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bstract

Myristyl nicotinate (Nia-114) is an ester prodrug being developed for delivery of nicotinic acid (NIC) into the skin for prevention of
eratosis and its progression to skin cancer. To facilitate dermal studies of Nia-114, a novel liquid chromatography–tandem mass s
LC–MS/MS) method using methyl ethyl ketone (MEK) as a deproteinization solvent was developed and validated for the simultane
ination of Nia-114, NIC, and nicotinamide (NAM) in rabbit plasma. NAM is the principal metabolite of NIC, which is also expected

hemopreventive properties. The analytes were chromatographically separated using a Spherisorb Cyano column under isocratic co
etected by multiple reaction monitoring (MRM) in positive-ion electrospray ionization mode with a run time of 9 min. The method u
lasma sample volume of 0.2 ml and isotope-labeled D4 forms of each analyte as internal standards. The method was linear over the conce
ange of 2–1000, 8–1000, and 75–1000 ng/ml, for Nia-114, NIC, and NAM, respectively. The intra- and inter-day assay accuracy and pre
ithin ±15% for all analytes at low, medium, and high quality control standard levels. The relatively high value for the lower limit of qua

LLOQ) of NAM was demonstrated to be due to the high level of endogenous NAM in the rabbit plasma (about 350 ng/ml). Endogen
f NIC and NAM in human, dog, rat, and mouse plasma were also determined, and mean values ranged from <2 ng/ml NIC and 38.3 n

n human, to 233 ng/ml NIC and 622 ng/ml NAM in mouse. Nia-114 was generally unstable in rabbit plasma, as evidenced by loss of 4
oom temperature by 2 h, and loss of 64–70% upon storage at−20◦C for 1 week, whereas it was stable (<7% loss) upon storage at−80◦C for 1
onth.
ublished by Elsevier B.V.
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. Introduction

Myristyl nicotinate (Nia-114) is an ester prodrug being
eveloped for delivery of nicotinic acid (NIC) into the skin

or prevention of actinic keratosis and its progression to skin
ancer. It has been demonstrated that nicotinic acid pre-
ents skin cancer and blocks immune suppression in a mouse

∗ Corresponding author. Tel.: +1 650 859 4083; fax: +1 650 859 3444.
E-mail address: carol.green@sri.com (C.E. Green).

model [1]. Nicotinamide (NAM) and nicotinamide adeni
dinucleotide (NAD) are well known to modulate the expr
sion of stress proteins and ADP-ribose polymer metabo
in response to DNA damage[1,2]. Thus, raising the cellu
lar concentration of NIC and NAM has been hypothesize
protect tissues from cancer, e.g. topical application of N
has been shown to reduce photocarcinogenesis in mic[2].
Recently, Nia-114 has been shown to stimulate epiderma
ferentiation in photodamaged skin, increasing skin NAD c
tent and strengthening the skin barrier of human sub
[3,4].

570-0232/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jchromb.2005.10.003
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To facilitate the preclinical development of Nia-114, a sen-
sitive and specific bioanalytical method for the quantitation of
Nia-114, NIC, and NAM in rabbit plasma is required to be used
in pharmacokinetic studies of this agent. For practical appli-
cation to samples generated in the preclinical phase of drug
development, the bioanalytical method was designed to meet
the following requirements: (1) simultaneous measurement of
Nia-114, NIC, and NAM within a run time of <10 min; (2) lower
limit of quantitation (LLOQ) of <10 ng/ml for Nia-114 and NIC;
(3) linearity to 1000 ng/ml for all three analytes; and (4) perfor-
mance of assay during validation runs in accordance with current
FDA guidelines[5].

Nia-114 is a lipophilic molecule, whereas NIC is highly
polar and water soluble, and contains both basic and acidic
functionalities. NAM has solubility properties intermediate to
Nia-114 and NIC. The different solubility properties of Nia-
114 and NIC present difficulties in using a single extraction
technique to sufficiently recover all three compounds. Analyti-
cal separation of the three compounds within a reasonable run
time also poses a challenge using a single chromatographic
method.

In a review of chromatographic and capillary electrophoretic
(CE) methods for analysis of NIC and/or its metabolites in bio-
logical fluids, protein precipitation techniques or solid-phase
extraction (SPE) were primarily used[6]. None of the methods
demonstrated an extraction technique and analytical separa-
t tudy
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2. Experimental

2.1. Chemicals and reagents

Nia-114, and the D4-isotope-labeled internal standards of
Nia-114 and NAM were provided by Niadyne, Inc. (Tucson,
AZ, USA). The D4-isotope-labeled internal standard of nico-
tinic acid was purchased from CDN Isotopes (Que., Canada).
NIC, NAM, 2-butanone, absolute ethanol, formic acid, sodium
fluoride, and phenylmethyl sulfonyl fluoride (PMSF) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Acetonitrile and methanol were from Burdick & Jackson
(Muskegon, MI, USA). All chemicals and solvents were of
analytical or HPLC grade unless otherwise noted. All stock
drug solutions and HPLC mobile phase were prepared using
Milli-Q grade water (Millipore, Bedford, MA, USA). Fisher
344 rat, New Zealand White rabbit, and Beagle dog plasma
was obtained from PelFreez, Inc. (Rogers, AR, USA). One lot
of rabbit plasma, pre and post charcoal-stripped, was obtained
from Biochemed Pharmacologics, Inc. (Winchester, VA, USA).
Human plasma was obtained from the Peninsula Blood Bank
(Burlingame, CA, USA). All plasma contained EDTA as the
anticoagulant, except the pre and post charcoal-stripped rabbit
plasma, which contained sodium fluoride as the anticoagulant,
selected lots of rabbit plasma from PelFreez that contained
heparin, and the human plasma, which contained citrate.
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ion that would meet the requirements of the present s
his review revealed that protein precipitation techniques

izing solvents (such as acetone or acetonitrile) or perch
cid suffered from insufficient sample cleanup, resulting in
hromatographic run times. Many of the HPLC methods
radient-elution reverse-phase chromatography with ion-pa
gents. This technique is not appropriate due to the long
atographic run times and incompatibility of the non-vola
gents with liquid chromatography–tandem mass spectr

ry (LC–MS/MS). The reported sensitivities by CE or HP
ith UV or fluorescence detection[7–9] are inadequate. On
C–MS/MS method[10] has been reported for measuremen
IC and six metabolites in human plasma using SPE and
al phase chromatography with a silica column, and the l

ange was 10–2000 ng/ml for each analyte. However, the m
ds used in this investigation did not appear to be compa
ith the broad range of hydrophobicities of Nia-114, NIC,
AM.
Therefore, we developed and validated a novel liq

hromatography–tandem mass spectrometry method
ethyl ethyl ketone (MEK) as a deproteinization solvent

he simultaneous determination of Nia-114, NIC, and N
n rabbit plasma. The analytes were chromatographically
rated on a Spherisorb Cyano column under isocratic c

ions, and detected by multiple reaction monitoring (MRM
ositive-ion electrospray ionization mode. Both the extrac
ethod and analytical method are simple to use, and the
as shown to perform well in validation studies. Nia-114

ound to be unstable in plasma, except at−80◦C, as demon
trated by stability tests. A probable source of the instabili
iscussed.
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ll plasma was received frozen and stored at−20◦C prior
o use.

.2. Chromatographic conditions

A Waters 2795 HPLC (Waters Corp, Milford, MA, US
nd a Spherisorb Cyano column (150 mm× 4.6 mm, 5�m i.d,
aters Corp.) were used for the chromatographic separ

f Nia-114, NIC, and NAM. The mobile phase consisted
6.0/44.0/0.1: acetonitrile/water/formic acid (v/v/v) delive

socratically at 1.0 ml/min, and split post-column to 0.3 ml/m
o the mass spectrometer using a fixed flow splitter (AS
obrante, CA, USA). The autosampler was maintained at 1◦C,
nd the column was at ambient temperature. Sample inje
olume was 20�l.

.3. MS/MS detection

LC detection was obtained using a Micromass Quattro Ul
riple quadrupole mass spectrometer (Waters Corp.) with
rospray ionization operated in positive ion mode. The foll
ng mass spectrometric settings were used: capillary vo
.0 kV, cone voltage 50 V, source temperature 115◦C, desol
ation temperature 275◦C, collision energy 22 eV with argo
t 2.3× 10−3 mbar. Precursor ions of analytes and inte
tandards were determined from spectra obtained by inf
tandard solutions at 10�l/min into the post-column mobi
hase (0.3 ml/min) via a T connector. Each of the precu

ons was subjected to collision-induced dissociation (CID
arying collision energies to determine product ions. The m
pectrometric conditions were optimized to generate M
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transitions, and 0.25 s dwell times were used per interval.
Q1 and Q3 quadrupoles were operated at unit mass reso-
lution. Data were acquired using the Micromass Masslynx
software.

2.4. Sample preparation

Individual 10 mg/ml stock solutions of Nia-114, NIC, and
NAM were prepared in 95/5: methanol/water (v/v), 5/95:
methanol/water (v/v), and 75/25: methanol/water (v/v), respec-
tively. Individual 1 mg/ml stock solutions of d4-Nia-114, d4-
NIC, and d4-NAM were prepared in 95/5: methanol/water (v/v),
5/95: methanol/water (v/v), and 75/25: methanol/water (v/v),
respectively, and were used to prepare a mixed solution in 85/15:
methanol/water (v/v) for use in the extraction process on the
day of analysis. All of the individual stocks were stored at 5◦C
and were stable for 3 months. The non-deuterated stocks were
used to prepare spiking solutions in 85/15: methanol/water (v/v)
for preparation of rabbit plasma calibration standards and qual-
ity control samples (QCs). Spiking solutions contained equal
concentrations of Nia-114, NIC, and NAM for most calibration
standards and QCs. Plasma calibration standards were prepared
by spiking 1 part spiking solution to 99 parts plasma (v/v).
The following concentrations were used to generate calibration
curves in each validation run: Nia-114: 0, 2, 10, 50, 100, 200,
400, 600, 800, and 1000 ng/ml; NIC: 0, 8, 20,100, 200, 400,
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d-Nia-114, 0.5�g/ml d-NIC, and 0.5�g/ml d-NAM in 85/15:
methanol/water (v/v) to 186 ml MEK.

The steps of the extraction were as follows: to 200�l of
plasma in a 2.0 ml microcentrifuge tube kept frozen in cry-
ovial racks on dry ice was added 1.0 ml MEK containing
d-Nia-114, d-NIC, and d-NAM (see above for preparation
details). All tubes were then transferred to racks at room tem-
perature for 20 min. The tubes were then vortexed at maxi-
mum speed for 20 min on a plate vortexer, centrifuged 5 min
at 14,000× g, and 1.0 ml of the supernatant removed to a
1.5-ml microcentrifuge tube. The extracts were then evapo-
rated to dryness overnight using a centrifugal evaporator. Sixty
microliters of 90/10/0.1: acetonitrile/water/formic acid (v/v/v)
were added to the dried residues, and the tubes were vortexed
20 min at maximum speed, centrifuged 2 min at 14,000× g,
and 50�l of the supernatant transferred to an HPLC vial
containing a 150�l glass insert, for subsequent LC–MS/MS
analysis.

2.6. Validation

The validation experiments were designed in accordance
with current FDA guidelines on quantitative bioanalysis[5].
Method validation included determination of linearity over the
calibration standard range, and intra- and inter-day accuracy
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00, 800, and 1000 ng/ml; NAM: 0, 75, 100, 200, 400, 6
00, and 1000 ng/ml. Plasma QCs were prepared at LL

ow, medium, high, and dilutional QC values, which we
espectively: Nia-114: 2, 6, 500, 900, and 5000 ng/ml; NIC
4, 500, 900, and 5000 ng/ml; NAM: 75, 125, 500, 900,
000 ng/ml. The plasma calibration standards and QC vol
ere 0.2 ml.
The calibration standards and QCs were prepared

endently using a single lot of rabbit plasma (lot #1342
ellFreez) and stored at−20◦C during the course of the va

dation runs over 5 days. The calibration standards and
ere stored under the same conditions and extracted
ut differences in thaw times. Thus, the resulting accu
nd precision of the QCs from the validation runs reflects

ntegrity of the bioanalytical method, rather than differen
n stability of the calibration standards versus QCs. Dilutio
Cs were diluted with blank plasma on the day of extrac

ust prior to extraction as follows: 0.1 ml of plasma sam
as removed and added to a 2.0 ml microcentrifuge tube
.4 ml (for five-fold dilution) or 0.9 ml (for 10-fold dilution
lank plasma added. The tube was then briefly vortexed
.2 ml removed to a separate 2.0 ml microcentrifuge tube
nalysis.

.5. Sample extraction

The internal standards d-Nia-114, d-NIC, and d-NAM
5/15: methanol/water (v/v) were added to MEK, and this sp
EK solution was used to extract the plasma samples.
EK/methanol/internal standard mix was prepared on the
f extraction by adding 14 ml of a solution containing 0.1�g/ml
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(% of nominal concentration) and precision (% R.S.D.
the QCs. Acceptance criteria were established to be >0
correlation coefficient (r2) for the calibration curve, intra
and inter-day accuracy and precision within±15% (±15% of
nominal concentration, and≤15% R.S.D.) for low, medium
and high QC levels, and intra-day accuracy and prec
within 20% for LLOQ level QCs. Each validation run includ
duplicate replicates of calibration standards, five replicate
each QC level (LLOQ, low, medium, high, and dilution
and 10 replicates of blank plasma. The stability of the
lytes under different conditions was evaluated as part o
validation.

3. Results and discussion

3.1. Mass spectrometry

Electrospray ionization operated in the positive ion m
was used for the LC–MS/MS MRM analyses, to provide o
mum sensitivity and selectivity. Protonated forms of each an
[M + H] + were the dominant ions in the Q1 spectra, and w
used as the precursor ions to obtain Q3 product ion sp
Upon CID, the most abundant product ion was selected fo
MRM transition. The d4-internal standards ionized and fra
mented predictably relative to the non-deuterated standard
the resulting MRM transitions (precursor ionm/z → product ion
m/z) for each analyte were as follows: Nia-114: 320→ 124,
d4-Nia-114: 324→ 128, NIC: 124→ 80, d4-NIC: 128→ 80,
NAM: 123→ 80, d4-NAM: 127→ 84. Representative CI
mass spectra of Nia-114, NIC, and NAM at a collision ene
of 22 eV are shown inFig. 1.



126 P. Catz et al. / J. Chromatogr. B 829 (2005) 123–135

Fig. 1. Representative MS/MS product-ion spectra of Nia-114 (a), NIC (b), and NAM (c). The protonated molecules [M + H]+ of Nia-114, NIC, and NAM were
detected at 319.9m/z, 123.7m/z, and 122.7m/z, respectively. The most abundant product ions, at 123.7m/z, 79.8m/z, and 79.8m/z, were chosen to monitor the product
ion transitions for Nia-114, NIC, and NAM, respectively.

3.2. Method development

3.2.1. Chromatography
Various HPLC columns were tested to retain and baseline-

separate Nia-114, NIC, and NAM without requiring long run
times. Due to the hydrophobic property of Nia-114 versus NIC
and NAM, and hydrophilic, highly polar properties of NIC at
either acidic or basic pH in the mobile phase, conventional
reverse-phase columns that were tested (phenyl, C4, C18, includ-
ing polar-embedded columns designed for retention of both
polar and nonpolar analytes) did not adequately retain and sep-
arate all three analytes. Normal-phase silica columns were also
found to inadequately retain and separate all of the analytes,
using either isocratic or gradient elution. Cyano columns can
exhibit either reverse-phase or normal phase properties, depend-
ing upon the analyte and chromatographic condition. Therefore,
Cyano columns expected to retain Nia-114, NIC, and NAM
by a combination of the two retention modes were tested, so
that a single method could be used for all three analytes. A
150 mm× 4.6 mm, 5�m Waters Spherisorb Cyano column gave
good retention and baseline separation of the three analytes
within a 9 min run time using the isocratic chromatographic
conditions described earlier. Under these conditions the col-
umn demonstrated normal-phase retention characteristics for
NIC and NAM, and reverse-phase retention characteristics for
Nia-114. This was evidenced by the reproducible change in
r ase
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i ased
t per
c es
N 14.
T ition

that resulted in good column retention and separation of the
three analytes, without large differences in the retention times.

After analysis of extracted plasma samples during method
development, the optimum LC–MS/MS mobile phase was deter-
mined to be 56.0/44.0/0.1: acetonitrile/water/formic acid (v/v/v)
delivered isocratically at 1.0 ml/min and split post-column to
0.3 ml/min to the mass spectrometer, which yielded retention
times of about 4.2, 5.5, and 6.5 min, for NIC, NAM, and Nia-114,
respectively. The d4-internal standards eluted within 0.1 min of
the corresponding analyte. The method gave baseline separa-
tion of the analytes within a run time of 9 min, and reproducible
peak shapes and retention times. Baseline separation of NIC
and NAM was needed to prevent peak area contribution from
NAM to NIC due to isotope effects, since the precursor-ions for
NAM and NIC are 1 amu apart (123 versus 124m/z) and both
product-ion settings are at 80m/z.

3.2.2. Plasma extraction
Solid-phase extraction using strong cation exchange (SCX),

which has been demonstrated to be effective for NIC and NAM
in plasma[10,11]or urine[12] was attempted for simultaneous
extraction of Nia-114, NIC, and NAM from rabbit plasma. We
found that Nia-114 was poorly recovered (<5%), whereas NIC,
and NAM were well recovered (>70%). Thus, it was determined
that SPE was not a viable method for recovery of Nia-114, and
alternate methods (solvent extraction and plasma protein pre-
c
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etention times if the percent acetonitrile in the mobile ph
as increased or decreased for a given isocratic run. Specifi

ncreasing the percentage of organic solvent in the mobile p
ncreased the retention times of NIC and NAM but decre
he retention times of Nia-114, and decreasing the organic
entage in the mobile phase decreased the retention tim
IC and NAM but increased the retention times of Nia-1
his phenomenon allowed selection of an isocratic cond
y,
e

-
of

ipitation) were investigated.
The use of diethyl ether and ethyl acetate as plasma extra

olvents did not recover NIC adequately (<5% recovery). Pla
rotein precipitation with acetonitrile, followed by evaporat
f the supernatant and reconstitution of the dried extract,
ided≥40% recovery of each analyte, but conditions could
e attained that sufficiently reduced the presence of endog
aterial that interfered in the reproducibility and sensitivit
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the LC–MS/MS assay, while maintaining sufficient recovery of
the analytes. However, MEK, a volatile (b.p. 80◦C) polar aprotic
solvent with partial water solubility (solubility of water in MEK
is 12.5% at 25◦C, [13]), was found to be effective in precipi-
tating plasma proteins and extracting Nia-114, NIC, and NAM
from rabbit plasma, and the resulting extracts contained much
less interfering material.

The use of MEK at a volume ratio of 5/1 to plasma (v/v), with
incorporation of 6% methanol in the MEK (from the addition
of the deuterated internal standards in 85% methanol) yielded
an appropriate balance between optimizing the recovery of Nia-
114, NIC, and NAM, and minimizing the co-extraction of inter-
fering material. Recovery results are presented in a later section.
The deuterated internal standards were added to the MEK to sim-
plify the extraction process. A reconstitution solvent for the dried
extracts was selected that optimized recovery of all 3 analytes.
It was determined that 90/10/0.1: acetonitrile/water/formic acid
(v/v/v) gave better recovery than the use of solvent mixtures con-
taining a lower percent acetonitrile, while not adversely affecting
the peak shapes or retention times.

3.3. Validation

3.3.1. Selectivity
For Nia-114 and NIC, a small but measurable analyte peak

was present in plasma blanks after extraction using MEK con-
t naly
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charcoal-stripped lots of rabbit plasma. The charcoal-stripped
rabbit plasma, for which sodium fluoride was used as the
anticoagulant, was also provided in the pre-charcoal-stripped
form and included in the run.

For comparison, untreated human, dog, rat, and mouse
plasma were also analyzed. Four lots of human plasma, and three
lots each of dog, rat, and mouse plasma were used. Each lot of
plasma was extracted in quadruplicate replicates and measured
for analytes using the methods described earlier. It was assumed
that the NIC and NAM recovery was equivalent in the different
sources of plasma. The detection limit was set at 2.00 ng/ml for
each analyte, based on back-calculated accuracy and precision
being within±15% for the 2.00 ng/ml charcoal-stripped plasma
standards used in the calibration curve. The charcoal-stripped
plasma standards contained equal levels of NIC and NAM at 0,
2, 5, 10, 20, 50, 100, 200, 400, 600, 800, and 1000 ng/ml, and
were extracted in duplicate at each concentration.

The mean levels of NIC and NAM in the nine lots of rabbit
plasma were 12.0 and 359 ng/ml, respectively (Table 1). The
NIC levels ranged from 2.16 to 21.7 ng/ml, and NAM ranged
from 273 to 529 ng/ml. The levels did not appear to correlate
to the type of anticoagulant used in preparing the plasma. Lot
#13426-B rabbit plasma from the selectivity test was selected for
preparation of calibration standards, QCs and stability samples
in the validation runs, since this lot yielded levels of NIC and
NAM (12.5 and 328 ng/ml, respectively) comparable to the mean
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Fig. 2. Representative chromatogram of a blank rabbit plasma sample extracted with MEK without addition of the deuterated internal standards (a), and representative
chromatograms of blank (b), QC-low (c), and QC-high (d) plasma samples extracted with MEK containing the deuterated internal standards.

respectively[15] versus mean levels of <2.00 ng/ml (NIC), and
38.3 ng/ml (NAM) observed here (Table 1)],

QC samples of NIC and NAM at 5, 10, and 900 ng/ml pre-
pared from the charcoal-stripped rabbit plasma were included
in the selectivity run described above, to demonstrate that if
there is a low level of endogenous NAM in the plasma, a low

QC quantitation limit is attained. QCs were analyzed at five
replicates per concentration. The resulting accuracy and preci-
sion of NIC and NAM were 110.1± 15.7% and 94.4± 6.24%
at 5 ng/ml, 101.4± 11.7% and 95.8± 12.0% at 10 ng/ml, and
111.4± 4.39% and 94.4± 6.18% at 900 ng/ml, respectively.
The accuracy and precision of NAM was within±12% at 5
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Table 1
Endogenous levels of NIC and NAM in blank rabbit, human, dog, rat, and mouse plasma

Species Anticoagulant Plasma lot # Mean NIC
concentration (ng/ml)

% R.S.D. Mean NAM
concentration (ng/ml)

% R.S.D.

Rabbit EDTA 00826 2.16 11.10 273.23 4.71
Rabbit EDTA 19025 14.66 11.35 412.01 4.91
Rabbit EDTA 21725 12.60 17.05 430.64 6.94
Rabbit Heparin 13426-A 8.31 12.21 312.11 3.59
Rabbit Heparin 13426-B 12.46 16.42 328.45 11.14
Rabbit Heparin 13426-C 21.72 14.13 286.88 6.91
Rabbit Heparin 007026 7.05 19.76 386.04 9.13
Rabbit Heparin 21025 17.54 7.20 268.97 12.71
Rabbit Heparin 006325 11.10 12.49 528.98 3.89

Mean value of 9 lots 11.96 358.59

Rabbit Sodium fluoride S-47793 5.20 10.61 412.30 7.36
Rabbit Sodium fluoride S-47793-C.S.a ND ND

Human Citrate T8969 ND 35.61 6.82
Human Citrate V65803 ND 49.75 1.32
Human Citrate 503174 ND 41.09 8.14
Human Citrate V65779 ND 26.55 3.58

Mean value of 4 lots ND 38.25

Dog EDTA 01525 ND 114.88 4.75
Dog EDTA 23821 5.12 13.04 174.76 3.88
Dog EDTA 20426 4.53 11.47 187.96 1.38

Mean value of 3 lots 3.22 159.20

Rat EDTA 25425 20.90 9.48 285.31 2.35
Rat EDTA 21726 13.95 6.65 581.50 3.92
Rat EDTA 01526 196.43 5.79 275.63 3.99

Mean value of 3 lots 77.09 380.81

Mouse EDTA 31215E 215.85 1.48 861.13 5.41
Mouse EDTA 00523 345.26 3.08 300.85 1.29
Mouse EDTA 27921 139.08 3.36 705.40 0.62

Mean value of 3 lots 233.40 622.46

ND: not detected (<2.00 ng/ml). A value of 0 ng/ml is used for ND in calculating means.
a C.S.: charcoal-stripped plasma.

or 10 ng/ml, demonstrating a low QC quantitation limit in this
matrix. For comparison, the LLOQ for NAM in the non charcoal-
stripped plasma used in the validation runs was 75 ng/ml. Thus,
it was demonstrated that the LLOQ for NAM is dependant on
the level of endogenous NAM in the matrix, and it is expected
that the method would provide much better sensitivity for NAM,
and equivalent or better sensitivity for NIC, if validated in human
plasma.

3.3.2. Linearity
Due to the levels of endogenous NIC and NAM in the rabbit

plasma, the best calibration curve fit was attained by subtracting
the mean blank plasma response of the analyte from the cali-
bration standards response, to generate a non-weighted linear
regression forced through the origin. This fit was used for each
analyte and provided optimum QC results. The resulting linear
range (lower limit of quantitation to upper limit of quantitation)
for each analyte was as follows: Nia-114: 2.00–1000 ng/ml NIC:
8.00–1000 ng/ml, and NAM: 75.0–1000 ng/ml. A summary of

the correlation coefficients (r2) and slopes from each standard
curve from the validation runs is shown inTable 2. The correla-
tion coefficients,r2 varied from 0.983 to 0.998. Each calibration
curve in each validation run met the current FDA guidelines
for bioanalytical method validation, in that >67% of the back-
calculated calibration standards within a run were within±15%
of nominal concentration, and±20% at LLOQ. The decreas-
ing slopes in the calibration curves of Nia-114 inTable 2were
determined to be due to short-term instability of Nia-114 in rab-
bit plasma at−20◦C. The validation runs were performed over
a 7 day period (run i.d. #1, 2, 3, and 4 = day # 1, 2, 7, and 3,
respectively).

3.3.3. Accuracy and precision
To assess the accuracy and precision of the bioanalytical

method for Nia-114, NIC, and NAM in rabbit plasma, QC
samples at five concentrations (LLOQ, low, medium, high, and
dilutional QC) were processed on three separate days of anal-
ysis. Five replicates were used per concentration. As seen in
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Table 2
Summary of calibration curves results for Nia-114, NIC, and NAM in rabbit
plasma from validation runs

Run ID Calibration curve results Nia-114 NIC NAM

1 Slope 0.02808 0.00520 0.00804
r2 0.986 0.998 0.985

2 Slope 0.01914 0.00512 0.00733
r2 0.987 0.995 0.990

3 Slope 0.00786 0.00574 0.00764
r2 0.983 0.995 0.989

4a Slope 0.01590 0.00533 0.00714
r2 0.998 0.992 0.986

a Validation run # 4 wasperformed using calibration standards and QCs that
were thawed to RT 20 min rather than remaining frozen before the addition of
the MEK/internal standard mix.

Table 3, the inter-day accuracy and precision of each analyte
in the runs was within±15% at low, medium, and high QC
concentrations. LLOQ QCs were within±20% for each ana-
lyte, except for NAM, which gave accuracy within±20% in
each run, but precision of >20% in one of the three runs (run
#1, 22.1% R.S.D.). Dilutional QCs were within±15% accu-
racy and precision in each run, except for run #3, which gave
119% accuracy for NAM. The intra-day accuracy and precision
of each analyte in runs # 1–3 were within±15% at low, medium,
high, and dilutional QC concentrations. LLOQ QCs were within
±20% accuracy and precision for each analyte.

A fourth validation run was performed using a modified
step in the extraction method; the plasma standards and QC
were thawed to room temperature for 20 min instead of remain
ing frozen before addition of the MEK/internal standard mix.
The resulting accuracy was within±13%, and precision within
±15%, for all analytes at all QC levels tested, except for NIC at
the LLOQ level, which had 17% R.S.D. This run demonstrated
that equivalent validation results can be attained if the sample
are thawed briefly for an equal time prior to extraction.

Overall, the method accuracy and precision results met accep
tance criteria for analysis of Nia-114, NIC, and NAM in rabbit
plasma at levels ranging from 2 to 1000 ng/ml, 8 to 1000 ng/ml,
and 75 to 1000 ng/ml, respectively. Additionally, five-fold dilu-
tions of plasma containing the analytes at 5000 ng/ml were
shown to provide accurate and precise results (within±15%).
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range of the method, as evidenced by the consistent QC results
in each validation run.

3.3.5. Freeze/thaw stability
The freeze/thaw stability of Nia-114, NIC, and NAM in rab-

bit plasma was determined using triplicate replicates of low and
high plasma QCs. The QCs were put through three freeze/thaw
cycles, in which the QCs were thawed unassisted for 20 min dur-
ing each thaw cycle. These QCs were then analyzed in the same
run asn = 5 replicates of untreated low and high QCs. The result-
ing difference in the measured concentration for the freeze/thaw
QCs versus the untreated QCs is summarized inTable 4. As
seen in the table, both low and high QCs yielded lower Nia-114
(16–19% loss) after the 3 freeze/thaw cycles. NIC and NAM
yielded variable results and no obvious trend of an increase or
decrease in concentration. While the percent loss of NAM at
the QC low level was calculated to be 22.4%, the decrease was
not considered significant due to the relative variability (large
standard deviations) in the measured concentrations.

3.3.6. Benchtop stability
The benchtop stability of Nia-114, NIC, and NAM in rabbit

plasma was determined using triplicate replicates of low and
high plasma QCs. The QCs were kept at room temperature for 2
or 24 h prior to analysis. These QCs were analyzed in the same
run asn = 5 replicates of untreated low and high QCs. The results
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.3.4. Recovery
The recovery of Nia-114, NIC, and NAM was determin

or high-QCs (900 ng/ml) by spiking triplicate post-extrac
lanks with neat Nia-114, NIC, and NAM to generate ana
oncentrations at levels of 100% theoretical recovery, and
omparing the resulting concentrations to the QC-high m
oncentrations measured within the same run. This tech
rovides a more realistic determination of analyte recovery
omparison of analyte response to neat standards. The res
ercent recoveries, and corresponding % R.S.D., were a

ows: Nia-114: 73.7± 2.36%, NIC: 36.7± 4.23%, and NAM
5.1± 13.1%. Though the recovery of NIC is lower than
ia-144 and NAM, it appears to be consistent across the l
s
-

s

-

n

e

g
l-

r

re summarized inTable 5.
As seen in the table, there was 44–50% loss of Nia-14

abbit plasma after 2 h at room temperature. By 24 h, less
% Nia-144 was measured in either the low or high QCs,

here was an increase in NIC concentration in both QCs, a
oth timepoints. The increase in NIC concentration likely ar

rom hydrolysis of the Nia-114 in the QC samples. At 2
here was a 48%, and 23% increase in NIC concentration
he low QC and high QCs, respectively. No significant tren
n increase or decrease in NAM concentration was seen f
or 24-h benchtop QCs, and the percent change for all N
Cs was within±20%.

.3.7. Benchtop stability with enzyme inhibitor
A stability test was performed to determine if the addi

f sodium fluoride or phenylmethyl sulfonyl fluoride (PMS
o rabbit plasma inhibits the loss of Nia-114 in plasma at r
emperature or 5◦C. The structure of Nia-114 indicates it m
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Table 3
Intra- and inter-day accuracy (% of nominal) and precision (% R.S.D.) of Nia-114, NIC, and NAM in rabbit plasma

QC i.d. QC nominal
concentration
(ng/ml)

Validation
run i.d. #

Analyte: Nia-114 Analyte: NIC Analyte: NAM

Intra-day results Inter-day results Intra-day results Inter-day results Intra-day results Inter-day results

Mean %
accuracy

% R.S.D Mean %
accuracy

% R.S.D. Mean %
accuracy

% R.S.D. Mean %
accuracy

% R.S.D. Mean %
accuracy

% R.S.D. Mean %
accuracy

% R.S.D.

LLOQ
2.00 (Nia-114) 1 101.34 9.80 101.95 11.69 107.06 22.00
8.00 (NIC) 2 93.83 9.05 108.83 6.50 111.80 18.73
75.0 (NAM) 3 112.52 8.24 102.50 11.22 116.18 12.62 109.00 11.35 96.35 13.76 105.07 18.53

Low
6.00 (Nia-114) 1 91.18 9.16 106.34 12.14 96.78 13.84
24.0 (NIC) 2 111.44 12.14 89.42 6.29 103.19 9.39
125 (NAM) 3 88.50 6.78 97.04 14.43 105.63 9.61 100.46 12.32 92.21 13.22 97.39 12.25

Medium 500
1 94.68 1.74 96.82 3.07 98.54 4.04
2 95.96 4.04 101.77 2.72 104.50 2.11
3 93.48 7.24 94.71 4.63 97.78 5.34 98.79 4.20 103.30 7.85 102.11 5.53

High 900
1 85.10 9.63 102.90 3.99 96.43 2.75
2 98.37 3.96 105.56 1.49 105.91 11.17
3 102.85 11.22 95.44 11.59 96.46 4.78 101.64 5.12 104.41 5.37 102.25 7.99

Dilutional 5000
1 84.84 2.08 107.95 1.75 108.23 2.54
2 111.75 6.37 98.30 15.26 112.41 7.14 109.93 5.11 111.29 6.85 109.76 5.14
3a 104.71 2.85 102.39 2.02 118.95 3.10

Inter-day accuracy and precision calculated for validation runs # 1–3.
a In validation run # 3, dilutional QCs diluted 1 to 10 (to 500 ng/ml) instead of 1–5 on day of analysis. Between-day accuracy and precision of dilutional QCs calculated for validation runs # 1–2.
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Table 4
Freeze/thaw stability of Nia-114, NIC, and NAM in plasma QCs

Analyte QC nominal concentration (ng/ml) Measured concentration within run After three freeze/thaw cycles % Change

Nia-114 6 6.60± 0.69 5.52± 0.16 −16.4
900 956.62± 35.92 773.47± 54.18 −19.2

NIC 24 23.05± 2.57 22.37± 3.11 −3.0
900 892.62± 39.43 902.96± 80.42 1.2

NAM 125 131.73± 18.02 102.23± 36.99 −22.4
900 845.22± 76.52 858.97± 66.63 1.6

aliquots incubated at room temperature for 0, 20, 60, or 120 min
after addition of Nia-114, NIC, and NAM. Aliquots were also
kept at 5◦C for 60 or 120 min. At the end of each incubation
time the designated aliquots were frozen on dry ice and stored
frozen at−70◦C until the rest of the samples were collected,
at which point all samples were extracted in a single run and
analyzed for Nia-114, NIC, and NAM using the same method as
for the validation runs. Blank plasma aliquots from each group
were saved before Nia-114, NIC, and NAM were spiked into the
plasma, and also analyzed in the run. Neither sodium fluoride
nor PMSF caused interference in the LC–MS/MS method.

The resulting percent change in analyte concentration and
% R.S.D. at each time point versus theT = 0 mean level is
shown inTable 6. As seen in the table, both sodium fluoride
and PMSF were only slightly effective at inhibiting the rate of
loss of Nia-114 in plasma over time. The percent decrease in
Nia-114 concentration in rabbit plasma at 20 min was 11% for
the control group, 9% for the sodium fluoride group, and 8%
for the PMSF group. The percent decrease at 1 h was 36% for
the control group, 22% for the sodium fluoride group, and 23%
for the PMSF group. The percent decrease at 2 h was 58% for
the control group, 36% for the sodium fluoride group, and 39%
for the PMSF group. As seen in the table, keeping the plasma at
5◦C instead of room temperature helped improved the Nia-114
stability, but not dramatically; at 1 h there was a 26% decrease
for the control group versus 36% at room temperature.

sing
s pera

ture. The percent increase in NIC concentration in rabbit plasma
at 1 h was 7% for the control group, 11% for the sodium fluoride
group, and 10% for the PMSF group. The percent increase at
2 h was 16% for the control group, 10% for the sodium fluoride
group, and 21% for the PMSF group. The stability test showed a
minor trend of the percent NAM increasing in the control group
at later time points as Nia-114 levels decreased (for example, at
2 h the NAM percent increase was 16%), however no such trend
was observed for the sodium fluoride or PMSF groups.

The stability test with enzyme inhibitor was repeated to con-
firm the results at 1 h using a different lot of rabbit plasma. The
plasma was lot # 19025, which contained EDTA as the anticoag-
ulant instead of Heparin. As seen inTable 6, the percent decrease
in Nia-114 concentration in rabbit plasma at 1 h was 39% for the
control group, 19% for the sodium fluoride group, and 31% for
the PMSF group, which are similar results as observed for the
other lot of plasma. No clear trend was observed in the NIC and
NAM levels at 1 h, although the percent increase in NIC at 1 h
was 15% for the control group.

The results of these stability tests reveal that addition of
sodium fluoride or PMSF to rabbit plasma helped slow the rate
of loss of Nia-114 only marginally, thus indicating that plasma
esterases are not the primary cause of hydrolysis of Nia-114 in
rabbit plasma. It has been reported that human serum albumin
has esterase-like activity towards a series of esters of nicotinic
acid[18], and our stability results are in keeping with this pro-
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The stability test revealed a trend of NIC levels increa
lightly as Nia-114 levels decreased in plasma at room tem

able 5
enchtop stability of Nia-114, NIC, and NAM in plasma QCs

nalyte QC nominal concentration (ng/ml) Time at RT (h)

ia-114 6 2
900 2

ia-114 6 24
900 24

IC 24 2
900 2

IC 24 24
900 24

AM 125 2
900 2

AM 125 24
900 24
-
osed mechanism of catalytic hydrolysis by albumin, occu
oncomitantly with hydrolysis by plasma esterases.

Measured concentration within run After Benchtop RT %

6.60± 0.69 3.67± 0.45 −44.4
6.62± 35.92 482.38± 27.95 −49.6

6.60± 0.69 0.06± 0.03 −99.1
56.62± 35.92 4.90± 0.45 −99.5

3.05± 2.57 24.78± 1.80 7.5
2.62± 39.43 975.91± 24.53 9.3

3.05± 2.57 34.06± 1.37 47.8
92.62± 39.43 1100.21± 24.33 23.3

1.73± 18.02 119.08± 26.00 −9.6
5.22± 76.52 808.39± 78.48 −4.4

1.73± 18.02 107.61± 12.40 −18.3
45.22± 76.52 814.65± 80.59 −3.6
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Table 6
Benchtop stability of Nia-114 in rabbit plasma containing an enzyme inhibitor

Analyte: Nia-114 No inhibitor NaF PMSF

Time (min) Temperature Plasma lot % Change % R.S.D. % Change % R.S.D. % Change % R.S.D.

0 RT 1 NA 4.4 NA 3.1 NA 6.1
20 RT 1 −11.4 2.8 −8.6 1.5 −8.2 5.9
60 RT 1 −35.9 1.5 −22.2 3.5 −23.3 5.4

120 RT 1 −58.1 4.1 −35.6 6.0 −39.4 3.8
60 5◦C 1 −26.2 1.7 −18.4 3.2 −21.5 2.1

120 5◦C 1 −29.8 4.4 −18.7 2.5 −30.8 5.0
0 RT 2 NA 4.5 NA 3.3 NA 4.6

60 RT 2 −39.0 2.4 −18.8 2.9 −30.6 6.9

Analyte: NIC
0 RT 1 NA 5.7 NA 5.0 NA 5.2

20 RT 1 0.6 6.3 1.8 7.6 4.4 6.6
60 RT 1 7.1 4.8 10.5 2.1 9.6 9.1

120 RT 1 15.6 4.4 9.9 3.8 20.6 7.4
60 5◦C 1 11.9 7.1 3.9 5.4 10.6 6.3

120 5◦C 1 15.5 4.1 6.8 6.1 12.0 2.5
0 RT 2 NA 10.3 NA 2.2 NA 4.5

60 RT 2 15.2 6.8 −0.8 5.1 4.3 3.4

Analyte: NAM
0 RT 1 NA 13.4 NA 7.3 NA 14.5

20 RT 1 4.1 17.0 3.9 11.3 2.3 15.3
60 RT 1 6.1 10.9 −5.1 3.2 −10.6 14.8

120 RT 1 15.9 8.4 −5.8 7.0 −3.5 8.3
60 5◦C 1 10.7 6.0 −4.3 6.6 −0.8 10.4

120 5◦C 1 10.8 10.4 0.7 6.9 −9.7 8.7
0 RT 2 NA 7.8 NA 12.7 NA 8.6

60 RT 2 −10.9 7.5 4.8 18.5 9.3 12.3

Percent change in analyte concentration is versus 0 min. NA: not applicable.

3.3.8. Freezer storage stability
The freezer storage stability of Nia-114, NIC, and NAM

in rabbit plasma was determined using quadruplicate repli-
cates of low and high plasma QCs. The QCs were kept at
−20◦C for one week or at−80◦C for one month prior to

analysis. These QCs were analyzed in the same run as five
replicates each of freshly prepared low and high QCs. The result-
ing differences in the measured concentration for the freezer
storage stability QCs versus the fresh QCs are summarized in
Table 7.

Table 7
Freezer storage stability of Nia-114, NIC, and NAM in plasma QCs

Analyte QC nominal concentration (ng/ml) Storage condition Measured concentration within run % Change

Nia-114 6 Fresh 5.08± 0.06
6 −80 C 1 month 5.29± 0.06 4.1
6 −20 C 1 week 1.81± 0.51 −64.4

Nia-114 900 Fresh 772.72± 12.10
900 −80 C 1 month 726.35± 14.05 −6.0
900 −20 C 1 week 230.68± 44.80 −70.2

NIC 24 Fresh 24.95± 2.93
24 −80 C 1 month 24.47± 1.18 −1.9
24 −20 C 1 week 21.60± 0.77 −13.4

NIC 900 Fresh 772.60± 26.53
900 −80 C 1 month 685.10± 22.37 −11.3
900 −20 C 1 week 728.57± 33.30 −5.7

NAM 125 Fresh 157.95± 7.21
125 −80 C 1 month 155.17± 10.25 −1.8
125 −20 C 1 week 131.54± 28.06 −16.7

NAM 900 Fresh 797.89± 25.43
900 −80 C 1 month 692.81± 81.32 −13.2

1 wee
900 −20 C
 k 726.98± 146.09 −8.9
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Table 8
Autosampler stability of processed plasma QCs

Analyte QC nominal concentration (ng/ml) Measured concentration within run Measured concentration 48 h later % Change

Nia-114 6 6.60± 0.69 5.95± 0.27 −9.8
900 956.62± 35.92 919.66± 71.48 −3.9

NIC 24 23.05± 2.57 21.90± 2.21 −5.0
900 892.62± 39.43 888.28± 55.46 −0.5

NAM 125 131.730± 18.02 127.94± 18.58 −2.9
900 845.22± 76.52 900.03± 33.85 6.5

As seen in the table, there was 64–70% loss of Nia-114 in the
low and high QCs after storage at−20◦C for one week, whereas
<7% loss was measured after storage of the QC’s at−80◦C
for one month. NIC and NAM yielded variable results and no
obvious trend of an increase or decrease in concentration for
a given freezer storage condition, with the resulting % change
<15% in all cases except one. Due to the instability of Nia-
114 at−20◦C versus−80◦C, it is recommended that plasma
containing Nia-114 be stored at−80◦C.

3.3.9. Autosampler stability
The stability of Nia-114, NIC, and NAM was determined

in extracted rabbit plasma QCs after residence in the HPLC
autosampler for 2 days at 15◦C. The tests were performed using
five replicates each of low and high plasma QCs. The resulting
change in analyte response was found to be within±10% of
the original value, for each analyte, as seen inTable 8. The
absolute peak areas of all analytes did not show evidence of
decreasing after 2 days. Thus, there was no significant instability
of the analytes in the autosampler at low and high plasma QC
concentrations over 2 days at 15◦C.

4. Conclusions

A bioanalytical method was successfully developed and val-
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tion standards, QCs and samples are at room temperature before
extraction. We have demonstrated that MEK can be added to
plasma samples while they are frozen, or after they are thawed
20 min, and appropriate validation results attained.

Because NIC and NAM are endogenous intermediary
metabolites in mammals, it is important that the plasma used to
prepare calibration standards and QCs be from the same species
as the experimental samples, and to analyze matrix blanks in
each run. From selectivity tests measuring plasma levels of NIC
and NAM in different lots of rabbit and human plasma, the
endogenous levels of NIC and NAM were much higher in rabbit
plasma than in human plasma (359 ng/ml versus 38.3 ng/ml for
mean NAM, and 12.0 ng/ml versus <2.00 ng/ml for mean NIC,
in rabbit and human plasma, respectively). Due to the differences
in the endogenous levels in rabbit and human, it is expected that
the method would provide much better sensitivity for NAM, and
equivalent or better sensitivity for NIC, if validated in human
plasma.
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