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a b s t r a c t

A sensitive and specific high performance liquid chromatography method with UV detection was devel-
oped and validated for the determination of PAC-1 in rat plasma. After extraction with ethyl acetate, the
chromatographic separation was carried out on a Diamonsil C18 column (150 mm × 4.6 mm i.d., 5 �m par-
ticle size, Zhonghuida) protected by a ODS guard column (10 mm × 4.6 mm i.d., 5 �m particle size), using
acetonitrile–methanol–phosphate buffer (pH 3.0, 30 mM) (31:3:66, v/v/v) as mobile phase at a flow rate
vailable online 27 November 2008
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of 1.0 mL/min, and wavelength of the UV detector was set at 281 nm. No interference from any endoge-
nous substances was observed during the elution of PAC-1 and internal standard (IS, indapamide). The
calibration curve was linear over the range of 0.05–20 �g/mL (r > 0.99). The lower limit of quantification
was evaluated to be 50 ng/mL. The method was successfully applied to the pharmacokinetic study of
PAC-1 after intravenous and oral administration in rats, respectively.
lasma
harmacokinetics

. Introduction

PAC-1 (Fig. 1A), 1-Piperazineacetic acid, 4-(phenylmethyl)-2-
[2-hydroxy-3-(2-propen-1-yl)phenyl]methylene]hydrazide, was
isclosed [1,2] by professor Hergenrother that directly activates
rocaspase-3 to caspase-3 in vitro, which activation places an

mportant role in the apoptotic pathways, and induces apoptosis
n cancerous cells isolated from primary colon tumors, in a manner
irectly proportional to the concentration of procaspase-3 inside
hese cells in which the expression of procaspase-3 is upregulated
3–7]. Professor Hergenrother found that PAC-1 retarded the growth
f tumors in three different mouse models of cancer, including two
odels in which PAC-1 was administered orally. PAC-1 is the first

mall molecule known to directly activate procaspase-3 to caspase-
[1]. The direct activation of executioner caspases is an anticancer

trategy that may prove beneficial in treating the many cancers in
hich procaspase-3 concentrations are elevated.

In order to explore the value of the anticancer ability of PAC-1,
ts ADME characteristics should be determined first. But as far as
e know, there is not any study to reveal the pharmacokinetic pro-
le. HPLC method is a simple and sensitive method widely used in
harmacokinetic study [8,9]. Therefore, the rat plasma pharmacoki-
etics and the absolute bioavailability of PAC-1 were studied with
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a HPLC method. Both the development of the method for the deter-
mination and the pharmacokinetic study of PAC-1 were reported
for the first time.

2. Experimental

2.1. Chemicals and reagents

PAC-1 (purity > 99.0%) was obtained from Sigma–Aldrich (Mil-
waukee, WI, USA); Indapamide (IS, Fig. 1B) was purchased from the
National Institute for the Control of Pharmaceutical and Biological
Products of China. Acetonitrile and methanol (HPLC grade) were
provided by Sinopharm Chemical reagent Co., Ltd. Phosphoric acid
was purchased from Tianjin kermel chemical reagents development
center. All the other reagents were of analytical grade. Distilled
water, prepared with demineralized water, was used throughout
the study.

2.2. Chromatographic system

The analyses were completed using an Agilent 1100 series
HPLC system, including a quaternary pump, a variable wavelength

UV detector, a column oven and an autosampler. The separation
was performed on a Diamonsil C18 column (150 mm × 4.6 mm
i.d., 5 �m particle size, Zhonghuida) protected by a ODS
guard column (5 mm × 4.6 mm i.d., 5 �m particle size), using
acetonitrile–methanol–phosphate buffer (pH 3.0, 30 mM) (31:3:66,

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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Fig. 1. Chemical structures o

/v/v) as mobile phase at a flow rate of 1.0 mL/min. The wavelength
as set at 281 nm and the column temperature was maintained

t 40 ◦C. A personal computer equipped with an Agilent Chem-
tation program for LC systems was used to acquire and process
hromatographic data. Peak area was evaluated as the analytical
easurement. Centrifugation (TDL-16C, Shanghai Anting Medical

nstrumental Factory, PR China) with calibrated centrifugal tubes
as applied to accelerate the phase separation process.

.3. Preparation of standards

Both of the stock solutions of PAC-1 and IS were prepared in
ethanol at concentration levels of 1 and 0.2 mg/mL, respectively.
orking solutions were prepared by diluting the stock solutions

bove with methanol. The concentration of working solution for
nternal standard was 20 �g/mL. All PAC-1 and IS solutions were

◦
tored at 4 C. The calibration curve at concentrations of 0.05, 0.15,
.5, 2.5, 10, 15, and 20 �g/mL were prepared by spiking appropri-
te amount of the standard solutions in blank plasma. Three levels
f QC samples (0.15, 2.5, and 15 �g/mL) in plasma were prepared
eparately in the same fashion.

ig. 2. Representative chromatograms of blank plasma (A); plasma spiked with PAC-
(2.5 �g/mL) and I.S. (5 �g/mL) (B); plasma samples obtained 60 min after a single

.g. treatment with 60 mg/kg of PAC-1 (C) from rats. Peak 1: PAC-1; Peak 2: IS.
1 (A) and indapamide (B, IS).

2.4. Sample preparation

Plasma samples (200 �L) were spiked with 50 �L of internal
standard, 20 �L of methanol and 200 �L of 2 M sodium hydroxide,
and extracted for 5 min with 2 mL ethyl acetate. After centrifugation
(4000 rpm, 5 min), the organic phase was transferred to another
vial and evaporated to dryness at room temperature under a slight
stream of nitrogen. Then the residue was reconstituted with 100 �L
of mobile phase, 20 �L of which was used for analysis.

2.5. Method validation

The calibration curves were obtained by plotting the area ratios
of PAC-1 and IS as a function of the PAC-1 concentration using
least squares linear regression analysis. The LLOQ was defined as a
reproducible lowest possible concentration, linear with the calibra-
tion curves having a relative error (R.E. %) below 20% and accuracy
between 80 and 120% [10,11].

To assess the intra-day accuracy and precision of the method,
3 concentrations of PAC-1 (0.15, 2.5, and 15 ug/mL) were spiked
into plasma, with 6 replicates independently prepared at each
concentration. Similarly, the inter-day accuracy and precision was
evaluated on 3 separate occasions, with 6 replicates at each concen-
tration. Accuracy was defined as the relative error (R.E. %) [12] while
precision was defined as the relative standard deviation (R.S.D. %).

The recovery of PAC-1 at 3 concentrations (0.15, 2.5, and
15 ug/mL) was determined in 6 occasions by comparing the peak
areas of PAC-1 from extracted samples with those in post-extracted
blank plasma samples spiked with PAC-1 at the same concentration.
The recovery of IS was determined in the same way at concentration
of 5 ug/mL.

The quality control (QC) samples (six replicates of QC samples
at each of 0.15, 2.5, and 15 ug/mL concentrations) were assayed
under several different conditions to assess the stability of PAC-
1 in rat plasma [13]. The resulting concentrations were compared
with their theoretical concentrations, and the relative error (R.E. %)
was calculated. Stability samples were to be concluded stable if the
relative error were within ± 15%.

2.6. Application to pharmacokinetic study

Male Wistar rats (220–250 g) were obtained from the Exper-
imental Animal Center of Shenyang Pharmaceutical University.
Animals were housed under controlled conditions (22 ± 2 ◦C, RH
50 ± 20%) with a natural light–dark cycle for 3 days before the exper-
iment carried out. Before drug administration, they were fasted
overnight and allowed free access to water. All procedures involving
animals were in accordance with the Regulations of Experimental
Animal Administration issued by the State Committee of Science
and Technology of People’s Republic of China.
Twelve rats divided randomly into two groups were fasted
overnight. PAC-1, prepared at 1.5 mg/mL in ethanol–saline (2:98,
v/v), was administered via tail vein as a bolus dose of 15 mg/kg
to one group of rats. The other group of rats received a single
dose of PAC-1(prepared at 3 mg/mL in ethanol-water (15:85, v/v))
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Table 1
Precision and accuracy of PAC-1 determination in rat plasma (intra-day: 6 replicates
at each concentration; inter-day: 18 replicates at each concentration).

Concentration
(�g/mL)

Intra-day (n = 6) Inter-day (n = 3 × 6)

Precision
(R.S.D. %)

Accuracy
(R.E. %)

Precision
(R.S.D. %)

Accuracy
(R.E. %)

0.15 7.7 −2.7 2.5 −3.3
2.5 4.5 −4.3 4.8 −6.1

15 5.4 −1.6 5.3 0.6

Table 2
Recoveries of PAC-1 and IS (n = 6).

Compound Concentration (�g/mL) Recovery (%) (mean ± S.D.) R.S.D. (%)

PAC-1 0.15 84.4 ± 4.3 5.1
2.5 83.9 ± 5.8 4.8
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concentration–time curves after oral administration at a dose
of 60 mg/kg PAC-1 and intravenous administration at a dose of
15 mg/kg are shown in Fig. 3, respectively. The absolute bioavail-
ability, F (%), is calculated as follows: F (%) = (AUC i.g. × D i.v.)/(AUC
i.v. × D i.g.) × 100%, here D denoted the dose of administration to

Table 3
Stability of PAC-1 in rat plasma (n = 3).

Spiked concentration (�g/mL) Measured concentration
(mean ± S.D.)

Accuracy (%) R.S.D. (%)

Frozen for 15 days
0.15 0.157 ± 0.010 104.5 6.5
2.5 2.520 ± 0.133 100.8 5.3
15 13.606 ± 0.631 90.7 4.7

Three freeze–thaw cycles
0.15 0.151 ± 0.005 98.1 3.4
2.5 2.452 ± 0.094 98.1 3.9
15 15.158 ± 0.323 101.0 2.2

Room temperature for 4 h
0.15 0.144 ± 0.015 96.3 10.6
2.5 2.394 ± 0.101 95.7 4.3
15 14.973 ± 0.702 99.8 4.7

Prepared samples in auto-sampler for 12 h
0.15 0.149 ± 0.018 99.2 12.3
2.5 2.559 ± 0.082 102.4 3.3
15 15.113 ± 1.005 100.8 6.7
15 79.7 ± 4.2 3.3

.S. 5 89.9 ± 9.0 8.1

f 60 mg/kg by oral administration. According to the time sched-
les, typically at 0, 3, 5, 10, 15, 20, 30,45, 60, 90, 120, 180, 240,
60 min for intravenous administration and 0, 5, 10, 20, 30, 45, 60,
0, 120, 180, 240, 360, 480, 720 min for oral administration, respec-
ively. Blood samples (0.5 mL) were collected from the ocular vein
ith heparinized tubes from each rat separately and then immedi-

tely centrifuged at 12,000 rpm for 5 min. The plasma obtained was
tored frozen at −20 ◦C until analysis.

. Results

.1. Specificity, linearity and sensitivity

No endogenous interference was found at the retention times
f PAC-1 and the IS. Representative chromatograms for blank
at plasma, rat plasma spiked with PAC-1 (2.5 ug/mL) and the
S (5 ug/mL) and plasma sample obtained at 60 min from Wistar
at after the i.g. treatment with 60 mg/kg of PAC-1 are shown in
ig. 2A–C, respectively. The IS and PAC-1 were well resolved with
espective retention times of 10.8 and 13.4 min.

The standard calibration curve was linear over the concen-
ration range of 0.05–20 ug/mL for PAC-1 with a correlation
oefficient of above 0.99. The linear regression equation for PAC-

rat plasma concentration was: Y = (7.65 × 10−1 ± 1.58 × 10−2)
+ (−1.15 × 10−3 ± 1.97 × 10−3) (r = 0.997), where Y is the plasma

oncentration of PAC-1 and X is the peak area ratio of PAC-1 to the
.S. The LLOQ in rat plasma for PAC-1 was 50 ng/mL.

.2. Precision and accuracy

The intra- and inter-day precision and accuracy of PAC-1 are pre-
ented in Table 1. The precision (R.S.D. %) was all less than 7.7%. The
ccuracy (R.E. %) of PAC-1 ranged from −4.3 to −1.6% for intra-day
nd −6.3 to 0.6% for inter-day, respectively. These results indicated
hat the present method had a good precision and accuracy.
.3. Recovery

Table 2 shows the recoveries of PAC-1 and IS from rat plasma. The
xtraction efficacy of PAC-1 at three concentrations ranged from
9.7 to 84.4%, while the recovery of IS was 89.9%. This result sug-
ested that there was no relevant difference in extraction recovery
t different concentration levels.
Biomedical Analysis 49 (2009) 447–450 449

3.4. Stability

The stability of PAC-1 in rat plasma under different storage
condition is summarized in Table 3. PAC-1 was stable at room tem-
perature for 4 h, at −20 ◦C for at least 15 days and its concentration
did not show any significant change after 3 freeze and thaw cycles.
In addition, the prepared samples in mobile phase with the IS in
the autosampler was also stable at 4 ◦C for at least 12 h.

3.5. Application

The validated method was applicated to assay PAC-1 in rat
plasma samples. Calibration levels were identical to those that
used during validation procedures. Noncompartment model was
used to calculate the pharmacokinetic parameters with DAS 2.0
software (Pharmacology Institute of China). The mean plasma
Fig. 3. Mean plasma concentration-time profile after oral administration of
60 mg/kg PAC-1 (A) and intravenous administration of 15 mg/kg PAC-1 (B), respec-
tively.
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Table 4
Pharmacokinetic parameters of PAC-1 in rat plasma.

Parameter i.g. (mean ± SD) i.v. (mean ± SD)

AUC(0–t) (�g/mL × min) 370.4 ± 186.5 323.2 ± 42.7
AUC(0–∞) (�g/mL × min) 389.2 ± 187.8 333.7 ± 39.9
MRT(0–t) (min) 135 ± 32 51 ± 8
MRT(0–∞) (min) 153 ± 29 66 ± 10
Tmax (min) 50 ± 8 –
Cmax (�g/mL) 2.1 ± 0.7 10.3 ± 1.1
t
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[

1/2z (min) 85 ± 21 83 ± 38
z/F (L/kg) 23.7 ± 15.3 5.5 ± 2.6
Lz/F (L/min/kg) 0.208 ± 0.153 0.064 ± 0.005
(%) 29.2

he rats [14]. The absolute bioavailability of PAC-1 was 29.2% might
ue to first-pass effects. The obtained pharmacokinetic parame-
ers of PAC-1 are shown in Table 4. The PK data analysis showed
hat PAC-1 has moderate clearance and a large volume of distri-
ution. The plasma concentration–time curve of the compound
xhibited double-peaks after oral administration and this might
nvolve enterohepatic recirculation.

. Discussion

To optimize the chromatographic conditions, the mobile
hase systems including methanol–water, acetonitrile–
ater, acetonitrile–water containing acid, and
ethanol–acetonitrile–acidic buffer were investigated. The

doption of acidic buffer as a component of mobile phase was
ound to be essential to minimize the width of the PAC-1 peak.

slight change in the percentage of acetonitrile could lead to a
omparatively obvious change in the retention time of PAC-1, while
he involvement of methanol could meet the requirements. By
ncreasing the amount of methanol or acetonitrile, the total elution
ime was decreasing but PAC-1 peak was closer to the endogenous
nterference.

The selection of the internal standard was an arduous and hard
rocess. Nimodipine and indapamide had a suitable retention time
nd were well resolved from the target analyte. Indapamide was
nally selected since nimodipine was not stable under light.
Liquid–liquid extraction and protein precipitation are the
ommonly used technique for sample preparation. Liquid–liquid
xtraction usually offers much cleaner sample that in turn makes
he method more robust and scalable. In this study for the isola-
ion of PAC-1 from plasma samples liquid–liquid extraction was

[

[

[
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used. Among the solvents such as diethyl ether, dichloromethane
and ethyl acetate, dichloromethane gave the highest recovery.
Because of the dichloromethane is the under layer, there is a lit-
tle difficulty to transfer the organic phase. The adoption of sodium
hydroxide was necessary because it can improve the recovery
greatly. Therefore, ethyl acetate accompanied with sodium hydrox-
ide used was proved to be a simple, efficient solvent for extracting
PAC-1 from plasma since the recovery was almost equal to that
of dichloromethane, and this solvent was also suitable for the
extraction of IS. Finally the sample preparation was selected as
above.

5. Conclusion

A specific, simple, sensitive and accurate HPLC method has
been developed and validated for the quantitative determination
of PAC-1 in rat plasma for the first time. The method has been
successfully applied to a pre-clinical pharmacokinetics study of
PAC-1.
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