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ABSTRACT

A simple, fast and sensitive mixed-mode reversed-phase and cation-exchange HPLC-MS/MS method for
the quantification of S-propargyl-cysteine (SPRC), a novel cardioprotective agent, has been developed
and validated for preclinical studies. Chromatographic separation of SPRC and its internal standard (IS)
was performed using a commercial analytical column which contained both C18 bonded silica particles
and sulfonic acid cation-exchange particles. The optimized mobile phase was composed of acetoni-
trile/ammonium acetate buffer (10 mM, pH 4): 30/70 (v/v). Quantification was conducted by multiple
reaction monitoring (MRM) of the transitions of m/z 160.0 — 143.0 for SPRC and 178.1 — 160.9 for S-
butyl-cysteine (IS). The assay utilized methanol to achieve a simple and fast deproteinization. The lower
limit of quantification (LLOQ) was 0.6 p.g/mL (diluted with 50-fold of methanol) using 20 L rat plasma.
The assay was linear over a range from 0.6 to 159 g/mL, with intra- and inter-batch accuracy (as relative
error) less than +5% and precision (as relative standard deviation) less than 10%. Using the validated
assay, the pharmacokinetic properties of SPRC in rats were investigated. SPRC exhibits linear pharma-
cokinetics after oral or intravenous administration in rats. The bioavailability after oral administration at

25,75, and 225 mg/kg was 96.6%, 97.0%, and 94.7%, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

S-propargyl-cysteine (SPRC, Fig. 1A), a new sulfur-containing
amino acid derivative, is a novel cardioprotective agent in the pre-
clinical stage. It is the analog of s-allylcysteine (SAC), which is
derived from aged garlic and has been reported to have antioxidant,
anti-cancer, anti-hepatopathic, and neurotrophic properties [1-4].
Previous studies demonstrate that SPRC has better cardioprotective
effects than SAC via its HyS-related pathway [5,6], and show that it
has become a promising candidate to treat cardiovascular diseases.

Like most amino acids, SPRC has poor UV absorption and fluo-
rescent properties. In addition, its high polarity makes it difficult to
extract from biological matrices and may cause it to elute among
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endogenous, polar substances with ordinary reversed-phase chro-
matography. Many published methods of amino acids and their
derivatives required pre-column derivatization (with phenyl isoth-
iocyanate, o-phthalaldehyde, and dabsyl chloride) to achieve a
suitable chromatographic behavior and sensitivity using HPLC-UV
or HPLC-FLU [7-9]. Unfortunately, these methods often have a
complicated, time-consuming sample pre-treatment and a long run
time to eliminate possible interference from endogenous amino
acids in biological matrices. lon-exchange chromatography meth-
ods following post-column derivatization have also been reported
to determine amino acid derivatives in biological matrices, but
these need an additional derivatization apparatus which limited
their extensive use [1]. Rosen et al. reported a relative sensitive
HPLC-MS method to determine SAC [8], but a pre-column deriva-
tization was still needed to improve its retention on a C18 column.

The present paper reports the development of a simple, fast,
and sensitive method by using mixed reversed-phase and cation-
exchange HPLC-MS/MS for the measurement of SPRC in rat
plasma. Mixed-mode reversed-phase and cation-exchange HPLC
combines the advantage of reversed phase chromatography and
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Fig. 1. Chemical structure of SPRC (A) and the internal standard S-butyl-cysteine
(B).

ion-exchange chromatography, which is suitable to separate a mix-
ture of polar and ionizable compounds [10,11]. We found that it was
useful to separate the amino acid derivative SPRC from endogenous
amino acid interference.

2. Material and methods
2.1. Chemicals and reagents

The reference substances of SPRC (>99% pure by HPLC) and inter-
nal standard (IS) S-butyl-cysteine (>99% pure by HPLC, Fig. 1B) were
synthesized as mentioned before [5,6]. HPLC grade acetonitrile and
methanol were from Fisher Scientific (Pittsburgh, PA, USA). Other
reagents used had the highest purity commercially available. Blank
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Sprague-Dawley rat plasma was obtained from healthy, drug-free
rats, and stored at —70°C.

2.2. Animals

Sprague-Dawley rats (body weight of 200 + 20 g, half male and
half female) were obtained from Sino-British Sipper/BK Lab Ani-
mal Ltd. (Shanghai, China). Animal experiments were carried out
in accordance with the Guidelines for Animal Experimentation of
Fudan University (Shanghai, China) and the protocol was approved
by the Animal Ethics Committee of this institution.

2.3. Instrumentation

Chromatographic analysis was performed on an Agilent 1200
Series HPLC system (Agilent Technologies, Palo Alto, CA, USA)
equipped with an autosampler, a vacuum degasser unit, and a
binary pump. The MS/MS detection was conducted using an API
4000 triple-quadrupole spectrometer (Applied Biosystems/MDS
Sciex, Concord, ON, Canada) with a Turbo lon Spray (TIS) inter-
face. Data acquisition and processing was performed by Analyst 1.5
software (Applied Biosystems/MDS Sciex, Concord, ON, Canada).

2.4. Chromatographic separations

Chromatographic separation of the analyte from potentially
interfering substances was achieved at ambient temperature on
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Fig. 2. Representative multiple reaction monitoring (MRM) chromatograms of SPRC (1) and S-butyl-cysteine (IS, 2): (A) a blank rat plasma; (B) standard solution of SPRC
(2.5 pg/mL) and IS (0.44 pg/mL) injected directly; (C) rat plasma spiked with the analyte (the LLOQ at 0.6 p.g/mL) and IS (0.44 p.g/mL); (D) a plasma sample (calculated to be
49.3 wg/mL) 1 h after oral administration of 75 mg/kg SPRC in rat.
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a CAPCELL PAK CR 1:4 (150 mm x 4.6 mm i.d. with 5 pm particles)
column (Shiseido, Japan). The mobile phase was composed of ace-
tonitrile/ammonium acetate buffer (pH 4.0; 10 mM): 30/70 (v/v),
and was delivered isocratically at a flow rate of 0.5 mL/min.

2.5. Mass spectrometric conditions

The mass spectrometer was operated in positive ion mode.
Quantification was performed using MRM of the transitions of m/z
160.0 — 143.0 for SPRC and m/z 178.1 — 160.9 for S-butyl-cysteine
(IS). The optimal declustering potential (DP), entrance potential
(EP), collision energy (CE) and collision-cell exit potential (CXP) for
SPRC were 45V, 15V, 19V, and 5 V, respectively. Such compound
specific parameters for the IS were 42 V (DP), 15 V (EP), 16 V (CE),
and 5 V (CXP), respectively.

2.6. Preparation of standards and quality control samples

A stock solution of SPRC was accurately prepared in deionized
water at 3.18 mg/mL, and then stored at —70°C. The calibration
standards were prepared by spiking 10 p.L of the appropriate dilu-
tion to 90 pL of blank rat plasma to the concentrations of 0.6, 1.2,
2.5,5.0,9.9, 19.9, 39.8, 79.5, and 159 pg/mL. The quality control
(QC) samples used in the validation and in the plasma level deter-
minations were prepared in the same manner, using a separately
weighed stock solution. The nominal plasma concentrations of QC
samples were 1.2, 9.9, and 79.5 pg/mL. S-butyl-cysteine was pre-
pared as a 0.18 mg/mL solution in deionized water and stored at
-70°C.

2.7. Sample pretreatment

An aliquot of 20 wL of the samples were precipitated with 1 mL
of methanol containing 0.44 p.g/mL internal standard, and mixed
vigorously for 1 min on a vortex-mixer, followed by centrifugation
(MicroCL 17R, Thermo IEC, USA) at 12,000 rpm for 10 min at 4°C. A
volume of 5 L was injected into the LC-MS/MS instruments using
an autosampler operating at room temperature.

2.8. Method validation

The developed method was validated according to the Guide-
lines for Bioanalytical Method Validation of the Food and Drug
Administration (FDA) [12].

Selectivity was evaluated by analyzing blank rat plasma samples
obtained from six different rats. Linearity was assessed by construc-
tion of five independent calibration standards ranging from 0.6 to
159 wg/mL based on peak area ratios of SPRC/IS on five separate
days. The lower limit of quantification (LLOQ) was evaluated sin-
gularly in five separate batches with a nominal concentration of
0.6 pg/mL.

The precision and accuracy were determined by analyzing five
replicates of spiked samples at each level on three separate batches.
Extraction recovery of the analyte was determined by comparing
the peak areas of QC samples to those of post-extraction blank
plasma samples spiked with equivalent amounts of analyte. Matrix
effects were also evaluated by comparing the peak areas of post-
extraction blank plasma samples spiked with analyte to the peak
areas of direct injection of diluted stock solution at the same con-
centrations. Five different lots of plasma were used to assess the
matrix effects and the possibility of ion suppression or enhance-
ment for SPRC [13]. The stabilities of SPRC in rat plasma were
investigated during a variety of storage and process conditions,
including short-term stability (at room temperature for 8 h), freeze
and thaw stability (three freeze at —70°C/thaw at 37°C cycles),

long-term stability (at —70°C for 2 months) and post-preparative
stability (kept in the autosampler for 24 h).

To test whether the dilution of these samples before a subse-
quent analysis would affect the accuracy and precision of the drug
determination, rat plasma samples containing 318 p.g/mL of SPRC
were diluted five fold with drug-free rat plasma, then analyzed in
five replicates.

2.9. Pharmacokinetics application

Rats were fasted for 12 h before dosing and 3 h afterwards, with
free access to water. 36 rats were randomly grouped in two major
groups: intravenous (i.v.) and intragastric (i.g.) administration, with
three sub-divisions for three dosages in each major group. The i.v.
dosages of SPRC were 25, 75, and 225 mg/kg, prepared in isotonic
saline. The i.g. dosages were also 25, 75, and 225 mg/kg, which were
made by dissolving the SPRC powder in deionized water.

100 pL blood samples were collected by tail vein puncture at
0.08,0.17, 0.33,0.5, 1, 2, 4, 6, 8, 10, 12, 14, 16, and 24 h after i.g.
administration, and at 0.03, 0.08, 0.17, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8,
10, 12, and 14 h after i.v. administration.

Pharmacokinetic parameters were calculated with DAS 2.0
software (Mathematical Pharmacology Professional Committee of
China, Shanghai, China). Absolute bioavailability (F) was deter-
mined for each dose according to the following equation: F
(%)=AUCq_¢(ig)/AUCq_¢(iv,) x 100 (AUCq_,, estimated using linear
trapezoidal method). Log-transformed date for Cpax/dose and
AUCy_./dose were analyzed using one-way ANOVA regression
model to test dose proportionality. Tmax Was analyzed using non-
parametric test (Kruskal-Wallis test).
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Fig. 3. Mean plasma SPRC concentration-time curves (n==6): (A) i.g. administration
of SPRC at 25, 75, and 225 mg/kg; and (B) i.v. administration of SPRC at 25, 75, and
225 mg/kg.
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Intra- and inter-batch precision and accuracy for determination of SPRC in rat plasma (n =3 batches, 5 replicates per batch).

Nominal concentration Intra-batch

Inter-assay

(p.g/mL)
Measured RSD (%) RE (%) Measured RSD (%) RE (%)
concentration concentration
(mean+S.D.) (png/mL) (mean +S.D.)(jg/mL)
1.2 1.2+0.1 6.5 03 1.2+0.1 7.5 -29
9.9 9.6+0.6 6.6 -3.0 9.9+0.5 47 0.1
79.5 82.3+35 43 35 77.6+4.4 5.7 -24
Table 2
Stabilities of SPRC in rat plasma under different conditions (n=5).
Storage condition 1.2 pg/mL 9.9 pg/mL 79.5 pg/mL
Remaining (%) RSD (%) Remaining (%) RSD (%) Remaining (%) RSD (%)
Short-term stability 103.8 4.7 104.0 4.9 101.9 2.7
Freeze and thaw stability 90.0 9.3 98.0 3.6 109.3 14.7
Long-term stability 109.9 11.3 1104 6.1 114.8 3.1
Post-preparative stability 91.9 11.2 96.5 4.7 97.2 3.2

3. Results and discussion
3.1. Method optimization

The separation selectivity provided by RP-HPLC is limited to
the hydrophobicity-based resolution of relatively nonpolar sam-
ple components. Because of its high hydrophilicity, SPRC were not
retained on a reversed-phase column. For the development of this
method, a mixed reversed-phase and cation-exchange analytical
column was adopted to obtain enough retention of SPRC with a
mobile phase of acetonitrile-ammonium acetate buffer. Based on
ammonium acetate buffer, the influence of buffer concentrations
and pH were investigated. As a result, 10 mM ammonium acetate
(pH 4.0) was chosen for the mobile phase composition, which
can lead to a good peak shape and signal intensity for the ana-
lyte. With the mobile phase composed of acetonitrile/ammonium
acetate buffer (pH 4.0; 10mM): 30/70 (v/v), the retention times
of SPRC and IS were 3.21+0.05min (n=10) and 4.12 4+ 0.05 min
(n=10), respectively. This column was used successfully for the
separation of the polar molecules that were weakly retained in the
ordinary reversed-phase chromatography columns.

3.2. Method validation

Typical chromatograms obtained in rat plasma are shown in
Fig. 2. No potential interfering peaks from endogenous matrix com-
ponents were observed at the retention times of SPRC and IS.

The assay was linear over a concentration range from 0.6 to
159 pg/mL for SPRC. The regression model was evaluated using
an analysis of variance (ANOVA) and a lack-of-fit test. The results
revealed that the linear regression model fits the calibration data
well. The mean equation for the standard curves in rat plasma was
y=0.0572 (£0.0025)+0.0616 (£0.0019) x x, and the coefficients
of determination (R?) were greater than 0.99. For each point on
the calibration curves for SPRC, the concentrations back-calculated
from the equation of the regression analysis were within 15% devia-
tion from the nominal values (date not shown). The present method
offered an LLOQ of 0.6 p.g/mL with an accuracy of 6.2% and a preci-
sion of 8.9%.

Table 1 summarizes the intra- and inter-batch precision and
accuracy for SPRC. Intra- and inter-batch precision and accuracy
for all the concentrations were less than 10%.

The mean extraction recoveries of SPRC at three different
concentrations were 96.4+8.2%, 98.8+2.6%, and 101.0+2.5%,
respectively. The mean matrix effects were 76.6 +4.2%, 76.1 & 1.6%,
and 78.3 £ 3.1%. In addition, we evaluated the variability of matrix
effects in samples from six different individuals, and the variabil-
ity in matrix effects (measured by RSD) was 5.5%, 2.1%, 4.0% at
three different concentrations, which indicated the matrix effects
were acceptable and wouldn’t impact the reproducibility of analy-
sis [13]. The mean extraction recovery and matrix effect of IS was
103.3+5.2% and 97.6 +4.2%.

SPRC was determined to be stable under different temperature
and storage conditions. All the samples evaluated showed no obvi-
ous degradation (less than 10%) of SPRC in plasma (Table 2).

Table 3

Pharmacokinetic parameters of SPRC in rats (mean +SD, n=6).
Parameters iv. ig.
Dose(mg/kg) 25 75 225 25 75 225
Crax (pug/mL) - - - 17.1+£2.0 59.0+9.9 167.0+45.5
C1.8min (vg/mL) 57.4+28.7 96.9+18.5 388.4+105.6 - - -
Tmax (h) - - - 1.1+£05 1.3+05 25+1.8
T2 (h) 3.1+£0.8 28+1.9 28415 43+09 3.0+£0.9 31+£1.0
MRT (h) 45+1.0 51+25 54+1.6 7.0+2.1 59+1.5 71+£1.7
CL (ml/min/kg) 29+1.0 28+1.2 2.2+0.6 32+1.2 2.8+0.8 2.5+09
Vd.area (1/kg) 0.75+0.10 0.55+0.11 0.49+0.16 1.11+0.21 0.73+0.27 0.63+0.17
AUCo_¢ (mg/lh) 141.84+34.2 471.4+£175.5 1692.9 +368.3 137.0+63.8 457.1+137.2 1603.8 £589.3
AUCo._o, (mg/lh) 151.6+39.1 518.8+245.3 1828.2+499.1 142.7 +£65.2 468.4+136.8 1656.2 +627.5
F (%) - - - 96.6 97.0 94.7

Cinax, maximum plasma concentration; Tpmax, time to maximum plasma concentration; Ty, elimination half life; MRT, mean residence time; CL, clearance; Vg area, volume of
distribution; AUCy_;, area under the plasma concentration-time curve from time zero to time t; AUCy_.,, area under the plasma concentration-time curve from time zero

infinity; F, bioavailability.
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After dilution (1:5), the accuracy (measured as RE) com-
pared with the nominal concentration was —2.8%, and the
precision (measured as RSD) was 10.1%. This indicates the
plasma samples containing SPRC above the high level of cali-
bration curve can be diluted with blank matrix prior to sample
pretreatment.

3.3. Pharmacokinetic study

Fig. 3 showed the plasma concentration-time-course profiles of
SPRC after single i.g. and i.v. administrations to rats. The pharma-
cokinetic parameters are summarized in Table 3. Log transformed
Cmax/Dose and AUCy_./Dose were not different between dose levels
after a single i.g. or i.v. administration (p > 0.05), and the mean Tpyax
were also found to be independent of dose (p>0.05), indicating a
kinetic linearity.

After oral administration, SPRC was rapidly absorbed and the
maximum plasma concentration (Cmax) appeared at 1.1+0.5,
1.3+0.5, and 2.5+ 1.8 h following 25, 75, and 225 mg/kg adminis-
tration, respectively. The absolute bioavailability of oral SPRC was
calculated to be 96.6%, 97.0%, and 94.7%, respectively.

4. Conclusion

Asimple, fast mixed-mode reversed-phase and cation-exchange
LC-MS/MS assay for the quantification of SPRC in rat plasma
has been successfully developed and validated. The proposed
method has been successfully applied to the pharmacokinetic stud-
ies of SPRC in rats. SPRC exhibits linear pharmacokinetics over a
25-225mg/kg dose range, and its oral bioavailability was high,
above 90% of the administered dose.
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