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Abstract

An accurate, rapid and selective method was developed to quantify cyclocreatine in mouse and rat
plasma using hydrophilic interaction (HILIC) ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS). The plasma samples were prepared by protein precipitation
with acetonitrile:methanol (70:30). Chromatographic separation was performed on a HILIC BEH
amide column (2.1 mm x 50 mm, 1.7 um) with a 3 min gradient elution at a flow rate of 0.5 mL/
min. For mass spectrometric detection, selected reaction monitoring (SRM) was used; the SRM
transitions were m/z 144 — 98 and m/z 144 — 56 for cyclocreatine and m/z 148 — 102 for the
internal standard (D4-cyclocreatine) in the positive ionization mode. No endogenous components
interfered with the analysis of cyclocreatine and the internal standard in mouse and rat plasma.
Plasma calibration curves were constructed in the range of 0.01-25 uM. The correlation
coefficient of the calibration curves was greater than 0.99. The mean intraday assay accuracy for
all quality control (QC) replicates was between 93 and 105%. The mean intraday assay precision
(CV%) was 1.9-11% for all QC levels. The HILIC-UPLC-MS/MS method was successfully
applied in pharmacokinetic (PK) studies of cyclocreatine in mice and rats for the first time. After a
single 30 mg/kg oral administration in mice and rats, the AUC.« (area under the curve) was 84.1
pg-hr/mL and 91.7+18.0 pg-hr/mL, respectively.

1. Introduction

Creatine transporter deficiency (CTD) is an X-linked inherited metabolic disorder
characterized by cerebral creatine deficiency and affects about 1% of males with non-
syndromic mental disability [1]. CTD symptoms include intellectual, language and speech
impairment, seizures, and movement and behavioral disturbances. Cyclocreatine (1-
Carboxymethyl-2-iminoimidazolidine), an analog of creatine, is under investigation as a
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potential drug candidate [2] for the treatment of CTD. Previously, cyclocreatine was given to
humans as a chemotherapeutic adjunct under an investigational new drug Phase | safety
study [3].

Cyclocreatine is a polar molecule with a molecular weight of 143 Da. Its polarity and low
molecular weight create challenges in developing of quantitative bioanalytical assay for
pharmacokinetic (PK) studies. To date, only one bioanalytical method was published for
cyclocreatine quantitation [4]. In that method, a cation-exchange column was used to assay
cyclocreatine and its analogues in mammalian skeletal muscles using an UV detector.
However, that method is not compatible with mass spectrometry which is widely used in
bioanalysis due to high selectivity and sensitivity. Several analytical methods for creatine
have been described, including the use of ion-pair reversed-phase liquid chromatography [5],
capillary electrophoresis [6], isotope dilution liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and gas chromatography-mass spectrometry [7], and reverse
phase LC-MS/MS [8]. However, the reverse phase LC-MS/MS method [8] had poor
chromatographic retention and a derivatization method needed to be employed during
sample preparation [9] to retain the hydrophilic analytes.

Hydrophilic interaction chromatography (HILIC) is a valuable alternative to reverse phase
liquid chromatography (RPLC) for the analysis of highly polar and hydrophilic compounds
and its separation mechanism is quite different from that of RPLC [10]. HILIC enables the
use of both highly hydrophilic stationary phases to retain polar analytes and high organic
content mobile phases with volatile buffers. The latter makes HILIC readily compatible with
mass spectrometry. By providing good chromatographic retention for polar compounds,
HILIC reduces the potential matrix interferences in bioanalysis. HILIC methods do not need
the derivatization steps for polar compounds and thus reduce sample preparation time.
Hydrophilic interaction chromatography and tandem mass spectrometry (HILIC-MS/MS)
was used in analysis of creatine, purine and pyrimidine derivatives in cow’s urine samples to
achieve good retention and better separation [11]. However, high throughput quantification
of cyclocreatine in plasma using UPLC-MS/MS for pharmacokinetic studies has not yet
been reported. Therefore, a robust HILIC-UPLC MS/MS assay for the determination of
cyclocreatine in plasma for drug metabolism and PK studies was developed and is described
here.

2. Experimental

2.1. Chemicals and reagents

LC-MS grade acetonitrile (ACN) and methanol (MeOH) were purchased from Fisher
Scientific (Pittsburgh, PA). Deionized water was purified by a Milli-Q Ultrapure Water
Purification System from EMD Millipore Corporation (Billerica, MA). Drug-free control
blank mouse and rat plasma (Ko,EDTA) was obtained from Bioreclamation IVT (Westbury,
NY). Cyclocreatine (Fig. 1), ammonium acetate and formic acid were purchased from Sigma
Aldrich (St. Louis, MO). Stable labeled internal standard (IS), D4-cyclocreatine [2-(2-
imino-4,4,5,5-D4-imidazolidin-1-yl)acetic acid], was synthesized in-house by a chemist at
the National Center for Advancing Translational Sciences (NCATS, Rockville, MD).
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2.2. Preparation of calibration standards and quality control samples

Stock solutions of cyclocreatine and D4-cyclocreatine (IS) at 100 mM were prepared by
dissolving each compound in water and stored at —20°C. Calibration standards were
prepared in drug-free blank mouse and rat plasma over a range of 0.01 — 25 pM. The quality
controls (QC) were prepared in blank mouse and rat plasma at 0.025, 0.1, 1.0 and 25 yuM.

2.3. Plasma sample extraction

Calibration standards were freshly prepared on the day of sample analysis in control blank
mouse or rat plasma. All frozen PK study samples and quality control samples were thawed
at room temperature prior to analysis. Once thawed, samples were thoroughly vortexed. In a
2-mL 96-well plate, a 200 pL aliquot of internal standard working solution (2.0 uM in ACN/
MeOH:7/3) was added to each well, then a 10 pL aliquot of standards, QCs and PK study
samples was added. The 2-mL 96-well plate was capped, vortexed and centrifuged at 3000
rpm for 30 min at 4°C. 150 uL of supernatant was transferred to a 350-uL 96-well plate
using a TECAN Freedom Evo 200 robotic system (Morrisville, NC) and 2 pL of supernatant
was injected for HILIC-UPLC-MS/MS analysis. Samples were kept in the autosampler at
10°C during sample analysis.

2.4. HILIC-UPLC-MS/MS conditions

HILIC-UPLC separation was carried out using a Waters Acquity I-class system (Waters
Corp., Milford, MA). The HILIC column was a Waters Acquity BEH amide (1.7 pm, 2.1 x
50 mm) and was maintained at 60°C. The mobile phases were 10 mM ammonium acetate in
5% ACN/H20 (v/v) (A) and 10 mM ammonium acetate in 95% ACN/H20 (v/v) (B). The
flow rate was 0.5 mL/min. The optimal UPLC elution gradient was: 0-0.2 min 99% B; 0.2—
3 min 99 — 50% B; hold at 30%B for 0.5 min and 3.5-4.0 min 99% B.

A Waters Xevo TQ-S triple quadrupole mass spectrometer was operated in positive
electrospray ionization (+ESI) mode for assay development. Mass spectrometric conditions
were optimized through infusion of each compound at 5 uL/min. Under these conditions,
cyclocreatine and the internal standard yielded predominantly protonated molecules at m/z
144 and m/z 148, respectively. Each of the precursor ions was subjected to collision-induced
dissociation (CID) in order to generate product ions. The product ions of cyclocreatine at
m/z 98 and 56, and internal standard at m/z 102 were chosen for the selected reaction
monitoring (SRM) (Fig. 1). Experimental parameters were optimized as follows: 150 L/h
cone gas, 550 L/h desolvation gas, 150°C source temperature, 550°C desolvation
temperature, 30 V cone voltage and 1 kV of capillary voltage. The collision gas argon was
pressurized at 5.5 x 107> Torr. The optimized collision energy (CE) for cyclocreatine was 17
and 21 V for m/z 144 — 98 and 144— 56, respectively, and CE for D4-cyclocreatine was
18 V for m/z 148 — 102. The results were analyzed by 1/x2 weighted least-squares linear
regression using TargetLynx (Waters Corp., Milford, MA).

2.5. Pharmacokinetic studies

Male C57BL/6 mice (~ 30 g, total 12 mice with n=4/sampling time point) and male
Sprague-Dawley rats (~300 g, total 4 rats) were obtained from Charles River Laboratories
(Wilmington, MA). Mice and rats were housed at the centralized animal facilities at the NIH
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(Bethesda, MD) with a 12 h light-dark cycle. The housing temperature and relative humidity
were controlled at 22°C and 55%, respectively. The animals had free access to water and
food. All experimental procedures were approved by the Animal Care and Use Committee
(ACUC) of the NIH Division of Veterinary Resources (DVR). An oral dose (PO) of 30
mg/kg with a dosing volume of 10 mL/kg was administered via gavage. The formulation
used was 20 mM citric buffer (pH~3). All dosing solutions were freshly prepared on the day
of administration. The blood samples (~ 100 uL) were collected in K2EDTA tubes at 0.167,
0.5, 1, 2, 3,5, 7 and 24 hr after drug administration, and plasma (~ 40 pL) was harvested
after centrifugation at 3000 rpm for 10 min. All plasma samples were stored at —80°C until
analysis.

The pharmacokinetic parameters were calculated using the non-compartmental approach
(Model 200) of the pharmacokinetic software Phoenix WinNonlin, version 6.2 (Certara, St.
Louis, MO). The area under the plasma concentration versus time curve (AUC) was
calculated using the linear trapezoidal method. The slope of the apparent terminal phase was
estimated by log linear regression using at least 3 data points and the terminal rate constant
(M) was derived from the slope. AUC(.oo Was estimated as the sum of the AUCq+ (where t is
the time of the last measurable concentration) and Ct/A.. The apparent terminal half-life (ts)
was calculated as 0.693/A..

3. Results and discussions

3.1. Method development

A HILIC-UPLC-MS/MS method was developed and optimized with conditions suitable for
cyclocreatine retention and MS/MS detection. Mobile phases with different volatile buffers
were tested. A mobile phase with 10 mM ammonium acetate in 5% acetonitrile/water
(eluent A) and 10 mM ammonium acetate in 95%acetonitrile/water (eluent B) showed the
best overall cyclocreatine retention and peak shape. The use of sub-2-pm particles improved
performance in LC separations. The 1.7 um particles, rather than conventional 3.5 or 5-um,
enable faster mass transfer in a wider range of linear velocity, and hence greater efficiency.
Short gradient times also benefited from low UPLC system void volume. The peak width in
UPLC is typically in the range of 2 sec which provides high chromatographic resolution.

Tandem mass spectrometry (MS/MS) offers high selectivity and sensitivity. Mass
spectrometry parameters were optimized to achieve selectivity and sensitivity in positive ion
mode for cyclocreatine. The protonated molecular ions of cyclocreatine and D4-
cyclocreatine were observed in the ESI-MS positive ionization mode. The cyclocreatine
precursor ion was fragmented in the collision cell and yielded the most abundant product ion
m/z 98 (Fig. 1). This allowed the use of selected reaction monitoring (SRM) for
cyclocreatine and D4-cyclocreatine at m/z 144 — 98 and m/z 148 — 102, respectively, to
increase the detection specificity and sensitivity. SRM of m/z 144 — 56 was monitored for
cyclocreatine as the qualifying ion to verify the absence of endogenous interference. The
retention time of cyclocreatine and D4-cyclocreatine was 1.79 min using the optimized
HILIC-UPLC gradient elution method. The developed HILIC-UPLC-MS/MS method offers
the advantages of improved chromatographic resolution, decreased analysis time, and
reduced consumption of solvent. The analytical run time of the present method is 4 min.
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Representative chromatograms of rat plasma samples depict the internal standard only, the
lower limit of quanti cation (LLOQ), and a PK sample in Figs. 2A-2C. Cyclocreatine is not
present in the D4-cyclocreatine sample (Fig. 2A) at 1.79 min. The signal to noise ratio (S/N)
was >10 at the LLOQ (0.01 uM) (Fig. 2B).

3.2. Method evaluation and performance

3.2.1 Selectivity and linearity—To investigate whether endogenous compounds from
mouse and rat plasma could interfere with the detection of cyclocreatine or the internal
standard, control drug-free mouse and rat K2EDTA plasma was prepared as double blank
(containing neither analyte nor internal standard) and single blank (containing internal
standard only) samples. Samples were processed and analyzed according to the above
described procedures. In SRM chromatograms of double and single blank samples, no co-
eluting peaks >20% of the analyte peak areas at the LLOQ were found and no co-eluting
peak >5% of the internal standard were detected. These results indicated the absence of both
endogenous interference and the crosstalk of internal standard in the cyclocreatine SRM
transitions. An endogenous chromatographic peak at 1.50 min in rat plasma was separated
from cyclocreatine using the optimized HILIC-UPLC conditions (Fig. 2B). The calibration
range was 0.01 uM (LLOQ) to 25 uM (ULOQ, upper limit of quantitation) in plasma with a
2 WL injection. A linear regression with 1/x2 weighting was used to construct the calibration
curve. The responses of cyclocreatine standards ranging from 0.01 to 25 pM in mouse and
rat plasma were linear with a correlation coefficient greater than 0.99. Blank samples were
injected in between high-concentration QC samples to monitor the carryover effect [12].
There was no observable carryover effect in this HILIC-UPLC-MS/MS method.

3.2.2 Precision and accuracy—~Precision and accuracy of the assay were established by
analyzing QC samples. Five replicates of each QC sample were measured in each analytical
run. The CV was used to report the intraday (n=5) and interday (n=15) precision. The
intraday and interday precision and accuracy of this method is shown in Tables 1 and 2. The
intraday precision (CV%) was 1.9-11% for all QC concentration levels, while the accuracy
was between 93 and 105%. The intrerday precision (CV%) was 1.3-5.1% for all QC
concentration levels, while the accuracy was between 95 and 103%. These data suggested
that the developed HILIC-UPLC-MS/MS method generated accurate and reproducible
results.

3.3. Application to pharmacokinetic studies

The developed HILIC UPLC-MS/MS method was applied to the pharmacokinetic studies of
cyclocreatine in male C57BL/6 mice and male Sprague-Dawley (SD) rats. The plasma
concentration—time profiles of cyclocreatine after 30 mg/kg PO in mice and rats are
presented in Fig. 3 and the corresponding PK parameters are presented in Table 3.

After a single 30 mg/kg PO administration in C57BL/6 mice, the mean Cyax value was 5.62
pg/mL and the AUC_oo Value (calculated from the mean concentration of 4 samples at each
time point) was 84.1 pg-hr/mL. The half-life (t/») was about 6.6 hr. After a single 30 mg/kg
PO administration in SD rats, the mean Cyyx Value was 13.3+£2.6 ug/mL and the mean
AUC(. value was 91.7£18.0 pug-hr/mL. The mean half-life (t1/,) was 7.9 £ 0.9 hr. At the
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same dose of 30 mg/kg PO, the in vivo exposure (Cmax and AUC) of cyclocreatine appeared
to be higher in rats compared to that in mice.

4. Conclusion

The objective of the present study was to develop a reliable and fast UPLC-MS/MS method
for an initial PK assessment of cyclocreatine in mice and rats. The optimized HILIC-UPLC-
MS/MS method provided good chromatographic retention for cyclocreatine, separated
cyclocreatine from the endogenous interference, and reduced the sample preparation and
analysis time. Additional validations will be needed for toxicology and clinical studies.
Nevertheless, the method evaluation demonstrated that the HILIC-UPLC-MS/MS method is
rapid, simple, specific, precise and accurate for the quantification of cyclocreatine. This
method was applied successfully to the PK studies of cyclocreatine in mice and rats. The PK
results suggested that cyclocreatine was well absorbed after PO administrations and the half-
life was 7-8 hr in rodents. These PK results will guide future safety studies of cyclocreatine
as a potential therapeutics for the treatment of CTD.
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Highlights

Rapid, selective, accurate and reproducible HILIC UPLC-MS/MS method to
quantify cyclocreatine was developed.

Method provided good retention of cyclocreatine with no interference from mouse
and rat plasma.

The pharmacokinetic parameters of cyclocreatine after oral administration are
reported.
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Figure 1.
Product ion spectrum of cyclocreatine
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Figure 2.

Typical SRM chromatograms of cyclocreatine and IS (D4-cyclocreatine) in rat plasma: (A)
blank plasma spiked with IS; (B) blank plasma spiked with 0.01 uM cyclocreatine (LLOQ)
and IS; (C) a plasma sample obtained at 1 h after PO administration of 30 mg/kg of

cyclocreatine
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Figure 3.
Mean plasma concentration—time profile of cyclocreatine after 30 mg/kg PO in male C57

mice (n=12, 4 samples at each time point, @) and male Sprague-Dawley rats (n=4, B). Data
are expressed as mean + SD.
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Table 3

Average plasma pharmacokinetic parameters of cyclocreatine in male C57 mice (n=12) and male Sprague-
Dawley (SD) rats (n=4) after oral administration (30 mg/kg).

30 mg/kg PO (C57 mice) 30 mg/kg PO (SD rats)

AUCy . o (g h/mL) 84.1 91.7 180
farzy (M) 6.6 7.9+0.9
Trnax () 5 0.58+0.48
Crna (Mg/ML) 5.62 13.3+2.6
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