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Cellular bioenergetics of guanidinoacetic acid: the role
of mitochondria
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Abstract Guanidinoacetic acid (GAA) is a natural precursor
of creatine, and a possible substrate for the creatine kinase
(CK) enzyme system, serving as a creatine mimetic. Its direct
role in cellular bioenergetics has been confirmed in several
studies, however GAA utilization by CK seems to be a
second-rate as compared to creatine, and compartment-depen-
dent. Here we discuss various factors that might affect GAA
use in high-energy phosphoryl transfer in the cytosol and
mitochondria.
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Introduction

Creatine / creatine kinase (CK) system is well recognized as a
major natural regulator of energy utilization in the cell. Its
controlling capacity to replenish cellular levels of adenosine
triphosphate (ATP) or accumulate immediate available cellu-
lar energy seems to be of particular importance for tissues with
high-energy turnover, such as skeletal muscle, heart and brain
(Wallimann et al. 2011). Both sufficient availability of CK
substrates (e.g. creatine, phosphocreatine, ATP) and function-
al catalysis are traditionally considered prerequisites for nor-
mal cellular bioenergetics (Wyss and Kaddurah-Daouk 2000).
Many studies have reported disturbed energy metabolism, and
structural and physiological abnormalities in different

disorders of creatine biosynthesis and/or transport
(Nasrallah et al. 2010). However, several studies
questioned the paradigm that creatine is essential in
temporal and spatial energy buffering. Mice deficient
in creatine due to knockout of the biosynthetic enzyme
(S-adenosylmethionine:guanidinoacetate methyltransfer-
ase, GAMT) were viable and showed only minor overt
abnormalities (Schmidt et al. 2004). Lygate et al.
(2013) reported unaltered exercise capacity and response
to chronic myocardial infarction in GAMT-deficient
knockout mice. Creatine-deficient mice voluntarily ran
just as fast and as far as controls (>10 km/night) and
performed the same level of work when tested to ex-
haustion on a treadmill, suggesting consistent bioener-
getics without creatine through unknown compen-
satory adaptation. Kan et al. (2004) indicated that
guanidinoacetic acid (GAA), a natural precursor of
creatine, might serve as an alternative energy donor,
and compensate for the lack of creatine. However, the
functional role of GAA in high-energy phosphoryl
transfer in health and disease is open to debate. In
addition, its possible bioenergetic utilization might be
compartment-dependent, and different in the cytosol
and within mitochondria.

Guanidinoacetic acid: an alternative or substitute
for creatine?

GAA (also known as glycocyamine or guanidinoacetate) is a
glycine derivative, and a direct precursor of creatine (Ostojic
et al. 2013). Besides its role in creatine synthesis (Fig. 1),
GAA has no known physiological role in the normal mamma-
lian metabolism.
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This intermediary product is synthesized from glycine and
arginine by the enzyme L-arginine:glycine amidinotranferase
(AGAT), with synthesis taking place mainly in the kidney and
pancreas. After transported to the liver (and pancreas), GAA is
methylated to yield creatine by the action of GAMT. Creatine
itself can be phosphorylated by CK to form phosphocreatine,
which is used as an energy reserve in skeletal muscles and the
brain. However, central nervous system insures its own crea-
tine synthesis through expression of AGAT, GAMT and the
creatine transporter, due to low permeability of blood brain
barrier for creatine (Braissant et al. 2010). Creatine deficiency
syndromes (CDS), a group of inborn errors of creatine syn-
thesis and transport, induce a notable deficiency of creatine/
phosphocreatine in the brain and an accumulation of GAA
(Schulze 2013), with creatine levels slightly reduced in skel-
etal muscle of patients with CDS (Schulze et al. 2003). In this
case, GAA can interact directly with CK and form phospho-
GAA that might act as a compensatory phosphagen, and an
energy reservoir for cellular bioenergetics (Boehm et al.
1996). However, the utilization of guanidinoacetate by CK
seems to depend on many physiological and pathophysiolog-
ical factors (Table 1).

During normal conditions, when availability of creatine is
unimpaired, the potential of GAA to act as a substrate for CK
is probably negligible. GAA competes with creatine, with the
flux through the CK reaction is~100 times lower for GAA as
compared to creatine in vitro (Rowley et al. 1971). The low
affinity of CK for GAA is probably due to the lack of the N-
methyl group, which is considered an important structural
feature for the CK reaction (James and Morrison 1966). On
the other hand, in creatine-deficient conditions GAA might
completely saturate CK and act as a substitutional
phosphagen. In GAMT-knockout mice, the resting metabolite

level of phospho-GAA (which is not normally present) did not
differ from the phosphocreatine peak in wild-type mice
(Lygate et al. 2013), implying a notable utilization of GAA
by CK. Creatine-deficient mice are able to cope with energet-
ically compromised conditions by using phospho-GAA (Kan
et al. 2004). However, animals showed a slower recovery after
ischemia and reduced enzyme kinetics. Dephosporylation of
phospho-GAA by CK seems to be a rate-limiting step in GAA
utilization (Lygate et al. 2013). This suggests that GAAmight
act as a possible proxy for creatine in CDS yet its ability for
replenishment of cellular energy seems inferior as compared
to creatine. In addition, it appears that GAA can be effective as
an energy donor under stress conditions (e.g. ischemia, acido-
sis) in creatine deficiency (Lim et al. 2010). This is probably
related to the chemical stability of unsubstituted internal nitro-
gen atom and the absence of the methyl group in GAA (El-
lington 2001). Elevated GAA levels were also found by
Amayreh et al. (2014) in the blood and cerebrospinal fluid
of patients with arginase deficiency, an autosomal recessive
disease caused by deficiency of arginase-1, yet the degree of
GAA utilization as an energy donor in this disorder is current-
ly unknown.

Mitochondrial utilization of guanidinoacetic acid

High-energy phosphoryl transfer through the CK system oc-
curs in both the cytosol and mitochondria. Separate CK iso-
enzymes and the highly diffusible CK reaction product (such
as phosphocreatine) provide a temporal and spatial energy
buffer to maintain cellular energy homeostasis (Schlattner
et al. 2006). Thus, the compartmental utilization by the CK
system depends on, at least, two factors: (1) the affinity of a
particular CK isoenzyme for a candidate phosphagen, and (2)
the favorable diffusion of a compound through mitochondrial
biomembranes. Boehm et al. (1996) reported that GAA is
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Fig. 1 Creatine synthesis pathway. GAA guanidinoacetic acid,
AGAT L -a rg in ine :g lyc ine amidinot ranferase , GAMT S -
adenosylmethionine:guanidinoacetate methyltransferase

Table 1 Various factors affecting GAA utilization by CK

Factors GAA utilization

Normal creatine availability ⇓

Transportability of GAA via biomembranes ⇓

Affinity of mitochondrial CK for GAA ⇓

Compartmental pH gradient (basic inside) ⇓ or⇔

CDS ⇑

Stress conditions in CDS (e.g. ischemia) ⇑⇑

Mitochondrial dysfunction ?

Exogenous administration of GAA ?

Abbreviations: GAA guanidinoacetic acid, CK creatine kinase, CDS cre-
atine deficiency syndromes

⇓ a decrease, ⇔ no effect, ⇑ an increase
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utilized by cytosolic CK in vivo. The accumulation of phos-
phorylated GAA and creatine in the cytosol was not signifi-
cantly different (as determined by measuring peak areas via
31P-NMR) although GAA and creatine has different reactiv-
ities in vitro. It seems that GAA can be readily utilized in a
living tissue containing high concentration of cytosolic CK,
and the rate of utilization might be determined by the ATPase
rate and not CK (Boehm et al. 1996). On the other hand, GAA
had no significant effect on the mitochondrial response to
ATP, suggesting low affinity of mitochondrial isoenzymes of
CK for GAA. Mitochondrial CK was unable to phosphorylate
GAA in isolated mitochondria and saponin-permeabilised
myocardial fibers (Boehm et al. 1996). This is probably due
to the octameric structure of mitochondrial CK that has a
lower structural affinity for GAA due to substrate size and
geometry. Another aspect that might limit mitochondrial uti-
lization of GAA is related to the saturation of the membrane
transporter required to deliver this compound into mitochon-
dria. Since GAA is transported through biomembranes via
creatine transporter (Tachikawa et al. 2009), when the creatine
concentration is high a membrane transport protein might be-
come saturated and inhibit GAA transport. However, creatine/
GAA transporter (SLC6A8; also known as CrT, CT1 and
CreaT) is located on the plasma membrane, and nothing is
known so far on the way creatine and/or GAA may enter or
exit the mitochondria through SLC6A8. The data published
on the potential localization of SLC6A8 in the mitochondrial
membranes were due to an antibody artifact (Speer et al.
2004). In addition, pH gradient inside the organelle (basic
inside) might limit the transfer of non-polar molecules (such
as GAA) into the mitochondria. Even if delivered to mito-
chondria in creatine-deficient conditions, the utilization of
GAA by the organelle is rather poor or absent. Insufficient
mitochondrial availability of GAA probably affects its net
high-energy phosphoryl transfer in the cell.

Conclusion

Guanidinoacetic acid is a possible energy donor in creatine
deficiency, yet its bioenergetics seems to be subordinate to
creatine due to gradual high-energy phosphoryl transfer, poor
delivery to mitochondria, and low affinity of mitochondrial
CK for GAA. Further studies are needed to evaluate GAA
compartment-dependent utilization in mitochondrial dysfunc-
tion and after exogenous administration of GAA. However,
caution should be taken before using GAA as an exogenous
energy-donor agent since enough GAA accumulation might
be deleterious in CDS (Hanna-El-Daher et al. 2015) and neg-
atively affect brain cell development.
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