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Abstract

Creatine transporter deficiency (CTD) is caused by a defect in the X-linked creatine transporter
SLC6A8 gene leading to severe neurologic and physiologic conditions. Cyclocreatine and
phosphocyclocreatine supplementation is seen as a potential treatment, but the presence of these
compounds within commercially available dietary supplements presents the risk of self-
medication. High-performance liquid chromatography-mass spectrometry (HPLC-MS) is an
excellent technique to assess composition of complex amino acid mixtures. Herein, we have
developed a facile HPLC-MS method using a cyano column in hydrophilic interaction liquid
chromatography (HILIC) mode with isocratic elution over 4 min to identify the main components
of two commercially available dietary supplements. The relative standard deviation (RSD) for
retention time and extracted ion integrated area are <0.3% and 4%, respectively, showing excellent
reproducibility. Cyclocreatine and phosphocyclocreatine were not detectable within the dietary
supplements, even at ppm levels, demonstrating the power and importance of the developed
HPLC-MS method in analyzing complex mixtures.
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1. Introduction

Creatine transporter deficiency (also known as CTD, Creatine Transporter Defect, and
SLC6A8 deficiency) is an inborn error of metabolism caused by a defect in the X-linked
creatine transporter SLC6A8gene mapped at Xq28 (SLC6A8/CT1/CRTR).! Creatine (1)
(Figure 1), an endogenous nutrient biosynthetically produced in the liver, kidneys, and
pancreas, is essential for the storage and use of energy, especially within the brain and
skeletal muscle. Synthesis initiates when L-arginine: glycine amidinotransferase (AGAT)
enzymatically transfers an amidino moiety from L-arginine to glycine forming
glycocyamine (guanidinoacetate) (2). Subsequent methylation of 2 with S-adenosyl
methionine via S-adenosylmethionine:guanidinoacetate methyltransferase (GAMT) catalysis
provides creatine (1) that can be delivered to other areas of the body through the
bloodstream. The sodium- and chloride-dependent creatine transporter 1 protein actively
shuttles creatine into the brain where phosphorylation by creatine kinase (CK) forms
phosphocreatine (PCr) (3), which is used to phosphorylate ADP in the generation of ATP.
Creatine, through its phosphorylation, acts as a phosphagen, enabling the storage of energy
and allowing an increased resynthesis of ATP during periods of high energy demand.
Mutation of the SLC6A8 gene leads to an impairment of the necessary transporter protein,
thus creating a deficiency of creatine in the brain. The disorder results in many neurological
and physiological manifestations including mental retardation, severe delays in language and
expressive speech, autistic behavior, epilepsy, and developmental delay.? These profound
intellectual disabilities require CTD patients to receive lifelong dependent care resulting in a
poor quality of life for both the patient and the caregiver. Because of the nature of the defect,
CTD does not respond to oral supplementation of creatine monohydrate. However, treatment
with cyclocreatine (cCr) (4), a synthetic analogue of creatine, was reported to improve
cognition in mice with CTD.3

As part of our program to address rare genetic diseases, we initiated an evaluation of
cyclocreatine (4) as a potential treatment for CTD. Unlike creatine (1), cyclocreatine (4) is
neither an endogenous nor natural compound and is being developed as a new molecular
entity. We were therefore intrigued to find at least two marketed dietary supplements with
labeling claims of “CycloCreatine PCr” and/or “Cyclo-Creatine Phosphate” as components.
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This opens the possibility that some CTD patients who could potentially benefit from
eventual clinical studies with cyclocreatine (4) or phosphocyclocreatine (PcCr) (5) would
not be treatment-naive due to their previous access and exposure. It is important to note that
within the literature creatine phosphate and phosphocreatine are used interchangeably, which
can lead to structural confusion as creatine phosphate could denote the phosphoric acid salt
of creatine rather than a covalently bound phosphate. This naming ambiguity is also seen
with the synonymous use of cyclocreatine phosphate and phosphocyclocreatine. If the actual
structures were the phosphoric acid salt of creatine and cyclocreatine, they would be
detected as the respective parent compound due to dissociation of the phosphoric acid anion.
For these reasons, we required an analytical method that would facilitate identification and
quantification of cyclocreatine (4), phosphocyclocreatine (5), and creatine (1) from a
complex mixture as means to determine their presence, or lack thereof, within the
aforementioned dietary supplement products.

Several chemical methods exist to measure the presence of creatine (1) either indirectly with
the Jaffe method after conversion of creatine to creatinine (6) or by direct means through
Barritt modification of the Voges-Proskauer test or utilizing the fluorometric method.4-6
However, the influence of interfering substances is problematic,” and these methods are
time-consuming. Various analytical techniques such as HPLC,8-10 HPLC-MS,11-15 upLC-
MS,16 GC-MS,1517.18 and capillary electrophoresis® have more recently been utilized in
the determination of creatine (1), cyclocreatine (4), and their phosphorylated analogues (3
and 5, respectively) within biological samples. However, the only method to examine the
detection of all four compounds required two different ion-exchange columns, and its
inability to couple with mass spectrometry is a significant limitation. Access to an improved
single-run HPLC-MS method, which accounts for the similarity in hydrophilic properties of
the compounds to provide better separation, and faster determination with minimized or no
ion suppression are critical. As such, we investigated the development of a straightforward
and facile method for the detection of cyclocreatine (4), phosphocyclocreatine (5), and other
major components within a complex mixture of structurally related amino acids. We present
herein a method using HPLC-TOF (TOF = time of flight) MS for analyzing the main
components within commercially available dietary supplements. Utilizing a 30 mm length
cyano (CN) column and isocratic separation with high organic buffer, the main components
of the supplement mixture could be separated and identified while achieving a very high
sensitivity at picogram levels for cyclocreatine (4).

Materials and Methods

2.1 Materials

The dietary supplements were purchased directly from the vendors and, for the purposes of
this Article will be identified as Vendor 1 (V1) and Vendor 2 (V2). Creatine, cyclocreating,
sodium creatine phosphate dibasic tetrahydrate, creatinine, formic acid, HPLC-grade water,
and acetonitrile were obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). The Agilent
Eclipse Plus C18 RRHD (2.1x50 mm, particle size 1.8 um) reversed-phase liquid
chromatography (RPLC) column was purchased from Agilent Technologies (Palo Alto, CA,
U.S.A.). The Phenomenex Luna CN column (30x4.60 mm, particle size 3 um) was
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purchased from Phenomenex (Torrance, CA, U.S.A.). Phosphocyclocreatine was
synthesized according to literature procedure.2? Identity and purity of the compound was
confirmed by 1H and 3P NMR (Figures S6 and S7).

2.2 Preparation of Cyclocreatine and Phosphocyclocreatine Standards

Cyclocreatine and phosphocyclocreatine were dissolved in HPLC-grade water to prepare 10
ug/uL stock solutions, which were stored at =80 °C when not in use. For each analysis, fresh
samples were prepared by serial dilution of the cyclocreatine or phosphocyclocreatine stock
solution with HPLC-grade water to give working concentrations of 2 ng/uL, 10 ng/uL, 20
ng/uL, 200 ng/uL, 1 ug/uL, and 2 pg/uL for cyclocreatine and 10 ng/uL, 20 ng/uL, 200 ng/
pL, 2 pg/uL, and 10 pg/uLfor phosphocyclocreatine.

2.3 Dietary Supplement Sample Preparation

Solutions of dietary supplements from V1 and V2 were prepared by dissolving a known
amount of each sample in an appropriate volume of HPLC-grade water to give a
concentration of 2 ug/uL for V1and 1 pg/uL for V2. Prior to HPLC-MS analysis, the
samples were centrifuged at 3000 rpm for 10 min at room temperature to remove any
particulates, and the supernatant was transferred to a separate vial. Solution sets containing
spiked dietary supplement samples at five concentrations for use in the HPLC-MS analysis
were prepared by adding 1 pL aliquots of cyclocreatine standard (2 ng/pL, 20 ng/uL, 200 ng/
pL, 1 pg/pL, and 2 ug/uL) or phosphocyclocreatine standard (10 ng/pL, 20 ng/uL, 200 ng/
UL, 2 pug/uL, and 10 pg/uL) into separate 99 pL samples of V1 at a concentration of 2 pg/uL.
Subsequently, HPLC-MS analysis was performed by injecting 0.5 pL of each spiked sample,
which corresponded to ~1 pg of each V1 sample on column containing a known amount of
cyclocreatine standard (10 pg, 100 pg, 1 ng, 5 ng, and 10 ng) or phosphocyclocreatine
standard (50 pg, 100 pg, 1 ng, 10 ng, and 50 ng).

Similar procedures were applied to the V2 sample where 1 L of cyclocreatine (10 ng/uL) or
phosphocyclocreatine (10 ng/uL) was added to 99 L samples of V2 at a concentration of 1
ug/uL. HPLC-MS analysis was performed by injecting 1 uL of each spiked sample
corresponding to ~1 ug V2 samples on column containing 100 pg of cyclocreatine or
phosphocyclocreatine standard.

2.4 High-Performance Liquid Chromatography

Liquid chromatography was performed on an Agilent 1290 Infinity Il LC system (Agilent
Technologies, Wilmington, DE, U.S.A.) equipped with a diode array detector (DAD), binary
pump, multicolumn thermostat, and autosampler. The mobile phases used for the separation
were HPLC-grade water with 0.1% formic acid (solvent A) and HPLC-grade acetonitrile
with 0.1% formic acid (solvent B). Gradient and isocratic elutions were performed at a flow
rate of 0.6 mL/min. Separations were performed at a column temperature of 40 °C with a
total run time of 4 min. A varying volume of sample was injected onto the column for each
experimental run.
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2.5 Mass Spectrometry

All the MS experiments were conducted on an Agilent 6230 TOF system (Agilent
Technologies, Wilmington, DE, U.S.A.), equipped with a DUAL AJS ESI source operating
in positive or negative ion mode. MS spectra were acquired from m/z 100 to 500 at a scan
rate of 1 spectrum per second. The electrospray ionization (ESI) source parameters were
used as follows: gas temp, 325 °C; gas flow, 11 L/min; nebulizer, 35 psi; Vcap, 3500 V;
nozzle,1000 V; fragmentor, 175 V.

2.6 Quantification of Sample Curves for Spiked Standards

The MS raw data acquired for V1 and V2 spiked with cyclocreatine or phosphocyclocreatine
standards at varying concentrations were subsequently processed using Agilent MassHunter
Qualitative Analysis software, version B.07.00. The extracted ion for each component used
the predicted m/z at the 20 ppm tolerance, and the integrated area was used for the
quantitation analysis for each component. The limit of detection (LOD) was determined by
serial dilution of samples, which the signal-to-noise ratio (S/N) was indicated by the
software to be at least 3, while the limit of quantification (LOQ) was determined from the
S/N to be >10.

3. Results and Discussion

3.1 RPLC and CN Column Comparison

The initial purpose for our study was to investigate whether the V1 dietary supplement
contained cyclocreatine (4) or phosphocyclocreatine (5). The supplement facts panel on the
packaging indicated five main ingredients: cyclocreatine phosphate, betaine anhydrous
(trimethylglycine) (7), creatine phosphate, taurine (8), and glycocyamine (2) (Table 1).
Assuming ingredient list guidelines were followed, it was inferred that cyclocreatine
phosphate was the main ingredient in dietary supplement V1. However, the previously
mentioned naming ambiguity made us uncertain if the compound was phosphocyclocreatine
or the phosphoric acid salt of cyclocreatine. Because RPLC is most commonly used for
HPLC separations, especially for a mixture of compounds containing unknowns, an Agilent
Eclipse Plus C18 RRHD column was initially used for the separation on the Agilent 1290
HPLC-TOF (6230) system, and the total ions chromatography (TIC) results are shown in
Figure S1A in the Supporting Information. Unfortunately, all of the compounds eluted at the
beginning of the HPLC separation, even after optimization. We used the predicted m/z for
the five components (Table 1) to extract the compounds through the TIC, and three of them
were found at the same retention time due to nonseparation (Figure S1B), with
trimethylglycine (7) being the most abundant compound. At this point, we realized RPLC
was not an optimal separation mode due to the unsatisfactory separation results and the
possibility of ion suppression limiting compound detection.

Hydrophilic interaction liquid chromatography (HILIC) is an alternative technique to RPLC
that utilizes a hydrophilic stationary phase in conjunction with a highly organic mobile
phase for the analysis of polar small molecules.?1:22 Recently, HILIC-MS based methods
have been applied to the analysis of food products, specifically the determination of
creatinine, uric acid, and ascorbic acid in bovine milk and orange juice,?3 as well as the
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analysis of metabolites within human urine.24 Additionally, the advantages of using a cyano
column under HILIC conditions for determination of creatinine and hypoxanthine from
urine samples were reported.2> The extremely hydrophilic nature of the main components
within the dietary supplements as suggested by their structure and observed in the RPLC
results led us to believe HILIC could be a potential solution for improving compound
separation. After switching to a Phenomenex Luna CN column (30x4.60 mm, particle size 3
um), we tested both HILIC mode and RPLC gradient elution mode for separation of the V1
dietary supplement with HILIC mode showing better results. After a serial optimization, we
found that the best separation was achieved under isocratic conditions with 60% B and 40%
A (60% acetonitrile, 40% water, and 0.1% formic acid), shown as Figure 2A. The same m/z
search was performed to determine the presence of the five main components, and the
improved separation enabled four of them to be observed (Figure 2B). In addition to
resolving four components, the peak intensity and integrated area increased several fold as a
consequence of better separation and less ionization suppression (Figures 2B and S1B). All
four identified compounds were selected to evaluate the HPLC-MS system. The RSDs of
retention time and integrated area were excellent across four consecutive analyses (Table 2),
with all RSDs for RT being < 0.3% and the RSD for integrated area being < 1.5%, except for
glycocyamine (3.9%). Creatine (1) and creatinine (6) standards were utilized to validate the
compound identity by matching retention time and m/z (Figures S2 and S3).
Phosphocreatine was not observed by HPLC-MS in positive mode and its absence from the
V1 sample was confirmed by also running in negative mode (Figure S4). The reproducibility
was confirmed by conducting the experiments on three different days. The RSDs for RT
were < 2.5%, while the RSDs for integrated area were < 6%, except creatine which was
14.2% (Table 2). Interestingly, the critical components of interest, cyclocreatine (4) and
phosphocyclocreatine (5), were not found within the mixture even when using the better
separation of the HILIC method.

3.2 Cyclocreatine and Phosphocyclocreatine Spiked in Analysis

The unexpected lack of any observable cyclocreatine or phosphocyclocreatine signals when
using the cyano column under optimized HPLC-TOF MS conditions prompted us to confirm
the method sensitivity. This was accomplished by spiking standards of known amount into
the V1 solution prior to HPLC-MS analysis in order to determine the sensitivity and linearity
of the analysis. A serial dilution of cyclocreatine was spiked into aliquots of the V1 stock
solution so that 1 jg injections of spiked V1 samples would contain varied but known
quantities of the cyclocreatine standard (10 pg, 100 pg, 1 ng, 5 ng, or 10 ng). The extracted
ions chromatograms (EIC) of cyclocreatine at 10 pg showed the emergence of a significant
peak with S/N >15. We extracted the cyclocreatine peak from all five spiked V1 samples
using the integrated area for quantitation curve analysis, shown in Figure 2C and Figure 3A.
The results exhibited excellent linear regression from 10 pg to 10 ng of spiked cyclocreating,
and we deemed it unnecessary to test at higher concentrations. By selecting the 5 and 10 ng
spiked samples, we performed three consecutive runs using the developed HILIC-MS
method. The quantitation curve was used to calculate the method accuracy, and results
(Figure 3B) showed that the accuracy is from 100.16% to 100.39%, with RSD% at 0.25%
and 0.58%, respectively. Because no cyclocreatine peak was observed when 1 pg of the
stock V1 sample was injected, we proceeded with a 40 pg injection using the same
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developed method to increase the potential of detecting cyclocreatine within the supplement.
Even at this higher injection amount, the EIC did not show a discernible cyclocreatine peak
(Figure S5), indicating that, if cyclocreatine is present in the 40 pug V1 sample, it is in an
amount less than 10 pg, which is <0.25 ppm. The spiked analysis of V1 was also performed
with phosphocyclocreatine at 50 pg, 100 pg, 1 ng, 10 ng, and 50 ng, demonstrating an LOQ
of ~ 50 pg. The EIC provided no observable peak for phosphocyclocreatine at either 1 or 40
ug injections of the V1 product.

3.3 Application of Method to Vendor 2 Dietary Supplement Analysis

On the basis of the results obtained from analysis of the V1 dietary supplement, we
considered it worthwhile to test another commercially available product from a different
vendor (V2) claiming to contain 10% cyclocreatine. Using the developed method under the
same analysis protocol, two different amounts of the V2 product (1 and 20 pg) were
injected, but no detectable cyclocreatine or phosphocyclocreatine peak was seen for any of
the experimental runs (Figure 4). Subsequent spiking analysis of the V2 product was
performed to determine sensitivity. Injections of 1 pg of the V2 product spiked with either
100 pg of cyclocreatine or phosphocyclocreatine produced an observable reference peak
maintaining the S/N of >750 and >52, respectively, for all four consecutive runs. Despite
claims of cyclocreatine or phosphocyclocreatine as a major component, it was determined
that, if either compound is present, they exist at < 5 ppm within the dietary supplements.

Interestingly, a major peak was found in both dietary supplements having the same m/z of
114.0662. The use of database searching and prediction software indicated that the unknown
compound was creatinine (6), a cyclic derivative of creatine, which was confirmed by RT
matching with a purchased standard (Figure S3). The integrated EIC peak area from the
HPLC-MS analysis was used for the estimation of each component percentage. This relative
quantitation is only used for an estimation because ionization efficiency varies from
compound to compound. The summarized information is shown in Table 3, and apparently,
the creatinine is the main component (70.97%) in V2 product while the trimethylglycine is
the main component (45.8%) in V1 product.

In summary, two commercially available dietary supplements claiming to contain
“cyclocreatine” or “cyclocreatine phosphate” were analyzed to determine component
composition. The primary components listed in the supplement facts are amino acids and
structurally related compounds possessing similar characteristics, making content analysis
challenging. Initial tests using RPLC were not successful as the hydrophilic characteristics
of the compounds caused them all to elute at the start of RPLC separation. The use of a
cyano column improved elution time with both RPLC and HILIC modes, but evaluation of
separation capabilities showed HILIC mode had superior performance. After optimization, a
final elution protocol using isocratic elution at 60% ACN/40% water with 0.1% formic acid
provided good separation for four of the five main components within the V1 product.
Surprisingly, none of the observed peaks corresponded with cyclocreatine (4) or
phosphocyclocreatine (5). Using spiked samples, linearity for cyclocreatine signal in the
presence of other components was demonstrated in the range of 10 pg to 10 ng with the
LOQ of 10 pg (S/N >15). Similar results were achieved for phosphocyclocreatine with the
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LOQ of 50 pg, shown as Figure 5. Even with increased injection quantities of the V1 and V2
products, cyclocreatine was still not detectable; if it is present in the dietary supplements, it
is at quantities less than 0.25 and 5 ppm, respectively. Additionally, similar analysis results
for phosphocyclocreatine within the V1 and V2 products indicate that it exists at less than
1.25 and 5 ppm, respectively. Overall, we have developed a straightforward and practical
HPLC-MS method for the separation of a complex mixture of amino acids, enabling the
identification and quantitation of cyclocreatine, phosphocyclocreatine, and related
compounds present within the sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Structures of expected and observed compounds within tested dietary supplements: creatine

(2), glycocyamine (2), phosphocreatine (3), cyclocreatine (4), phosphocyclocreatine (5),
creatinine (6), betaine (7), and taurine (8).
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Figure2.

HPLC-TOF MS analysis of Vendor 1 (V1) product using Cyano (CN) column analysis: (A)
total ions chromatograms (TIC) of V1 product injection (1 pg); (B) extracted ions
chromatograms (EIC) of the five main components listed on V1 package using the predicted
mv/z, (C) EIC of cyclocreatine for V1 samples, 1 ug aliquots spiked with 10 pg, 100 pg, 1 ng,
5 ng, and 100 ng of cyclocreatine standard; (D) EIC of phosphocyclocreatine for V1
samples, 1 pg aliquots spiked with 50 pg, 100 pg, 1 ng, 10 ng, and 50 ng of
phosphocyclocreatine standard. The ion extraction based on the predicted //zwas at 20 ppm

tolerance.
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Figure 3.

HPLC-TOF MS analysis of cyclocreatine (4) spiked into V1 product. (A) calibration curve
for cyclocreatine-spiked V1 sample; (B) accuracy study for cyclocreatine in V1 sample. The
recovery amount was analyzed from injection of 1 pg of V1 sample spiked with 5 ng and 10
ng of cyclocreatine.
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Figure 4.
HPLC-TOF MS analysis of Vendor 2 (V2) product. (A) TIC of V2 product injected at two

different volumes: 1 ug (blue) and 20 pg (red); (B) EIC comparison of cyclocreatine (4) and
phosphocyclocreatine (5) injections: 1 g of stock V2 sample (blue, cCr; black, PcCr), 20 ug
of stock V2 sample (red, cCr; orange, PcCr), and 1 pg of stock sample spiked with 100 pg of
the cCr standard (green) and 100 pg of the PcCr standard (purple). The ion extraction based
on the m/z of 144.0768 for cCr and m/z of 224.0431 for PcCr were within 20 ppm tolerance.
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HPLC-TOF MS analysis of phosphocyclocreatine (5) spiked into V1 product. (A)
calibration curve for phosphocyclocreatine-spiked V1 sample; (B) TIC and EIC results for
three consecutive V1 injections of 40 g each. The ion extraction based on the m/z of

224.0431 was within 20 ppm tolerance.
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Component List for Vendor 1 Dietary Supplement

compoundsa mol. formula  predicted m/z(+)b

cyclocreatine CsHgN30,

trimethylglycine CsH11NO,

creatine C4HgN30,
taurine C,H;NO3S
glycocyamine C3H7N30,

144.0768
118.0863
132.0768
126.0219
118.0611

a, ..
As listed on supplement facts label.

bCaIcuIated using MassHunter software (Agilent Technologies).

J Agric Food Chem. Author manuscript; available in PMC 2020 June 26.

Table 1.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Tao etal.

Table 2.

Analysis of Retention Time and Integrated Area for Vendor 1 Dietary Supplementa

retention time (RT; min) integrated area (1A)

component avg(n=4) RSD% (intraday) RSD% (interday) avg(n=4) RSD% (intraday)

trimethylglycine 0.97 0.21 157 1.89 x 108 0.29
creatine 113 0.18 0.63 4.27 x 107 1.22
taurine 0.72 0.29 218 1.66 x 107 1.24
glycocyamine 1.11 0.19 0.63 1.61 x 107 3.93

RSD% (interday)
1.78
14.18
1.03
5.54

aData analysis based on four consecutive HPLC (cyano column)-TOF MS experimental runs.
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Table 3.

HPLC-TOF MS Analysis of Two Commercial Cyclocreatine-Related Dietary Supplements

Vendor 1 product

Vendor 2 product

compound integrated area (1A)

cyclocreatine N/Ab

trimethylglycine  1.89 x 108
creatine 4.33 x 107
taurine 1.68 x 107
glycocyamine 1.64 x 107

creatinine 1.47 x 108

ratio® (%)
N/A

4538

10.5

4.1

40

356

integrated area (1A)

nial

6.33 x 108
3.74 x 107
4.10 x 10
1.77 x 10
1.07 x 108

ratio® (%)
N/A

4.2

24.8

0.02

0.01

70.97

a . U A . Lo -
Relative quantification using integrated peak area of extracted ion chromatogram (EIC) from LC-MS regardless of ionization efficiency.

bCompound not detected within sample.
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