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Abstract

A sensitive and selective liquid chromatography tandem mass spectrometry (LC/MS/MS) method for the determination of atomoxetine anc
its metabolites (4-hydroxyatomoxetind;desmethylatomoxetine, and 4-hydroxyatomoxeti@aglucuronide) has been developed for human
plasma and urine. Using stable-labeled internal standards, the method proved to be accurate and precise for the analytes in all species, result
in inter-batch accuracy (percent relative error, %RE) within AB% and inter-batch precision (relative standard deviation, %RSD) within
11%. Stability was demonstrated for the analytes in neat solutions and the reconstitution solvent, as well as plasma and urine (with or withou
the deconjugation reagent). The method was simple, robust (utilized for the analysis of several hundred clinical study samples), and amenab
to high sample throughput.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Company) has recently been approved in the United States
for the treatment of attention-deficit/hyperactivity disorder

Atomoxetine hydrochloride (LY139603; formerly known (ADHD) in children, adolescents, and adults. ADHD is the

as tomoxetine hydrochloride) is known chemically as
(—)-N-methyl+y-(2-methylphenoxy) benzenepropanamine
hydrochloride. Atomoxetine is a potent inhibitor of the presy-
naptic norepinephrine transporter with minimal affinity for
other monoamine transporters or recep{drs2]. Atomox-
etine hydrochloride (brand name: StratéMaEli Lilly and

* Corresponding author. Tel.: +1 317 277 6431, fax: +1 317 651 1332.
E-mail addressmullenjohn.h@lilly.com (J.H. Mullen).

most common neurobehavioral disorder of childhood. The
incidence of ADHD is 5-10% of children, and the symptoms
are known to persist in 10-60% of cases into adulthood
[3—7]. Ninety percent of children diagnosed with ADHD in
the United States were prescribed medicaf{@ the vast
majority with a psychostimulant drug. However, atomoxe-
tine is not a stimulant and does not have the abuse potential
associated with methylphenidate and amphetanjBiekl ]

In order to investigate the general disposition properties

! Present address: Tippecanoe Laboratories, Eli Lilly and Company, 1650 of atomoxetine, a robust bioanalytical method was needed

Lilly Road, West Lafayette, IN 47909, USA.

Present address: Southern Testing & Research Laboratories, A D'V'S'onjugated) and its metabolites in human plasma and urine. The

of Microbac, 3809 Airport Drive, Wilson, NC 27896, USA.

for the measurement of atomoxetine (conjugated and uncon-

3 Present address: Elan Pharmaceuticals Incorporated, 800 Gatewayphys'caI and chemical characteristics of atomoxetine allows

Boulevard, South San Francisco, CA 94080, USA.

0731-7085/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2005.02.007

for its quantification by a variety of analytical techniques,
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Fig. 1. The structure and product ion scan of atomoxetine.

including LC/UV, LC/florescence, LC/MS, and GC/MS. For
our application, we utilized liquid chromatography tandem
mass spectrometry (LC/MS/MS) for the quantification of
atomoxetine and its metabolites (4-hydroxyatomoxetine,
N-desmethylatomoxetine, and 4-hydroxyatomoxetine-
O-glucuronide) since LC/MS/MS provided specificity,
while minimizing analysis time. The method described
in this manuscript was used to support a number of drug
development activities in human subjects and patients.

2. Materials and methods
2.1. Chemicals and materials

Analyte compounds atomoxeting;desmethylatomoxe-
tine, and 4-hydroxyatomoxetin€-ifs. 1-3 were obtained
from Eli Lilly and Company (Indianapolis, IN, USA).
Internal standard compounds?H]-R/S-atomoxetine (a
racemic mixture ofR- and S-atomoxetine) and?Hs]-4-
hydroxyatomoxetine ¢Hs]-4-hydroxyatomoxetine was not
available at the time of the initial human plasma vali-
dation) were also obtained from Eli Lilly and Company
(Figs. 4 and b Control human plasma was obtained from
Biological Specialties Corporation (Colmay, PA, USA) and
control human urine was obtained from Taylor Technol-
ogy Inc. (Princeton, NJ, USA). High-performance liquid
chromatographic (HPLC) optima-grade methanol and ace-
tonitrile were obtained from Fisher Scientific (Fairlawn,
NJ, USA). Trifluoroacetic acid (TFA, 99%5-13.28 M),
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Fig. 2. The structure and product ion scan of 4-hydroxyatomoxetine.
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Fig. 3. The structure and product ion scarNeflesmethylatomoxetine; an
adduct ion was monitored for the parent ion due to an approximate eight-fold
increase in sensitivity for the adduct ion.
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Fig. 4. The structure and product ion scarR-[2H;]-atomoxetine.

ence (Gibbstown, NJ, USA). High-performance liquid chro-
matographic optima-grade water was obtained from Fisher
Scientific (Fairlawn, NJ, USA). Empore (3M, Minneapo-
lis, MN, USA) 3 mL/7 mm polystyrenedivinylbenzene (SDB-
XC) solid-phase extraction (SPE) cartridges and positive
pressure extraction manifolds were obtained from Varian
(Lake Forest, CA, USA). Brownlee Spheri-5 C18 polyfunc-
tional columns (4.6 mnx 100 mm;dj, 5m) were obtained
from Perkin-Elmer (Norwalk, CT, USA).

2.2. LC/MS equipment and analytical conditions

A Hewlett-Packard Series 1l 1090L Liquid Chromato-
graph system (Hewlett-Packard Company, Rockville, MD,
USA), or a Hewlett-Packard Series Il 1090L Liquid Chro-
matograph coupled with a CTC Analytics HTS Pal au-
tosampler (Leap Technologies, Carrboro, NC, USA) was
used for HPLC analyses. The chromatographic system con-
sisted of a Brownlee Spheri-5 C18 polyfunctional column
(4.6 mmx 100 mm;dp, 5pm) with the use of a binary gra-
dient (mobile phase A: water, mobile phase B: 5mM am-
monium acetate, 47.2 mM formic acid, 4 mM trifluoroacetic
acid in acetonitrile—water (85:15, v/v)). The formic acid, tri-
fluoroacetic acid and ammonium acetate combination was
utilized in obtaining optimal chromatographic analyte peak
separation through ion pairing and pH optimization. More-

sodium acetate trihydrate, ammonium acetate (analytical over, the mixture resulted in optimal sensitivity (ionization)

reagent grade), anfi-glucuronidase (type B-1) were ac-
quired from Sigma-Aldrich (St. Louis, MO, USA); and
formic acid (88%,~23.6 M) was obtained from EM Sci-

1007 44

80

60 o.

40 -

20 1

Intensity
o]
g
z
I
o
I

T T

50 100 150
m/z

04— LJ;IJI»L'

Fig. 5. The structure and product ion scan?i§]-4-hydroxyatomoxetine.

in conjunction with the Finnigan MAT TSQ-700 or TSQ-
7000 mass spectrometer compared to any mixture lack-
ing one or more of these constituents. The gradient uti-
lized the following profile: 0 min/75% B, 0.8 min/75% B,
1.0 min/100% B, 2.5 min/100% B, 3.0 min/75% B. The mo-
bile phase was delivered at 1 mL/min directly into the APCI
source. The autosampler was used to make 3p+56jec-

tions for human plasma extracts, or 2580injections for
human urine extracts. The cycle time wasmin. Mass spec-
trometric detection was performed using a Finnigan MAT
TSQ-700 or TSQ-7000 (Finnigan Corporation, San Jose,
CA, USA), operating in positive ion APCI mode with the
vaporizer temperature set at500°C. The heated capil-
lary temperature was set t8190°C. The sheath gas flow
and the argon collision gas pressure wer80 psig and
~1.2x 10> Torr, respectively. Collision energy was set to
—25eV. Quantification was performed using selected re-
action monitoring (SRM) with the following transitions:
atomoxetinem/z 256— m/z 44, 4-hydroxyatomoxetinavz
272— m/z44,N-desmethylatomoxetin@vz 283 (an adduct
ion) — m/z 30, [?H]-atomoxetinem/z 263— m/z 44, and
[?Hs]-4-hydroxyatomoxetinen'z 277— miz 44 with a scan
time of 0.75 s/scan. The production scans for the analytes and
internal standards are shownFigs. 1-5 Mass calibration,
data acquisition, chromatographic and mass spectral graphi-
cal representation and post-acquisition quantitative analyses
were performed using Finnigan ICIS software. Regression
analyses were performed using an application developed and
validated in-house by Taylor Technology Inc.
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2.3. Standard solutions lyzed on three separate day$gdesmethylatomoxetine and
4-hydroxyatomoxetine were also contained in the samples
A stock solution of atomoxetine was prepared by dis- with analyte concentrations four times that of atomoxetine
solving approximately 3mg of the compound A3 mL concentrations). During study sample analysis, QC samples
of 100% MeOH so that the final concentration was were prepared in at least duplicate at atomoxetine concen-
1mg/mL (calculations were corrected for potency). The trations of 20, 10, and 0.5 ng/mDN{desmethylatomoxetine
weighing was prepared in duplicate: one for the standard and 4-hydroxyatomoxetine were also contained in the sam-
curve and another for the validation or quality control ples with analyte concentrations four times that of atomoxe-
(QC) samples. This approach was repeated Nodes tine concentrations) with each batch of samples analyzed.
methylatomoxetine and 4-hydroxyatomoxetine. These A concentrated sample was also used as a validation
solutions were diluted in methanol-water (10:90, v/v) to sample. At least five replicates at 100 ng/mL atomoxetine
result in an intermediate solution with the concentration of (N-desmethylatomoxetine and 4-hydroxyatomoxetine were
2ng/mL atomoxetine, §.g/mL N-desmethylatomoxetine  also contained in the samples with analyte concentrations
and 8ug/mL 4-hydroxyatomoxetine. Stock solutions of fourtimes that of atomoxetine concentrations) were prepared
[2H-]-atomoxetine and?Hs]-4-hydroxyatomoxetine were  without internal standard, diluted 100 times (resulting in
prepared at 10Qg/mL by dissolving 1 mg of the compound an atomoxetine concentration of 1ng/mL) and extracted.
into ~10 mL of methanol-water (10:90, v/v). An internal The dilution factor varied, depending upon the matrix. The
standard working solution was prepared by bringinguZ5 100 times dilution factor was used in the human plasma
of the 100u.g/mL [2H-]-atomoxetine solution and 3Q(L of validation. A 10 times dilution factor was used in the human
the 100ug/mL [2Hs]-4-hydroxyatomoxetine solution (when  urine validation.
available) to 100 mL volume with water. This resulted in Blank matrix samples and blank matrix spiked with inter-
an internal standard working solution of 75 ng/miHE]- nal standards were both prepared in duplicate and analyzed
atomoxetine and 300 ng/mL2His]-4-hydroxyatomoxetine.  with each sample batch. The blank matrix spiked with inter-
The stock, intermediate, and working solutions were stored nal standards was prepared by adding 10®f the internal

at~4°C when not in use. standard working solution to 5QL of matrix. The blank
matrix sample was prepared by adding 1Q@0of water (to
2.4. Sample preparation replace the internal standard addition) to p@0of matrix.

Study samples were prepared by adding pR®f study

The concentrations shown in this section represent the an-sample matrixtoa 12 mm 75 mm polypropylene tube (sam-
alyte concentrations used in the human plasma assay. Thele preparation varied, dependent upon the use of the conju-
human urine assay used different analyte concentrations. Segated or unconjugated aséhyAll samples (except blank
the Calibration and Assay precision and accuracy sectionsplasma samples) were prepared by adding,ill0of the in-
for more information. The same general sample preparationternal standard working solution and 1 mL of 200 mm TFA
and extraction were used for both of the assays. in water to each sample followed by vortex mixing. The sam-

The intermediate calibration plasma pool (2mL pool) pleswere extracted using 3 mL/7 mm polystyrenedivinylben-
was prepared by adding 2p@Q of the intermediate solution  zene solid-phase extraction cartridges. The cartridges were
(2 pg/mL atomoxetine, §.g/mL N-desmethylatomoxetine,  preconditioned with MeOH (0.5 mL) followed by 200 mM
and 8ug/mL 4-hydroxyatomoxetine) to 1.8 mL of control TFA in water (1 mL). A Cerex (Varian, Lake Forest, CA,
plasma. The calibration sample pools (2 mL pools) were pre- USA) positive pressure manifold was used to force the wash
pared by further diluting the intermediate pool in plasma, and elution solvents through the extraction cartridges. The
followed by serial dilutions in plasma. The calibration sam- samples were added and pushed through the cartridges. The
ples were prepared by placing 50 of the sample in a  samples were washed with 1 mL of MeOH—water (15:85,
12 mmx 75 mm polypropylene tube and adding 300 of v/v) and eluted with 1 mL of 26 mM TFA in ACN. Using
the internal standard working solution. Duplicate standards a TurboVap (Zymark Inc., Hopkinton, MA, USA), the elu-
were typically prepared for each analysis at atomoxetine ents were concentrated to dryness under nitrogematC.
concentrations of 25, 10, 5, 2.5, 1, 0.5, and 0.25ng/mL The dry residues were reconstituted with 1A0of ACN,
(N-desmethylatomoxetine and 4-hydroxyatomoxetine were vortex-mixed, and centrifuged at2500 rpm for approxi-
also contained in the samples with analyte concentrationsmately 5min. The reconstituted samples were transferred
four times greater than atomoxetine concentrations).

The validation samples, used to evaluate the percent rela-
tive error (%RE or accuracy) and percent relative standard # Ifthe unconjugated assay was employed, internal standard and TFA were
deviation (%RSD or precision) of the assay, and the QC added to the samples and the samples were extracted. If the conjugated assay
samples, used when analyzing study samples, were preparea'as needed, 500L of 10,000 units/mL of3-glucuronidase (in 0.1 M sodium
. . . . . acetate buffer, pH 5.0) was added to every sample. The tubes were capped,
n t_he _Same fashion _as the 9a“bratlon samples_. During thevortex-mixed, and incubated at 3C for at least 2 h. Once the incubation
validation, at least five replicates at atomoxetine concen- was complete, the internal standard and TFA were added to the samples,
trations of 25, 10, and 0.25ng/mL were prepared and ana-followed by extraction.
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into autosampler vials containing 100 of water. The sam-

ples were briefly vortex-mixed and centrifuged to remove
air-bubbles. This process was also completed in a 96-well
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Table 1

Calibration data for atomoxetine, 4-hydroxyatomoxetine, awdies
methylatomoxetine from the human plasma and urine accuracy and precision
batches

SPE plate format, utilizing a Tomtec Quadra 96 (Tomtec,
Hamden, CT, USA).

Since the glucuronide standard was not available, the con
jugated and unconjugated assays were conducted similarly.
with the addition or omission of the enzyme and incubation.

2.5. Calibration

For the plasma assay, two standard curves were prepared

in the range of 0.25-25ng/mL for atomoxetine at concen-
trations of 25, 10, 5, 2.5, 1, 0.5, and 0.25ng/mL. In the
same standard curve sampldd;desmethylatomoxetine
and 4-hydroxyatomoxetine were present in a range of
1-100ng/mL at concentrations of 100, 40, 20, 10, 4,
2, and 1ng/mL. The urine assay utilized two standard
curves in the range of 1-200 ng/mL for atomoxetine and
N-desmethylatomoxetine at concentrations of 200, 100, 50,
25, 10, 5, 2, and 1 ng/mL, while 4-hydroxyatomoxetine was
present in the range of 10-2000 ng/mL at concentrations of
2000, 1000, 500, 250, 100, 50, 20, and 10ng/mL. One set

of the standard curve samples was analyzed at the beginning
of each sample batch and the second set was analyzed at

the end of each sample batch (for all batches). The peak
area ratios of atomoxetine and-desmethylatomoxetine

to the PH]-atomoxetine internal standard were related to
concentration using a linear regression witkMeighting.

The peak area ratio of 4-hydroxyatomoxetine to thés]-4-
hydroxyatomoxetine internal standardH]-atomoxetine
was used when the?lfis]-4-hydroxyatomoxetine internal
standard was not available) was related to concentration
using a linear regression withx®/weighting.

The quantification of the 4-hydroxyatomoxetie-
glucuronide was conducted indirectly by comparing the con-
centration of 4-hydroxyatomoxetine in the conjugated assay
versus the concentration of 4-hydroxyatomoxetine in the un-
conjugated assay.

3. Results and discussion
3.1. Linearity

Typical calibration curve data for atomoxetind;des
methylatomoxetine, and 4-hydroxyatomoxetine are shown
as Table 1 (human plasma and urine). The atomoxetine
andN-desmethylatomoxetine calibration curves were con-
structed by plotting the peak area ratio of the correspond-
ing analyte to theqH-]-atomoxetine internal standard. For

Compound KO Y-intercept) K1 (slope) Coefficient of
determination %)
Human plasma
’ Aromoxetine
Batch 1 1568x 102 1.29x 101 0.9915
Batch 2 1366x 1072 1.06x 1001 0.9969
Batch 3 2047 x 1072 1.66x 101 0.9985
4-hydroxyatomoxetine
Batch 1 2146x 1073 2.95x 102 0.9939
Batch2 —4.820x 1073 3.56x 1072 0.9964
Batch3 —1.332x 1072 2.79x 1072 0.9893
N-desmethylatomoxetine
Batch 1 7710x 104 5.87x 1073 0.9988
Batch 2 7210x 104 7.34x 1073 0.9928
Batch 3 6810x 104 8.56x 1073 0.9969
Human urine
LY404363
Batchl —1.25x10°3 6.74x 1073 0.9972
Batch2 —1.53x10°3 6.83x 1073 0.9983
Batch3 —1.62x10°3 6.91x 103  0.9978
424478
Batchl —221x1072 4.79% 1072 0.9987
Batch2 —5.13x 102 4.91x 1072 0.9987
Batch3 —4.70x 1072 5.10x 102 0.9991
137877
Batchl —3.35x10°3 3.15x 1072 0.9967
Batch2 —2.08x10°3 3.57x 1072 0.9959
Batch3 —2.71x10°3 3.49x 1072 0.9903

curve was constructed by plotting the peak area ratio of 4-
hydroxyatomoxetine to thélHs]-4-hydroxyatomoxetine in-
ternal standard.

3.2. Assay precision and accuracy

Validation samples were prepared and analyzed to eval-
uate the intra-day and inter-day accuracy and precision of
the analytical method in human plasma and urine. At least
five replicates of each validation concentration were analyzed
along with two standard curves on each of the 3 days for
the primary assays. The data for the intra-day and inter-day
precision and accuracy of the method determined by analyz-
ing five replicates at 25, 10, and 0.25 ng/mL of atomoxetine
(100, 40, and 1 ng/mL oN-desmethylatomoxetine and 4-
hydroxyatomoxetine) on each of 3 days for human plasma are
reported adable 2 Table 3depicts the intra-day and inter-
day precision and accuracy data for the human urine assay
(utilizing five replicates at 200, 150, 15, and 1 ng/mL of atom-

the human plasma assay, the 4-hydroxyatomoxetine calibra-oxetine andN-desmethylatomoxetine, and 2000, 1500, 150,

tion curve was constructed by plotting the peak area ratio and 10 ng/mL of 4-hydroxyatomoxetine). The data for the
of 4-hydroxyatomoxetine to thélfl;]-atomoxetine internal  intra-day precision and accuracy of the method were deter-
standard (the’Hs]-4-hydroxyatomoxetine internal standard mined by analyzing five replicates at the same concentrations
was not available when the initial validation was completed). on a single day. The accuracy of the method was determined
For the urine assay, the 4-hydroxyatomoxetine-calibration by calculating the relative error (%RE) and the precision by
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Table 2
Intra-day and inter-day accuracy and precision of atomoxetine, 4-hydroxyatomoxetinddasinethylatomoxetine in human plasma
Atomoxetine concentration 4-Hydroxyatomoxetine N-desMethylatomoxetine
(ng/mL) concentration (ng/mL) concentration (ng/mL)
0.25 10 25 1 40 100 1 40 100
Batch 1
Intra-day mean @2 964 2422 117 4191 11011 102 4130 10447
Intra-day accuracy ~ —12.00 —3.60 —-3.12 1700 477 1011 200 325 447
Intra-day precision 29 197 289 256 668 467 588 475 300
n 5 5 5 5 5 5 5 5 5
Batch 2
Intra-day mean @4 981 2495 099 3748 10111 107 3831 9806
Intra-day accuracy —4.00 —1.90 —0.20 —1.00 —6.30 111 7.00 —4.23 —-1.94
Intra-day precision 33 275 180 1212 7.02 647 280 321 255
n 5 5 5 5 5 5 5 5 5
Batch 3
Intra-day mean @3 1007 2494 11900 4137 9396 099 4086 10193
Intra-day accuracy —8.00 Q70 —-0.24 1900 342 —6.04 —1.00 215 193
Intra-day precision 85 218 180 672 778 779 303 497 460
n 5 5 5 5 5 5 5 5 5
Inter-day mean @3 984 2470 112 4025 10173 102 4016 10149
Inter-day accuracy —8.00 —1.60 —-1.20 1200 063 173 200 040 149
Inter-day precision g0 285 251 1071 837 890 490 533 422
n 15 15 15 15 15 15 15 15 15
Table 3
Intra-day and inter-day accuracy and precision of atomoxetine, 4-hydroxyatomoxetinédesinethylatomoxetine in human urine
Atomoxetine concentration 4-Hydroxyatomoxetine N-desMethylatomoxetine
(ng/mL) concentration (ng/mL) concentration
1 15 150 200 10 150 1500 2000 1 15 150 200
Batch 1
Intra-day mean @6 1568 14431 19219 1009 16030 146578 195265 103 1680 15261 20063
Intra-day accuracy —4.00 453 -3.79 -391 090 687 —2.28 —-2.37 300 1200 174 031
Intra-day precision 29 644 516 615 466 286 180 125 1068 899 650 6.90
n 5 5 5 5 5 5 5 5 5 5 5 5
Batch 2
Intra-day mean 10 1516 14657 20002 1061 15440 149269 200843 099 1490 14434 19574
Intra-day accuracy 100 107 -2.29 001 610 293 —0.49 042 -100 -0.67 -3.77 —-213
Intra-day precision 35 132 285 354 311 271 315 267 1010 430 400 6.48
n 5 5 5 5 5 5 5 5 5 5 5 5
Batch 3
Intra-day mean ®9 1499 14507 19199 1035 15290 145811 192999 094 1517 14259 18587
Intra-day accuracy —1.00 —0.07 -3.29 —4.01 350 193 -2.79 -350 -6.00 113 —-494  -7.07
Intra-day precision 111 247 259 270 242 357 216 247 532 6.66 403 316
n 5 5 5 5 5 5 5 5 5 5 5 5
Inter-day mean D2 1528 14531 19473 1035 15587 147219 196369 099 1562 14651 19408
Inter-day accuracy .20 187 -3.13 —2.64 350 391 -1.85 -1.82 -1.00 413 -2.33 —2.96
Inter-day precision 80 432 350 450 386 354 249 270 909 864 561 633
n 15 15 15 15 15 15 15 15 15 15 15 15
Table 4
Summary of atomoxetine, 4-hydroxyatomoxetine, Ahdesmethylatomoxetine stability in human plasma and urine
(Human) matrix Room temperature Freeze-thaw stability (in matrix) Extract stabifity Storage stability (in matrix)
stability (in matrix) (in extract)
Plasma 24h 3 cycles{70°C and—20°C) 24h 83 days{70°C and—20°C)
Urine 24h 4 cycles{70°C) 111h 365 days{70°C)

2 Extract stability was conducted at room temperature.
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Fig. 6. Mass chromatograms of a typical blank human plasma extract.

calculating the relative standard deviation (% RSD). For the batch precision for th&l-desmethylatomoxetine in human
atomoxetine analysis in human plasma, the inter-batch pre-urine ranged from 5.61% to 9.09% and the inter-batch ac-
cision ranged from 2.51% to 8.70% and the inter-batch accu- curacy ranged from-2.96% to 4.13%. Assay accuracy and
racy ranged from-8.00% to—1.20%. The inter-batch pre- precision was also completed when standard curve and val-
cision for atomoxetine in the human urine assay ranged from idation samples were incubated wiBiglucuronidase. The
3.50% to 9.80% and the inter-batch accuracy ranged from accuracy and precision of the assay, when samples were in-
—3.13%to 2.00%. For the 4-hydroxyatomoxetine analysis in cubated witlg-glucuronidase, were similar to the data shown
human plasma, the inter-batch precision ranged from 8.37%asTable 2

t0 10.71% and the inter-batch accuracy ranged from 0.63% to

12.00%. The inter-batch precision for 4-hydroxyatomoxetine 3.3. Stability

in the human urine assay ranged from 2.49% to 3.86% and

the inter-batch accuracy ranged frem.85% to 3.91%. For The stability of atomoxetineN-desmethylatomoxetine,
theN-desmethylatomoxetine analysis in human plasma, the and 4-hydroxyatomoxetine in human plasma and urine was
inter-batch precision ranged from 4.22% to 5.33% and the studied under a variety of storage and process conditions.
inter-batch accuracy ranged from 0.40% to 2.00%. The inter- The freezer storage stability was performed-at0°C in
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Fig. 7. Mass chromatograms of a typical blank plus internal standard human plasma extract (injected immediately after a ULOQ standard).

both matrices and-20°C in plasma. Human plasma stor- ces and—20°C in plasma) was demonstrated through at
age stability was established for at least 83 days by prepar-least three cycles. Analyte stability was verified in plasma
ing at least triplicate stability samples at 0.5, 20, and and urine when stored at room temperature for at least
1000 ng/mL of atomoxetine (2, 80, and 4000 ng/mLNof 24 h. The stability of the three analytes in plasma and urine
desmethylatomoxetine and 4-hydroxyatomoxetine). Human extracts was demonstrated when stored at room tempera-
urine storage stability was evaluated by preparing at leastture for at least 24 h. The stability of the analytes in the
triplicate stability samples at 3 and 150 ng/mL of atomox- injection solvent was established to verify that the com-
etine and\-desmethylatomoxetine (30 and 1500 ng/mL of pounds would not degrade over the course of an analy-
4-hydroxyatomoxetine). The other plasma and urine stabil- sis. This was accomplished by extracting samples, storing
ity experiments explained below were completed using the them overnight at room temperature and injecting them into
same analyte concentrations as the freezer storage stabilitghe LC/MS/MS system the following day with fresh stan-
experiments. Freeze-thaw stability- {0°C in both matri- dard curve(s) and QC samples. Analytes were considered



728 J.H. Mullen et al. / Journal of Pharmaceutical and Biomedical Analysis 38 (2005) 720-733

[2H5]-4-Hydroxyatomoxetine 4-Hydroxyatomoxetine
100 A [ 100
v 25 [6
80+ 80 [
2.0 5
>
£ L4
2 60 15 90
2
< [3
401 [4o 40
2
20' .05 20 -1
A
[2H,]-Atomoxetine N-des-Methylatomoxetine
Lg r 6
80 80 L5
> 6
G 60 60! 4
=
2
£ La [3
40 401
I 2
204 2 20
F 1
[2H,]-Atomoxetine Atomoxetine
100 i 10017
. .
80+ . 80 [ 600
> 6
S 601 60
S £ 400
£ 4
= 40/ 40
20_. 5 20 r200
2:00 2:30 3:00 2:00 2:30 3:00
Time (min) Time (min)

Fig. 8. Mass chromatograms of a typical LLOQ human plasma extract.

stable in plasma and reconstitution solvent if the calcu- N-desmethylatomoxetine) and 25ng/mL of atomoxe-
lated concentration was within or equal to 20@0% of the tine (100ng/mL of 4-hydroxyatomoxetine anb-des
theoretical concentration. The stability of the analytes was methylatomoxetine). The LLOQ concentration was also
the same in plasma when incubated wittglucuronidase. used for the system suitability samples in the urine assay.
Stock and spiking solution stability were demonstrated at LC/MS/MS system performance and sensitivity were tested
406 days for the stock and 293 days for the spiking solu- using these system suitability samples. A summary of the
tion (incubating the solutions at4°C) by injecting fresh plasma and urine stability data is shownTable 4

and aged solutions in the same batch and comparing the

peak areas/heights (data not shown). Stored stock and spik3.4. Assay selectivity

ing solutions were considered stable if the analyte peak ar-

eas/heights were within or equal4o7% of the fresh analyte The selectivity of the assay was investigated in both matri-
solution(s) peak area/height. Two system suitability samples ces by processing and analyzing blanks prepared from at least
were injected before each human plasma batch at 0.5 ng/mLsix independent lots of control human plasma or urii@«

of atomoxetine (2ng/mL of 4-hydroxyatomoxetine and glucuronidase). The blanks were investigated for interference
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Fig. 9. Mass chromatograms of a typical blank human urine extract.

peaks. The selectivity of the assay was demonstrated by the3.5. Limits of quantification, extraction efficiency,

absence of endogenous substances, in the drug-free matrimatrix effects, dilutions, and carryover

ces, that could interfere with the quantification of atomoxe-

tine, N-desmethylatomoxetine, and 4-hydroxyatomoxetine. The lower and upper limits of quantification (LLOQ/
Potential interferences were minimized by combining solid- ULOQ) are defined as the lowest and highest concentrations,
phase extraction with the separation power of HPLC and respectively, on the calibration graph at which an accept-
the selectivity of selected reaction monitoring mass spec- able accuracy within or equal to 18020% [(mean assay
trometric detection. Representative mass chromatogramsconcentration/theoretical concentration)00)] and preci-

of a blank sample (no drug or internal standard), blank sion within or equal to 20% (%RSD) were obtained. The
plus internal standard sample (no drug), and LLOQ stan- LLOQ and ULOQ of the human plasma assay are 0.25 and
dards in human plasméaigs. 6—8 respectively) and hu- 25 ng/mL for atomoxetine, respectively, and 1 and 100 ng/mL
man urine Figs. 9—11respectively) indicated that analyte(s) for 4-hydroxyatomoxetine andN-desmethylatomoxetine,
and internal standard(s) interferences were minimal (data notrespectively. The LLOQ and ULOQ of the human urine
shown). assay are 1 and 200ng/mL for atomoxetine ahdes
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Fig. 10. Mass chromatograms of a typical blank plus internal standard human urine extract (injected immediately after a ULOQ standard).

methylatomoxetine, respectively, and 10 and 2000 ng/mL for analytes and internal standards (matrix effect) was evaluated
4-hydroxyatomoxetine, respectively. by comparing the extracted blanks spiked with analytes
The extraction efficiency of atomoxetird,desmethylat- and internals standards with neat spikes of analytes and
omoxetine, 4-hydroxyatomoxetinéH-]-atomoxetine, and internal standards at the same concentrations. The extraction
[?Hs]-4-hydroxyatomoxetine (when available) were de- efficiency and matrix effect data for atomoxetifé-des
termined by comparing analyte/IS peak areas of extractedmethylatomoxetine, and 4-hydroxyatomoxetine in plasma
samples to those extracted blanks spiked with analytesand urine are shown dable 5 The biological matrices were
and internal standards. Three replicates were analyzed afound to have minor effects on the signal of the analytes
each of two concentrations, 0.5 and 20 ng/mL of atomox- and internal standards (although the matrix suppression was
etine (2 and 80ng/mL ofN-desmethylatomoxetine and  28% for the 4-hydroxyatomoxetine in human plasma, it was
4-hydroxyatomoxetine). Similar experiments, at different consistent from lot to lot, data not shown).
concentrations, were completed in the human urine assay. Human plasma sample dilutions were tested by an-
In addition, the effect of the matrix on the detection of the alyzing a minimum of triplicate samples at 1ng/mL
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Fig. 11. Mass chromatograms of a typical LLOQ human urine extract.

of atomoxetine (4ng/mL ofN-desmethylatomoxetine  atomoxetine andN-desmethylatomoxetine (19040 ng/mL
and 4-hydroxyatomoxetine) that were diluted into blank of 4-hydroxyatomoxetine) concentrated samples with a
matrix from 100ng/mL of atomoxetine (400ng/mL of dilution factor of 10. A dilution was considered accurate
N-desmethylatomoxetine and 4-hydroxyatomoxetine) and precise if the %RSD was within or equal to 20% and
concentrated samples with a dilution factor of 100. In the %RE was within or equal to 1@8020%. It was demon-
the urine assay, the following validation sample con- strated that the accuracy of the dilutions was acceptable
centrations were used: 1, 15, 150, and 200ng/mL of in both matricesTable 6 provides data regarding dilution
atomoxetine andN-desmethylatomoxetine, and 10, 150, accuracy for atomoxetine, 4-hydroxyatomoxetine, and
1500 and 2000 ng/mL of 4-hydroxyatomoxetine. Sample N-desmethylatomoxetine in human plasma and urine.
dilutions were validated in human urine by analyzing Carryover was tested by injecting blank plasma samples
triplicate samples at 190.4 ng/mL of atomoxetine Ahdes or reconstitution solvent immediately after the high standard
methylatomoxetine (1904 ng/mL of 4-hydroxyatomoxetine) curve sample. If the area of the analytes was less than or
that were diluted into blank matrix from 1904 ng/mL of equalto 20% of the low standard curve sample peak area, the
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Table 5
Extraction efficiency and matrix effect of atomoxetine, 4-hydroxyatomoxetineNashesmethylatomoxetine in human plasma and urine

(Human) matrix Compound Mean extraction efficiency (%) Mean matrix éf{g6}

Plasma Atomoxetine 97 5
4-Hydroxyatomoxetine 105 28
N-desMethylatomoxetine 87 7
[2H7]-Atomoxetinéd 99 4
[2Hs]-4-Hydroxyatomoxeting® - -

Urine Atomoxetine 83 NC
4-Hydroxyatomoxetine 83 NC
N-desMethylatomoxetine 91 NC
[2H-]-Atomoxetinéd 86 NC
[2Hs]-4-Hydroxyatomoxeting® 84 NC

NC =not calculated; all mean values were calculated froaS.
2 A positive response indicates matrix suppression of the analyte and a negative result indicates enhancement.
b Internal standard concentration is not shown since it was constant in all samples (seeB4xtion

¢ The extraction efficeincy for?Hs]-4-hydroxyatomoxetine was completed in human urine only since this internal standard was not available when the
plasma assay was originally validated.

Table 6
Dilution accuracy of atomoxetine, 4-hydroxyatomoxetine, Bliadiesmethylatomoxetine in human plasma and urine

(Human) matrix Dilution factor

Med deviation from theoretical concentration

Atomoxetine 4-Hydroxyatomoxetine N-desMethylatomoxetine

Plasma 100 0.3 8 139
Urine 10 -8.6 Q1 -84

a Samples were diluted and analyzed; 3.

carryover was considered acceptable. Throughout the vali-urine have been developed and validated. The extraction
dation experiments and the study sample analysis, carryovemprocedure is relatively simple and requires only p0of

was negligible and acceptable. plasma or urine. The method offers excellent sensitivity and
selectivity. The freezer, freeze-thaw, analysis, and room tem-
perature stability of the analytes were investigated, and no
significant degradation was observed for the duration eval-
uated. Dilutions can be employed to accurately quantify the

4. Conclusions

LC/MS/MS assays for the determination of atomoxe-
tine, 4-hydroxyatomoxetiné\-desmethylatomoxetine, and
4-hydroxyatomoxetin@-glucuronide in human plasma and

1000 -

Table 7
Cumulative amounts of atomoxetine and metabolites excreted in urine from
0 to 24 h following a 90-mg dose

100

Arithmetic mean 10

CYP2D6 extensive
metabolizer subjects

(CV%) CYP2D6 poor
metabolizer subjects

Atomoxetine

Plasma Concentration (ng/mL)

ng 151 (73.8) 816 (78.4)
Percentage of dose 0.168 (73.8) 0.907 (78.4) 01
N-desMethylatomoxetine ' J j ‘ '
g 30.0 (97.8) 342 (89.9) 0 12 Timezﬁmurs) 36 48
Percentage of dose 0.0352 (97.8) 0.402 (89.9)
4-Hydroxyatomoxetine i i_tayg’rzitgfomoxe“ne
1o 1150 (33.6) 346 (41.6) ~~v-=~  N-desMethylatomoxetine
Percentage of dose 1.20(33.6) 0.361 (41.6) —-=v-—-  4-hydroxyatomoxetine- O-glucuronide
4-Hydroxyatomoxetiné€-glucuronide
wg 56500 (26.9) 8680 (54.2) Fig. 12. Mean plasma concentration-time profile for CYP2D6 exten-
Percentage of dose 59.0 (26.9) 9.08 (54.2) sive metabolizer subjectsn€4). Multiple 20-mg doses of atomox-
etine were administered twice daily over 6 day®) (Atomoxetine,
Total (O) 4-hydroxyatomoxetine, ) N-desmethylatomoxetine andv() 4-
Percentage of dose 60.4 (26.6) 10.8 (52.8)

hydroxyatomoxetiné-glucuronide.
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Table 8
Non-compartmental pharmacokinetic parameters for atomoxetine and its metabolites in CYP2D6 extensive metabolizer subjects followingsbratiadmin
of atomoxetiné

Parameter Arithmetic mean (CV %)
Atomoxetine 4-Hydroxyatomoxetine N-desMethylatomoxetine 4-Hydroxyatomoxetir@-glucuronide
Cssmax(Ng/mL) 15970 (51.9) 203 (17.5) 702 (71.5) 4138 (35.5)
Tmad () 2.00 (1.00-3.00) 50 (2.00-4.00) 30 (2.00-6.00) 20 (2.00-4.00)
Half-life® (h) 5.34 (3.67-9.09) - 87 (2.11-21.9) 4 (5.90-8.30)
AUCq_; (g h/mL) 108 (64.3) - 00618 (86.4) 274 (13.6)
CLsdF (L/(hkg)) 0373 (75.1) - - -
V/F (L/kg) 2.33 (51.0) - - -

a Multiple 20-mg doses of atomoxetine were administered twice daily (BID) over 6 days.
b Median (range).
¢ Mean (range).
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