemmer H et al.
(2003) Lack of creatine in muscle and brain
in an adult with GAMT deficiency. Ann
Neurol.; 53: 248–51.
Stöckler S, Holzbach U, Hanefeld F et al. (1994)
Creatine deficiency in the brain: a new treatable inborn error of metabolism. Pediatr
Res.; 36: 409–13.
Stöckler S, Hanefeld F, Frahm J. (1996a)
Creatine replacement therapy in
guanidinoacetate methyltransferase deficiency, a novel inborn error of metabolism.
Lancet.; 348: 789–90.
Stöckler S, Isbrandt D, Hanefeld F, Schmidt B,
Figura von K. (1996b) Guanidinoacetate
methyltransferase deficiency: the first inborn
error of creatine metabolism in man. Am J
Hum Genet.; 58: 914–22.
Stöckler S, Marescau B, De Deyn PP, Trijbels
JMF, Hanefeld F. (1997) Guanidino compounds in guanidinoacetate methyltransferase deficiency, a new inborn error of
creatine synthesis. Metabolism.; 46: 1189–93.

2004

Stöckler-Ipsiroglu S, Stromberger C, Item CB,
Mühl A. (2003) Disorders of creatine metabolism. In Physician’s Guide to the Laboratory
Diagnosis of Metabolic Diseases. Blau N,
Duran M, Blaskovics ME, Gibson KM, eds,
pp 467–80. Springer Verlag, Heidelberg.
Stöckler-Ipsiroglu S, Battini R, de Grauw T,
Schulze A. (2004) Disorders of creatine metabolism. In Physician's Guide to the Treatment and Follow up of Metabolic Diseases.
Blau N, Hoffmann GF, Leonard J, Clarke
JTR, eds. Springer Verlag, Heidelberg, in
press.
Stromberger C, Bodamer O, Stöckler-Ipsiroglu
S. (2003) Clinical characteristics and diagnostic clues in inborn errors of creatine metabolism. J Inher Metab Dis.; 26: 299–308.
Verhoeven NM, Schor DSM, Roos B et al.
(2001) Stable isotope dilution enzyme assays
for the detection of inborn errors of creatine
synthesis. J Inher Metab Dis.; 24 (Suppl. 1):
118.

