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Abstract The aim of the present study was to develop a
chromatographic method for the analysis of atorvasta-
tin, o- and p-hydroxyatorvastatin (acid and lactone
forms) in human plasma after administration of ator-
vastatin at the lowest registered dose (10 mg) in clinical
studies. Sample preparation was performed by solid-
phase extraction and was followed by separation of the
analytes on an HPLC system with a linear gradient and a
mobile phase consisting of acetonitrile, water and formic
acid. Detection was achieved by tandem mass spec-
trometry operated in the electrospray positive ion mode.
Validation of the method for the compounds for which
reference compounds were available (acid forms of
atorvastatin, o- and p-hydroxyatorvastatin) showed lin-
earity within the concentration range (0.2-30 ng/ml for
atorvastatin acid and p-hydroxyatorvastatin acid, and
0.5-30 ng/ml for o-hydroxyatorvastatin acid) (%>0.99,
n=>5 for all analytes). Accuracy and precision (evaluated
at 0.5, 3 and 30 ng/ml for atorvastatin, p-hydroxyator-
vastatin and 1, 3 and 30 ng/ml for o-hydroxyatorvasta-
tin) were both satisfactory. The detection limit was
0.06 ng/ml for atorvastatin and p-hydroxyatorvastatin,
and 0.15 ng/ml for o-hydroxyatorvastatin. The method
has been successfully applied in a clinical study where
atorvastatin, o- and p-hydroxyatorvastatin (both acid
and lactone forms) could be detected in a 24-h sampling
interval after administration of the lowest registered
dose of atorvastatin (10 mg) for one week.
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Introduction

Atorvastatin is a HMG-CoA reductase inhibitor, which
has a widespread use in the prevention of cardiovascular
events. Atorvastatin is administered as the calcium salt
of its active acid form, and undergoes interconversion to
its inactive lactone form in vivo [1, 2] (Fig. 1). It is
metabolised by CYP3A4 to two hydroxylated metabo-
lites, o-hydroxyatorvastatin and p-hydroxyatorvastatin,
which are also present in both acid and lactone forms in
vivo [3] (Fig. 1). About 70% of the total plasma HMG-
CoA reductase inhibitory activity is accounted for by
active metabolites [4].

In several clinical studies regarding statins in general,
including atorvastatin, determination of the statins has
been performed using alternative methods, such as en-
zyme inhibition assays, other than determination of the
actual plasma concentrations of the compounds [5-§].
Such indirect measurements are relevant when deter-
mining the HMG-CoA reductase inhibitory activity of
the statin in plasma, but they do not give any further
information on metabolites. Information about the ac-
tual plasma concentration of both parent compound
and metabolites is of interest in pharmacokinetic studies,
especially with regard to possible side effects and toxicity
of metabolites, and also in investigations of the mecha-
nisms of drug—drug interactions. Although the lactone
forms of the statins are inactive with regard to lipid-
lowering effects, it is not clear whether they contribute to
the side effects of statins. Specific chromatographic
methods are therefore required in order to achieve spe-
cific determinations of the parent compound and both
active and inactive metabolites.

Two high-performance liquid chromatographic
(HPLC) methods for the determination of atorvastatin
in human plasma and serum have previously been
published [9, 10]. Both methods use liquid-liquid
extraction (LLE) with ether for sample preparation.
Both of these methods have been applied (with minor
modifications) in clinical studies, with atorvastatin doses
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Fig. 1 Chemical structure of atorvastatin acid (*administered
form), its hydroxyacid metabolites o- and p-hydroxyatorvastatin,
and the interconversion products atorvastatin lactone, o- and p-
hydroxyatorvastatin lactone

ranging between 40 and 80 mg [3, 11]. For our purpose,
a method for specifically detecting both acid and lactone
forms of atorvastatin and its hydroxyacid metabolites
after the administration of a low dose of atorvastatin
(just 10 mg) was needed. Sample preparation by solid-
phase extraction (SPE) was desirable in order to reduce
the amount of organic solvent used compared to the
LLE methods [9, 10]. Thus, the aim of this study was to
develop a chromatographic method for determining the
acid and lactone forms of atorvastatin, o- and p-hy-
droxyatorvastatin, in human plasma following admin-
istration of atorvastatin in a low dose (10 mg), using
SPE for sample preparation.

Experimental
Chemicals and reagents

Atorvastatin, o-hydroxyatorvastatin and p-hydroxy-
atorvastatin were provided by Parke-Davis (Ann Arbor,

atorvastatinlactone
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MI, USA). Unfortunately, we were not able to obtain
reference substances of atorvastatin lactone, o- and
p-hydroxyatorvastatin lactone for method validation.
Lactone forms of atorvastatin, o- and p-hydroxyator-
vastatin were obtained—for the purpose of optimizing
the helium collision energy during tandem mass spec-
trometric (MS) detection and estimation of in-source
interconversion—by adding 1 ml chloroform and 50 pl
0.1 M sulfuric acid to 100 pg of each of the available
substances, atorvastatin, o- and p-hydroxyatorvastatin,
and heating to 55 °C for 1 h, as acidic conditions favor
the interconversion from the acid to the lactone form [1,
12]. Formation of atorvastatin lactone, o- and p- hy-
droxyatorvastatin lactone by this procedure was con-
firmed by comparing their fragmentation pattern with a
previous publication after LC-tandem MS analysis [10]
(Fig. 2). A complete interconversion from acid to lac-
tone could not be confirmed, so the lactones obtained by
this procedure could only be used for qualitative and not
quantitative purposes. Deuterated analogs of atorvast-
atin were not available, and methaqualone (Sigma-Al-
drich, Norway) was therefore used as internal standard.
Methaqualone is not a registered drug in Norway, and it
was therefore unlikely to be used by patients, in sub-
sequent pharmacokinetic studies applying this method.
All chemicals used for chromatographic purposes were
of analytical grade.
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Fig. 2 MS/MS spectra of the reference compounds of atorvastatin
acid, o- and p-hydroxyatorvastatin acid, and of the interconversion
products atorvastatin lactone, o- and p-hydroxyatorvastatin lac-
tone, after chemical interconversion from acid forms (acid forms
treated with 1 ml chloroform, 50 ul 0.1 M sulfuric acid at 55 °C for
1 h). MS/MS conditions are described in the “Experimental”
section. Precursor ion masses, product ion masses and relative
collision energies are shown in Table 1

Preparation of standard samples

Stock solutions of atorvastatin acid, o- and p-hydroxy-
atorvastatin acid were prepared in acetonitrile-water
(90:10, v/v), whereas stock solutions of the synthesized
lactone forms of atorvastatin, o-and p-hydroxyatorvast-
atin were prepared in acetonitrile. Stock solution of the
internal standard, methaqualone, was prepared in
methanol. All stock solutions were stored at —20 °C.
Heparin drug-free pooled plasma was obtained from five
healthy volunteers. Plasma samples for method valida-
tion were spiked with aliquots of the stock solutions.

Biological samples

Biological samples were obtained from healthy volun-
teers serving as controls in a clinical study investigating
the pharmacokinetic interaction between atorvastatin
and cyclosporine in renal transplanted patients [13].
Briefly, healthy volunteers were given 10 mg atorvasta-
tin daily for seven days and plasma samples were drawn
on fixed times from 0 to 24 h post-dose on day 7. Plasma

o-hydroxyatorvastatin lactone

p-hydroxyatorvastatin lactone

samples were frozen immediately after sample with-
drawal to minimize acid—lactone interconversion and
stored at —80 °C. Individuals participating in this study
signed an informed consent, and the study was recom-
mended by the Regional Ethics Committee of Health
Region South and by the Norwegian Medicines Control
Authority, Oslo, Norway.

Instrumentation

The HPLC equipment consisted of a Spectra System
P4000 quarternary pump and a Spectra System AS 3000
autosampler. For detection, a Finnigan LCQPY® ijon
trap MS detector equipped with an electrospray inter-
face operated in the positive mode was used. Xcalibur
version 1.2 software was used for system operation and
data handling (all LC-MS equipment was from Instru-
ment Teknikk AS, @ sterds, Norway). A Universal 32R
centrifuge (Hettich Zentrifugen, Tuttlingen, Germany)
was used for both centrifugation steps in the sample
preparation procedure.

Sample preparation

Preparation of samples from healthy volunteers and
plasma samples spiked with aliquots of the analytes was
performed by SPE, and the samples were kept on ice at all
times during sample preparation. The plasma samples
(1 ml) were spiked with 10 ng of the internal standard



methaqualone, and 1 ml of sodiumformat (pH 3; 1 M)
was added after which they were vortexed and centrifuged
at 1,600g and 4 °C for 5 min. The supernatant was sub-
sequently transferred to 3 ml C;5 (100 mg) SPE cartridges
(Varian, Harbor City, CA, USA) pre-conditioned with
1 ml acetonitrile followed by 2 ml water. The cartridges
were washed with 1 ml water followed by 1 ml methanol-
water (30:70, v/v), and the analytes were eluted with
750 ul acetonitrile—ammonium acetate (0.1 M; 95:5, v/v)
and evaporated to dryness under a stream of N,. The
residues were reconstituted in 120 pl mobile phase A and
centrifuged at 35,000g and 4 °C, prior to transferral to
HPLC vials and injection of 100 ul in the HPLC system.

Chromatographic conditions

An Omnisphere Cig (3 pm, 30x2 mm) analytical column
with a Chromguard (5 um, 10x2 mm) guard column
(both Varian, Harbor City, CA, USA) was used for the
chromatographic separation of the compounds. The
analytes were eluted by a gradient mobile phase system
consisting of mobile phase A (acetonitrile—formic acid
(1 mM; 30:70, v/v) and mobile phase B (acetonitrile—
formic acid (1 mM; 60:40, v/v). During the first 5 min
after injection a linear change from 100% mobile phase
A to 60% A and 40% B was performed. This combi-
nation was held for 11 min, and then reversed back to
100% A within 1 min before re-equilibrating for 4 min
with mobile phase A. The flow rate was 0.2 ml/min
during the first 17 min of the run, and 0.4 ml/min during
the 4 min of re-equilibration. The autosampler tray
temperature was set at 4 °C.

Mass spectrometric conditions

The mass spectrometer was operated in positive ion
mode and connected to the chromatographic system
using an API electrospray interface. Tuning the MS
detector for both optimal operating conditions and the
optimal collision energy for dissociation was achieved
through infusion of atorvastatin, o- and p-hydroxy-
atorvastatin (acid and lactone forms) through a T-con-
nector. Helium was used as collision gas. Sheet gas (N,)
flow was set at 40 AU (arbitrary units), auxiliary gas
(N,) at 10 AU, source voltage at 5 kV and capillary
temperature at 200 °C. In order to obtain maximum
sensitivity, seven segments were used (Table 1). The MS
detector was operated in the single reaction monitoring
(SRM) mode within each of the seven segments. All
transitions and relative collision energies are listed in
Table 1. Isolation width was set at m/z=2.

Method validation

The concentrations of the compounds in the plasma
samples were determined from their peak heights, using
methaqualone as an internal standard. Linearity was
tested in the range of 0.2-30 ng/ml for both atorvastatin

Table 1 Precursor and product ion masses, collision energy and duration of each segment in the SRM tandem MS detection

Segment

Atorvastatin
lactone

o-Hydroxyatorvastatin

Atorvastatin
lactone

acid

o-Hydroxyatorvastatin

acid

p-Hydroxyatorvastatin

lactone

Internal standard  p-Hydroxyatorvastatin

Compound

acid

(methaqualone)

14.6-21

12.8-14.6

7.2-9.4 9.4-10.8 10.8-12.8

5.2-7.2

0-5.2

Duration (minutes after
sample injection)

Precursor ion (m/z)

Product ion (m/z)

541.2

557.2
448.2
28

559
440.2
50

575.5

557.2
448.2
28

575.5

251.5

448.2
26

466.2
30

440.2
46

40

Collision energy (%)
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and p-hydroxyatorvastatin and at 0.5-30 ng/ml for o-
hydroxyatorvastatin. Separate batches of drug-free
pooled plasma was spiked with atorvastatin, p-hy-
droxyatorvastatin (0.5, 3 and 30 ng/ml) and o-hy-
droxyatorvastatin (I, 3 and 30 ng/ml) (n=5) to
determine the accuracy and precision of within-day and
between-day runs. Recovery was measured at 1 and
30 ng/ml by comparing the response of extracted sam-
ples spiked before extraction with the response of ex-
tracted blank samples spiked immediately before
injection (n=3 at each concentration). The recovery of
methaqualone was determined using atorvastatin as
internal standard (n=3). Limit of detection (LOD) was
determined at a signal-to-noise ratio of 3/1. Effect of the
matrix on ion suppression or signal enhancement was
determined by comparing the peak heights of blank
plasma samples spiked post-extraction with the analytes
at a concentration of 10 ng/ml with direct injection of
the analytes at the same concentration. Long-term,
bench-top and freeze—thaw stability was not tested, as
they have been thoroughly investigated previously by
Jemal and Xia [10]. Autosampler stability of atorvasta-
tin, o-hydroxyatorvastatin and p-hydroxyatorvastatin at
4 °C was tested on extracted plasma samples in the
injection matrix (mobile phase A).

Results and discussion
Sample preparation, chromatography and MS detection

In the present study, a SPE extraction procedure for the
preparation of human plasma samples prior to LC—
tandem MS analysis was developed. Plasma samples
were mixed with sodiumformat-buffer (pH 3; 1 M) in
order to ensure that the analytes were in the unionized
form prior to transferral to the SPE cartridges. Wash
steps with solutions containing amounts of organic sol-
vent greater than 20% acetonitrile or 30% methanol in
water resulted in a dramatic decrease in the extraction
recoveries of the metabolites. A wash step with 30%
methanol in water resulted in cleaner samples and less
variable recovery than wash solutions containing 20%
acetonitrile, and was therefore preferred. Acetonitrile—
ammoniumacetate (0.1 M; 95:5, v/v) was used for elu-
tion of the analytes. A volume of 750 ul was needed in
order to achieve maximum recovery for this eluent.

A representative chromatogram from the analysis of
a biological sample taken after daily administration of
10 mg atorvastatin for one week is presented in Fig. 3.
Separation of the compounds needed to be good in or-
der to enable the use of SRM, which resulted in lower
limits of detection than those obtained by full scan. The
total time of analysis in the chromatographic system was
therefore 21 min, including the time for re-equilibration.
The retention times of atorvastatin and metabolites were
between 6.2 and 15.6 min, and the retention time for the
internal standard was 3.9 min (Fig. 3). Identification of
atorvastatin, o- and p-hydroxyatorvastatin (acid and

lactone forms) was achieved by injecting reference sub-
stances obtained as described in the ‘“Experimental”
section.

Validation of the method

Validation of the method showed linearity within the
concentration range 0.2-30 ng/ml for atorvastatin acid
and p-hydroxyatorvastatin acid, and 0.5-30 for o-hy-
droxyatorvastatin acid (+°20.99, n=>5 for all analytes).
Relative standard deviations (RSDs) of the estimated
slopes were less than 15% over the whole concentration
range. The intercepts of the calibration curves were
shown to be not statistically different from zero for any
of the analytes. LOD was 0.06 ng/ml for atorvastatin
and p-hydroxyatorvastatin, and 0.15 ng/ml for o-hy-
droxyatorvastatin. Recoveries for all analytes ranged
between 53 and 78% on average. This was highly
reproducible at 30 ng/ml (RSDp-hydroxyatorvastatin
and at 1, 3 and 30 ng/ml for o-hydroxyatorvastatin)
were within acceptable limits for the lowest and highest
concentrations (Tables 2 and 3) [14]. Some of the RSD
values at the middle concentration (3 ng/ml) showed
variations slightly above the acceptance criteria for
bioanalytical method validation (Tables 2 and 3) [14].
However, taking into account the labile nature of these
compounds, these variations were considered accept-
able. The specificity of the method was tested using ex-
tracted drug-free plasma from five individuals. No
interfering peaks were found. Also, no interfering ion
suppression or matrix effect on signal enhancement was
observed. No significant concentration changes in any of
the analytes were observed upon autosampler storage at
4 °C for a period of up to 24 h.

Interconversion

Atorvastatin and its metabolites undergo interconver-
sion between the acid and lactone forms not only in
vivo, but also after sample withdrawal (during storage,
sample preparation, analysis and detection (in-source
interconversion)). Upon validation of analytical meth-
ods regarding compounds susceptible to interconver-
sion, when both forms are present in vivo this can be
taken into account by selecting relative concentrations
of the analytes in the quality control samples to mimic
the anticipated concentrations in the biological samples
[12]. However, as was pointed out by Jemal and Xia, this
is a challenging task, as these concentrations are un-
known prior to analysis and may vary from sample to
sample [12]. This was clearly demonstrated in our study
with administration of 10 mg atorvastatin to 18 healthy
volunteers, where the ratio between atorvastatin acid
and atorvastatin lactone showed a 175-fold difference
between patients 24 h post-dose (Table 4). The change
in ratio between samples from the same patient during a
24-h sampling interval was up to sevenfold for ator-



Fig. 3 Representative
chromatograms of an extracted
plasma sample taken 30 min
post-dose after administration
of 10 mg atorvastatin to a
healthy volunteer for one week
(steady state). Plasma
concentrations of compounds
for which reference compounds
were available were 12.5 ng/ml
(atorvastatin acid), 0.5 ng/ml
(0-hydroxyatorvastatin acid)
and 0.4 ng/ml
(p-hydroxyatorvastatin acid).
IS* internal standard
(methaqualone)

Table 2 Within-day variation
in the determination of acid
forms of atorvastatin,
o-hydroxyatorvastatin and
p-hydroxyatorvastatin in spiked
human plasma samples,
expressed as mean + standard
deviation (SD) and relative
standard deviation (RSD)
(n=3)
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Analyte Concentration Measured RSD (%) Bias (%)
added (ng/ml) concentration
(mean = SD) (ng/ml)
Atorvastatin 0.5 0.51+0.08 15.7 +2
3 2.5+0.4 18 -15
30 302 6.5 <0.1
o-Hydroxyatorvastatin 1 1.08 +£0.04 3.9 +8
3 3.5+0.5 15.2 +17.3
30 30+1 3.9 <0.1
p-Hydroxyatorvastatin 0.5 0.44+0.09 20.7 -12
3 3.0+0.6 21.4 <0.1
30 29+4 14.3 -3.2
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Table 3 Between-day variation

in the determination of acid Analyte Concentration Measured RSD (%) Bias (%)
forms of atorvastatin, added (ng/ml) concentration
o-hydroxyatorvastatin and (mean £ SD) (ng/ml)
p-hydroxyatorvastatin in spiked
human plasma samples, Atorvastatin 0.5 0.5+0.1 19.4 +38
expressed as mean + standard 3 2.9+0.3 9.5 +5.7
deviation (SD) and relative 30 30+1 3.6 <0.1
standard deviation (RSD) o-Hydroxyatorvastatin 1 1.1£0.2 15.5 +14
(n=35) 3 3.7+0.1 3.8 +23
30 31+3 8.6 <0.1
p-Hydroxyatorvastatin 0.5 0.6+0.1 18.6 +14
3 3.6£0.9 259 +19.3
30 29+3 9.9 —4.2

vastatin and around 20-fold for o- and p-hydroxyator-
vastatin (Table 4).

Lack of reference compounds with known concen-
trations of the lactones prevented addition of both acid
and lactone forms of the compounds in order to mimic
the in vivo concentrations. Due to the substantial intra-
and inter-patient variability in the ratio between the acid
and lactone forms it was therefore of crucial importance
to minimize post-sampling interconversion (Table 4).
The present study showed that keeping the samples on
ice or at a maximum of 4 °C at all times during sample
handling is a useful approach when reference com-
pounds are lacking for one or more of the intercon-
verting compounds. This is in agreement with previous
observations for pravastatin [12].

However, despite the low temperatures used at all
times during sample handling, in-source interconversion
remains a problem, demonstrating the need for chro-
matographic separation of interconverting substances to
enable identification of interconversion occurring prior
to or during MS detection. In-source interconversion
was tested in the single MS full-scan mode (m2/z from 540
to 578) with identical operational conditions as the
tandem MS method, described in the “Experimental”
section. No in-source interconversion could be detected
from acid to lactone form. A small but stable amount of
lactone was interconverted in-source to the acid form
(RSD <4%, n=)5).

Application of the method

This method was developed to detect atorvastatin and
its metabolites in human plasma in pharmacokinetic

Table 4 Steady-state plasma ratios between acid (ng/ml) and lac-
tone (AU) forms of atorvastatin, o- and p-hydroxyatorvastatin
intra-patient (patient with the largest change in ratio during a 24 h
interval from a group of 18 healthy volunteers is shown) and inter-
patient (n=18) in a sample taken at a fixed time post-dose (values

studies after administration of the lowest registered dose
of atorvastatin (10 mg). The present method has been
successfully applied in our laboratory in a study inves-
tigating the pharmacokinetic interaction between ator-
vastatin and cyclosporine in renal transplant patients
[13]. In order to serve as a control group in this study, 18
healthy volunteers were administered 10 mg atorvastatin
daily for one week. Atorvastatin, o- and p-hydroxy-
atorvastatin in both acid and lactone forms were de-
tected in plasma samples from all 18 healthy volunteers.
Figure 4A shows examples of plasma concentration vs
time curves of atorvastatin acid, o- and p-hydroxyator-
vastatin acid for a healthy volunteer in the control group
following administration of 10 mg atorvastatin daily for
one week (steady state).

In addition to the validated acid forms of the com-
pounds, the lactone forms of the compounds were also
determined in all patient samples. Their presence was
confirmed by comparing retention times and MS/MS
fragmentation patterns with those of the synthesized
lactones. Due to lack of reference compounds, plasma
level vs time curves for atorvastatin lactone, o- and p-
hydroxyatorvastatin lactone were obtained on the basis
of arbitrary units (Fig. 4B) (in other words, MS/MS
signal of the lactone in relation to MS/MS signal of
internal standard per milliliter plasma). These arbitrary
plasma measurements can be used to estimate pharma-
cokinetic parameters as terminal half-life and time to
maximum plasma concentration, and will provide
pseudo-values for maximum and minimum plasma
concentration as well as area under the plasma concen-
tration vs time curve. Such data are useful for relative
comparisons, but it must be noted that pharmacokinetic
parameters derived from such arbitrary units are subject

presented in the table are from the sampling time with the largest
inter-patient variation for each of the compounds: 24 h post-dose
for atorvastatin, 2 and 3 h post-dose for o- and p-hydroxyator-
vastatin, respectively)

Intra-patient

Inter-patient

Low value High value Low value High value
Atorvastatin 2.4 17.5 0.1 17.5
o-Hydroxyatorvastatin 0.2 4.3 0.02 43
p-Hydroxyatorvastatin 0.01 0.19 0.01 1.0
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Fig. 4A-B Plasma level vs time curves of atorvastatin (filled
circles), o- hydroxyatorvastatin (filled triangles) and p-hydroxy-
atorvastatin (filled squares) in (A) acid forms and (B) lactone forms
after administration of 10 mg atorvastatin to a healthy volunteer
for one week (steady state). * Plasma levels of atorvastatin lactone,
o- and p-hydroxyatorvastatin lactone are presented in arbitrary
units (MS/MS signal in relation to MS/MS signal of the internal
standard per milliliter plasma)

to uncertainty, as linearity, precision and accuracy have
not been evaluated. This approach has previously been
successfully applied to other compounds for which there
is a lack of reference compounds [15].

Conclusion

In the present work, sample preparation of human
plasma samples was performed by SPE, in contrast to
previous studies using LLE. Sample preparation was
followed by HPLC with tandem MS detection. Valida-
tion results for atorvastatin acid, o- and p-hydroxy-
atorvastatin acid were satisfactory. However, due to lack
of reference compounds, validation could not be carried
out for the lactone forms of atorvastatin, o- and p-hy-
droxyatorvastatin. The method has been successfully
applied in a clinical study, where atorvastatin, o- and p-
hydroxyatorvastatin (both acid and lactone forms)
could be detected in a 24-h sampling interval on steady
state after the administration of the lowest registered
dose (10 mg) of atorvastatin to healthy volunteers.

plasma level*
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