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1. Introduction

Chemotherapy is one of the most effective approaches in the
management of cancer. However, its effectiveness in the cure of
cancer is partly hampered by inherent or acquired multi-drug
resistance (MDR), where cancer cells become resistant simulta-
neously to pharmacologically and structurally diverse drugs [1,2].
One of the major underlying mechanisms for MDR is the over-
expression of membrane efflux pumps, such as P-glycoprotein
(P-gp), in the tumor cells that exports its substrates out of the
cell [3–6]. The group of Victor Ling was the first to identify P-gp
as being responsible for reduced drug accumulation in MDR Chi-
nese hamster ovary cells in 1976 [7]. Since then, a growing body
of literature has linked the failure of certain anticancer agents to
the over-expression of P-gp in various types of tumorigenic cancer
[6,8–10]. To date, many anticancer agents have been shown to be
substrates of P-gp including anthracyclines (doxorubicin, daunoru-
bicin and epirubicin), Vinca alkaloids (vincristine and vinblastine),
epipodophyllotoxins (etoposide and teniposide), and taxanes (pacli-
taxel and docetaxel) [11,12].
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s spectrometry (LC/MS) assay method was developed for the quantifi-
a, using amiodarone as internal standard (IS). Separation was achieved
50 mm) column heated to 60 ◦C with a mobile phase consisting of

xide 0.2% (90:10 v/v) pumped at a rate of 0.2 mL/min. Detection was accom-
using selected ion monitoring (SIM) in positive mode. An excellent linear
een peak height ratios and rat plasma concentrations of PSC 833 ranging
9). Intra-day and inter-day coefficients of variation (CV%) were less than
an 10% for the concentrations above the limit of quantification. The vali-
the assay was 10 ng/mL based on 0.1 mL rat plasma. The method limit of
signal-to-noise (S/N) ratio of 3, was found to be 2.5 ng/mL. The assay was
a concentrations of PSC 833 in rats injected with a single dose of 5 mg/kg
ted within 4 min, free of interfering peaks. The method was found to be
he quantification of PSC 833 in rat plasma.

© 2008 Elsevier B.V. All rights reserved.

Three generations of P-gp inhibitors have arisen from drug
discovery efforts, each subsequent generation displaying greater
specificity for P-gp [4]. PSC 833 (6-[[R-(E)]-6,7-didehydro-N,4-

dimethyl-3-oxo-l-2-aminooctanoic acid]-7-l-valine; Fig. 1A) is a
noncompetitive, second generation inhibitor of P-gp widely used
in in vitro studies, preclinical and clinical trials for overcoming
MDR to various anticancer drugs [13]. PSC 833 is a derivative of
the cyclic polypeptide, cyclosporine A (CyA), but displays no evi-
dence of nephrotoxicity or immunosuppressive activity [13–17].
It has shown to significantly prolong the survival rates of MDR-
P388 tumor bearing mice and dogs with canine osteosarcoma
when combined with doxorubicin [18,19]. It has increased the
sensitivity towards etoposide of human carcinoma xenografts in
nude mice [20]. Furthermore, clinical treatment with PSC 833
resulted in an increased intracellular accumulation of doxorubicin
and vincristine in P-gp-positive myeloma cells [21]. However, PSC
833 interferes with the metabolism of anticancer drugs, slow-
ing their clearance and increasing their toxicity to healthy tissues
[22–26]. This is mediated by the ability of PSC 833 to potently
inhibit CYP3A [22,24,27,28]. For this reason, control of PSC 833
plasma concentration is of great importance in each of the PSC
833 trials.

The quantification of PSC 833 in blood or plasma is usually
performed either by radio-immunoassays (RIA) [29–32] or by

http://www.sciencedirect.com/science/journal/15700232
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high-performance liquid chromatography (HPLC) [33–36]. How-
ever, some of these RIA kits are beset by cross-reactivity with
PSC 833 metabolites, which can lead to an over-estimation of
the parent drug concentration [37]. HPLC assays are capable of
separating intact cyclosporine analogues from their metabolites,
although use of conventional HPLC is itself not without limi-
tations. It has proved difficult for HPLC methods to elute PSC

833 from the columns as a single peak [33,35]. Moreover, the
lack of a suitable chromophore in PSC 833 for UV-absorbance
necessitates the use of short wavelength (e.g., 210 nm) for detec-
tion. Because numerous molecular species absorb energy in
this wavelength, sample preparation usually is complex and
involves several steps including protein precipitation followed by
solid-phase extraction in order to remove potentially interfering
compounds. The reported PSC 833 recoveries from different extrac-
tion procedures were relatively low (∼ 50%) which restricts the
limit of quantification (LOQ) to concentrations above 100 ng/mL
[33,35]. In addition, to our knowledge, all the HPLC methods
used for PSC 833 require a relatively long run time of analy-
sis.

The main purpose of this study was to develop and vali-
date a reliable, sensitive, and fast method for the quantification
of PSC 833 in small volumes of plasma based on liquid
chromatography–mass spectrometry (LC/MS). The method we
developed exhibited excellent reliability, sensitivity, short run time
of analysis (10 min/sample), and simplicity of sample preparation.
The application of this assay method was also demonstrated after
a single i.v. dose of PSC 833 administered to rats.

Fig. 1. Chemical structures of (A) PSC 833 in keto-
togr. B 869 (2008) 31–37

2. Experimental

2.1. Chemicals and reagents

PSC 833 was a kind gift from Novartis (Basel, Switzerland). Amio-
darone was obtained from Sigma–Aldrich (St. Louis, MO, USA).
Acetonitrile, ammonium hydroxide, methanol, diethyl ether, and

water were all HPLC grades and were purchased from Caledon Lab-
oratories (Georgetown, ON, Canada).

2.2. Liquid chromatography/mass spectrometry conditions

LC/MS analyses were done using a Waters Micromass ZQTM 4000
mass spectrometer coupled to a Waters 2795 separations module
with an autosampler (Milford, Ma, USA). The mass spectrometer
was operated in positive ion mode with selected ion recording (SIR)
acquisition mode. The nebulizing gas was obtained from an in house
high purity nitrogen source. The temperature of the source was set
at 150 ◦C and the voltage of the capillary and cone were 3.1 KV and
30 V, respectively. The gas flow of desolvation and the cone were
set at 550 and 80 L/h, respectively. Chromatographic separation was
achieved using a C8 3.5 �m (2.1 mm × 50 mm) column as the sta-
tionary phase (Agilent® Eclipse XDB-C8, USA). Mobile phase was
pumped as an isocratic acetonitrile: ammonium hydroxide 0.2% at a
ratio of 90:10 v/v, respectively. Total analytical run time was 10 min.
A constant flow rate of 0.2 mL/min was used throughout the run.
The column was heated to 60 ◦C during the chromatographic run.
Amiodarone was used as internal standard (IS).

enol tautomerism and (B) amiodarone (IS).
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The mixture of PSC 833 and IS was analyzed on the mass spec-
trometer using flow injection in scan mode to determine optimal
fragmentation for each compound and establishment of the mass-
to-charge ratio (m/z) values of the molecular ions. The analysis was
carried out using SIM at the protonated molecular ions m/z 1214.81
(PSC 833) and 645.84 (IS).

2.3. Standard and stock solutions

The stock solution of PSC 833 (200 �g/mL) was prepared by dis-
solving 20 mg of PSC 833 in 100 mL of methanol. A 50 mg/mL stock
solution of PSC 833 in a Cremophor EL/ethanol mixture (contain-
ing 600 mg Cremophor EL qs to 1 mL with ethanol) was used as
the standard i.v. formulation for PSC 833. This solution was diluted
in saline to a final concentration of 5 mg/mL for PSC 833 prior to
use [38]. Amiodarone (IS) stock solution (200 �g/mL) was prepared
by dissolving 5 mg of amiodarone powder in 25 mL of methanol.
Standard solutions were freshly prepared each day by serial dilu-
tions in methanol. All of the stock solutions were stored at 4 ◦C
between uses. Standard samples were prepared by spiking appro-
priate amounts of PSC 833 in 100 �L of rat plasma at a concentration
range of 10–5000 ng/mL. Blank plasma for the preparation of stan-
dard solutions was collected from drug-free Sprague–Dawley rats.

2.4. Extraction procedure

A published method (originally used for the extraction of CyA)
was used for the extraction of PSC 833, with a minor modification
[39]. To each 100 �L plasma sample in a glass tube, 500 �L HPLC
water, 100 �L sodium hydroxide (1 M), and 50 �L of IS (0.25 �g/mL)
were added. PSC 833 and IS were then extracted into 4 mL of an
ether/methanol (95:5) solution by vortex mixing for 30 s. After cen-
trifugation at 3000 × g for 5 min, the organic layer was transferred
to new glass tubes and evaporated in vacuum (ISS 110 Speedvac sys-
tem, Thermosavant). The residues were reconstituted using 0.25 mL
of methanol. Aliquots of 10 �L from this solution were injected into
the LC/MS system.

To determine the recovery of PSC 833 after extraction from
plasma, the peak height obtained from extracts of spiked plasma
samples was compared to that obtained from direct injection of
known amounts of drug using standard PSC 833 solutions. The
recovery was assessed at PSC 833 concentrations of 50, 1000, and
5000 ng/mL, using four replicates for each concentration.
2.5. Calibration, accuracy and validation

Complete validation assessment was undertaken using drug-
spiked rat plasma. Calibration samples of 100 �L containing PSC
833 and IS were constructed over the concentration range of
10–5000 ng/mL. The sample to standard solution ratio was con-
stantly 1:2.5 (100 uL plasma and 250 uL of varying standard
solution). The ratios of PSC 833 to IS peak height were calcu-
lated and plotted versus nominal PSC 833 concentrations. Due to
the wide range of concentrations, data for calibration curves was
weighted by a factor of 1/concentration.

Intra-day accuracy and precision of the assay were determined
using five different concentrations of PSC 833 in rat plasma; namely,
10, 25, 100, 500, 1000 ng/mL. Each concentration was prepared in
five replicates. To assess the inter-day accuracy and precision, the
assay was repeated on three separate days. For each daily run, a set
of calibration samples separate from the validation samples was
prepared to allow quantification of the peak height of PSC 833 to IS
ratios. Precision was assessed by percentage coefficient of variation
(CV%). Bias was assessed by determining mean intra-day and inter-
day percentage error. Ta
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2.6. Animal study

To demonstrate the applicability of the developed method in
vivo, the right jugular vein of three male Sprague–Dawley rats
(280–350 g) were cannulated with Micro-Renathane tubing (Brain-
tree Scientific, Braintree, MA, USA) under isofluorane anesthesia as
previously described [40]. The protocol of the animal study was

Fig. 2. Positive ion mass spectra of (A)
togr. B 869 (2008) 31–37

approved by the University of Alberta Health Sciences Animal Pol-
icy and Welfare Committee. The day after surgery, the standard
PSC 833 i.v. formulation (PSC 833, 50 mg; Cremophor EL, 600 mg;
ethanol qs to 1 mL) was diluted in saline to a final concentration of
5 mg/mL and a 5 mg/kg dose was injected into the catheter. Blood
samples (150–250 �L) were collected from each implanted cannula
at 5, 20, and 40 min, then 1, 2, 4, 6, 9, 12, and 24 h after drug admin-

PSC 833 and (B) amiodarone (IS).
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istration. Between sampling, 0.2 mL of heparin (100 U/mL) solution
was used to maintain the patency of the cannula. Blood samples
were immediately centrifuged for 3 min; plasma was separated
and stored at −20 ◦C until analysis. The plasma concentrations of
PSC 833 were analyzed by the developed LC/MS method and the
plasma concentration versus time curve was profiled. The elim-
ination rate constant (�z) was estimated by linear regression of
the plasma concentrations in the log–linear terminal phase and
the corresponding half-life (t1/2) was calculated by dividing 0.693
by �z. In order to estimate the initial plasma concentration (Cp0)
immediately after i.v. injection, the linear regression of the log-
linear initial state going through the first three time points was
extrapolated to the time zero. The estimated Cp0 was then used
with the actual measured plasma concentrations to determine the
area under the plasma concentration–time curve from the time

of dosing to the last sampling time (AUC0–24 h). The AUC0–∞ was
calculated using the combined log-linear trapezoidal rule for data
from time of dosing to the last measured concentration (0–24 h),
plus the quotient of the last measured concentration divided by �z.
Non-compartmental pharmacokinetic methods were used to cal-
culate mean residence time (MRT) by dividing area under the first
moment curve (AUMC0–∞) by AUC0–∞, clearance (CL) by dividing
dose by AUC0–∞, and volume of distribution at steady-state (Vdss)
by multiplying CL by MRT.

3. Results/discussion

Quantitative analysis of PSC 833 in blood or plasma is usu-
ally accomplished through analytical methods based on either
RIA [29–32] or HPLC [33–36]. Some of the RIA kits are known
to detect CyA metabolites especially the major monohydroxylated
metabolite (AM9) that also occurs in PSC 833 (M9) [37]. Therefore,
application of the RIA assay methods will lead to an over-estimation
of PSC 833 concentrations in blood or plasma. Besides cost, sev-
eral steps involved in sample preparation and more importantly,
the safety issues are among several limitations associated with the

Fig. 3. Representative selected ion recording (SIR) chromatograms of (A) blank plasma, (B
extraction from rat plasma.
togr. B 869 (2008) 31–37 35

use of the RIA methods in general [31,32]. Although HPLC analysis
methods do not have the limitations of RIA, most of the reported
HPLC assays for PSC 833 have failed to produce a single peak. This
has resulted in a relatively low sensitivity for PSC 833 analysis by
HPLC [33,35]. van Tellingen et al. [35] reported that the poor peak
shapes and double peaks markedly reduce the sensitivity of the
assay, and they had relatively good chromatographic performance
only when columns with NovaPak® Phenyl packing material were
used. The presence of two peaks was attributed to the existence
of PSC 833 keto-enol tautomerism (Fig. 1A) [33]. Another disad-
vantage associated with the use of HPLC assays for PSC 833 is
the relatively long analytical run times (PSC 833 retention time
≥15 min).

The mass spectra of PSC 833 and IS dissolved in methanol with
0.2% ammonium hydroxide are shown in Fig. 2A and B, respectively.

The molecular ion at m/z 1214.81 and 645.84 were selected for
quantification of PSC 833 and IS, respectively. Fig. 3A represents
the chromatogram of blank rat plasma after the extraction proce-
dure showing no endogenous peaks that might interfere with IS or
PSC 833 peaks (Fig. 3B and C, respectively). PSC 833 and IS peaks
were well separated with retention times of approximately 2.4 and
3.1 min, respectively. The run time of analysis was 10 min. Under
the experimental condition, we have only detected one peak for
PSC 833 (Fig. 4).

The average extraction recoveries of PSC 833 from plasma were
102.7, 79, and 73% for 50, 1000, and 5000 ng/mL of PSC 833, respec-
tively. A linear relationship between the peak height ratios and rat
plasma concentrations of PSC 833 was observed within the range
of 10–5000 ng/mL (R2 > 0.99). The mean slope and intercept from
three replicates of calibration curves on different days were calcu-
lated to be 0.00015 and −0.0033 for PSC 833, respectively.

The assay CV% for both intra-day and inter-day assessments
were less than 15% except for the lowest concentration used in
the calibration and validation samples (10 ng/mL), where the val-
ues were between 15–19%. Mean error was less than 10% in all the
concentrations above 10 ng/mL (Table 1). The low variability in the

) amiodarone (m/z 645.84; 3.05 min), and (C) PSC 833 (m/z 1214.81; 2.37 min) after
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Fig. 4. SIR chromatograms of (A) PSC 833 in methanol (50 ng/mL), (B) PSC 833 in methano
of PSC 833 (1000 ng/mL), and (E) plasma sample from a rat obtained at 12 h following a si

validation data demonstrated the accuracy and reproducibility of
the developed method. The lower limit of quantification (LOQ) is
the lowest amount of an analyte in a sample that can be quantita-
tively determined with suitable precision and accuracy [41]. Based
on the validation data, the LOQ was set at 10 ng/mL; and with an
injection volume of 10 �L, the value translates into an on-column
amount of 0.1 ng. The limit of detection (LOD) is the lowest concen-
tration of an analyte that the bioanalytical procedure can reliably
differentiate from background noise [41]. The LOD was assessed
based on signal-to-noise (S/N) ratio. The concentration of PSC 833
that is associated with an average S/N ratio of 3:1 was considered
the LOD. The LOD of this method was found to be 2.5 ng/mL and
based on an injection volume of 10 �L, the corresponding amount
injected to the system was 0.025 ng (i.e., 25 pg).

Previous studies have shown LOQ values in the range of 37.5–75
and 50–100 ng/mL for RIA and HPLC methods of PSC 833 analy-

Fig. 5. Plasma concentration vs. time profile of PSC 833 in rats after a single i.v.
dose of 5 mg/kg. Data collected from three rats. The PSC 833 level in plasma was
quantified by the developed LC/MS method.
l (1000 ng/mL), (C) rat plasma extract of PSC 833 (50 ng/mL), (D) rat plasma extract
ngle i.v. administration of 5 mg/kg of PSC 833.

sis, respectively [32,34–36]. The lower level of LOQ for the LC/MS
method is an indication for the higher sensitivity of this method
compared to the reported RIA and HPLC methods. However, the

validation of the developed method refers to an individual instru-
ment; this applies in principle for all LC/MS methods. The need for
close quality control in further analytical series should be noted.

In order to test the applicability of this method for the in vivo
analysis of PSC 833, three rats were injected intravenously with a
single dose of PSC 833 (5 mg/kg) solubilized with the aid of Cre-
mophor EL and ethanol. The plasma concentration versus time
curve was profiled for up to 24 h after drug administration (Fig. 5).
To the best of our knowledge, there is no previous report on the
pharmacokinetics of PSC 833 in healthy rats in the literature. Most
of the published PSC 833 pharmacokinetic studies were those
obtained from human subjects in clinical trials. The pharmacoki-
netics of PSC 833 appears to be similar to that of CyA in humans
[34]. Similarly, both drugs seem to have a comparable pharmacoki-
netic profile in rats (Table 2). When a single i.v. dose of 5 mg/kg was
administered, both drugs showed a rapid decline in concentrations
in the first two hours which represents a distribution phase. The
distribution phase was followed by a terminal elimination phase
with an average t1/2 of approximately 10 and 8 h for PSC 833 and
CyA, respectively [42].

Table 2
Non-compartmental pharmacokinetic parameters of PSC 833 (n = 3) and CyA (n = 7)
in rats after a single i.v. dose of 5 mg/kg

Parameter PSC 833 CyAa

AUC0–24 h (mg h/L) 11.55 ± 4.38 20.1 ± 9.77
AUC0–∞ (mg h/L) 12.76 ± 4.20 23.1 ± 12.9
t1/2 (h) 10.07 ± 2.99 8.15 ± 1.54
MRT (h) 9.42 ± 1.99 N/A
CL (L/kg/h) 0.42 ± 0.12 0.26 ± 0.11
Vdss (L/kg) 4.06 ± 1.74 1.59 ± 0.66

Data is presented as mean ± S.D.
a Data from Ref. [41]. N/A: not available.
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4. Conclusions

The developed LC/MS method is a simple, quick and reliable
method validated for the quantification of PSC 833 in rat plasma
that can replace RIA and HPLC methods of PSC 833 analysis for
pharmacokinetic studies.
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