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Abstract

A quantitative method was developed and validated for rapid and sensitive analysis of pravastatin and R-416, the main metabolite of
pravastatin, in human plasma. The analytes were extracted from plasma samples by a solid phase extraction method using®a@ond Elut
The method involved the use of liquid chromatography coupled with atmospheric pressure chemical ionization (APCI) and selected reaction
monitoring (SRM) mass spectrometry. A pravastatin analog, R-122798, was used as the internal standard (I.S.). Separation of pravastatin,
R-416 and the |.S. was accomplished using a reverse-phase colyghril{@ components eluted were ionized by the APCI source (negative
ion) and subsequently detected by a highly selective triple quadrupole mass spectrometer in the SRM mode. Linear standard curves were
obtained from 0.1 ng/mL (lower limit of quantification, LLOQ) to 100 ng/mL. The intra-assay precisions (coefficient of variation) for the
samples at the LLOQ were 1.8% for pravastatin and 1.6% for R-416. The intra-assay accuracy values were 95.8-107.6% for pravastatin, and
92.6-109.0% for R-416, respectively. Precision and accuracy of quality control (QC) samples were determined at concentrations of 0.5, 10
and 80 ng/mL for all analytes. The intra- and inter-assay precision calculated from QC samples were within 10% for pravastatin and within
11% for R-416. The overall recoveries for pravastatin and R-416 were 75.7-82.1% and 68.6—74.3%, respectively. Pravastatin and R-416 were
stable in human plasma for 3 weeks-a20°C in a freezer, up to 6 h at room temperature, and up to 48 h@t Bhis assay method was
successfully used to evaluate the pravastatin and R-416 levels in healthy volunteers following oral administration of fevalotin
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction decreased synthesis of mevalonic acid by inhibition of HMG
CoA reductase, leading to an enhanced hepatic uptake of the
Pravastatin sodium, a mono-sodium salt of 1S- plasma low density lipoprotein and to a decreased plasma
(Lla(BSHS, 2x6c,83(R),8))-1,2,6,7,8,8-hexahydr3 &, 6- cholesterol level. Chemical structures of pravastatin sodium,
trinydroxy-2-methyl-8-(2-methyl-1-oxobutoxy)-1-naphthal- R-416 (the main metabolite) and R-122798, the internal
eneheptanoic acid, is an anti-hypercholesterolemic agentstandard substance (1.S.), are showrFig. 1 A sensitive
having an inhibitory activity against 3-hydroxy-3-methyl- and accurate quantitation of plasma levels of pravastatin
glutaryl coenzyme A (HMG CoA) reductase, the rate- (free form of pravastatin sodium) and R-416 (free form
determining enzyme in the cholesterol synthesis. Its of R-416 sodium) in human plasma was required in order
pharmacological action is due to the increase of low density to investigate the clinical pharmacokinetics of pravastatin,
lipoprotein receptors on hepatocytes as a consequence oéspecially from the viewpoint of elucidating the relationship
between the pharmacodynamics and pharmacokinetics of
* Corresponding author. Fax: +81 3 54368577, the drug in patients. Several sensitive methods including
E-mail addresskawaba@shina.sankyo.co.jp (K. Kawabata). ours[1] and those by othef8—4] using gas chromatography

1570-0232/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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a period of 24h was considered necessary. This aim has
not been accomplished by the previous methods, and there
was a need for more sensitive assay method for pravastatin
and R-416. In this paper, we report a highly sensitive assay
method based on an LC-APCI-triple quadrupole mass
spectrometer (LC/APCI-MS/MS) for the determination of
pravastatin and R-416 in human plasma with an LLOQ of
0.1 ng/mL. Selective reaction monitoring (SRM) technique
employed by this method was able to effectively eliminate
background chemical interference arising from the complex
plasma matrix, and achieved this low LLOQ value. The

assay method has been adequately validated for application
to pharmacokinetic studies of pravastatin sodium in humans.

2. Materials and methods

“oH 2.1. Standard substances and reagents
R-416 (Free form) Pravastatin sodium (molecular weight: 446.5, purity:
94.8%), R-416 sodium (molecular weight: 446.5, purity:
93.1%) and R-122798 (molecular weight: 410.1, purity:
99.2%), the internal standard substance (1.S.), were synthe-
sized by the Medicinal Chemistry Research Laboratories,
Sankyo Co., Ltd., Tokyo, Japan. Formic acid, ammonium
acetate and triethylamine were obtained from Wako Pure
Chemical Industries Co., Ltd. (Osaka, Japan). Acetonitrile
of analytical grade (Kanto Kagaku Co., Ltd., Tokyo) was
used without further purification. Bond EfutCg extrac-

tion cartridges (200 mg/3 mL) were obtained from Varian In-
corporated (Harbor City, USA). Distilled water was passed
through a Milli-@® purification system (Millipore Corpora-

Fig. 1. Chemical structures of pravastatin, R-416 and the internal standard tion) before use. Blank plasma was prepared by centrifuga-
(:S). tion (3000 rpm, 10 min, 4C) of the blood obtained from five
healthy volunteers, and stored frozen-&0°C until used.

R-122798 (1.S.)

with electron impact or negative chemical ionization-mass

spectrometry (GC/EI-MS or GC/NICI-MS) have previously 2.2. Operating conditions for liquid chromatography

been reported for the determination of pravastatin and R-416

in human plasma. More recently, methods using liquid  Separation by high-performance liquid chromatography
chromatography with electrospray ionization (ESI)-tandem was conducted using a Waters 2690 Separations Module
mass spectrometry (LC/ESI-MS/MS) for the analysis of (Waters Co.) with an Inert§l ODS-3 Gg (5um) column
pravastatin, R-416 and pravastatin lactone in human plasma(4.6 mmi.d.x 150 mm, GL Sciences Inc.). A mixture of ace-
using solid-phase extraction or on-line purification have tonitrile, water, ammonium acetate, formic acid and triethyl-
been reported5-8]. We also reported previously an assay amine (400/600/0.77/0.2/0.6, v/vig/viv) was used as the mo-
for plasma concentrations of pravastatin and R-416 by bile phase at a flow rate of 1.0 mL/min. The temperature of
liquid chromatography with atmospheric pressure chemical the auto-sampler chamber was held a€6

ionization (APCI)-mass spectrometry (LC/APCI-MS), and

compared the assay performance between LC/APCI-MS 2.3. Operating conditions for mass spectrometry

and GC/NICI-MS in analyzing the plasma samples collected

from healthy volunteers after single, oral administration of Mass spectra were determined by a Finnigan TSQ-7000,
pravastatin[9]. The lower limit of quantification (LLOQ)  API-2 MS/MS (Finnigan Corp., San Jose, CA) system in the
of these assay methods was in a range of 0.5-0.625 ng/mL hegative-ion detection mode using the APCl-interface. The
and the plasma concentrations of many patients were belowvaporizer was operated at a temperature of &2With the

the LLOQ at 12 and 24 h following oral administration of heated capillary temperature set at 2€0Samples were ion-
pravastatin. Since pravastatin is to be given to the patientsized by reacting with reagent ions produced from the com-
once daily, monitoring of the plasma concentrations over ponents in the mobile phase by the corona dischargé\j4
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Fig. 2. APCI negative ion mass spectra of pravastatin. (A) Mass spectrum m/z
and (B) product ion spectrum.

) ) o Fig. 3. APCI negative ion mass spectra of R-416. (A) Mass spectrum and
in the chemical ionization (Cl) mode. The pressure for the (B) product ion spectrum.

nitrogen sheath gas was 80 p.s.i., and the auxiliary gas was

not used. The precursor ions of pravastalih-f H]~ and R- calibration curve and quality control (QC) samples. The I.S.
416 M —H]~ atnV/z423.0, and I.S.\1 — H]~ atm/z 408.9 solution was made by dissolving the I.S. in water and further
(Figs. 2—4\) were admitted to the first quadrupole (Q1). After diluting with water to make a concentration of 800 ng/mL.
the collision-induced fragmentation in the second quadrupole These stock solutions were stored 406

(Q2), the product ions of pravastatinratz 321.1, R-416 at

m/z321.3 and I.S. atvVz321.2 Figs. 2—8B) were monitored 2.5. Calibration curve and quality control samples

in the third quadrupole (Q3). The collision offset energy was

optimized at +20 eV for pravastatin and R-416 and at +25eV ~ The calibration curve was obtained by analyzing six
for I.S. Mass peak width was 1.0 mass unit at half height for plasma samples at each concentration spiked with the stan-
both Ql and Q3 and the mass span was 0.6 mass unit for alldard solutions of pravastatin and R-416 ranging from 0.1,

the compounds. 0.5, 5, 10, 50 to 100 ng/mL. Three levels of plasma quality
control (QC) samples, 0.5, 10 and 80 ng/mL, were prepared
2.4. Preparation of stock solutions in plasma spiked with the standard solutions of pravastatin

and R-416. Peak areas of pravastatin, R-416 and |.S. were
Pravastatin sodium and R-416 sodium were dissolved in calculated using Finnigan Xcalibur LCquah version 1.2
water to prepare a solution containing both pravastatin andsoftware. The calibration curve was generated by plotting
R-416 at a concentration of 19@/mL. This solution was nominal concentrations of pravastatin or R-4X§ &gainst
diluted to a concentration of dg/mL to prepare the stock the peak area ratios of pravastatin or R-416 versus |.S. ac-
solution of pravastatin and R-416. The stock solution was fur- cording to a least-squares linear regression with a weighting
ther diluted serially to prepare the standard solutions for the index of 1XX2.
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Fig. 4. APCI negative ion mass spectra of R-122798 (I.S.). (A) Mass spec-

trum and (B) product ion spectrum.
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2.6. Procedure for extraction of plasma samples

To 1.0 mL of human plasma was added 1.0 mL of distilled
water and 10@u of the I.S. solution. The pH of this mix-
ture was adjusted to 6.0 with 0.1 M phosphate solution (pH
4.0). Itis important to keep the pH of the sample in a range
of 3—6 in order to minimize the interconversion of the acid
and lactone forms of pravastatin and R-4680]. The mix-

Human Plasma or Control Plasma 1 ml
Std.: L II (0, 0.1, 0.5, 5, 10, 50, 100 ng/mL) 1 ml
I.S. (800 ng/ml) 100 pl

Adjust to pH 6.0 using 300 pul phosphate solution

Bond Elut” C8 (200 mg/3 ml)
Activate Bond Elut” C8 cartridge
CH,CN 3mlx2
[HIO 3mlx2

Wash with H,O 3 ml x 2
Elut with CH;CN 2 ml
Evaporate to dryness under N gas at 40°C
*Dissolve with 300 pl of the mobile phase
Centrifugation at 4°C for 10 min (3000 r.p.m.)
Inject 20ul into LC/APCI-MS/MS system

*The extract was reconstituted to volume with CH;CN (120 pl) and ultrasonicated for 3 min.
Then, 10 mM of CH3COOHNH, (180 pl) was added and mixed to prepare an injection

sample.

Fig. 5. Assay procedure of pravastatin and R-416 in human plasma.

tion, 10 mM ammonium acetate (180 was added to make
an injection sample and this was transferred to a vial for auto-
sampler. The typical injection volume was 2D The sample
preparation procedure for the determination of pravastatin
and R-416 is shown schematicallyhig. 5. Plasma samples
were thawed at 25C for 10 min or at 3C overnight.

2.7. Method validation

The method was validated for precision (coefficient of
variation, CV), accuracy, selectivity, specificity, linearity of
the calibration curve, recovery, stability and reproducibility
according to the recent paper by Shah ef#l] on bioana-
lytical method validation, using plasma samples prepared at
concentrations 0of0.1, 0.5, 5, 10, 50 and 100 ng/mL. The intra-
assay precision and accuracy were determined using these
plasma samples in five replicates. The selectivity is the abil-
ity of an analytical method to quantify the analyte separately
in the presence of other components in the sample. This test
was performed by analyzing individually the blank plasma
samples from five different donors to test for interference at

ture was mixed briefly using a vortex mixer and applied to a the retentiontime of pravastatin, R-416 and I.S. The intra- and
Bond Eluf Cg (200 mg/3 mL) cartridge, which had been pre-  inter-assay precision and accuracy of QC samples at the lower
conditioned by washing successively twice with each 3mL (0.5ng/mL), medium (10 ng/mL) and upper (80 ng/mL) con-
of acetonitrile and with each 3mL of distilled water. The centrationsf=3 for each concentration) were determined
sample was applied to the column by vacuum. After washing using these plasma samples in three replicates. The extrac-
the column two times each with 3 mL of water and remov- tion recovery of pravastatin and R-416 was evaluated using
ing the water from the column by vacuum, the analytes were three QC samples by comparing the peak area response of
eluted with acetonitrile (2 mL) into a round-bottomed tube extracted in plasma analytes with that of the analytes in the
(FALCON®). The eluate was evaporated to dryness under astandard solutions without extraction. The short-term stabil-

nitrogen gas stream at 4 in a Turbo Vap L\P evaporator

ity of pravastatin and R-416 in human plasma was evaluated

(Zzymark, Corporation). The residue was reconstituted with by analyzing three samples each at the concentrations of 0.5

acetonitrile (12Qul) by ultrasonication for 3 min. To this solu-

and 80ng/mL, after a storage period of 0, 2, 4 and 6h in
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an incubator (set at 2%2). The long-term stability of pravas- g 1003 (p)
tatin and R-416 in human plasma was evaluated by analyzing & 8 LS.
three samples each at the concentrations of 0.5 and 80 ng/mL, 5 eé R.T.: 2.0 min
after a storage period of 0, 1 and 3 weeks in a freezer (set at Z 40
—20°C). The auto-sampler stability of pravastatinand R-416 & 203
in human plasma was evaluated by measuring three samples = o+ S rrr e
each at the concentrations of 0.5 and 80 ng/mL, after a stor- 05 10 o 20 25 30 35 40
age period of 0, 6, 24 and 48h in an auto-sampler (set at Time (min)
6°C).
§ 100 B)
@ 80
. . E 60 O A
3. Results and discussion <
b
3.1. Lower limit of quantification, linearity and e . )
precision R e S S P Y

Time (min)

at ;I;]Zecl(r;:?éif;?gﬁ;eg;%o? Ig_éhes a?_glyélos ;)rf];hfoge:,]rg;)rlnel_s _Fig. 6. SRM ion chromatograms of a human plasma extract spiked with the

! b ' internal standard only. (A) 1.Sm/z 409— nV/z 321, (B) pravastatin and R-
was between 1.8 and 8.2% for pravastatin and 1.3 and 7.4%;6: vz 423 miz321. Retention time of()) pravastatin and/) R-416.
for R-416. The intra-assay accuracy was between 95.8 and
107.6% for pravastatin and 92.6 and 109.0% for R-416. The j,4en0us peak interference was observed at the retention
results of the intra-assay precision and accuracy are listed Ntime of 1.S.. pravastatin and R-416.
Table 1 The LLOQ for both pravastatin and R-416 in human
plasmawas 0.1 ng/mL. The calibration curve was linearin the
concentration range from 0.1 to 100 ng/mL for both pravas-
tatinand R-416. The average coefficient of determination was
0.996 for pravastatin and 0.994 for R-416<5).

3.3. QC Samples

The intra-assay precision in the analysis of three QC sam-
ples at the concentrations of 0.5, 10 and 80 ng/mL was be-
tween 3.7, 1.0 and 6.0%, respectively, for pravastatin and
4.7, 2.6 and 6.7%, respectively, for R-416. The intra-assay
accuracy was between 92.0, 105.4 and 106.0%, respectively,

Representative chromatograms of the extracted blankfor pravastatin and 98.8, 101.4 and 95.0%, respectively, for
plasma containing only the I.S. are presenteBimqm 6. Rep- R-416. The inter-assay precision was between 9.1, 5.3 and
resentative chromatograms of the extracted plasma sample8.8%, respectively, for pravastatin and 6.2, 3.2 and 11.0%,
containing 0.1 ng/mL (LLOQ) of pravastatin and R-416 are respectively, for R-416. The inter-assay accuracy was be-
presented irFig. 7. Drug-free human plasma samples ob- tween 92.0, 103.1 and 104.4%, respectively, for pravastatin
tained from five different donors were screened and no en-and 97.2, 104.2 and 97.3%, respectively, for R-416.

3.2. Specificity

Table 1
Intra-assay precision and accuracy results of pravastatin and R-416 in human plasma

Nominal concentration (ng/mL) Observed concentration (ng/mL) Mean S.D. CV (%) Accuracy (%)
1 2 3 4 5
Pravastatin
0.1 0101 Q098 Q103 Q101 Q101 Q101 Q002 18 1008
0.5 0.484 Q550 Q435 Q488 0482 0488 Q041 82 97.6
5 4.81 490 472 456 495 479 015 32 958
10 947 961 986 1Q0 100 9.79 024 24 97.9
50 514 47.6 525 513 491 504 20 39 1008
100 109 103 112 108 106 108 3 .13 1076
R-416
0.1 0.100 Q097 Q101 Q099 Q098 Q099 Q002 16 990
0.5 0.509 Q574 Q472 Q0522 Q550 0525 Q039 74 1051
5 4.65 466 454 461 469 463 006 13 926
10 950 924 962 937 934 941 015 16 94.1
50 500 482 517 512 492 501 14 29 1001
100 110 106 114 108 107 109 3 .92 1090

Observed concentratio
Nominal concentration[;( 100.

CV (%) = Standard deviation (S-p, 100; Accuracy (%)=
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LS.

conclude that the processed samples are stable for at least 6 h
at room temperature (2%). The stability results for both
pravastatin and R-416 showed that the residual percent of
samples stored in a freezerZ0°C) for 3 weeks is between
90.2 and 105.3% for pravastatin and 100.0 and 107.9% for

Relative Abundance

\
|
3 i R.T. :2.0 min
11
20 |
| - .

o L B o B B I e e R-416. Therefore, it was concluded that the plasma samples
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 .. .
Time (min) containing pravastatin and R-416 are stable for at least 3
weeks when stored in a freezerZ0°C). The results of the

test on auto-sampler stability ranged from 95.2 to 107.1% for
pravastatin and 91.7 to 100.5% for R-416, and demonstrated
that both pravastatin and R-416 are stable for at least 48 h at
6°C.

R-416
R.T.: 2.9 min

100 (B) Pravastatin
80- R.T. : 2.3 min

60
40
20 5

Relative Abundance

; N SE | SPNSU - 3.6. Application of the assay method to pharmacokinetic
1.5 2.0 2.5 3.0 3.5 4.0
. . study
Time (min)

. e
[ B O O B AR
0.5 1.0

After a single oral dose of 10mg of Mevaldfirto 23
healthy male volunteerd 2], the plasma concentrations of
pravastatin and R-416 were simultaneously determined by
the LC/APCI-MS/MS method described above. Represen-
tative SRM chromatograms of an unknown plasma sam-
ple collected from healthy male volunteer, at 1h, the time

The mean recoveries of pravastatin and R-416 from the of C,,, (16 ng/mL), after a single oral dose of 10mg
low, medium and high QC samples (0.5, 10 and 80 ng/mL) Mevalotir® are shown iffFig. 8 The mearCmaxof pravastatin
were 75.7-82.1% for pravastatin and 68.6—74.3% for R-416. was 23.9-12.6 ng/ml_ (meaﬂ: SD) ranging from 4.4 to
The mean recoveries of I.S. samples (40 and 80 ng/mL) weres3.0 ng/mL. The meaBmaxof R-416 was 16.53 11.6 ng/mL
64.3 and 71.3%Table 2. Effects of ion suppression onthe  ranging from 2.6 to 48.1 ng/mlEig. 9shows the mean con-
peaks of pravastatin and R-416 were examined at a concentragentrations of pravastatin and R-416 in human plasma as a
tion of 80 ng/mL (1=3), and were 5.8: 4.3% for pravastatin  function oftime. At 12 h after administration, the plasma con-
and 8.6+ 4.6% for R-416. centrations of pravastatin and R-416 were below 0.625 ng/mL
in 19 volunteers and 23 volunteers, respectively, and there-
fore, not possible to determine by the previous assay methods.
The plasma concentrations at this time point were possible to

Three low and three upper QC samples (0.5 and 80 ng/mL) determine by the LC/APCI-MS/MS method in all volunteers
were used to determine the sample stability. The back calcu-for pravastatin and 14 volunteers for R-416. At 24 h after
lated values from time 0 to 6 h, expressed as percentagesadministration, the plasma concentrations of these analyte
of the corresponding nominal values were 87.3-110.6% for were not possible to measure by the previous method, while
pravastatin and 95.1-101.2% for R-416 which allowed us to the plasma concentrations of pravastatin in 9 volunteers and

Fig. 7. SRM ion chromatograms of a human plasma extract spiked with
the pravastatin and R-416 at 0.1 ng/mL. (A) I.8Vz 409— m/z 321, (B)
pravastatin and R-416w/z 423— m/z321.

3.4. Extraction recovery

3.5. Stability

Table 2
Summary of extraction recoveries for pravastatin, R-416 and |.S. in human plasma
Nominal concentration (ng/mL) Extraction recovery (%) Mean S.D.
1 2 3

Pravastatin

0.5 856 818 790 821 33
10 778 775 786 780 0.6
80 760 767 745 757 11
R-416

0.5 698 766 764 743 39
10 724 734 724 727 0.6
80 695 692 67.1 686 13
I.S.
40 717 733 690 713 22
80 649 652 627 643 14

_Reak arearesponse of sample spiked pre-extractionyloo
“peak area response of sample spiked non-extraction .

Recovery calculated
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8 1005 (A) olated to a dose of 40 mg/subject were 95.6 ng/mICigyy
8 807 1S at 0.90 h. TheC 55 value in the Japanese volunteer seems to
5 w0 RT. : 2.0 min be comparable to or slightly higher than those in Caucasians
< . .
g 40 most probably due to a lower body weight in the Japanese
g 20 than in the Caucasians.
T 0 TTTT TT 1T TTTT T l . !‘w T TTT T TT T T[T TTT
05 10 15 20 25 30 35 40
Time (min) 4. Conclusions
g 100 (B) Pravastatin . . . .
€ w0 R.T.:2.3 min A rapid and sensitive analytical method for the determina-
€ o tion of pravastatin and R-416 in human plasma has been de-
% 40 veloped. The proposed method is the first LC/APCI-MS/MS
£ . method where precision and accuracy were included in the
2 o . |\ validation data. The method provided excellent specificity
o5 1o 15 20 25 80 85 @ 40 and linearity with a lower limit of quantitation of 0.1 ng/mL
Time (min)

for both pravastatin and R-416, which were not achieved by

the previous methods. The method was successfully used to
provide bioanalytical data support for the human pharma-
cokinetic study of pravastatin sodium.

Fig. 8. SRM ion chromatograms of unknown plasma sample from a volun-
teer, at 1 h after an oral dose of 10 mg Meval8tigA) 1.S.: 'z 409— vz

321, (B) pravastatin and R-418vz 423— m/z321. The plasma concentra-
tions of pravastatin and R-416 found were 43.4 and 45.2 ng/mL, respectively.

those of R-416 in one volunteer were still measurable by the acknowledgement
present method. According to the paper by Zhu and Neirinck,

the plasma concentration of pravastatin showeddg of We thank Dr. Ichiro leiri, Department of Hospital Phar-

90 ng/mL at0.75 h after a single oral administration of pravas- macy, Faculty of Medicine, Tottori University (Japan) for his
tatin to 18 healthy volunteers at a dose of 40 mg/suljjgct collaboration.

Otter and Mignat reported that tl&,ax values of pravastatin
were 14.0 and 67.4 ng/mL in two volunteers after a single oral
administration of pravastatin at a dose of 40 mg/suljjEsit

Our data on the plasma concentration of pravastatin extrap_References
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