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Abstract

An analytical method for nipecotic acid quantification in rat blood was developed utilizing a stable isotope internal standard
and capillary gas chromatography—mass spectroscopy. The method involves a solid phase extraction step followed by a two-step
derivatization. The analytes are separated by capillary gas chromatography and detected by selected ion monitoring of their base
peaks at 180 and 18%/z, respectively. The assay has a limit of detection (LOD) of 10 ng/ml and a limit of quantification of
26 ng/ml in 20Qul of rat whole blood. The linear range of the assay covers from 26 to 6500 ngf/r! 0.9996,n = 9). The
coefficient of variation was less than 10% at concentrations of 50, 1000 and 5000 ng/ml. The assay was used to characterize the
pharmacokinetics oR-(-)-nipecotic acid in a ratR-(-)-nipecotic acid clearance was 4.2 ml/min, its half-life was 1.5h and its
volume of distribution at steady state was 325 ml.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction over the past 30 years as possible therapeutic agents
[3-6]. In spite of the attention directed towards this
Gamma amino butyric acid (GABA) is the major deceptively simple moleculd={g. 1) and the number
inhibitory neurotransmitter in the brain, and nipecotic of years since it was first reported in the literature,
acid is a very selective inhibitor of the GABA re- there is no simple, reliable and sensitive assay for
uptake pump found on neurons and glial cells in nipecotic acid published in the literature. The methods
the central nervous system (CNS). Low levels of that have been used, either have inadequate specificity
GABA are thought to play a major role in epileptic and sensitivity[7], or do not quantify nipecotic acid
seizures, pain and anxief¥,2]. Thus, nipecotic acid  at all, but measure instead GABA levels in the brain
and analogs of it have received considerable attention or some other biological response after nipecotic acid
administration/8—10].
"+ Corresponding author. Tekt1-859-257-5788: The quantific_ation of _nipecotic acid is more com-
fax: +1-859-257-7564. plex than it might at first appear from the struc-
E-mail addresspjwedl@uky.edu (P.J. Wedlund). ture of this molecule Kig. 1). This zwitterion is
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Fig. 1. Structure of nipecotic acid. The carboxylic acid functional
group is attached to a chiral carbon (5) in the nipecotic acid
structure. Both the nitrogen and the carboxylic acid groups are
charged at physiological pH.

extremely soluble in water and cannot be extracted
easily from aqueous biological samples by simple
organic solvents or solvent mixtures. Solid phase ex-
traction would seem a natural method for isolation of
nipecotic acid. However, most solid phase materials
do not retain this zwitterion, including a variety of

cation and anion exchange columns. The similarity
of nipecotic acid to amino acids further complicates
efforts to quantify low levels of this analyte in bi-

ological samples where amino acids are prevalent.
The lack of any chromophore in nipecotic acid pre-
cludes its quantification by simple UV or fluorescence
methods without derivatization. The addition of a
chromophore to the molecule is complicated by two
factors. First, the secondary amine group in nipecotic
acid makes it more difficult to derivatize with chro-

mophores typically used for amino acids with pri-

mary amine groups. Second, any derivatization of
nipecotic acid also produces a derivative of amino

H. Wang et al. / Journal of Pharmaceutical and Biomedical Analysis 34 (2004) 1063-1070

approaches that proved too non-specific and/or to in-
sensitive to be acceptable. After assay development
and validation, the method was applied to the quan-
tification of (R)-nipecotic acid in one rat after its
intravenous administration to assess its pharmacoki-
netic profile.

2. Experimental
2.1. Materials

RacNipecotic acid and nicotinic acid were ob-
tained from Sigma (St. Louis, MO 63178, USA).
R-(-)-nipecotic acid (>98% purity and >95% optical
purity) was purchased from FCRD (Haifa Bay 26111,
Israel). Deuterium, deuterium oxide (>99.9%), plat-
inum(lV) oxide, bis(trimethylsily)trifluoroacetamide
(BSTFA, derivatization grade) and trifluroacetic acid
anhydride (>99%) were purchased from Aldrich
(Milwaukee, WI 53233, USA). Sodium pentobarbital
(50 mg/ml) was obtained from Abbott Labs. (North
Chicago, IL 60064, USA). Saline (0.9%, injectable)
was purchased from Baxter Healthcare Corp. (Deer-
field, IL 60015, USA). Waters Oasis MCX LP ex-
traction columns (3 cf) 60 mg) were purchased from
Waters Corporation (Milford, MA 01757, USA).
Analytical-reagent grade ethyl alcohol, methanol, ace-
tonitrile, and all other reagents were purchased from
Fisher Scientific (Fair Lawn, NJ 07410, USA). A
200l positive displacement pipette and pipette tips
were purchased from Wheaton (Midville, NJ 08332,
USA). Male rats (250g) were obtained from Har-
lan Sprague—Dawley, Inc. (Indianapolis, IN 46229,
USA). All chemicals were used without further

acids that are extracted with it and at concentrations purification.

higher than that of nipecotic acid. For these reasons,

the high resolving power of capillary gas chromatog-

raphy was considered the most appropriate place to
start for developing a selective and specific assay for

nipecotic acid. However, even this analytical method
was complicated by the instability/decomposition
of a common derivative often utilized to facil-
itate volatilization of polar molecules for gas
chromatography.

The present selective and specific assay for
nipecotic acid resulted from a painstaking process
of trial and error that eliminated other methods and

2.2. Synthesis of internal standard

ds-Nipocotic acid was synthesized from nicotinic
acid and deuterium gad1,12]) For this synthesis,
nicotinic acid hydrochloride salt (1g) was first dis-
solved in deuterated water §D, 20 ml). To this mix-
ture was added 0.1 g of catalyst (platinum oxide). The
solution was sealed in a parr bomb, flushed with deu-
terium gas, and the bomb pressurized with 3atm of
deuterium for 2h at room temperature with mixing.
The resulting solution was first filtered to remove the
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catalyst, and the filtrate dried under reduced pressure.2.4. Gas chromatography—mass spectrometer

The d&-nipecotic acid produced was re-crystallized
from hot ethanol. Total yield was 90%. The/dy ra-
tio of the N-trifluoroacetyl,C-trimethylsilyl derivative
of ds-nipecotic acid was determined by GC-MS and

conditions

The GC-MS analysis was performed with a Varian
3400 capillary GC connected to a Finnigan INCOS

found to be greater than >99% pure. NMR was used 50 ion-trap mass selective detector (Thermo Finnigan,

to further characterize the final product which pro-
duced a spectrum similar t@ac-nipecotic acid, but
with extensive proton—proton de-coupling relative to
do-nipecotic acid.

2.3. Standards and sample preparation

San Jose, CA 95134, USA). Chromatographic separa-
tion was achieved with a DB5-MS capillary column
(15mx 0.25 mm, JNW, Folsom, CA 95630, USA) at

a helium flow rate of 1.2 ml/min. The injector temper-
ature was set at 28 and the oven temperature was
programmed at 60C for 1 min, followed by a tem-
perature increase of 2€/min to a final temperature

The calibration standards were prepared by serial of 280°C followed by a rapid return to 6@C. The in-

dilution of arac-nipecotic acid stock solution in wa-
ter from which standard concentrations of 5.2, 13,
26, 52, 130, 260, 520 and 1300 ngjdlowere pre-
pared. The glrac-nipecotic acid solution was fixed
at 86 ng/2Qul. Blank whole rat blood (20Q.l) was
spiked with 4Qul of a rac-nipecotic acid standard and
with 20l of the ds-rac-nipecotic acid internal stan-
dard. Actual blood samples (2p0) collected for the
pharmacokinetic study were spiked only with the in-
ternal standard—sdnipecotic acid. Eight hundred mi-
crolitres of acidified acetonitrile (1 N HCl/acetonitrile;

1/10 (v/v)) was added to all tubes. The samples were

jector was operated in the splittess mode for the first
minute to facilitate detection of the low analyte levels.
The temperature of the transfer line from the GC to the
MS was set at 280C, and the MS ion source was fixed
at 150°C. The MS was operated in the electron im-
pact ionization mode (electron energy 70 eV), and ions
from the ion source were selectively monitoredrét
180 (ch-nipecotic acid) and 185 &ehipecotic acid).

2.5. Animal study

Investigational animal care and use committee

mixed on a vortex shaker for 30 s, and then centrifuged (IACUC) approval was obtained for this research prior

at 10,000 rpm for 4 min in an Eppendorf 5415C micro

to the animal work. A 250 g Sprague—Dawley rat was

centrifuge. The agueous-acetonitrile supernatant wasanesthetized with sodium pentobarbital (25 mg per an-

transferred to an unconditioned Waters Oasis MCX
extraction column. All column loading and elution was
by gravity. The column was washed with a 3 ml solu-
tion of 0.1 N HCl followed by 3 ml of 100% methanol.
The analytes were eluted from the column with 1 ml of
a 5% ammonium hydroxide/methanol (v/v) solution.

imal) and after attainment of surgical anesthesia, two
cannulae were implanted in the rat. The first cannula
was inserted into the jugular vein for drug dosing, and
the second cannula was inserted into the femoral vein
and threaded into the inferior vena cava for purposes
of blood sampling. Immediately following surgery,

The eluate was evaporated to dryness under nitrogen atand while the animal remained anesthetized, a small

room temperature, and a derivative made utilizing two

dose (0.6 mg/0.05ml saline) d®-(-)-nipecotic acid

separate derivatizing reagents. For derivatization of was administered via the jugular vein cannula. Blood

the nipecotic acid amine group, 4Q0of trifluroacetic

samples (20Q.1) were collected from the femoral

acid anhydride was added to each sample and allowedvein prior to drug administration and at 1, 3, 5, 10,

to react for 30 min at room temperature. This solution
was blown off with nitrogen gas at room temperature
prior to the addition of the second reagent, BSTFA.
For derivatization of the carboxylic acid group, 2b

of BSTFA in pyridine was added to each sample and
allowed to react for at least 30 min at room tempera-
ture before an aliquot was injected into the GC-MS
system.

20, 30, 40, 60, 120, 240 and 360 min after drug ad-
ministration. Samples were stored a0°C, until
processed as described earlier.

2.6. Quality control samples

A large quantity of rat blood (16—18 ml) was col-
lected from two rats and placed in tubes with heparin
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as the anticoagulant. The blood was divided into three nipecotic acid in that concentration range. However,
portions of 5ml each. A nipecotic acid stock solution there was no good way to get nipecotic acid out of
was prepared and added in appropriate proportions toa biological matrix. Nipecotic acid is simply too po-
each blank 5ml of blood to produce a final concen- lar. Organic solvent mixtures did not work well and
tration of 50, 1000 and 5000 ng/ml. Two hundred mi- nearly every solid phase material tried, except for the
croliter aliquots were removed, placed in pre-marked waters oasis columns, did not retain nipecotic acid.
1.5ml eppendorf tubes, and stored -a20°C until However, the oasis column created another problem,
needed. These quality controls were removed and usedwhat internal standard to use. Initially, isonipecotic

with each analytical run.
2.7. Data analysis

Concentration-time profiles d®-(-)-nipecotic acid
were fit to a two compartment model by with the
WinNonlin® computer program purchased from Phar-
sight (Mountain View, CA 94040, USA). The termi-
nal half-life was determined by dividing the 0.693
by the rate constant calculated from the best-fit line
through the terminal portion of the concentration-time
profile (e.g., 45—-300min). The area under the con-
centration time (AUC) profile was determined by the
log-trapazoidal method with extrapolation to infinite
time. The area under the first moment curve (AUMC)
was determined by the trapezoidal method with ex-
trapolation to infinite time. The systemic clearance
(CI) of R-(-)-nipecotic acid was determined from the
equation:

_ dose
~ AUC

The volume of distribution at steady statésd) for
R-(-)-nipecotic acid was determined from the equa-
tion:

Cl

dosex AUMC
(AUC)2

SS —

3. Results
3.1. Methods development

A number of problems presented themselves
throughout the development of this assay. The first
was the difficulty in concentrating nipecotic acid from
a biological matrix. From the start, it was known
pharmacologically active concentrations of nipecotic
acid would fall in the lowp.g/ml to low ng/ml range.
Thus, it would be necessary to accurately quantify

acid (an isomer of nipecotic acid) was used, but
on the oasis column its recovery was markedly dif-
ferent from that of nipecotic acid<20% versus
50-60%). This resulted in the need to use a better
matched internal standard in the assay and led to
the incorporation of the stable isotopes{dipecotic
acid) into this analytical method. However, the use
of a stable isotope required MS analysis of the sam-
ples. Originally, LC/MS was tried, but the sensitivity
of that method and the resolving power of the LC
column were not adequate for nipecotic acid quan-
tification in the low nano grams per milliliter range.
This was probably more a reflection of the LC/MS
equipment available than anything else. Thus, capil-
lary GC-MS analysis was selected as the preferred
route. The selection of capillary GC-MS, however,
led to yet another problem, volatilization of the an-
alyte. Most polar and charged drugs are derivatized
with BSTFA and initially that seemed to work, but
re-injection of samples indicated the peak heights
decreased with time. That led to the discovery that
a simple BSTFA derivatization of nipecotic acid re-
sulted in a re-arrangement of the BSTFA-nipecotic
acid derivative. That problem could only be circum-
vented if the nitrogen group was derivatized first with
trifluroacetic acid anhydride, followed by a deriva-
tization of the carboxylic acid group by BSTFA.
Trifluroacetic acid anhydride is not stable enough
to block carboxylic acid groups. It was only after
each of these problems was solved that it was pos-
sible to obtain reliable, reproducible and consistent
nipecotic acid concentrations in spiked biological
samples.

3.2. Analytical validation

The nipecotic acid assay was validated by perform-
ing a standard series of assessments. The linearity of
the assay was determined by visual and fitting pro-
grams that determined how well a straight line defined
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the relationship between the area @fdi-nipecotic sections highlight each of these aspects of the analyt-
acid against the concentration of-dipecotic acid. ical methods validation.

The reproducibility in estimated concentrations of

nipecotic acid at three separate concentrations were3.3. Analytical performance

determined 10 times. The accuracy of the estimated

nipecotic acid concentration was determined 10 times The standard calibration curve displayed excel-
on quality control samples analyzed on the same day lent linearity over a wide range of concentrations
and on different days to define intra- and inter-day (26—6500ng/ml). No effort was made to push the
variations in the nipecotic acid assay. The limit below assay limits further to determine the point at which
which it would be difficult to detect the presence of the assay would become non-linear. A simple lin-
nipecotic acid was defined as the concentration at ear regression analysis was performed, and the data
which the @-nipecotic acid produced a signal that were fit to the best-fit line without weighting of the
was three times that of the background noise of the points. The regression equation associated with nine
GC-MS system after injection of a blank blood sam- separate analyses was:= 0.6084-0.029 SD.)x +

ple. The limit at which accuracy of the assay fell 0.012540.0101SD.), wherey is the observed area
below acceptable limits was defined as the concen- ratio for the ions formed from nipecotic acitnfz
tration at which the variance in the assay was >20%. 180/185) andx is the amount i¢g/ml) of nipecotic
Finally, the analytical method was applied to actual acid in the biological sample. The correlation coef-
biological samples to assess its ability to generate ficient (r) was 0.9996. Visual inspection indicated a
useful pharmacokinetic information. The following strong linear relationship between concentration and
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Fig. 2. lon tracings from gas chromatographnalz 180 (upper trace) andvz 185 (lower trace) for blank rat blood sample.
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of nipecotic acid and 430 ng/ml ofsehipecotic acid internal standard (retention tieel0.2 min).

the m/z 180/185 area ratio. A sample chromatogram 3.5. Intra- and inter-day assay variation
indicates the nipecotic acid was easily detectable

above the noise in a 2@ whole blood sample The intra- and inter-day variability in the assay
containing 65 ng/ml of nipecotic acid~ig. 2, blank of nipecotic acid from rat whole blood is provided
blood, Fig. 3, blood containing nipecotic acid). in Table 1 Intra- and inter-day assay variation was
measured at the three concentrations selected by the
3.4. Limit of detection and quantification quality control samples (50, 1000 and 5000 ng/ml).
Quality control samples were evaluated 10 times in
The limit of detection (LOD) (3N = 3) was esti- 1 day (intra-day variation) and once at each concen-

mated by verifying the observed noiseralz 180 in tration on 10 different days (inter-day variation). The
whole blood sample and set at three times the back- inter-day shows a slightly greater variation than the
ground noise. The LOD for this assay was estimated jntra-day variability, but the coefficient of variation at

to be 10 ng/ml. each concentration was less than 10%.
The limit of quantitation (LOQ) was defined by the

lowest concentration in the standard curve (26 ng/ml) 3.6. Application

that could be quantified with a coefficient of varia-

tion less than 20%. The lowest concentration used The pharmacokinetics of a racemate is consid-
(26 ng/ml) had a coefficient of variation associated ered meaningless because it is a composite of two
with it of 14%, and consequently this level was de- enantiomers. To avoid generating pharmacokinetic
fined as the limit of quantification for the assay. parameters of limited utility, the pure-(-)-nipecotic
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Table 1
Intra- and inter-assay variability of nipecotic acid GC-MS method-(10)

Intra-day deviation Inter-day deviation

Theortical concentrationu@/ml) 0.05 1.0 5.0 0.05 1.0 5.0
Calculated concentratiop@/ml) 0.047 0.99 4.95 0.047 1.00 5.17
S.D. 0.003 0.01 0.11 0.004 0.06 0.26
Deviation (%) 6.3 1.01 2.2 8.7 6.0 5.0
Bias —0.003 —0.01 —0.05 —0.003 0 +0.17

acid (the most potent enantiomer) was investigated in ble isotope of nipecotic acid as the internal standard
the rat since the assay is achiral and unable to dis- proved essential to improve the precision and repro-

tinguish R- from S-nipecotic acid. The blood levels

ducibility of the assay. Isonipecaotic acid (an isomer of

of R-(-)-nipecotic acid were measured in one male nipecotic acid) was tried as an internal standard, but

Sprague—Dawley rat{g. 4). The levels of nipecotic
acid were monitored for full 6 h after administration

proved to be unreliable due to significant differences in
its recovery from extracted blood sample0%) rel-

and used to generate the first detailed pharmacokineticative to nipecotic acid¥50-60%). A two-step process
profile for this enantiomer in a rat. The area under the for making a derivative of nipecotic acid following its
curve (AUC) was calculated to be 2.39 mg h/l and the extraction from whole blood samples was also critical.

volume of distribution at steady statéf) was 325 ml.
The terminal half-life of nipecotic acid was 1.5h. The
clearance of nipecotic acid was 4.25 ml/min.

4. Discussion

Initial efforts indicated a simple BSTFA derivative of
nipecotic acid was not sufficiently stable to produce
good quantitative measurements of nipecotic acid. Un-
less the nitrogen group was masked with a more sta-
ble functional group before the carboxylic acid was
reacted with BSTFA, the final product underwent a
re-arrangement at room temperature that produced two

This assay is the most sensitive and specific assaydifferent products over time, with different chromato-
for nipecotic acid reported to date. The use of a sta- graphic characteristics.

Time course for R-NA after iv (0.6mg/ rat)
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Fig. 4. R-(-)-nipecotic acid blood levels after intravenous administration of 0.6 mg-@j-nipecotic acid to a 250 g male Sprague—Dawley

rat.
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pharmacokinetics determined in rat blood. This assay Press, New York, 1991, Chapter 7, p. 133.
will facilitate efforts to assess the advantages and [3] B. Meldrum, Clin. Neuropharmacol. 5 (1982) 293.
disadvantages of various nipectoic acid prodrugs as [4 R-W. Horton, J.F. Collins, G.M. Anlezark, B.S. Meldrum,

ehicles for delivery of nipectoic acid to the brain Eur. J. Pharmacol. 59 (1979) 75.
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[6] P. Krogsgaard-Larsen, G.A.R. Johnston, J. Neurochem. 25
Acknowledgements (1975) 797.
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