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Octadecenyl thiophosphate (OTP), a synthetic analogue of the lysophospholipid growth factor lysophos-
phatidic acid (LPA), significantly reduces mortality following a lethal dose of LD80/30 radiation exposure
in a mouse model of whole-body irradiation. To facilitate dose scaling between species, we developed a
novel liquid chromatography/tandem mass spectrometry (LC–MS/MS) for the preclinical pharmacoki-
netic characterization of OTP in monkeys. Sample extraction was carried out using a butanol based
ctadecenyl thiophosphate (OTP)
ysophosphatidic acid (LPA)
iquid chromatography/tandem mass
pectrometry (LC–MS/MS)
harmacokinetics

liquid–liquid extraction method. A partially deuterated OTP analogue was used as internal standard
(IS). OTP and IS were separated by reversed-phase liquid chromatography on a C-8 column using 10 mM
ammonium acetate and acetonitrile. A triple quadrupole mass spectrometer operating in the negative
electrospray ionization mode with multiple reaction monitoring was used to detect OTP and IS transitions
of m/z 363.1 → 95.0 and 403.1 → 95.0. The method was applied to determine pharmacokinetic parame-
ters in monkeys receiving a single oral OTP dose (3 mg/kg). OTP is readily absorbed with a relatively long

urthe
half-life which supports f

. Introduction

Radiation exposure during the course of cancer radiotherapy
r a nuclear accident may induce severe damage to normal tis-
ues depending upon radiation dose, exposure rate and quality.
he most radiosensitive tissue is the bone marrow, where irre-
ersible myelosuppression may occur following a dose of as little
s 1 Gy whole-body radiation exposure. Gastrointestinal mucositis
evelops following higher doses of radiation exposure (>8 Gy) [1,2].
here are currently no therapeutically satisfactory radioprotectants
r radiomitigators that alleviate radiation injury when applied after
xposure. OTP or octadecenyl thiophosphate, a synthetic analogue
f the lysophospholipid growth factor lysophosphatidic acid (LPA),
as been identified as the prototype of a unique class of potent

adioprotectants that act through activation of LPA receptors, a
amily of eight G protein coupled receptors (GPCRs) [3]. Studies
ave shown that OTP is a partial agonist for LPA1 and LPA3 com-
ared to LPA and a potent and full agonist for LPA2 and LPA5 with

∗ Corresponding author. Tel.: +1 901 448 4135; fax: +1 901 448 6940.
E-mail address: cyates4@uthsc.edu (C.R. Yates).

570-0232/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2010.07.004
r preclinical testing of OTP as a radioprotectant in monkeys.
© 2010 Elsevier B.V. All rights reserved.

an EC50 in the nanomolar range [4]. Preclinical tests using a mouse
model of whole-body irradiation revealed that OTP at doses in the
low mg/kg range significantly ameliorated radiation-induced gas-
trointestinal injury, as well as prevented death following a lethal
dose of LD80/30 radiation exposure. Experiments conducted with
knockout mice indicate that the molecular target of OTP is the LPA2
receptor [4].

LPA is rapidly degraded by phospholipase- and lipase-mediated
deacylation or phosphatase-mediated dephosphorylation render-
ing it inactive. We have shown previously that the thiophosphate
analogue OTP is resistant to the phosphatase activity of lipid
phosphate phosphohydrolase type 1 (LPP1) obtained from mouse
embryonic fibroblasts [4]. Resistance to LPP1 degradation should
lead to enhanced stability of OTP in vivo. Development of a novel
analytical method for the detection of thiophospholipids in bio-
logical matrices was required to test the in vivo stability of OTP.
OTP lacks a chromophore, thus, we chose electrospray liquid

chromatography–tandem mass spectrometry (LC–MS/MS) as it is
widely applied by pharmaceutical scientists in the quantification
of drugs and their metabolites in various biological matrices [5–8].
Herein, we report a sensitive, specific, and reproducible triple
quadrupole mass spectrometric assay with deuterium labeled

dx.doi.org/10.1016/j.jchromb.2010.07.004
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:cyates4@uthsc.edu
dx.doi.org/10.1016/j.jchromb.2010.07.004
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ig. 1. Chemical structures of octadecyl thiophosphate (OTP) and the internal stan-
ard deuterated OTP.

nternal standard (IS) applied to characterize the pre-clinical phar-
acokinetics of OTP in monkeys.

. Materials and methods

.1. Materials

OTP and partially deuterated OTP analogue (internal standard
IS) (Fig. 1) were synthesized by the Medicinal Chemistry Depart-
ent, RxBio Inc. (Memphis, TN, USA) as described elsewhere [9]. All
obile phase solvents and water used were of HPLC grade and pur-

hased from Fisher-Scientific (Pittsburgh, PA, USA). Monkey plasma
as obtained from Bioreclamation Inc. (Liverpool, NY, USA).

.2. Standard and quality control (QC) samples

Stock solutions of OTP and IS were prepared in methanol at a
oncentration of 1.0 mg/mL. The OTP stock solution was further
iluted in methanol to make OTP working solutions for standards
20, 10, 5, 2.5, 1.0, .5, and .1 �g/mL) and QC samples (15, 3, and
�g/mL). The IS stock solution was further diluted in methanol

o make an IS working solution (7.5 �g/mL). OTP working solu-
ions were then spiked (10 times dilution) into monkey plasma to

ake calibration standards and QC samples. The resulting concen-
rations of standards and QC samples were 2000, 1000, 500, 250,
00, 50, 10 ng/mL and 1500, 300, 20 ng/mL, respectively. Calibration
tandards and QC samples were prepared freshly daily.

.3. Sample preparation

OTP and IS were extracted using a water-saturated butanol-
ased liquid–liquid extraction method. Briefly, plasma samples
50 �L) were spiked with IS (10 �L) in methanol followed by gentle
ortexing and the addition of water-saturated 1-butanol (400 �L).
he contents were then vortexed (high speed for 10 min) and
entrifuged (10,000 rpm for 5 min). An aliquot (400 �L) from the
op layer was carefully removed and transferred to a fresh vial.
he organic layer was evaporated to dryness using an Eppen-
orf vacufuge concentrator (40 ◦C; 20 min) and reconstituted in
ethanol (100 �L) for LC–MS/MS analysis.

.4. LC–MS/MS

OTP and IS were separated by reversed-phase liquid chro-
atography using a C8 analytical column (Symmetry, 3.5 �m,

.1 mm × 100 mm, Waters Corporation, Milford, MA) and an injec-
ion volume of 20 �L with a 5 min run time. The mobile phase
onsisted of acetonitrile and water containing 10 mM ammonium

cetate and was delivered at a flow rate of 0.3 mL/min at room
emperature. A 3-min gradient liquid chromatographic approach
as used to elute OTP and IS. At the start of the gradient, acetoni-

rile (B) was 30%; it was ramped to 70% in 1 min, held constant
t this value for 1 min and then ramped back to 30% over 1 min.
. B 878 (2010) 2379–2383

The LC–MS/MS system comprised an Applied Biosystems (AB) Sciex
(Foster City, CA) API 3000 tandem mass spectrometer, equipped
with a TurboionsprayTM interface, a Shimadzu (Columbia, MD) LC-
10ADvp pump and a Leap (Carrboro, NC) HTS PAL autosampler. The
electrospray ion source was run in a negative ionization mode for
all the experiments. The typical ion source parameters were: capil-
lary 3.5 kV, declustering potential (DP) 32 V, focusing potential (FP)
130 V, entrance potential (EP) −12 V, collision energy (CE) 29 eV,
collision cell exit potential (CXP) 10 V, deflector −348 V, chan-
nel electron multiplier (CEM) 2200 V, source temperature 325 ◦C.
Quantification was performed in the multiple reaction-monitoring
(MRM) mode, monitoring the transition of the m/z 363.1 precursor
ion to the m/z 95.0 product ion for OTP and m/z 403.1 precursor
ion to the m/z 95.0 product ion for IS. Quadrupoles Q1 and Q3 were
set on unit resolution. The analytical data were processed using the
software program Analyst (Version 1.3).

2.5. Method validation

Inter-day/intra-day precision and accuracy (n = 3) were evalu-
ated by spiking known amounts of OTP and IS in plasma at three
different concentrations (1500, 300, 20 ng/mL). Replicate OTP QC
samples were stored at −80 ◦C to determine freeze–thaw cycle and
long-term storage stability. Freeze–thaw sets of QC samples (n = 3)
were thawed at room temperature then returned to the freezer
for a minimum of 24 h. This process was repeated three times.
Long-term stability of QC samples was analyzed after 1 month.
Post-preparative autosampler stability was determined by reinjec-
tion of samples 12 h following initial injection. Analytical recovery
was determined by comparing the pre-extraction spikes to the
post-extraction spikes for QC samples (1500, 300, 20 ng/mL). For
the post-extraction spike, the QC analytes were spiked into blank
monkey plasma extract and mixed immediately prior to evapora-
tion under a stream of nitrogen. The matrix effect was calculated
by comparing the responses of post-extracted spiked sample and
non-extracted sample. Specificity, defined as non-interference in
the regions of interest of the analyte as well as IS with the endoge-
nous substances, was evaluated using three separate lots of monkey
plasma.

2.6. OTP Pharmacokinetics

The study was conducted in strict adherence with the Guide
for the Care and Use of Laboratory Animals, prepared by the
Committee on Care and Use of Laboratory Animals of the Insti-
tute of Laboratory Resources, National Resource Council (National
Academy Press, Washington, DC, 1996). Anesthetized (ketamine
HCl; 10 mg/kg) female rhesus macaques, housed at the California
National Primate Research Center in accordance with American
Association for Accreditation of Laboratory Animal Care stan-
dards, received a single sterile-filtered (0.22 �m) oral OTP dose
(3 mg/kg; 2% propanediol and 1% ethanol v/v in PBS, pH 7.4). EDTA-
anticoagulated blood was collected at pre-dose and 0.5, 1, 2, 4, 6,
8,24, 32, 48, 56, 72 and 80 h and plasma obtained by centrifugation
(900 rpm at room temperature). Plasma was immediately frozen
and stored at −80 ◦C until analysis.

OTP plasma concentration–time data were analyzed by
non-compartmental methods. The area under the plasma
concentration–time curves from time 0 to infinity (AUC0–∞)

was calculated by the trapezoidal rule with extrapolation to time
infinity. The terminal half-life (t1/2) was calculated as 0.693/�z,
where �z represents the terminal phase elimination constant
determined from the slope of the regression line of the last three
points of the concentration time profile.
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ig. 2. MRM chromatograms: blank plasma sample showing no interferences of an

. Results

.1. Mass spectrometry

The ionization and fragmentation of OTP were studied using
lectrospray ionization tandem mass spectrometry in positive and
egative modes. The molecular ion [M−H] was observed at m/z
63.1 in negative mode. There were no significant molecular ion
eaks observed in positive mode. The collision-induced dissocia-
ion of the [M−H] precursor ion at m/z 363.1 produced an intense
roduct ion at m/z 94.9 at the optimum collision energy of 52 eV.
imilarly the molecular ion (M−H) and the product ion of deuter-
ted OTP (IS) were observed only in negative mode at m/z 402.5 and
5.1. MRM based on the m/z 363.2 → 95.1 and m/z 403.1 → 95.1,
ransitions were specific for OTP and IS. OTP and IS eluted at reten-
ion times of ∼0.97 and ∼1.3 min, respectively during the 3-min
radient chromatography.

.2. Selectivity and sensitivity

Carryover, a potential problem arising especially with lipid-
ased drug analysis was tested by injecting blank samples

mmediately after a high QC sample (1500 ng/mL). A chromato-
raphic peak with ∼2 to 5% of high QC peak area was observed
n the blank sample at the same retention time. After a brief inves-
igation, it was concluded that OTP sticking to metal surface during
njection was causing the carryover problem. To eliminate this
roblem the injector needle height was adjusted to minimize the
ontact surface between analyte and needle, two kinds of wash
olution was used between injection (wash solution 1: CCl3/IPA
50/50, v/v); wash solution 2: same as mobile phase), which sig-
ificantly reduced carryover to less than 10% of the LOQ peak
rea.

Assay selectivity was assessed using blank samples spiked with
ither OTP or IS. Interfering peaks at the retention time of the

nalytes were not observed in blank extracted plasma from each
onkey using the established method conditions. Additionally, no
TP and IS signals have been observed in any pre-dose monkey

amples evaluated to date. The LOQ of OTP was 10 ng/mL for the
lasma assay.
nd IS. OTP spiked at 10 ng/mL (LLOQ) and 1500 ng/mL (HQC) in monkey plasma.

Fig. 2 displays representative chromatograms of blank plasma
and plasma spiked OTP with or without IS. Blank plasma chro-
matograms show no interfering peaks at the observed OTP and IS
retention times.

3.3. Linearity and lower limit of quantification

Standard curves were constructed by plotting ratio of peak areas
of OTP and IS versus concentration and were linear in plasma. The
correlation coefficient of OTP was found to be 0.997 for plasma
samples or better.

The mean ± standard deviation (n = 3 replicates) of OTP slope
and intercept of the regression curve were 0.0014 ± 0.0001 and
−0.029 ± 0.037 for plasma. The assay was linear over the concentra-
tion range 10–2000 ng/mL. The limit-of-detection (LOD) (S/N > 4)
and limit-of-quantitation (LOQ) (S/N > 10) were estimated to be
3 ng/mL and 10 ng/mL, respectively.

3.4. Precision and accuracy

The inter- and intra-day accuracy and precision values were cal-
culated by taking high, mid and low quality control samples (n = 3)
and are displayed in Table 1. The precision (% CV) of quality control
plasma samples was less than 5.3% (intra-day), and 2.2% (inter-
day), respectively. The accuracy was 103.8% (intra-day), and 103.9%
(inter-day) or less for plasma, respectively. The values of precision
and accuracy were acceptable in view of the international recom-
mendation that the precision and accuracy should not exceed 15%
except at the LOQ, which should lie within ±20% of the targeted
concentration. The results indicated the method was reproducible.

3.5. Recovery from plasma

The calculated extraction recoveries for QC samples at three dif-
ferent concentration levels in monkey plasma samples ranged from
81.9 ± 12.1 to 87.4 ± 9.4%, proving that this method of extraction
was suitable for plasma samples. The study indicated that an opti-

mized butanol based liquid–liquid extraction method with plasma
to butanol ratio 1:8, resulted in high extraction recoveries. Three
different blank plasma samples from each monkey were tested for
interfering peaks corresponding to OPT and IS MRM transitions.
Method selectivity was demonstrated by the fact that no corre-
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Table 1
Summary of OTP quality control sample validation in monkey plasma.

Nominal concentration (ng/mL) Intra-day measured concentration (ng/mL) Inter-day validation summary

Day 1 Day 2 Day 3 Mean SD % CV % Accuracy

LQC 20 20.24 20.95 21.12 20.8 0.47 2.24 103.85
19.82 19.02 20.26
20.91 19.22 20.92

Mean 20.323 19.73 20.77
SD 0.5498 1.06 0.45
% CV 2.7051 5.379 2.167
% Accuracy 101.62 98.65 103.8

MQC 300 302.1 303.50 294.2 299.93 5.01 1.67 99.98
294.5 294.10 305.2
291.2 312.50 294.4

Mean 295.93 303.37 297.93
SD 5.59 9.20 6.29
% CV 1.89 3.03 2.11
% Accuracy 98.64 101.12 99.31

HQC 1500 1510.2 1490.2 1484.5 1494.97 13.5 0.90 99.66
1507.2 1528.5 1521.2
1481.2 1492.8 1515.7

Mean 1499.53 1503.83 1507.13
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b
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SD 15.93 21.40
% CV 1.06 1.42
% Accuracy 99.97 100.26

ponding peaks were observed (Fig. 2). The method is sensitive,
elective, precise, and accurate for the determination of OTP in
onkey plasma samples at very low concentrations (10 ng/mL)

ver a concentration range extending up to 2000 ng/mL.

.6. Stability

The results of three freeze–thaw cycles show that OTP was sta-
le. The results of the long-term stability study suggested that
TP was stable upon storage −70 ◦C. Extracted and methanol-

econstituted OTP was stable and no significant changes were
bserved when left in the CTC-PAL autosampler for 12 h. Average
ample analysis time was around 3 h and OTP was observed to be
table up to 2 freeze–thaw cycles.
.7. Biological matrix

Matrix effects were consistent with no significant analyte ion
uppression when the LC eluent was directed to waste from 0–0.6

ig. 3. OTP plasma concentration versus time profile. OTP (3 mg/kg) was orally
dministered as a single dose to monkeys followed by serial sampling of the plasma.
19.79
1.31

00.48

to 2.0–3.0 min during the 3.0 min sample runtime. Matrix effects
were consistently below 15%.

3.8. OTP Pharmacokinetics

Our method was applied to study the systemic exposure of OTP.
Individual concentration vs. time profiles of OTP following oral
administration of 3 mg/kg in monkeys are shown in Fig. 3. OTP
plasma concentration declined exponentially after reaching a max-
imum plasma concentration at approximately 2 h. OTP exhibited a
relatively long terminal half-life (∼8 h) with a low volume of distri-
bution (0.4 L/kg). The long plasma half-life of OTP was attributed
to the fact that OTP was cleared very slowly from the plasma
(∼0.4 L/h/kg).

4. Discussion

LPA is rapidly inactivated via both phospholipase- and lipase-
mediated deacylation and lipid phosphate phosphatase-mediated
dephosphorylation; a fact which limits LPA’s potential drug candi-
dacy. A strategy for the design of stable LPA analogues was provided
when it was hypothesized that thiophosphate substitution con-
ferred resistance to LPP-mediated degradation as in the case of
the ester-linked thiophosphate derivative (1-oleoyl-2-O-methyl-
rac-glycerophosphothionate, OMPT) [10]. This hypothesis led us
and others to design and synthesize novel metabolically stable thio-
phosphate derivatives (e.g., OTP) [9,11,12]. Recently, we provided
the first direct evidence that thiophosphate derivatives were resis-
tant to phosphatase activity by demonstrating that LPP1 derived
from mouse embryonic fibroblasts was unable to dephosphorylate
OTP [4]. Another important degradation pathway for LPA is via acy-
lation of the sn-2 hydroxyl group. OTP lacks the sn-2 hydroxyl group
of its congener LPA, which should further slow its systemic clear-
ance and increase half-life in vivo. In order to test this hypothesis,
we developed and validated a novel highly specific MRM-based

LC–MS/MS assay to study the OTP’s disposition in monkeys follow-
ing subcutaneous administration.

In the current study, a reverse phase LC–MS/MS method using
deuterated-OTP as IS was developed to quantify OTP in plasma
samples. Several combinations of organic and aqueous mobile
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hases and a variety of stationary phases (C8, C18 and silica) were
ttempted, but higher sensitivities with better peak shapes with
inimal tailing and lower baselines were achieved using a C8

olumn and an ammonium acetate buffer (A) (5 mM, pH 7.0)/ace-
onitrile (B). Variations in mobile phase pH (pH 4, 5 and 9) did not
nhance detection sensitivity, which is in agreement with observa-
ions made by Jemal et al. [13]. However, use of either a highly acidic
r basic mobile phase was avoided because of possible degradation
f OTP under these conditions.

Different extraction methods including protein precipitation
methanol, ethanol, and acetonitrile) and liquid–liquid extrac-
ion using chloroform and chloroform/methanol yielded very low
ecoveries of OTP (∼20 to 30%). An optimized butanol based
iquid–liquid extraction method with plasma to butanol ratio 1:8,
esulted in high extraction recoveries. The method is sensitive,
elective, precise, and accurate for the determination of OTP in
onkey plasma samples at very low concentrations (10 ng/mL)

ver a concentration range extending up to 2000 ng/mL. The use of
he stable labeled IS effectively corrected minor fluctuations during
he extraction and sample analysis, including ion suppression and

atrix effects in the ion source.
OTP pharmacokinetics in monkeys following oral administra-

ion was studied. The results show OTP was eliminated very slowly
rom the systemic circulation and as a result demonstrated a rela-
ively long half-life of 7.66 h. In mice, dephosphorylated OTP was
dentified as the primary metabolite in plasma. This was some-

hat surprising considering our in vitro findings that OTP was
esistant to LPP-mediated dephosphorylation. It is possible that
nterspecies differences in LPP substrate specificity could account
or this observation. However, this seems less likely considering
he same dephosphorylated metabolite was formed at a much
igher rate in mice following subcutaneous OTP administration (H.
osanam, S. Ramagiri, Y. Kimura, V. Gududuru, W. Deng, G. Tigyi,
. Miller, and C.R. Yates, unpublished work). Another possibility is

he existence of an unidentified (thio)-phosphatase whose activity

aries dramatically across species.

In summary, preclinical pharmacokinetic studies of OTP in mon-
eys demonstrate that OTP is relatively long-lived as a result of
nefficient elimination processes. The primary route of metabolism
nvolves a thiophosphatase-like activity that apparently varies dra-

[

[

[

. B 878 (2010) 2379–2383 2383

matically between species. Significant interspecies differences in
thiophosphatase activity would have important implications in the
pre-clinical and clinical development of OTP, particularly when
developing interspecies scaling estimates of dose.
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