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ABSTRACT
Purpose Cyclocreatine, a creatine analog, is a candidate drug
for treating patients with cerebral creatine deficiency syn-
dromes (CCDSs) caused by creatine transporter (CRT,
SLC6A8) deficiency, which reduces brain creatine level. The
purpose of this study was to clarify the characteristics of cyclo-
creatine transport in HEK293 cells, which highly express en-
dogenous CRT, in hCMEC/D3 cells, a human blood-brain
barrier (BBB) model, and in CCDSs patient-derived fibro-
blasts with CRT mutations.
Methods Cells were incubated at 37°C with [14C]cyclocreatine
(9 μM) and [14C]creatine (9 μM) for specified periods of times in
the presence or absence of inhibitors, while the siRNAs were
transfected by lipofection. Protein expression andmRNAexpres-
sion were quantified using targeted proteomics and quantitative
PCR, respectively.
Results [14C]Cyclocreatine was taken up by HEK293 cells in a
time-dependent manner, while exhibiting saturable kinetics.

The inhibition and siRNA knockdown studies demonstrated
that the uptake of [14C]cyclocreatine by both HEK293 and
hCMEC/D3 cells was mediated predominantly by CRT as well
as [14C]creatine. In addition, uptake of [14C]cyclocreatine and
[14C]creatine by the CCDSs patient-derived fibroblasts was
found to be largely reduced.
Conclusion The present study suggests that cyclocreatine is a
CRT substrate, where CRT is the predominant contributor
to influx of cyclocreatine into the brain at the BBB. Our find-
ings provide vital insights for the purposes of treating CCDSs
patients using cyclocreatine.
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ABBREVIATIONS
ADP Adenosine diphosphate
AGAT L-Arginine: glycine amidinotransferase
ATP Adenosine triphosphate
BAP31 B cell receptor-associated protein
BBB Blood-brain barrier
bFGF Basic fibroblast growth factor
CaMK2a Ca2+/calmodulin-dependent protein kinase a
CCDSs Cerebral creatine deficiency syndromes
CRT Creatine transporter
DMEM Dulbecco’s modified Eagle medium
FBS Fetal bovine serum
GAMT Guanidinoacetate methyltransferase
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GC Graphite carbon
GPA β-guanidinopropionic acid
HBSS Hank’s balanced salt solution
hCMEC Human cerebral microvascular endothelial cell
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
MRM Multiple reaction monitoring
PTS Phase-transfer surfactant
SDB Styrene-divinylbenzene
SLC6A8 Solute carrier family 6 member 8

INTRODUCTION

Cerebral creatine deficiency syndromes (CCDSs) are the sec-
ond most common cause of chromosomeX-linked intellectual
disability (1), where patients with CCDSs display signs of var-
ious neurodevelopmental disorders, including delays in
speech, language, seizures, intellectual disability, autistic spec-
trum disorder, and epilepsy (2–4). Creatine plays a vital role in
ATP storage by the creatine shuttle in vivo (5). The reduction in
brain creatine levels in CCDSs patients is known to be caused
by gene mutations in both L-arginine: glycine amidinotrans-
ferase (AGMT) and guanidinoacetate methyltransferase
(GAMT), which are involved in creatine synthesis in the pe-
ripheral tissues and brain (6,7), and creatine transporter
(CRT), which is involved in the supply of creatine to the brain
from the bloodstream (8). In cases where CCDSs is caused by
mutations of AGMT and GAMT, oral creatine supplementa-
tion can be effective, where this type of CCDSs is curable
(9,10). However, in cases where CCDSs are caused by CRT
deficiency, oral creatine supplementation is not effective, as
the brain creatine levels have not been elevated (11–13).
Currently, no effective treatment is available for patients with
CCDSs caused by CRT deficiency.

CRT is a membrane protein encoded by the SLC6A8,
which mediates the uptake of creatine, while being coupled
with Na+ andCl− (14). The reported number of missense gene
mutations or deletions in CRT in CCDSs patients is at least
50 mutations (15). We and others have demonstrated, previ-
ously, that gene mutations of CRT in patients with CCDSs
can result in the reduction of creatine transport in overex-
pressed cells (16–18). In the brain, CRT is mainly expressed
in brain capillary endothelial cells, which form the blood-
brain barrier (BBB) (8), as well as in neurons (19,20). We have

reported that CRT can be a major supplier of creatine to the
brain across the BBB (8). It was also reported that brain cre-
atine levels in vivo were dramatically reduced in CRT knock-
out mice (21–23). Thus, the dysfunction of CRT in the BBB
and neurons by missense gene mutations or gene deletion
could cause the reduction of creatine in the brain.

A therapeutic strategy for patients with CCDSs caused by
gene mutations or deletion in CRT is to supply creatine ana-
logues that can cross the BBB, which allow the uptake into the
neurons through the CRT independent transport system.
Cyclocreatine (Fig. 1) is a promising creatine analogue for the
treatment of patient with CCDSs, since cyclocreatine is able to
function as the creatine shuttle in the brain (24), while cyclo-
creatine improves the cognitive behavior of the neuron-specific
CRT knockout mice through oral administration (25). With
that, cyclocreatine was detected in the mouse brain after oral
administration in the wild type mouse as well as in the neuron-
specific CRT knockout mouse (25). Cyclocreatine entry into the
brain via BBB was still undetermined, where the uptake by
neurons could be involved in terms of passive diffusion or via
transporters other than CRT. Lipophilicity (Log n-octanol/
Ringer distribution coefficient) of cyclocreatine and creatine
were not significantly changed to explain the increase in the
passive diffusion rate (−2.25 and− 2.16, respectively, referenced
from the Chemistry Dashboard in United States Environmental
Protection Agency). Thus, the transport mechanism involved in
the cyclocreatine uptake was not fully identified yet.

Cyclocreatine and creatine contain a monocarboxylic acid
group, which is normally transported via solute carrier (SLC)
transporters (14,26). Hence, we proposed that cyclocreatine
transport may be mediated via saturable transporters that
include CRT (SLC6A8). In addition, it remains unclear how
CRTmutations and deletion can affect the transport of cyclo-
creatine in patients with CCDSs.

Thus, the purpose of this study was to determine the char-
acteristics of cyclocreatine uptake by HEK293 cells, which
expresses highly endogenous CRT; by hCMEC/D3 cells, im-
mortalized humanbrain capillary endothelial cells, as an in vitro
human BBB model; and by CCDSs patient-derived fibro-
blasts with CRT mutations.

Fig. 1 Structures of cyclocreatine
and creatine. Chemical structural
formulas referenced from United
States Environmental Protection
Agency, The Chemistry Dashboard
were retouched.
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MATERIALS AND METHODS

Materials

Cyclocreatine, creatine, β-guanidinopropionic acid (GPA),
hydrocortisone, ascorbic acid, human basic fibroblast growth
factor (bFGF), lithium chloride, Hank’s balanced salt solution
(HBSS) buffer, and ammonium bicarbonate were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Chemically-
defined lipid concentrate was purchased from Thermo
Fisher Scientific (Waltham,MA,USA). Sodium deoxycholate,
N-lauroylsarcosinate, dithiothreitol, iodoacetamide, trifluoro-
acetic acid, ethyl acetate and lysyl endopeptidase were pur-
chased from Fujifilm Wako Pure Chemical Corporation
(Osaka, Japan). Trypsin was purchased from Promega
(Madison, WI, USA).

Fibroblast

Two fibroblasts from two CCDSs patients, as well as a fibro-
blast (CRT-WT) control sample from a person expressing
wild type CRT, were obtained from the Division of
Neurology, Kanagawa Children’s Medical Center,
Yokohama, Japan. The first fibroblast (CRT-Deletion) was
obtained from a CCDSs patient with a large 19 kb deletion
that was encompassing exons 5 to 13 from SLC6A8 as well as
exons 5 to 8 from the B cell receptor-associated protein
(BAP31) gene (27). Another fibroblast (CRT-G561R
mutation) was obtained from a CCDSs patient with a mis-
sense mutation in exon 12 from the SLC6A8 gene
[c.1681G>C;p.Gly561Arg] (28). This study was approved
by the Ethics Committees of the Graduate School of
Pharmaceutical Sciences, Kumamoto University and the
Kanagawa Children’s Medical Center.

Cell Culture

HEK293 cells were cultured in a Dulbecco’s modified Eagle
medium (DMEM) high glucose medium (Thermo Fisher
Scientific) containing 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific) and 1% penicillin-streptomycin
(Fujifilm Wako Pure Chemical Corporation) in conditions of
95% air and 5%CO2 at 37°C until confluent. The hCMEC/
D3 cells were cultured on collagen type I–coated dishes in
endothelial cell basal medium-2 (EBM-2) (Lonza Walker
sville, Inc., Waikersville, MD) that was supplemented with
5% FBS, 1.4 μM hydrocortisone, 5 μg/mL ascorbic acid,
1% chemically defined lipid concentrate, 1 ng/mL bFGF,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (Dojindo, Kumamoto, Japan), 10 mM lithium chlo-
ride, and 1% penicillin-streptomycin in conditions of 95% air
and 5% CO2 at 37°C. Fibroblasts derived from the skin were
cultured in a DMEM low glucose medium (Thermo Fisher

Scientific) containing 10% FBS, 1% penicillin-streptomycin at
37°C in conditions of 95% air and 5% CO2.

[14C]Cyclocreatine and [14C]Creatine Uptake by Cell
Lines

Cells were seeded on 24 well plates (Corning, NY, USA) at a
density of 1.0 × 105 cells/well (HEK293) or 5.0 × 104 cells/
well (fibroblast), which were cultured for 24 h at 37°C. The
hCMEC/D3 cells were seeded on collagen type I-coated 24
well plates (CORNING) at a density of 3.5 × 104 cells/well,
and then cultured for 24 h at 37°C. Cells were washed twice
with HBSS buffer at 37°C, where the uptake was initiated by
applying the HBSS buffer containing [14C]cyclocreatine
(0.1 μCi, 9 μM) (Moravek, Ink., Mercury Lane Brea, CA) or
[14C]creatine (0.1 μCi, 9 μM) (Moravek, Ink.) in the presence
or absence of unlabeled cyclocreatine, creatine and GPA.
Na+-free buffer was prepared by an equimolar replacement
of NaCl, disodium phosphate, and NaHCO3 with choline
chloride, dipotassium phosphate and potassium bicarbonate.
Cl−-free buffer was prepared by an equimolar replacement of
CaCl, KCl, and NaCl with calcium gluconate, potassium glu-
conate and sodium gluconate. Cells were washed three times
with the HBSS buffer at 4°C. Then, the cells were solubilized
with a 5 N NaOH solution and neutralized with 5 N HCl.
Cell-associated protein was determined using the Micro
BCA™ Protein Assay Kit (Thermo Fisher Scientific) with bo-
vine serum albumin as a standard. The radioactivity in each
sample was measured by liquid scintillation counting, where
the degree of uptake by the cells was estimated by the radio-
activity of the sample. This was expressed as a cell/medium
ratio per milligram of cellular protein (μL/mg protein) or as a
percentage of the control cells.

Knockdown with siRNA

Silencer Select Pre-designed siRNA SLC6A8 (ABI s12988)
was used for the targeted silencing of the SLC6A8 gene, which
was purchased from Thermo Fisher Scientific. For the nega-
tive control, the Silencer™ Negative Control No.1 siRNA
(Thermo Fisher Scientific) was used. The cells were trans-
fected with 10 nM siRNA using a 0.1% (v/v) Lipofectamine
RNAiMAX (Thermo Fisher Scientific) according to the man-
ufacture’s protocol. Transfection reactions were performed in
serum-free OptiMEM (Thermo Fisher Scientific). The cell
media was changed to serum containing media 6 h after trans-
fection, when the cells were cultured for 24 h, and then used in
the study.

Quantitative Real-Time PCR

Total RNA was isolated from cells at 24 h post-transfection by
the RNeasy kit (Qiagen, Inc., Valencia, CA, USA). Single-
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stranded cDNA was prepared from 1 μg total RNA by
ReverTraAce (Toyobo, Osaka, Japan) and an oligo dT prim-
er. CRT and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNAs were quantified by real-time PCR
(QuantStudio™ 3, Applied Biosystems, Foster City, CA,
USA), where RT-qPCR was performed using a Prime Time
qPCR assay (Integrated DNA Technologies, Inc., Coralvile,
IA, USA). The forward primer 5’-GATCACCATGGAGG
CGTAG-3′, the reverse primer 5’-TGATCGCCCTGGTT
GGA-3′, and the probe 5′−/56-FAM/ATGTTCCAG/
ZEN/ACATTGATGCTGCCG/3IAbkFQ/−3′ were
designed for CRT. The forward primer 5’-ACATCGCT
CAGACACCATG-3′, the reverse primer 5’-TGTAGTTG
AGGTCAATGAAGGG-3′, and the probe 5′−/56-FAM/
AAGGTCGGA/ZEN/GTCAACGGATTTGGTC/
3IAbkFQ/−3′were designed for GAPDH. Calibration curves
were prepared using synthetic DNA from CRT and GAPDH
((Integrated DNA Technologies, Inc.). The cellular mRNA
content was normalized to GAPDH.

Protein Quantification by Targeted Proteomics

Plasma membrane fractions were extracted from 1 × 107 of
HEK293 cells, 1 × 106 of hCMEC/D3 cells or 1 × 107 of
fibroblasts using the Plasma Membrane Protein Extraction
Kit (BioVision, Milpitas, CA, USA). The fractionation was
performed according to the instruction manual with modifi-
cations, as described previously (29). Total protein content
was quantified using the Micro BCA Protein Assay Kit
(Thermo Fisher Scientific). The fractionated protein samples
were digested by the phase-transfer surfactant (PTS) method,
as previously described (30). Briefly, the protein samples were
denatured with 12 mM sodium deoxycholate, 12 mMN-laur-
oylsarcosinate, and 100 mM Tris-HCl (pH 9.0), which were
heated at 95°C for 5 min. After sonication, the samples were
reduced with 10 mM dithiothreitol, alkylated with 55 mM
iodoacetamide, diluted 5-fold with 50 mM ammonium bicar-
bonate, and digested with lysyl endopeptidase at room tem-
perature for 3 h, followed by a sequence-grade modified tryp-
sin at 37°C for 16 h. For targeted quantitative proteomics,
stable isotope-labeled internal standard peptides were spiked
into the samples after trypsin digestion. Samples were acidi-
fied with trifluoroacetic acid, while ethyl acetate was added to
remove the detergents. The lower phase was evaporated by
vacuum centrifugation. Then, the residue was dissolved in 5%
acetonitrile/0.1% trifluoroacetic acid, which was desalted by
GL-Tip GC and SDB (GC: graphite carbon, SDB: styrene-
divinylbenzene polymers) (GL Sciences, Tokyo, Japan). The
samples were also desalted and dissolved in 0.1% trifluoro-
acetic acid, then analyzed by a micro-LC system with a
ChromXP C18CL Column (Ekisigent, Redwood City, CA)
that was coupled to an electrospray ionization triple-

quadrupole mass spectrometer (QTRAP6500; SCIEX,
Framingham, MA).

The proteomic analysis was performed according to pre-
vious work (31). Briefly, protein expression levels were quan-
tified by the detection of specific peptides from the protein
with multiple reaction monitoring (MRM) for targeted pro-
teomics. In targeted proteomics, the product ion peaks from
each targeted peptide, where the internal standard peptide
corresponds to the targeted peptide is extracted from the
MRM data. The peaks corresponding to the target peptides
and the internal standard peptides are automatically identi-
fied by an in-house software written under contract by Mitsui
Knowledge Industry (Tokyo, Japan). The protein expression
level was determined as the average value of the peak ratios
from 3 or 4 product ions. For CRT protein, the probe pep-
tide and its 4 selected product ions / MRM transitions (inter-
nal standard peptide in parentheses) consisted of
GDGPVGLGTPGGR (stable isotope-labeled on lysine (K)
in the internal standard), with values of 570.3/714.4
(573.3/720.4), 570.3/657.4 (573.3/663.4), 570.3/544.3
(573.3/550.3), 570.3/386.2 (573.3/392.2), respectively. For
the Na+/K+ ATPase protein, the probe peptide and its 4
selected product ions / MRM transitions (internal standard
peptide in parentheses) consisted of AAVPDAVGK (stable
isotope-labeled on arginine (R) in the internal standard), with
values of 414.2/685.4 (417.2/691.4), 414.2/586.3 (417.2/
592.3), 414.2/489.3 (417.2/495.3), 414.2/374.2 (417.2/
380.3), respectively.

Statistical Analysis

Data are represented as the mean ± SEM. A two-tailed, un-
paired Student’s t test and one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test were used to
identify the significant differences between two or more
groups, respectively. Graph Pad Prism 7 statistical software
(GraphPad Software Inc. La Jolla, CA, USA) was used in all
the analyses.

RESULTS

Characteristics of [14C]Cyclocreatine Uptake
by HEK293 Cells

As our previous study showed that [14C]creatine uptake by
HEK 293 cells was predominantly mediated by CRT (16),
the characteristics of cyclocreatine uptake by HEK293
cells was examined in this study. [14C]cyclocreatine was
linearly taken up in a time-dependent manner up to
60 min by HEK293 cells (Fig. 2a), where this uptake
exhibited saturable kinetics and a Km of 188 ± 25 μM,
Vmax of 273 ± 9 pmol / (mg protein·min) as well as an
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influx clearance of 1.45 µL / (mg protein·min). The Eadie-
Hofstee plot showed that the uptake of cyclocreatine by
HEK293 cells was a monophasic kinetics (r2 = 0.909, Fig.
2b inset). In addition, the uptake of [14C]cyclocreatine was
reduced in the absence of Na+ and Cl− by 97.4% and
96.5%, respectively (Fig. 2c). These results suggest that
the uptake of cyclocreatine by HEK293 cells was predom-
inantly mediated by a Na+ and Cl− dependent saturable
transport systems, and not by passive diffusion. The in-
volvement of CRT in the cyclocreatine transport by
HEK293 cells was examined through the inhibition study.
The uptake of [14C]cyclocreatine by HEK293 cells at
30 min was almost completely suppressed by 96.1% in
the presence of 10 mM unlabeled creatine, while in the
presence of 10 mM GPA, the CRT-selective inhibitor,
was suppressed by 96.6%.

Effect of CRT Knockdown on [14C]Cyclocreatine
and [14C]Creatine Uptake by HEK293 Cells

The involvement of CRT in the uptake of cyclocreatine by
HEK293 cells was examined by the siRNA knockdown study
(Fig. 3). CRT-targeting siRNA suppressed CRT mRNA ex-
pression by 70.0% (Fig. 3a) as well as protein expression by
41.6% (Fig. 3b) relative to the control siRNA. The uptake of
[14C]cyclocreatine and [14C]creatine by the CRT-targeting
siRNA treated HEK293 cells at 30 min was reduced by
33.4% and 37.3%, respectively, relative to the control sample
(Fig. 3c-d). In addition, decreased CRT protein expression,
cyclocreatine and creatine uptake were comparable in this
knockdown condition, indicating that cyclocreatine could be
a substrate of CRT.

Characteristics of [14C]Cyclocreatine and [14C]
Creatine Uptake by hCMEC/D3 Cells

How cyclocreatine is able to cross the human BBB still remains
unclear. As shown in Fig. 4, uptake of [14C]cyclocreatine
(7.04 μl/mg protein) and [14C]creatine (19.7 μl/mg protein)
was observed at 30 min in hCMEC/D3 cells, the human
BBB model cells. The uptake of [14C]cyclocreatine and
[14C]creatine were reduced in the absence of Na+ by 90.5%
and 86.1%, respectively, while in the absence of Cl− by 84.4%
and 85.1%, respectively. The uptake of [14C]cyclocreatine and
[14C]creatine was also inhibited in the presence of the 10 mM
unlabeled cyclocreatine by 89.4% and 88.1%, respectively,
while in the presence of 10 mM unlabeled creatine by 90.7%
and 92.5%, respectively. These results suggest that cyclocrea-
tine transport shares a Na+ and Cl− dependent saturable trans-
porter of creatine in hCMEC/D3 cells.

Targeted proteomics have demonstrated that CRT protein
was also expressed in hCMEC/D3 cells, while the expression
levels of CRT protein was 0.444 fmol/μg protein in the plasma
membrane fraction of hCMEC/D3 cells (Table I). The uptake
of [14C]cyclocreatine and [14C]creatine by hCMEC/D3 cells
at 30 min was almost completely suppressed in the presence of
10 mMGPA by 90.9% and 92.0%, respectively (Fig. 4). These
results suggest that CRT predominantly contributes to cyclo-
creatine and creatine transport in hCMEC/D3 cells.

Effect of CRT Knockdown on [14C]Cyclocreatine
and [14C]Creatine Uptake by hCMEC/D3 Cells

To further examine the involvement of CRT, we examined
cyclocreatine and creatine uptake by hCMEC/D3 cells trea-
ted with CRT-targeting siRNA (Fig. 5). CRT-targeting

Fig. 2 Transport property analysis of [14C]cyclocreatine transport in HEK293 cells. (a) Time-course of cyclocreatine uptake by HEK293 cells. [14C]Cyclocreatine
uptake (0.1 μCi, 9 μM) was measured in HEK293 cells at 37°C, and expressed as cell/medium ratio. Each point represents the mean± SEM (n =4). (b)
Concentration-dependence of cyclocreatine uptake by HEK293 cells exhibited by Michaelis-Menten equation. The inset graph shows the Eadie-Hofstee plot of
the same data. The uptake was measured in the presence of the indicated concentrations of unlabeled cyclocreatine for 30 min. Each point represents the mean
± SEM (n= 4). The Km is 188± 25 μM and Vmax is 273± 9 pmol / (mg protein·min). (c) Effect of inhibitors on creatine transport by HEK293 cells.
[14C]Cyclocreatine uptake (0.1 μCi, 9 μM) was measured in the absence of compounds (control), in the presence of either GPA (10 mM) or unlabeled creatine
(10 mM), or in the absence of either Na+ or Cl− at 37°C for 30 min. Each column represents the mean± SEM (n= 4). ****p<0.0001, significantly different
from control condition.
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siRNA treatment suppressed the CRT mRNA expression by
96.9% compared to the control siRNA (Fig. 5a). The uptake
of the [14C]cyclocreatine by the CRT-targeting siRNA-trea-
ted hCMEC/D3 cells at 30 min was reduced by 70.0% rela-
tive to the control cells (Fig. 5b). The uptake of [14C]creatine
by the CRT-targeting siRNA-treated hCMEC/D3 cells was
reduced by 63.2% compared to the control cells (Fig. 5c). The
reduction in the uptakes of [14C]cyclocreatine and
[14C]creatine was relatively the same. These results suggest
that CRT is predominantly involved in cyclocreatine and cre-
atine transport by hCMEC/D3 cells.

Characteristics of [14C]Cyclocreatine and [14C]
Creatine Uptake by CCDSs Patient-Derived
Fibroblasts

It is important to clarify the effect of the CRT deletion and
mutation on the cyclocreatine transport. Thus, we examined

the transport of cyclocreatine in two fibroblasts that were de-
rived from patients with CCDSs. The first fibroblast harbored
a large deletion in the SLC6A8 gene (CRT-Deletion), and the
second harbored a single point mutation (CRT-G561R
mutation) relative to the intact CRT expressed fibroblast
(CRT-WT). The CRT expression level of CRT-WT in the
plasma membrane was 0.287 fmol/μg protein (Table II). The
inhibition study demonstrated that the uptake of
[14C]cyclocreatine was predominantly mediated by CRT in
the fibroblast as well as in HEK293 and hCMEC/D3 cells
(Fig. 6). By contrast, in the CRT-Deletion, no detectable CRT
protein in the plasma membrane was found, and no signifi-
cant CRT-dependent [14C]cyclocreatine uptake was observed
in the inhibition study. In the CRT-G561R mutation, the
CRT expression level in the plasma membrane was found to
be 0.197 fmol/μg protein (Table II), but no significant
[14C]cyclocreatine uptake was observed. In the case of
[14C]creatine, the uptake of [14C]creatine was observed only

Fig. 3 Effect of CRT knockdown of
CRTexpression, [14C]cyclocreatine
uptake and [14C]creatine uptake by
HEK293 cells. (a) Quantitative
analysis of mRNA expression using
RT-qPCR in HEK293 cells trans-
fected with CRT-targeted siRNA
(CRTsiRNA) or Silencer™Negative
Control No.1 siRNA (Control
siRNA). Each column represents
the mean± SEM (n=4). (b) The
CRT protein expression measured
by targeted proteomics in the plas-
ma membrane fraction of HEK293
cells transfected with CRT-targeted
siRNA (CRTsiRNA) or Silencer™
Negative Control No.1 siRNA
(Control siRNA). Each column
represents the mean± SEM (n=
3). The uptake of [14C]cyclocreatine
(c) and [14C]creatine (d) by
HEK293 cells transfected with CRT-
targeted siRNA (CRTsiRNA) or
Silencer™ Negative Control No.1
siRNA (Control siRNA). The uptake
was measured at 30 min. Each col-
umn represents the mean± SEM
(n= 4). **p<0.01,
****p<0.001 significantly different
from control siRNA.
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by the fibroblast expressed intact CRT. These results suggest
that the fibroblasts from the CCDSs patients largely impair
both creatine and cyclocreatine transport.

DISCUSSION

Our present study demonstrates that cyclocreatine could
be a substrate of CRT as well as creatine, which was de-
termined by the in vitro reciprocal uptake studies and the
gene knockdown studies in HEK293 cells. CRT seems to
play an important role in supplying creatine into the brain
across the BBB in mice (8). Hence, the in vitro uptake study
by the hCMEC/D3 cells illustrated that CRT predomi-
nantly contributes to the uptake of cyclocreatine in the
human BBB as well. In addition, the uptake study by the
fibroblasts derived from patients with CCDSs also showed
that CRT deletion and mutation dramatically reduced the
uptake of both cyclocreatine and creatine. These findings
suggest that CRT is a major player in the transport of
cyclocreatine at the BBB as well as creatine, where the
CRT gene mutation results in the reduction of cyclocrea-
tine supply to the brain neurons across the BBB.

This study determined that the uptake of cyclocreatine is
likely mediated by a saturable transport system. The lipophi-
licity (Log n-octanol/Ringer distribution coefficient) of cyclo-
creatine and creatine are −2.25 and− 2.16, respectively, sug-
gesting that cyclocreatine and creatine both have low passive
diffusion rates. In addition, cyclocreatine at pH 7.4 is zwitter-
ionic in the blood (32). Based on the pH partition hypothesis,
the zwitterionic form of cyclocreatine in the blood may not be
able to penetrate the cell membrane by diffusion.

As CRT is able to transport cyclocreatine and creatine, the
Km value of creatine transport by CRT was reported to be
~20 μM (33). Our results have shown that the Km value of
cyclocreatine transport in HEK293 cells was determined as
188 μM (Fig. 2B), where the affinity of cyclocreatine for CRT
was calculated to be 9.4 times lower than that of creatine.
Blood creatine concentration is between 50 to 100 μM
(34,35) in humans, and between 200 to 272 μM (34,36) in
mice. Blood creatine levels were not altered in CCDSs
patients (4,13). A pharmacokinetic study in mice reported that
the Cmax of cyclocreatine in the plasma was 39.3 μM after a
single oral administration (30 mg/kg PO) (37). Cyclocreatine
was administered at 280 mg/kg/day PO for 9 weeks, which
improved cognitive behavior in the neuron-specific CRT
knockout mice (25). The plasma Cmax of cyclocreatine during
the treatment is estimated to be greater than 350 μMwith the
linear assumption. Therefore, creatine and cyclocreatine lev-
els in the blood were likely higher after the cyclocreatine treat-
ment than their previous Km values against CRT (188 μM).
In the studies conducted on WT mice, transport rates of both
creatine and cyclocreatine were affected by their interaction in

Fig. 4 Effect of inhibitors on [14C]cyclocreatine and [14C]creatine transport in
hCMEC/D3 cells. Effect of inhibitors on [14C]cyclocreatine transport (a) and
[14C]creatine transport (b) by hCMEC/D3 cells expressing endogenous CRT.
[14C]cyclocreatine uptake (0.1 μCi, 9 μM) and [14C]creatine uptake (0.1 μCi,
9 μM) were measured in the absence of compounds (control), in the pres-
ence of either GPA (10 mM), unlabeled creatine (10 mM) or unlabeled cyclo-
creatine (10 mM), or in the absence of either Na+ or Cl− at 37°C for 30min.
Each column represents the mean± SEM (n= 4). ****p <0.0001, signifi-
cantly different from control condition.

Table I Endogenous CRT Protein Expression Levels of Plasma Membrane
Fraction in hCMEC/D3 Cells

Protein name Protein expression level
(fmol/μg protein)

CRT 0.444 ± 0.024

Na+/K+ ATPase 27.8 ± 1.4

Each datum represents the mean± SEM (n=3) of the values determined by
using 3 or 4 MRM transitions
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CRT. With that, brain creatine levels were decreased by
~23% after the administration of cyclocreatine (0.28 mg/g/
day PO for 9 weeks) in WT mice (25).

Our hCMEC/D3 cells uptake study results suggest that
CRT, in the capillary endothelial cells of human brain, could
also be involved in cyclocreatine transport (Figs. 4 and 5). As is
shown in Fig. 4, more than 88% of the uptake of both
[14C]cyclocreatine and [14C]creatine, mediated by Na+ and
Cl− dependent transport, was significantly inhibited by either
creatine, cyclocreatine or GPA. These transport characteris-
tics suggest that the cyclocreatine and creatine uptake by the
hCMEC/D3 cells are primarily mediated by CRT, while the
contribution of other transporter and/or passive diffusion is
less than 12%. Furthermore, decreasing the expression of
CRT by siRNA resulted in a similar attenuation of both cyclo-
creatine and creatine uptake (Fig. 5). These findings indicate

that both creatine and cyclocreatine supply from the blood to
the brain could be suppressed by the same extent when the
transport activity of CRT at the BBB is limited.

As shown in Fig. 5, mRNA expression of CRT was sup-
pressed by 97% by siRNA (Fig. 5a), while the uptake of
[14C]cyclocreatine and [14C]creatine was not completely sup-
pressed (Fig. 5b and c). The residual uptake is likely to be
attributed to the remaining CRT proteins not suppressed by
siRNA treatments, since the inhibition study suggests that those
uptakes were primarily mediated by CRT (Fig. 4), and the
siRNA suppression in HEK 293 cells affected the mRNA levels
more than it affected protein levels (Fig. 3). The CRT protein
suppression by siRNA treatments in hCMEC/D3 cells was not
evaluated. Since the protein expression levels of CRT in
hCMEC/D3 cells were low, and suppression levels cannot be
accurately measured by targeted proteomics due to the sensi-
tivity. Furthermore, antibody against endogenous humanCRT
is not commercially available for western blot quantification.

Our results indicate the possibility that cyclocreatine is hard-
ly transported across the BBB and into the brain when CRT
function is deficient. However, cyclocreatine has been reported
to improve cognitive behavior by oral administration in the
neuron-specific CRT knockout mice (25). The reason being
that the CRT knockout mice were conditional, where the
CRT gene was knocked out specifically in neurons by the Cre
recombinase and CaMK2a promoter, resulting in CRT ex-
pression at the BBB that was not deficient. Indeed, 30% of
CRT mRNA expression remained in the neuron-
specific CRT knockout mice (25). Therefore, it is possible that
cyclocreatine was transported from the blood to the brain by
the CRT expressed at the BBB in the CRT knockout mice.
Upon entering the brain, cyclocreatine might be distributed in
the neural cells by the CRT-independent pathway. As the pre-
vious study used mouse hippocampal slices, it demonstrated

Fig. 5 Effect of CRT knockdown of CRTmRNA expression, [14C]cyclocreatine and [14C]creatine uptake in hCMEC/D3 cells. (a) Quantitative analysis of mRNA
expression using RT-qPCR in hCMEC/D3 cells transfected with CRT-targeted siRNA (CRTsiRNA) or Silencer™Negative Control No.1 siRNA (Control siRNA).
Each column represents the mean± SEM (n= 4). (b and c) [14C]Cyclocreatine uptake (b) and [14C]creatine uptake (c) by hCMEC/D3 cells transfected with
CRT-targeted siRNA (CRTsiRNA) or Silencer™Negative Control No.1 siRNA (Control siRNA). The uptake was measured at 30 min. Each column represents
the mean± SEM (n= 4). ***p<0.001, ****p<0.0001 significantly different from control siRNA.

Table II Endogenous CRT Protein Expression Levels of Plasma
Membrane Fraction in Skin-Derived from Fibroblasts

Protein expression level
(fmol/μg protein)

Fibroblasts CRT Na+/K+ ATPase

CRT-WT 0.287 ± 0.047 13.5 ± 1.3

CRT-Deletion ND 9.12 ± 2.27

CRT-G561R mutation 0.197 ± 0.038 14.6 ± 2.8

CRT-WT is fibroblast of control from a person expressing wild type CRT.
CRT-Deletion is fibroblast from a CCDSs patient with a large about 19 kb
deletion encompassing exons 5–13 of SLC6A8 and exons 5–8 of the B cell
receptor-associated protein (BAP31) gene (27). CRT-G561R mutation is fi-
broblast from a CCDSs patient with a missense mutation in the exon 12 of the
SLC6A8 gene [c.1681G>C; p.Gly561Arg] (28). Each datum represents the
mean± SEM (n= 3) of the values determined by using 3 or 4 MRM tran-
sitions. ND: Not detected
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that the uptake and phosphorylation of cyclocreatine in the
slices was still detected to some extent despite the presence of
GPA, where the uptake of cyclocreatine into the slices was
largely inhibited (38).

In CCDSs, numerous single point mutation sites exist on the
CRT gene that lead to single amino acid substitutions. In such
cases, the mutated CRT protein is expressed in the cells of the
patient. In this study, CRT protein was only detected in the
fibroblasts from the patient with the single point mutation, and
not with deletions (Table 2). The cyclocreatine uptake was de-
creased by more than 89% in both the CRT-deletion and the
CRT-G561Rmutation (Fig. 6b and c). The degree of decrease
is relative to the creatine uptake (Fig. 6e and f). These findings
indicate that cyclocreatine transport activity could be correlated
with creatine transport activity rather than CRT expression in
CCDSs pa t i en t s . Fu r t h e rmore , t h e up t a k e o f
[14C]cyclocreatine and [14C]creatine by CRT-deletion in the
control samples were still comparable (Fig. 6b and e). In addi-
tion, the uptake of [14C]cyclocreatine by the CRT-G561Rmu-
tation in control conditions was found to be significantly lower
than that of [14C]creatine (Fig. 6c and f). Hence, when CRT
activity was almost absent, the uptake rate of cyclocreatine was
not faster than the uptake of creatine in the fibroblasts. This

suggests that passive diffusion of cyclocreatine is not faster than
that of creatine. Taken together, it can be considered that cyclo-
creatine transport at the BBB in CCDSs patients is attenuated
as well as creatine transport. Further studies using CRT knock-
out mice are required to evaluate the role of CRT in cyclo-
creatine transport in the BBB in vivo.

In conclusion, our results indicate that cyclocreatine is a
CRT substrate, and CRT at the BBB likely plays a major role
in the transport of cyclocreatine into the brain. Our study also
suggests that cyclocreatine transport at the BBB is attenuated
as well as creatine transport in CCDSs patients. The reason
for discontinuing clinical trials of cyclocreatine is unknown,
but the findings of this study may help understand the cause.
Our findings have provided important insights for the treat-
ment of CCDSs patients with creatine analogues, such as
cyclocreatine. The therapeutic creatine analogues for
CCDSs require an ATP energy storage function by creatine
kinase and high permeability across the BBB for neuronal
uptake regardless of CRT function. Therefore, during drug
screening, confirming that the uptake of candidate com-
pounds was mediated by CRT-independent transport mech-
anism or passive diffusion with the BBB model cells, neurons
or CCDSs patient’s fibroblast is essential.

Fig. 6 Effect of inhibitors on [14C]cyclocreatine and [14C]creatine transport in fibroblasts derived from healthy person and CCDSs patients. Effect of inhibitors on
[14C]cyclocreatine transport in fibroblast (CRT-WT) of control from a person expressing wild type CRT (a), CCDSs patient with a large about 19 kb deletion (b),
and CCDSs patient with a missense mutation (c). Effect of inhibitors on [14C]creatine transport in fibroblast (CRT-WT) of control from a person expressing wild
type CRT (d), CCDSs patient with a large about 19 kb deletion (e), and CCDSs patient with a missense mutation (f). [14C]Cyclocreatine uptake (0.1 μCi, 9 μM)
and [14C]Creatine uptake (0.1 μCi, 9 μM) were measured in the absence of compounds (control), in the presence of wither GPA(10 mM), unlabeled creatine
(10 mM) or unlabeled cyclocreatine (10 mM), or in the absence of either Na+ or Cl− at 37°C for 30 min. Each column represents the mean± SEM (n= 4).
****p<0.0001, significantly different from control condition.
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