
A
p

S
A
a

b

a

A
R
R
1
A
A

K
A
P
L
P
V

1

m
r
t
c
l
t
c
d
s

b
a
a
a

J
S
f

0
d

Journal of Pharmaceutical and Biomedical Analysis 52 (2010) 122–128

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journa l homepage: www.e lsev ier .com/ locate / jpba

rapid and sensitive method for determination of veliparib (ABT-888), in human
lasma, bone marrow cells and supernatant by using LC/MS/MS

arah Reinhardta, Ming Zhaoa, Aleksander Mnatsakanyana, Linping Xua, Rebecca M. Ricklisa,
lice Chenb, Judith E. Karpa, Michelle A. Rudeka,∗

The Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, Baltimore, MD 21231, United States
Investigational Drug Branch, Cancer Therapy Evaluation Program (CTEP), National Cancer Institute, Rockville, MD 20892, United States

r t i c l e i n f o

rticle history:
eceived 3 September 2009
eceived in revised form
0 December 2009
ccepted 17 December 2009
vailable online 29 December 2009

a b s t r a c t

A rapid and sensitive method was developed and validated using a liquid chromatographic method with
tandem mass spectrometry detection (LC/MS/MS) for determination of veliparib (ABT-888) in plasma,
bone marrow supernatant, and bone marrow cells. Sample preparation involved a single protein pre-
cipitation step by the addition of the sample with acetonitrile. Separation of veliparib and the internal
standard, A620223.69, was achieved on a AtlantisTM dC18 column (100 mm × 2.1 mm, 3 �m) column using
a mobile phase consisting of acetonitrile–ammonium acetate (2 mM) containing formic acid (0.1%, v/v)
eywords:
BT-888
ARP inhibitor
C/MS/MS
harmacokinetics
eliparib

using isocratic flow at 0.2 mL/min for 3 min. The analyte and internal standard were monitored by tandem
mass spectrometry with electrospray positive ionization. Linear calibration curves were generated over
the range of 5–1000 nM. The values for both within day and between day precision and accuracy were
well within the generally accepted criteria for analytical methods. This method was subsequently used to
measure concentrations of veliparib in cancer patients receiving an oral daily dose of 10 mg with demon-
stration of drug accumulation in the marrow compartment and in the target leukemia bone marrow cells.
. Introduction

Poly(ADP-ribose) polymerase 1 (PARP-1) is the most active
ember of a family of 19 DNA repair enzymes that are involved in

eplication, transcription, differentiation, and the overall preserva-
ion of the cellular genome [1,2]. Evidence that inhibition of PARP-1
an sensitize tumor cells toward agents that cause DNA damage has
ead to the rational design and development of agents that selec-
ively target this enzyme [1,3]. Increased levels of PARP found in
ancer cells when compared to normal cells has been linked to both
rug resistance and overall cellular survival in the face of genotoxic
tress [4].

Veliparib (ABT-888), 2-[(2R)-2-methylpyrrolidin-2-yl]-1H-

enzimidazole-4-carboxamide (Fig. 1), is an orally active PARP-1
nd PARP-2 inhibitor that has been shown to potentiate the
ction of cisplatin, carboplatin, temozolomide, cyclophosphamide,
nd radiation treatment [5]. In preclinical lung cancer models,
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veliparib in combination with standard radiation therapy resulted
in both delayed tumor growth and tumor cell apoptosis, leading
to enhanced survival [6]. In animals, veliparib has an oral bioavail-
ability of 56–92% and crosses the blood–brain barrier [5]. Veliparib
undergoes minimal oxidative metabolism (<5% turnover) and is
excreted predominantly in urine as the intact parent compound
(∼50%) and an inactive lactone metabolite, M8 (15%) [7]. In a phase
0 clinical study, veliparib target concentrations were achieved
with inhibition of PARP in tumor tissues and peripheral blood
mononuclear cells [8].

Veliparib is currently being evaluated in multiple clinical tri-
als including one in patients with relapsed and refractory acute
leukemias or high-risk myelodyplasias and myeloproliferative dis-
orders in combination therapy with topotecan and carboplatin.
To comprehensively characterize the clinical pharmacokinetic (PK)
profile of this drug, and to explore the relationship with pharmaco-
dynamic (PD) effects, a specific, reproducible and accurate method
for the quantitation of veliparib was necessary. Additionally, the
assay was developed to explore whether veliparib penetrated into

the bone marrow supernatant and cells. Several previous analyt-
ical methods have been described [9–11] but are insufficient for
our needs. One LC/MS/MS method was in non-human primate
plasma and cerebrospinal fluid and quantitated veliparib from 4
to 5000 ng/mL (16–205003 nM) using an unknown sample vol-

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:mrudek2@jhmi.edu
dx.doi.org/10.1016/j.jpba.2009.12.015
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of acetonitrile–ammonium acetate (2 mM) (2:3, v/v) containing
ig. 1. Full-scan product ion spectrum and chemical structure of veliparib with
onitoring at m/z 245.2 → 162.2.

me [9]. An HPLC with ultraviolet method with mass spectrum
onfirmation was utilized to monitoring human plasma and urine
oncentrations in the phase 0 clinical study [10,12]. The analyt-
cal range was 100–5000 nM for plasma using a 0.1 mL aliquot
nd 1000–25,000 nM for urine using an 1 mL aliquot [10]. A pre-
iously published LC/MS method quantitated veliparib from 10 to
000 ng/mL (40.9–4093 nM) only in human plasma using a 0.2 mL
liquot with a run time of 25 min [11]. Here, we describe a more
apid, sensitive analytical method for the determination of veli-
arib concentrations in human plasma, bone marrow supernatant
nd bone marrow cells based on LC/MS/MS with electrospray
ositive ionization after a single protein precipitation with acetoni-
rile.

. Experimental

.1. Chemicals and reagents

Veliparib (Lot number 1357661-0, 99.9% pure by HPLC) and the
nternal standard, A620223.69 (Lot number 151120PPOORS, 99.9%
ure by HPLC) were provided by Abbott Laboratories (Abbott Park,

L, USA) via the Developmental Therapeutics Program, Cancer Ther-
py Evaluation Program, National Institute of Health (Bethesda,
D, USA). Ammonium acetate was obtained from J.T. Baker

Philipsburg, NJ, USA). Formic acid (98%, v/v in water), methanol
HPLC grade) and acetonitrile (HPLC grade) were obtained from
M Science (Gibbstown, NJ, USA). Deionized water was obtained
rom a Milli-Q-UF system (Millipore, Milford, MA, USA) and used
hroughout, in all aqueous solutions. Drug-free (blank) human
lasma was obtained from Strough (formerly Plasmacare) (Cincin-
ati, OH, USA). Drug-free (blank) bone marrow supernatant and
ells were obtained from consenting patients with acute leukemia
nder Johns Hopkins Medical Institute Institutional Review Board
pproval.

.2. Stock solutions

Stock solutions of veliparib were prepared in duplicate as 1 mM
olutions in methanol. The area counts for each of the duplicated

liquots were checked in quintuplicate. If the mean value for area
ounts was within 5%, the stock solutions were then stored in glass
ials at −20 ◦C. A620223.69 was prepared as a 0.5 mg/mL solution
n methanol and stored in a glass vial at −20 ◦C.
d Biomedical Analysis 52 (2010) 122–128 123

2.3. Preparation of calibration standards and quality controls

2.3.1. Plasma
Veliparib stock solutions were diluted in acetonitrile–water

(1:1, v/v) to spike blank human plasma on each day of analysis. The
dilutions were used to prepare six calibration standards contain-
ing veliparib in duplicate at the following concentrations: 5, 10, 50,
100, 500 and 1000 nM. Quality control (QC) samples were prepared
independently in blank plasma at four different concentrations of
veliparib including: 5 nM, the lower limit of quantitation (LLOQ);
8 nM, the low QC (LQC); 80 nM, the medium QC (MQC); and 800 nM,
the high QC (HQC). For long-term and freeze–thaw stability, QC
samples were prepared as a batch and stored at −70 ◦C.

2.3.2. Bone marrow supernatant and cell quality controls
Veliparib stock solutions were diluted in acetonitrile–water

(1:1, v/v) to spike blank human plasma, bone marrow supernatant
(1:1, v/v), or bone marrow cells suspended in 0.1 mL of plasma
(regardless of cell count). All of the concentrations and further
preparations remained the same as the plasma QCs. The plasma cal-
ibration curve was used for all samples due to limited availability
of bone marrow supernatant and bone marrow cells.

2.4. Sample preparation

2.4.1. Plasma
Frozen plasma samples were thawed in a water bath at ambient

temperature. A 100 �L aliquot of plasma was added to a borosilicate
glass test tube (13 mm × 100 mm) containing 0.5 mL of acetoni-
trile solution and A620223.69 (0.5 �g/mL), which was used as
internal standard. The tube was mixed vigorously for 30 s on a
vortex-mixer, followed by centrifugation at 1200 × g for 10 min
at ambient temperature. A volume of 450 �L of the top organic
layer was transferred to a disposable borosilicate glass culture tube
(13 mm × 100 mm) and evaporated to dryness under nitrogen at
40 ◦C. The residue was dissolved in 100 �L of acetonitrile–water
(1:5, v/v) by vortex mixing (30 s). The sample was transferred to a
250 �L polypropylene autosampler vial, sealed with Teflon crimp
cap, and then centrifuged at 1200 × g for 10 min. A volume of 20 �L
was injected into the LC/MS/MS instrument using an autosampling
device operating at room temperature.

2.4.2. Bone marrow supernatant and cells
Frozen bone marrow supernatant and cell samples were thawed

in a water bath at ambient temperature. For the supernatant, the
samples were diluted in human plasma (1:1, v/v). Bone marrow
cells, regardless of cell number, were suspended in 0.1 mL of human
plasma. The suspensions then followed the preparation steps out-
lined for plasma, starting with the addition of 100 �L of sample to
acetonitrile containing internal standard.

2.5. Chromatographic and mass-spectroscopic conditions

Chromatographic analysis was performed using an Agilent
1100 Series HPLC (Agilent Technologies, Palo Alto, CA, USA).
Separation of the analyte from potentially interfering material
was achieved at ambient temperature using AtlantisTM dC18
column (100 mm × 2.1 mm i.d.) packed with a 3-�m dC18 sta-
tionary phase, protected by a Waters X-Terra MS guard column
packed with 3.5 �m RP18 material (Milford, MA, USA). The mobile
phase used for the chromatographic separation was composed
0.1% formic acid, and was delivered isocratically at a flow rate
of 0.2 mL/min. The column effluent was monitored using an
API 3000 triple–quadruple mass-spectometric detector (Applied
Biosystems, Foster City, CA, USA). The instrument was equipped
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Table 1
Optimization parameters for veliparib and internal standard.
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DP (V) FP (V) EP (V) CE (eV) CXP (V)

Veliparib 36 140 10 19 14
A620223.69 61 140 10 41 6

ith an electrospray interface in positive ion mode, and controlled
y the Analyst version 1.2 software (Applied Biosystems). Samples
ere introduced to the interface through a Turbo IonSpray with

he temperature set at 400 ◦C. A high positive voltage of 5.0 kV
as applied to the ion spray. Nitrogen was used as the nebulizer

as, curtain gas, and collision gas with the settings of 12, 6, and
, respectively. Other optimal parameters including declustering
otential (DP), focusing potential (FP), entrance potential (EP), colli-
ion energy (CE), and collision cell exit potential (CXP) are reported
n Table 1. The spectrometer was programmed to allow the ion
f veliparib at m/z 245.2 and that of A620223.69 at m/z 287.0 to
ass through the first quadrupole (Q1) and into the collision cell
Q2). The major fragment observed for veliparib (m/z 162.2) and
620223.69 (m/z 124.2) were monitored in the third quadrupole.

.6. Calibration curves
Calibration curves for veliparib were computed using the ratio
f the peak area of analyte to the internal standard by using a least-
quares linear-regression analysis with 1/x weight. The parameters
f each calibration curve were used to back-calculate concentra-

able 2
ack-calculated concentrations from calibration curves over the concentration range of 5

Nominal concentration (nM) Calculated concentration (nM)b

5 5.4 ± 0.3
10 10.3 ± 0.6
50 48.2 ± 1.8
100 95.6 ± 5.7
500 467.7 ± 35.6
1000 1037.7 ± 45.4

a Performed in duplicate on 3 separate days.
b Values are mean ± standard deviation.
c No significant variation was observed as a result of performing the assay in different

able 3
ssessment of accuracy, precision, and recovery.a.

Nominal concentration (nM) Accuracy (%) P

W

Plasma
5 99.5 5
8 101.9 6

80 99.4 4
800 102.2 3

Bone marrow supernatantc

5 104.1 2
8 100.7 3

80 100.2 4
800 102.4 4

Bone marrow cellse

5 103.8 2
8 97.7 2

80 95.2 3
800 101.7 1

a Performed in quintuplicate on three separate days.
b Not done.
c Sample diluted 1:1 (v/v) with plasma prior to extraction.
d No significant additional variation was observed as a result of performing the assay in
e Sample suspended in 100 �L of plasma prior to extraction.
d Biomedical Analysis 52 (2010) 122–128

tions and to obtain values for the QC samples and unknown samples
by interpolation.

2.7. Method validation

2.7.1. Specificity
The method specificity was tested using visual inspection of

extracted human plasma, bone marrow cells, and bone marrow
supernatant chromatograms from six different healthy donors per
matrix for the presence of endogenous or exogenous interfering
peaks. The interfering peak area needed to be less than 20% of the
peak area for veliparib at the lower limit of quantitation in plasma,
bone marrow cells or bone marrow supernatant.

2.7.2. Calibration curves and QCs
Method validation runs for calibrator standards and QCs were

performed on three consecutive days and included a calibration
curve processed in duplicate and QC samples, at four different
concentrations, in quintuplicate, and a single plasma blank and
zero-level standard (blank with internal standard). For the QCs,
each matrix (human plasma, bone marrow supernatant, and bone
marrow cells) was assessed on each validation day. Estimates of
the between-run precision were obtained by one-way analysis of

variance (ANOVA) as previously described [13]. The extraction effi-
ciency of the assay was measured by comparison of the peak area
ratio of veliparib extracted from plasma and an aqueous solu-
tion in triplicate at concentrations of the low, middle, and high
QCs.

–1000 nM.a.

Accuracy (%) Precision (%)

Within-run Between-run

107.0 5.8 –c

102.7 5.7 –c

96.4 1.4 3.8
95.6 7.5 –c

93.5 4.1 7.2
103.8 4.3 0.5

runs.

recision (%) Recovery (%)

ithin-run Between-run

.5 9.5 –b

.6 6.7 77.4

.7 6.7 70.1

.0 5.4 62.7

.2 8.8 –b

.2 2.7 92.5

.4 –d 100.5

.0 –d 92.0

.4 6.0 –b

.7 3.3 104.8

.0 1.3 97.8

.8 3.2 100.0

different runs.
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ig. 2. Chromatogram of blank human (a) plasma, (b) bone marrow supernatant
nd (c) bone marrow cells.

The stability of veliparib in plasma was tested at concentrations
f the low and high QCs in triplicate after 3 freeze–thaw cycles. The
hort-term stability of veliparib in plasma was assessed in tripli-
ate at room temperature (on the bench-top) at 2, 4 and 6 h. The
ong-term stability of veliparib in plasma at −70 ◦C and in methanol
1 mM) at −20 ◦C was assessed at 3-month intervals. Stability of
rug in neutral extracts was assessed on the autosampler.

.8. Patient samples
The samples analyzed were from adult patients with refractory
nd relapsed acute myelogenous leukemia enrolled to a clinical trial
here veliparib was administered orally at a dose of 10 mg twice
aily. Blood samples were collected in heparinized tubes at base-
Fig. 3. Chromatograms of internal standard (top panel) and veliparib (bottom panel)
in blank (a) plasma, (b) bone marrow supernatant, and (c) bone marrow cells.

line (pre-treatment) and at 0.25, 0.5, 1, 2, 4, 6 and 8 h following
administration of the first 10 mg dose of veliparib. Blood samples
were immediately placed on ice or refrigerated then centrifuged
at 4 ◦C, 1000 × g for 10 min. The resultant plasma was stored at
−70 ◦C until analysis. Bone marrow was aspirated and collected in

preservative-free sodium heparin at baseline (pre-treatment) and
at 4–7 h following administration of the first 10 mg dose of veli-
parib. The bone marrow was centrifuged and the resultant effluent
(bone marrow supernatant) was collected. The resultant pellet was
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Table 4
Assessment of stability in human plasma.a.

Condition Veliparib

8 nM 800 nM

Freeze–thaw stability (−70 ◦C)b

Cycle 1 97.6 102.1
Cycle 2 96.6 102.9
Cycle 3 97.0 102.0

Short-term stability (room temperature)b

Time = 0.5 h 97.8 101.0
Time = 1 h 101.8 102.0
Time = 2 h 100.2 98.9
Time = 4 h 95.9 95.3
Time = 6 h 91.7 98.0

Autosampler stability (10 ◦C)c

Time = 2 h 99.3 105.0
Time = 4.4 h 94.5 104.0

Long-term stability (−70 ◦C)b

Time = 91 days 102.1 103.5
Time = 175 days 91.4 85.9

a
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Expressed as the mean percentage change from time zero (nominal concentra-
ion).

b Performed in triplicate.
c Performed repeatedly for 4.4 h with 1 sample.

e-suspended in RPMI 1640, and the suspension was sedimented
y Ficoll density gradient centrifugation. Bone marrow blast cells
ere collected then washed in phosphate buffered saline (PBS),

s washing with RPMI 1640 lead to interferences in preliminary
xperiments. The cells were then centrifuged to produce a pellet,
nd the PBS was removed. The cells were stored as dry pellets, and
oth the dry cell pellets and bone marrow supernatant were stored
t −70 ◦C until analysis. The clinical protocol was approved by the
ohns Hopkins Medical Institute Institutional Review Board and all
atients provided written informed consent before entering the
tudy.

Plasma pharmacokinetic parameters after a single 10 mg dose of
eliparib on day 1 were estimated using model-independent non-
ompartmental analysis as implemented in the computer software
rogram WinNonlin (Version 5.2, Pharsight Corp.). The maxi-
um plasma concentration (Cmax) and the time of Cmax after

ral administration were obtained by visual inspection of the
lasma concentration–time curve. The area under the plasma
oncentration–time curve (AUC) was calculated using the log-
inear trapezoidal rule. The half-life was calculated as 0.693 divided
he terminal disposition rate constant (�z), which was determined
rom the slope of the terminal phase of the concentration–time
rofile. Bone marrow supernatant and bone marrow cell concen-
rations were reported with descriptive statistics only.

. Results and discussion

.1. Detection and chromatography

The mass spectrum of veliparib showed a protonated molecular
on ([MH+]) at m/z 245.2. The major fragment observed was at m/z
62.2, which was selected for subsequent monitoring in the third
uadrupole (Fig. 1). The mass spectrum of the internal standard,
620223.69, showed a [MH+] at m/z 287.0, and the high collision
nergy gave one major product ion at m/z 124.2 (data not shown).
.2. Calibration curve and LLOQ (lower limit of quantification)

The calculated peak area ratios of veliparib to A620223.69 versus
he nominal concentration of the analyte displayed a linear rela-
ionship in the tested range of 5–1000 nM. After applying the peak
Fig. 4. Representative patient chromatograms of internal standard (top panel) and
veliparib (bottom panel) (a) plasma C1D1 8 h after veliparib administration, (b) bone
marrow cells C1D4 5.25 h after veliparib administration with 28 × 106 cell count, and
(c) bone marrow supernatant C1D4 5.25 h after veliparib administration.

area ratio in combination with a weighting factor of 1/x, a mean
least-squares linear-regression correlation coefficient of greater
than 0.99 was obtained in all analytical runs. This weighting fac-
tor was chosen compared to uniform weighting after evaluation of
goodness-of-fit by assessment of the R2 value, intercept closest to
a zero value, % recovery of calibrators and QCs, and assessment of
residuals.

For each point on the calibration curves for veliparib, the

concentrations back-calculated from the equation of the regres-
sion analysis were always within 9.5% of the nominal value
(Tables 2 and 3). The distribution of the residuals showed random
variation, was normally distributed, and centered on zero (data not
shown).
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ig. 5. Veliparib plasma concentration–time profile on day 1 in a patient receiving
he first dose of 10 mg orally.

The LLOQ for veliparib was established at 5 nM, which was asso-
iated with a mean (±standard deviation) signal-to-noise ratio
or 15 observations of 34.4 ± 14.8 for plasma, and 78.2 ± 29.7
or bone marrow supernatant and 93.1 ± 23.1 for bone marrow
ells.

.3. Selectivity and specificity

No peaks were observed in the chromatograms of blank
lasma from 6 donors when monitored for veliparib. Repre-
entative chromatograms of blank human plasma and plasma
piked with internal standard and veliparib are shown in
igs. 2 and 3. The mean (±standard deviation) retention times for
eliparib and A620223.69 under the optimal conditions were both
.98 ± 0.40 min, with an overall chromatographic run time of 3 min.
he selectivity for the analysis is shown by symmetrical resolu-
ion of the peaks, with no significant chromatographic interference
round the retention times of the analyte and internal standard in
rug-free specimens.

.4. Accuracy, precision, and recovery

For QC samples prepared by spiking human plasma, bone
arrow supernatant and bone marrow cells with veliparib, the
ithin-run and between-run variability (precision), expressed

s the percentage relative standard deviations, were less than
.5%. Likewise, the mean predicted concentration (accuracy) was

ess than 7.0% off the nominal value (Table 2). The relative
ecovery of veliparib from human plasma, bone marrow super-
atant, or bone marrow cells is above 62.7%, 92.0%, and 97.8%
Table 3).

.5. Analyte stability

QC samples prepared in human plasma undergoing three
reeze–thaw cycles showed no significant degradation (<3.4%) for
eliparib (Table 4). In neutral extracts, veliparib was stable up
o 4.4 h on the autosampler without any significant degradation,
llowing for more than 80 samples to be analyzed simultane-

usly within a single chromatographic run. The long-term stability
ests suggested that veliparib was stable in methanol (stock
olution, 1 mM) at −20 ◦C for at least 3 months, and stable in
lasma at −70 ◦C for at least 175 days, with degradation less than
5%.
d Biomedical Analysis 52 (2010) 122–128 127

3.6. Concentration–time profiles

The present LC–MS–MS method was successfully applied to
study the pharmacokinetics of veliparib in adult patients with
refractory and relapsed acute myelogenous leukemia receiving oral
veliparib as a dose of 10 mg twice daily. A representative chro-
matogram from a patient receiving 10 mg of veliparib is shown in
Fig. 4. Following a single oral dose of veliparib 10 mg, the maxi-
mum plasma concentration achieved was 286 nM, which occurred
at 1.0 h with an AUC of 1446 nM×h (see Fig. 5). The half-life was
determined to be 3.64 h. Veliparib was detected in bone marrow
supernatant (39.7 nM) and bone marrow cells (0.32 nmol/106cell)
for this patient at 5.25 h with a concomitant plasma sample of
116 nM after the veliparib dose.

4. Conclusion

In conclusion, we have developed and validated an assay for
measuring veliparib in human plasma, bone marrow supernatant,
and cells. In comparison to previously published methods, the cur-
rent assay has a lower limit of quantitation of 5 nM (versus 16 nM
[9], 40.93 nM [11], or 100 nM [10]), uses the same or less sample
(100 �L [10] versus 200 �L [11] or unknown [9]) with similar sam-
ple preparation. These characteristics combined with an overall
chromatographic run time of 3 min (versus 13 min [10], 25 min [11],
or unknown time [9]) and validation in bone marrow supernatant
and bone marrow cells, shows the advantages over previously
published methods [9–11] and thus should be more widely appli-
cable to a broader range of matrices. The described method for
quantitation over the concentration range of 5–1000 nM is suffi-
cient to allow plasma pharmacokinetic monitoring and detection
in the critical tumor compartment (bone marrow supernatant) and
target cells (bone marrow cells) of veliparib during daily, continu-
ous administration. This method is being used to characterize the
plasma PK and PD of veliparib in combination therapy in cancer
patients and in preclinical studies to further optimize veliparib
treatment schedules for future clinical evaluation.
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