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Introduction

Creatine (Cr) and phosphocreatine (PCr), together with cre-
atine kinases (CK), constitute an energy shuttle that links 
ATP production in mitochondria to the locations of ATP 
consumption, e.g. contractile machinery and ion pumps 
such as the plasmalemmal Na+/K+ ATPase and the sar-
colemmal Ca+2 ATPase (Nash et al. 1994; Wallimann et al. 
1992; Wyss and Kaddurah-Daouk 2000). Cells that are 
most reliant on the creatine energy shuttle, such as myo-
cytes and neurons, appear to have very limited, if any, such 
biosynthetic ability for endogenous generation of their own 
Cr (Russell et  al. 2014). Therefore, these cells depend on 
Cr uptake across the cell membrane by a specialized trans-
porter, the creatine transporter (CrT), to maintain proper 
intracellular Cr concentrations.

CrT is a symporter that uses the energy accumulated 
in the sodium gradient across the membrane to drive the 
“uphill” transport of Cr into the cell. During the transport 
cycle a Cl− ion is also translocated into the cell with a stoi-
chiometry of 2Na+:1Cl–;1Cr. Kinetic analyses demonstrate 
that the requirement for sodium is absolute, whereas trans-
port can still occur in the absence of chloride (Dai et  al. 
1999; Sora et  al. 1994). Its substrate selectivity has been 
carefully examined (Dai et al. 1999; Guimbal and Kilimann 
1993, 1994; Nash et  al. 1994; Saltarelli et  al. 1996; Sora 
et  al. 1994). Cr structural analogues 3-guanidinopropion-
ate (GPA), 3-guanidinobutyrate (GBA), guanidineacetic 
acid (GAA), cyclocreatine (cCr) are also transported, albeit 
with reduced efficiency compared to Cr, by CrT. Of par-
ticular importance, PCr, is not transported by CrT, nor 
does it compete with Cr for transport as it is the case for 
GPA, or GBA (Nash et  al. 1994; Saltarelli et  al. 1996). 
These properties of CrT, as regards to substrate selectivity 
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are explained by the structural constraints of the permea-
tion pathway as modeled using the available structural data 
(Christie 2007).

The gene encoding the creatine transporter protein (sol-
ute carrier, SLC6A8), has been cloned and sequenced (Dai 
et al. 1999; Nash et al. 1994; Sora et al. 1994) in humans. 
It predicts a membrane protein of 635 amino acids, which 
is highly conserved between species. Based on sequence 
homology, it has been classified as a member of the SLC6 
family of Na+/Cl−-dependent plasma membrane neu-
rotransmitter transporters, just like the transporters for 
taurine, proline and betaine (Kristensen et  al. 2011). CrT 
is proposed to have 12 transmembrane (TM) domains 
(Fig. 1), with the N- and C-termini localized on the cyto-
plasmic side of the membrane. High resolution structural 
data for a bacterial leucine transporter belonging to the 
same family of membrane transporter proteins as CrT have 
shed light on the general organization of these membrane 
proteins within the lipid bilayer (Yamashita et  al. 2005). 
Structure–function analysis using site-directed mutagen-
esis delineated amino acids within TM3 that are important 
for binding and permeation of Cr (Dodd and Christie 2001, 
2005, 2007). These data in combination with sequence 
homology have been used to propose structural models, 
largely based on the structural framework of bacterial leu-
cine transporter, and have been reviewed elsewhere (Chris-
tie 2007; van de Kamp et al. 2014).

The effects of lacking or suboptimal Cr transport func-
tion are most evident in patients suffering from inborn 
errors in the gene encoding CrT. These individuals have 
intellectual disabilities with severe speech delay (100 %), 
behavioral abnormalities (85 %), and seizures (59 %). The 
intellectual disabilities become more pronounced with age, 
and most adult patients have severe intellectual disabili-
ties (van de Kamp et  al. 2014). A murine model of CrT 

deficiency model has been developed that recapitulates 
some of the characteristics observed in patients afflicted 
by impaired CrT function. Transgenic CrT knock-out mice 
have impaired learning and memory capacity, and are thus 
considered a suitable model for testing therapies for cre-
atine transporter deficiencies (Hautman et al. 2014; Skelton 
et al. 2011).

Additionally, decreased cardiac Cr content is observed in 
human heart failure, most prominently during its advanced 
stages, regardless of its initial cause. Studies performed in 
humans and animal models of cardiac failure demonstrate 
that a decrease in Cr levels antedates a decrease in ATP lev-
els, the latter which is a hallmark of advanced cardiac fail-
ure (Maslov et al. 2010; Neubauer 2007).

There is ample evidence supporting the beneficial effects 
of dietary Cr supplementation in healthy individuals seek-
ing to increase athletic performance (Lanhers et al. 2015), 
as an adjuvant therapy for individuals suffering debili-
tating neurodegenerative diseases (Gualano et  al. 2012), 
and major depressive disorders (Lyoo et  al. 2012), and in 
animal models of ischemia (Perasso et al. 2013) and neu-
rodegenerative diseases (Beal 2011). The potential for 
therapeutic creatine augmentation in the setting of cardiac 
myopathies was demonstrated in mouse model of myo-
cardial infraction (Lygate et  al. 2012) and it has recently 
been reviewed elsewhere (Zervou et  al. 2015). Cr supple-
mentation has been reported to have a protective effect in 
neurons, myoblasts, and cardiomyocytes in culture when 
the cells are subjected to hypoxic and increased oxidative 
stressors (Adcock et al. 1999, 2002; Balestrino et al. 2002; 
Caretti et  al. 2010; Santacruz et  al. 2015a; Sartini et  al. 
2012). Similar positive results have been reported in studies 
of the effects of Cr supplementation in animal models of 
neonatal hypoxia (Allah Yar et al. 2015; Ellery et al. 2013), 
and in a study with human volunteers that evaluated the 

Fig. 1   Schematic representa-
tion of the proposed organiza-
tion of the CrT protein in the 
membrane. Adapted from 
models by Christie, and Parmod 
et al. (Christie 2007; Pramod 
et al. 2013). Transmembrane 
domains (TM) 1 ,3 ,6 ,8 (shaded 
in grey) contribute to the perme-
ation pathway as indicated by 
a Cr molecule and sodium ions 
(ovals) and a single chloride ion 
(triangle). N-linked glycosyla-
tion sites are depicted in the 
extracellular loop connecting 
TM 4 and 3
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effects of Cr supplementation on cognitive function during 
oxygen deprivation (Turner et  al. 2015). The mechanisms 
mediating the beneficial effect of Cr supplementation are 
not clear, however, and seem to be in addition to, or inde-
pendent of its role in the energy shuttle.

Given the role Cr plays in maintaining adequate energy 
reserves in metabolically active tissues, the reported ben-
efits of oral Cr supplementation, and the observations indi-
cating Cr levels are affected by disease, it is important to 
understand how Cr transport is regulated during health and 
disease. Although there has been progress characterizing Cr 
transport control, neither the structural components of this 
modulation, nor the cell signaling cascades involved, are 
fully understood. What follows is a summary of recently 
reported studies on the regulation of Cr transport.

Cr transport modulation by substrate availability

Intracellular Cr content in muscle cells is tightly maintained, 
as demonstrated by earlier studies in L6 rat myoblasts 
(Loike et  al. 1988) and, more recently, in cardiomyocytes 
(Darrabie et  al. 2011). In these cells, Cr transport appears 
to be largely regulated by extracellular substrate availability. 
Increases in extracellular Cr decrease the rate of Cr uptake, 
whereas decreases in Cr content increase Cr transport by 
changing the Vmax of transport without significantly altering 
Km. Interestingly, the negative feedback in response to ele-
vated extracellular Cr levels appears to depend on de novo 
protein synthesis (Loike et  al. 1988). Using an unbiased 
global gene array approach, thioredoxin interacting protein 
(Txnip) has been identified as important for both in  vitro 
and in vivo negative feedback regulation by increased intra-
cellular Cr (Zervou et al. 2013). Txnip is an α-arrestin with 
roles in redox regulation via inhibition of the denitrosylating 
enzyme, thioredoxin, which suggests a role for S-nitrosyla-
tion in the regulation of creatine transport. Further analysis 
in the murine heart has shown that in cardiac muscle Cr 
transport capacity modulation in response to creatine avail-
ability is primarily regulated by post-translational modifica-
tions of the CrT protein, rather than by changes in transcrip-
tion of the gene encoding CrT (ten Hove et al. 2008).

Cr transport is modulated by kinases 
and phosphatases

Previous studies of L6 myocytes (Loike et  al. 1988) and 
Xenopus oocytes expressing CrT protein (Dai et al. 1999) 
showed that PKC activation by the phorbol ester β-PMA 
reduced the Vmax for Cr transport. This reduction in Cr 
transport was also observed in cardiomyocytes in cul-
ture (Santacruz et al. 2015b). In contrast, Cr transport was 

enhanced after phosphatase PP1a/PP2a activity was inhib-
ited by Calyculin A (Santacruz et al. 2011), suggesting that 
the increase in Cr transport capacity in response to dimin-
ished Cr availability is mediated by changes in the phopho-
rylation state of CrT and/or a yet to be identified partner.

Taken together, these observations suggest that S and/or 
T residues in the CrT protein are the target of phosphoryla-
tion by PKC isoform(s). A reduction in transport has also 
been reported upon PKC activation in other closely related 
Na+/Cl− transporters, including GAT1, SERT, NET, and 
DAT. In these transporters, there is an increase in phospho-
rylation of the transporter proteins, which correlates with 
decreased substrate uptake and increased rates in transporter 
internalization (Kristensen et al. 2011). Our group used site-
directed mutagenesis to eliminate high probability PKC 
phosphorylation sites individually and in groups (Santacruz 
et  al. 2015b). The multisite CrT mutants included Y11, a 
residue that is predicted to be phosphorylated, although it 
is not a substrate of PKC. These amino acid substitutitons 
did not affect Cr transport regulation. Therefore, both the 
individual and multi-site CrT mutant proteins responded to 
PKC activation and substrate availability in a manner equiv-
alent to the wild type CrT (Santacruz et al. 2015b). Previ-
ous reports of changes in serine or tyrosine phosphorylation 
regulated CrT function (Wang et al. 2002; Zhao et al. 2002) 
are questionable due to the use of a commercially available 
antibody that was later found to be non-specific.

AMP-activated protein kinase AMPK (AMPK) regulates 
cellular energy homeostasis by switching off energy-con-
suming pathways in favor of energy-generating processes 
(Hardie et al. 2012). This modulates Cr transport in a tis-
sue-specific manner. In cardiomyocytes, AMPK activation 
reduces Cr transport by changing the Vmax for Cr trans-
port, likely through signaling cascades that alter trans-
porter protein content in the cell membrane, as also seen 
with GLUT4 transporter after cellular activation of AMPK 
(Lang and Foller 2014). In these cells, AMPK may serve as 
a positive and physiological regulator of Cr transport ensur-
ing that sufficient quantities of Cr are available to support 
myocellular function when cardiomyocytes are stressed 
(Darrabie et al. 2011). On the other hand, in kidney epithe-
lia, AMPK activation decreases CrT activity and expression 
in the apical membrane of kidney proximal tubule cells (Li 
et  al. 2010). In these cells, AMPK may mediate a tissue-
specific response that limits cellular metabolic demands 
by reducing apical Na+ entry, mitigating the load on baso-
lateral Na+/K+-ATPase activity and ATP consumption to 
maintain transcellular ionic gradients. It is not known if the 
CrT protein is a direct substrate of AMPK, and the mecha-
nisms by which AMPK modulates CrT function in a cell/
tissue-specific manner are yet to be revealed.

Cr transport is electrogenic, and the inward Na+ currents 
(ICrea) generated as a result of the translocation of Cr into 
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the cell can be recorded using the two-electrode voltage 
patch-clamp technique in Xenopus oocytes expressing CrT 
protein. Using this experimental approach, the effects of 
co-expression with kinases previously reported to modulate 
the function of other unrelated membrane transporters have 
been studied. CrT co-expression with Serum and Gluocor-
ticoid Inducible Kinases SGK1 and SGK3 (Shojaiefard 
et  al. 2005), Mammalian Target of Rapamycin-mTOR 
(Shojaiefard et  al. 2006) or mammalian Phosphatidylino-
sitol-3-phosphate-5-kinase PIKfyve (Strutz-Seebohm et al. 
2007) increase Cr transport in Xenopus oocytes. On the 
other hand, co-expression with Janus-Activated Kinase 2 
(JAK-2) (Shojaiefard et al. 2012) or SPS1-related Proline/
Alanine-rich Kinase (SPAK) and the Oxidative Stress-
Responsive Kinase 1 (OSR1) (Fezai et  al. 2014) decrease 
ICrea in Xenopus oocytes. None of these studies established 
that CrT protein was phosphorylated by the kinases, and 
the authors clearly state that these kinases could phospho-
rylate and thus modify the function of other signaling mol-
ecules involved in the regulation of CrT.

Other regulators of Cr transport

Co-expression of CrT protein with the β-glucoronidase Klotho 
(Almilaji et  al. 2014) increased Cr transport in Xenopus 
oocytes. Klotho regulates Na-coupled phosphate transport-
ers (Dermaku-Sopjani et al. 2011), Na+/K+ATPase (Sopjani 
et al. 2011), and excitatory amino acid transporters EAAT 3 
and EAAT4 (Almilaji et al. 2013). Although the mechanism 
mediating the increase in CrT function is not understood, the 
authors speculate that Klotho stabilizes the carrier protein in 
the cell membrane. Interestingly, enhanced CrT function was 
also observed following treatment of the oocytes with physi-
ological concentrations of the recombinant human Klotho pro-
tein, which appeared to depend on its glucorunidase activity.

The CrT protein is subjected to N-linked glycosylation 
at residues N192 and N197 (Fig. 1). Site-directed mutagen-
esis was used to replace the modified asparagine’s with 
structurally similar aspartate residues. The resulting pro-
teins retained creatine transport capacity, however they 
appeared to be inserted less efficiently into the cell mem-
brane (Straumann et al. 2006). A similar result was reported 
for other membrane proteins, such as the Shaker potassium 
channel, where N-linked glycosylation sites were ablated 
(Santacruz-Toloza et al. 1994).

Transcriptional and translational regulation 
of CrT

The majority of studies pertaining to the regulation of Cr 
transport capacity have focused on the modulation of the 

mature CrT protein’s function. However, recent studies are 
beginning to shed light on regulatory mechanisms that alter 
the transcription and translation of the CrT gene. Consen-
sus sites for Estrogen-related receptor-α (ERR α) have been 
identified upstream of the promoter region and within the first 
intron of the CrT gene (Brown et al. 2014). In skeletal mus-
cle, ERR α partners with members of the peroxisome prolif-
erator-activated receptor γ, coactivator-1 (PGC-1) PGC-1α 
and PGC-1β, to regulate the expression of genes involved in 
energy metabolism and substrate oxidation (Handschin and 
Spiegelman 2006). Brown et al. demonstrated that in L6 cells, 
PGC-1α and ERRα directly interact with the CrT gene and 
increase CrT mRNA and protein expression.

The RNA message encoding CrT is subject to alternative 
splicing, resulting in splice variants encoding truncated CrT 
proteins. In a recent study, it was demonstrated that two of 
these variants, while lacking Cr transport function, increase 
Cr transport through co-expression with the full-length CrT 
(Ndika et al. 2014). The mechanism mediating this increase 
involves enhanced trafficking during the biogenesis of the 
transporter, and perhaps an increase in the half-life of the 
mature CrT protein in the membrane, by “deflecting” ubiq-
uitinilation and, therefore, proteosomal degradation.

Concluding remarks

Current understanding of Cr transport modulation, 
although incomplete, clearly demonstrates that cells that 
depend on Cr transport to maintain intracellular Cr stores, 
control the creatine transporter very tightly. Some progress 
has occurred in the understanding of the regulation mecha-
nisms and signaling cascades important for Cr transport 
regulation. However, this understanding is fragmentary. 
The findings to date are, for the most part, derived from 
in  vitro cell culture systems. Thus, care should be taken 
when generalizing between cell types, since, although there 
is a unique CrT protein, its modulation is complex and tis-
sue-specific. For example, very little is known about how 
different neurons modulate Cr transport. Elucidation of 
the precise mechanisms for CrT modulation will allow for 
better-designed supplementation protocols tailored to the 
specific Cr transport capabilities of a target tissue or organ 
system. Part of this approach should include metabolomic, 
proteomic, and transcriptosomic profile analysis in order 
to shed light on why, within a given cohort of individuals, 
some respond to Cr supplementation and others do not e.g., 
responders vs non-responders. This is particularly relevant 
in view of clinical trials showing no beneficial effects of 
Cr supplementation in the elderly (Alves et al. 2013; Lobo 
et  al. 2015) and neurodegenerative diseases (Bender and 
Klopstock 2016) that were preceded by encouraging pre-
clinical trials (Beal 2011). Especially disappointing is the 
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outcome of the phase III Clinical Trial on Creatine sup-
plementation in early stage Parkinson Disease (http://par-
kinsontrial.ninds.nih.gov/netpd-LS1-study-termination.
htm). Although the trial was halted because “the results of 
an interim analysis showed that it was futile to complete 
the study because longer patient follow-up was not likely 
to demonstrate a statistically significant difference between 
creatine and placebo,” it demonstrated that long-term Cr 
oral supplementation is safe, with no adverse effects (Kie-
burtz et al. 2015). These negative outcomes underscore the 
need for a better understanding of Cr transport regulation 
as an essential guide to protocols that fully harness the 
therapeutic potential of Cr supplementation.

Acknowledgments  The support of the University of Texas Medi-
cal Branch, Galveston, its Institute for Translational Sciences, and 
Department of Surgery. We gratefully acknowledge Enrique Toloza 
for his assistance in the preparation of this manuscript.

Compliance with ethical standards 

Conflict of interest  No conflicts of interest, financial or otherwise, 
are declared by the author(s).

Research involving human participants and/or animals  Not 
applicable (No human subjects or animals were used in the preparation 
of this mini-review).

Informed consent  Not applicable (The preparation of this mini-
review did not involve research requiring informed consent).

References

Adcock KH, Nedelcu J, Loenneker T, Martin E, Wallimann T, Wagner 
BP (2002) Neuroprotection of creatine supplementation in neo-
natal rats with transient cerebral hypoxia-ischemia. Dev Neuro-
sci 24:382–388. doi:10.1159/000069043

Allah Yar R, Akbar A, Iqbal F (2015) Creatine monohydrate sup-
plementation for 10  weeks mediates neuroprotection and 
improves learning/memory following neonatal hypoxia ischemia 
encephalopathy in female albino mice. Brain Res 1595:92–100. 
doi:10.1016/j.brainres.2014.11.017

Almilaji A et  al (2013) Klotho sensitivity of the neuronal excita-
tory amino acid transporters EAAT3 and EAAT4. PLoS ONE 
8:e70988. doi:10.1371/journal.pone.0070988

Almilaji A et  al (2014) Upregulation of the creatine transporter 
Slc6A8 by Klotho. Kidney Blood Press Res 39:516–525. 
doi:10.1159/000368462

Alves CR et  al (2013) Creatine supplementation associated or not 
with strength training upon emotional and cognitive measures 
in older women: a randomized double-blind study. PLoS ONE 
8:e76301. doi:10.1371/journal.pone.0076301

Balestrino M, Rebaudo R, Lunardi G (1999) Exogenous creatine 
delays anoxic depolarization and protects from hypoxic damage: 
dose-effect relationship. Brain Res 816:124–130

Balestrino M et  al (2002) Role of creatine and phosphocreatine in 
neuronal protection from anoxic and ischemic damage. Amino 
Acids 23:221–229. doi:10.1007/s00726-001-0133-3

Beal MF (2011) Neuroprotective effects of creatine. Amino Acids 
40:1305–1313. doi:10.1007/s00726-011-0851-0

Bender A, Klopstock T (2016) Creatine for neuroprotection in neu-
rodegenerative disease: end of story? Amino Acids. doi:10.1007/
s00726-015-2165-0

Brown EL, Snow RJ, Wright CR, Cho Y, Wallace MA, Kralli 
A, Russell AP (2014) PGC-1alpha and PGC-1beta increase 
CrT expression and creatine uptake in myotubes via ERRal-
pha. Biochim Biophys Acta 1843:2937–2943. doi:10.1016/j.
bbamcr.2014.08.010

Caretti A, Bianciardi P, Sala G, Terruzzi C, Lucchina F, Samaja M 
(2010) Supplementation of creatine and ribose prevents apopto-
sis in ischemic cardiomyocytes. Cell Physiol Biochem 26:831–
838. doi:10.1159/000323992

Christie D (2007) Functional insights into the creatine transporter. 
Subcell Biochem 46:99–118

Dai W, Vinnakota S, Qian X, Kunze D, Sarkar H (1999) Molecu-
lar characterization of the human CRT-1 creatine transporter 
expressed in Xenopus oocytes. Arch Biochem Biophys 361:75–
84. doi:10.1006/abbi.1998.0959

Darrabie MD, Arciniegas AJ, Mishra R, Bowles DE, Jacobs DO, San-
tacruz L (2011) AMPK and substrate availability regulate cre-
atine transport in cultured cardiomyocytes. Am J Physiol Endo-
crinol Metab 300:E870–E876. doi:10.1152/ajpendo.00554.2010

Dermaku-Sopjani M et  al (2011) Downregulation of NaPi-IIa 
and NaPi-IIb Na-coupled phosphate transporters by coex-
pression of Klotho. Cell Physiol Biochem 28:251–258. 
doi:10.1159/000331737

Dodd J, Christie D (2001) Cysteine 144 in the third transmembrane 
domain of the creatine transporter is located close to a substrate-
binding site. J Biol Chem 276:46983–46988. doi:10.1074/jbc.
M107137200

Dodd J, Christie D (2005) Substituted cysteine accessibility of the 
third transmembrane domain of the creatine transporter: defin-
ing a transport pathway. J Biol Chem 280:32649–32654. 
doi:10.1074/jbc.M506723200

Dodd J, Christie D (2007) Selective amino acid substitutions con-
vert the creatine transporter to a gamma-aminobutyric acid 
transporter. J Biol Chem 282:15528–15533. doi:10.1074/jbc.
M611705200

Ellery SJ, Ireland Z, Kett MM, Snow R, Walker DW, Dickinson H 
(2013) Creatine pretreatment prevents birth asphyxia-induced 
injury of the newborn spiny mouse kidney. Pediatr Res 73:201–
208. doi:10.1038/pr.2012.174

Fezai M, Elvira B, Borras J, Ben-Attia M, Hoseinzadeh Z, Lang F 
(2014) Negative regulation of the creatine transporter SLC6A8 
by SPAK and OSR1. Kidney Blood Press Res 39:546–554. 
doi:10.1159/000368465

Gualano B, Roschel H, Lancha-Jr AH, Brightbill CE, Rawson ES 
(2012) In sickness and in health: the widespread applica-
tion of creatine supplementation. Amino Acids 43:519–529. 
doi:10.1007/s00726-011-1132-7

Guimbal C, Kilimann M (1993) A Na(+)-dependent creatine trans-
porter in rabbit brain, muscle, heart, and kidney. cDNA cloning 
and functional expression. J Biol Chem 268:8418–8421

Guimbal C, Kilimann M (1994) A creatine transporter cDNA from 
Torpedo illustrates structure/function relationships in the GABA/
noradrenaline transporter family. J Mol Biol 241:317–324. 
doi:10.1006/jmbi.1994.1507

Handschin C, Spiegelman BM (2006) Peroxisome proliferator-acti-
vated receptor gamma coactivator 1 coactivators, energy homeo-
stasis, and metabolism. Endocr Rev 27:728–735. doi:10.1210/
er.2006-0037

Hardie DG, Ross FA, Hawley SA (2012) AMPK: a nutrient and 
energy sensor that maintains energy homeostasis. Nat Rev Mol 
Cell Biol 13:251–262. doi:10.1038/nrm3311

Hautman ER, Kokenge AN, Udobi KC, Williams MT, Vorhees CV, 
Skelton MR (2014) Female mice heterozygous for creatine 

http://parkinsontrial.ninds.nih.gov/netpd-LS1-study-termination.htm
http://parkinsontrial.ninds.nih.gov/netpd-LS1-study-termination.htm
http://parkinsontrial.ninds.nih.gov/netpd-LS1-study-termination.htm
http://dx.doi.org/10.1159/000069043
http://dx.doi.org/10.1016/j.brainres.2014.11.017
http://dx.doi.org/10.1371/journal.pone.0070988
http://dx.doi.org/10.1159/000368462
http://dx.doi.org/10.1371/journal.pone.0076301
http://dx.doi.org/10.1007/s00726-001-0133-3
http://dx.doi.org/10.1007/s00726-011-0851-0
http://dx.doi.org/10.1007/s00726-015-2165-0
http://dx.doi.org/10.1007/s00726-015-2165-0
http://dx.doi.org/10.1016/j.bbamcr.2014.08.010
http://dx.doi.org/10.1016/j.bbamcr.2014.08.010
http://dx.doi.org/10.1159/000323992
http://dx.doi.org/10.1006/abbi.1998.0959
http://dx.doi.org/10.1152/ajpendo.00554.2010
http://dx.doi.org/10.1159/000331737
http://dx.doi.org/10.1074/jbc.M107137200
http://dx.doi.org/10.1074/jbc.M107137200
http://dx.doi.org/10.1074/jbc.M506723200
http://dx.doi.org/10.1074/jbc.M611705200
http://dx.doi.org/10.1074/jbc.M611705200
http://dx.doi.org/10.1038/pr.2012.174
http://dx.doi.org/10.1159/000368465
http://dx.doi.org/10.1007/s00726-011-1132-7
http://dx.doi.org/10.1006/jmbi.1994.1507
http://dx.doi.org/10.1210/er.2006-0037
http://dx.doi.org/10.1210/er.2006-0037
http://dx.doi.org/10.1038/nrm3311


2054 L. Santacruz, D. O. Jacobs

1 3

transporter deficiency show moderate cognitive deficits. J Inherit 
Metab Dis 37:63–68. doi:10.1007/s10545-013-9619-x

Kieburtz K et  al (2015) Effect of creatine monohydrate on clinical 
progression in patients with Parkinson disease: a randomized 
clinical trial. JAMA 313:584–593. doi:10.1001/jama.2015.120

Kristensen AS et  al (2011) SLC6 neurotransmitter transporters: 
structure, function, and regulation. Pharmacol Rev 63:585–640. 
doi:10.1124/pr.108.000869

Lang F, Foller M (2014) Regulation of ion channels and transporters 
by AMP-activated kinase (AMPK). Channels (Austin) 8:20–28. 
doi:10.4161/chan.27423

Lanhers C, Pereira B, Naughton G, Trousselard M, Lesage FX, 
Dutheil F (2015) Creatine Supplementation and Lower Limb 
strength performance: a systematic review and meta-analyses. 
Sports Med 45:1285–1294. doi:10.1007/s40279-015-0337-4

Li H et  al (2010) Regulation of the creatine transporter by AMP-
activated protein kinase in kidney epithelial cells. Am J Physiol 
Renal Physiol 299:F167–F177. doi:10.1152/ajprenal.00162.2010

Lobo DM et al (2015) Effects of long-term low-dose dietary creatine 
supplementation in older women. Exp Gerontol 70:97–104. 
doi:10.1016/j.exger.2015.07.012

Loike JD, Zalutsky DL, Kaback E, Miranda AF, Silverstein SC (1988) 
Extracellular creatine regulates creatine transport in rat and 
human muscle cells. Proc Natl Acad Sci USA 85:807–811

Lygate CA et al (2012) Moderate elevation of intracellular creatine by 
targeting the creatine transporter protects mice from acute myo-
cardial infarction. Cardiovasc Res 96:466–475. doi:10.1093/cvr/
cvs272

Lyoo IK et al (2012) A randomized, double-blind placebo-controlled 
trial of oral creatine monohydrate augmentation for enhanced 
response to a selective serotonin reuptake inhibitor in women 
with major depressive disorder. Am J Psychiatry 169:937–945. 
doi:10.1176/appi.ajp.2012.12010009

Maslov MY, Chacko VP, Hirsch GA, Akki A, Leppo MK, Steenber-
gen C, Weiss RG (2010) Reduced in  vivo high-energy phos-
phates precede adriamycin-induced cardiac dysfunction. Am 
J Physiol Heart Circ Physiol 299:H332–H337. doi:10.1152/
ajpheart.00727.2009

Nash S et  al (1994) Cloning, pharmacological characterization, and 
genomic localization of the human creatine transporter. Recep-
tors Channels 2:165–174

Ndika JD et  al (2014) Post-transcriptional regulation of the creatine 
transporter gene: functional relevance of alternative splic-
ing. Biochim Biophys Acta 1840:2070–2079. doi:10.1016/j.
bbagen.2014.02.012

Neubauer S (2007) The failing heart—an engine out of fuel. N Engl J 
Med 356:1140–1151. doi:10.1056/NEJMra063052

Perasso L, Spallarossa P, Gandolfo C, Ruggeri P, Balestrino M (2013) 
Therapeutic use of creatine in brain or heart ischemia: avail-
able data and future perspectives. Med Res Rev 33:336–363. 
doi:10.1002/med.20255

Pramod AB, Foster J, Carvelli L, Henry LK (2013) SLC6 transport-
ers: structure, function, regulation, disease association and 
therapeutics. Mol Aspects Med 34:197–219. doi:10.1016/j.
mam.2012.07.002

Russell AP et  al (2014) Creatine transporter (SLC6A8) knockout 
mice display an increased capacity for in  vitro creatine bio-
synthesis in skeletal muscle. Front Physiol 5:314. doi:10.3389/
fphys.2014.00314

Saltarelli M, Bauman A, Moore K, Bradley C, Blakely R (1996) 
Expression of the rat brain creatine transporter in  situ and in 
transfected HeLa cells. Dev Neurosci 18:524–534

Santacruz L, Darrabie MD, Mishra R, Arciniegas J, Pinilla M, Jacobs 
DO (2011) Doxorubicin disruption of creatine transport in car-
diomyocytes is prevented by PP1A/PP2 inhibition. FASEB J 
25:1033–1037

Santacruz L, Darrabie MD, Mantilla JG, Mishra R, Feger BJ, Jacobs 
DO (2015a) Creatine supplementation reduces doxorubicin-
induced cardiomyocellular injury. Cardiovasc Toxicol 15:180–
188. doi:10.1007/s12012-014-9283-x

Santacruz L, Darrabie MD, Mishra R, Jacobs DO (2015b) Removal 
of potential phosphorylation sites does not alter creatine Trans-
porter response to PKC or substrate availability. Cell Physiol 
Biochem 37:353–360. doi:10.1159/000430359

Santacruz-Toloza L, Huang Y, John SA, Papazian DM (1994) Glyco-
sylation of shaker potassium channel protein in insect cell cul-
ture and in Xenopus oocytes. Biochemistry 33:5607–5613

Sartini S et  al (2012) Creatine affects in  vitro electrophysiologi-
cal maturation of neuroblasts and protects them from oxidative 
stress. J Neurosci Res 90:435–446. doi:10.1002/jnr.22762

Shojaiefard M, Christie D, Lang F (2005) Stimulation of the creatine 
transporter SLC6A8 by the protein kinases SGK1 and SGK3. 
Biochem Biophys Res Commun 334:742–746. doi:10.1016/j.
bbrc.2005.06.164

Shojaiefard M, Christie D, Lang F (2006) Stimulation of the cre-
atine transporter SLC6A8 by the protein kinase mTOR. Bio-
chem Biophys Res Commun 341:945–949. doi:10.1016/j.
bbrc.2006.01.055

Shojaiefard M, Hosseinzadeh Z, Bhavsar SK, Lang F (2012) Down-
regulation of the creatine transporter SLC6A8 by JAK2. J 
Membr Biol 245:157–163. doi:10.1007/s00232-012-9424-8

Skelton MR, Schaefer TL, Graham DL, Degrauw TJ, Clark JF, Wil-
liams MT, Vorhees CV (2011) Creatine transporter (CrT; Slc6a8) 
knockout mice as a model of human CrT deficiency. PLoS One 
6:e16187. doi:10.1371/journal.pone.0016187

Sopjani M et al (2011) Regulation of the Na +/K + ATPase by Klotho. 
FEBS Lett 585:1759–1764. doi:10.1016/j.febslet.2011.05.021

Sora I et  al (1994) The cloning and expression of a human creatine 
transporter. Biochem Biophys Res Commun 204:419–427

Straumann N, Wind A, Leuenberger T, Wallimann T (2006) Effects 
of N-linked glycosylation on the creatine transporter. Biochem J 
393:459–469. doi:10.1042/BJ20050857

Strutz-Seebohm N, Shojaiefard M, Christie D, Tavare J, Seebohm G, 
Lang F (2007) PIKfyve in the SGK1 mediated regulation of the 
creatine transporter SLC6A8. Cell Physiol Biochem 20:729–
734. doi:10.1159/000110433

ten Hove M et al (2008) Creatine uptake in mouse hearts with geneti-
cally altered creatine levels. J Mol Cell Cardiol 45:453–459. 
doi:10.1016/j.yjmcc.2008.05.023

Turner CE, Byblow WD, Gant N (2015) Creatine supplementa-
tion enhances corticomotor excitability and cognitive perfor-
mance during oxygen deprivation. J Neurosci 35:1773–1780. 
doi:10.1523/JNEUROSCI.3113-14.2015

van de Kamp JM, Mancini GM, Salomons GS (2014) X-linked 
creatine transporter deficiency: clinical aspects and patho-
physiology. J Inherit Metab Dis 37:715–733. doi:10.1007/
s10545-014-9713-8

Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger HM 
(1992) Intracellular compartmentation, structure and function of 
creatine kinase isoenzymes in tissues with high and fluctuating 
energy demands: the ‘phosphocreatine circuit’ for cellular energy 
homeostasis. Biochem J 281 (Pt 1):21–40

Wang W, Jobst M, Bell B, Zhao C, Shang L, Jacobs D (2002) Cr sup-
plementation decreases tyrosine phosphorylation of the CreaT in 
skeletal muscle during sepsis. Am J Physiol Endocrinol Metab 
282:E1046–E1054. doi:10.1152/ajpendo.00506.2001

Wyss M, Kaddurah-Daouk R (2000) Creatine and creatinine metabo-
lism Physiol Rev 80:1107–1213

Yamashita A, Singh SK, Kawate T, Jin Y, Gouaux E (2005) Crystal 
structure of a bacterial homologue of Na +/Cl–dependent neu-
rotransmitter transporters Nature 437:215-223. doi:10.1038/
nature03978

http://dx.doi.org/10.1007/s10545-013-9619-x
http://dx.doi.org/10.1001/jama.2015.120
http://dx.doi.org/10.1124/pr.108.000869
http://dx.doi.org/10.4161/chan.27423
http://dx.doi.org/10.1007/s40279-015-0337-4
http://dx.doi.org/10.1152/ajprenal.00162.2010
http://dx.doi.org/10.1016/j.exger.2015.07.012
http://dx.doi.org/10.1093/cvr/cvs272
http://dx.doi.org/10.1093/cvr/cvs272
http://dx.doi.org/10.1176/appi.ajp.2012.12010009
http://dx.doi.org/10.1152/ajpheart.00727.2009
http://dx.doi.org/10.1152/ajpheart.00727.2009
http://dx.doi.org/10.1016/j.bbagen.2014.02.012
http://dx.doi.org/10.1016/j.bbagen.2014.02.012
http://dx.doi.org/10.1056/NEJMra063052
http://dx.doi.org/10.1002/med.20255
http://dx.doi.org/10.1016/j.mam.2012.07.002
http://dx.doi.org/10.1016/j.mam.2012.07.002
http://dx.doi.org/10.3389/fphys.2014.00314
http://dx.doi.org/10.3389/fphys.2014.00314
http://dx.doi.org/10.1007/s12012-014-9283-x
http://dx.doi.org/10.1159/000430359
http://dx.doi.org/10.1002/jnr.22762
http://dx.doi.org/10.1016/j.bbrc.2005.06.164
http://dx.doi.org/10.1016/j.bbrc.2005.06.164
http://dx.doi.org/10.1016/j.bbrc.2006.01.055
http://dx.doi.org/10.1016/j.bbrc.2006.01.055
http://dx.doi.org/10.1007/s00232-012-9424-8
http://dx.doi.org/10.1371/journal.pone.0016187
http://dx.doi.org/10.1016/j.febslet.2011.05.021
http://dx.doi.org/10.1042/BJ20050857
http://dx.doi.org/10.1159/000110433
http://dx.doi.org/10.1016/j.yjmcc.2008.05.023
http://dx.doi.org/10.1523/JNEUROSCI.3113-14.2015
http://dx.doi.org/10.1007/s10545-014-9713-8
http://dx.doi.org/10.1007/s10545-014-9713-8
http://dx.doi.org/10.1152/ajpendo.00506.2001
http://dx.doi.org/10.1038/nature03978
http://dx.doi.org/10.1038/nature03978


2055Structural correlates of the creatine transporter function regulation: the undiscovered country

1 3

Zervou S et  al (2013) A role for thioredoxin-interacting protein 
(Txnip) in cellular creatine homeostasis. Am J Physiol Endo-
crinol Metab 305:E263–E270. doi:10.1152/ajpendo.00637.2012

Zervou S, Whittington HJ, Russell AJ, Lygate CA (2015) Augmenta-
tion of creatine in the heart Mini Rev Med Chem

Zhao CR, Shang L, Wang W, Jacobs DO (2002) Myocellular creatine 
and creatine transporter serine phosphorylation after starvation. J 
Surg Res 105:10–16. doi:10.1006/jsre.2002.6431

http://dx.doi.org/10.1152/ajpendo.00637.2012
http://dx.doi.org/10.1006/jsre.2002.6431

	Structural correlates of the creatine transporter function regulation: the undiscovered country
	Abstract 
	Introduction
	Cr transport modulation by substrate availability
	Cr transport is modulated by kinases and phosphatases
	Other regulators of Cr transport
	Transcriptional and translational regulation of CrT
	Concluding remarks
	Acknowledgments 
	References




