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Abstract

This article describes the overall procedure for the simultaneous determination of endocannabinoids (arach-
idonylethanolamide and 2-arachidonyglycerol) and isoprostane by gas chromatography—mass spectrometry in the selected-
ion monitoring SIM mode (GC-MS-SIM) for medical samples. It also describes the general points of this method which a
scientist who wants to assay a new, unidentified prostanoids and related compounds in medical samples would need to be
clarified. The similar structures of prostaglandins, thromboxane, their metabolites, isoprostane, and arachidonyl compounds,
allow them to be assayed after the simultaneous preparation of a single sample. The dimethyl isopropylsilyl ether forms of
derivatized compounds are suitable for multiple GC-MS-SIM assay because of their molecular stability, and because they
produce positive, strong, and large fragments on MS.

0 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction the selected-ion monitoring SIM mode (GC-MS-
SIM) and the stable-isotope dilution method. This
Prostaglandins (PGs) and thromboxane (TX) have simultaneous assay can also be used for other types
similar molecular structures and molecular masses of arachidonate peroxides and related analogues
but exhibit different biological activities and medical (TXB2, 6-keto-PGF1 PGF2, 8-epi-PGF2,
reactions in various tissues. Our laboratory has «,193-PGF2, PGE1l, PGE2, 8-epi-PGE2, PGD2,
developed a simultaneous assay for PGs and TX by PGD3, DK-PGD2, 2-AG, anandasid®]?) to

means of gas chromatography—mass spectrometry in analyze new functions and physiological roles in
biomedical researchi—7], unpublished data).
*Corresponding author. Tel.+81-3-3433-1111; fax:+81-3- The_ phySIOIOgICE_lI roles of nery dlscoyered
3435-1922. arachidonate peroxide compounds, such as isopros-
E-mail address: obatat@jikei.ac.jq{T. Obata). tane, are also of considerable interg¢®t9]. Con-
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centrations of isoprostane, also known as 8-epi-
PGF2y, increases in specimens during long-term
storage [10], but it is now accepted that active

oxygen or free radicals are oxidized to arachidonate
and that the D, E, and F forms of isoprostane are
generated under physiological conditiofi$1,12].

the most direct markers of oxidative strgd8—15].
In addition, these isoprostanes might play other

septic shock with the stable isotope dilution method
and GC-MS-SIM has applied to evaluate clinical

status. In the present report, this simultaneous analy-

sis method for the assay of additional PG-related
compounds and endocannabinoids is verified for

application and its possible practicible checkpoints
For these reasons, isoprostane generation is one of

are discussed.

physiological roles, such as lipid mediators by 2. Materials and methods

affecting TX receptorg16,17].

Environmental factors, such as low-dose radiation
from color cathode ray tubes, low-energy electro-
magnetic waves from cellular phones, air pollution,
smoking, and hazardous chemical compounds,
produce oxidative stress in the human bddy4].

The strategy and principle of sample preparation
and derivatization procedures for simultaneous anal-
ysis of PGs with GC-MS-SIM are as previously
descfihddr].

Isoprostane might play a role in hypersensitivity 2.1. Materials

syndromes, inflammatory diseases, and arthero-
sclerosis that have recently become more prevalent
[18].

On the other hand, endogenous cannabinoid re-
ceptor ligands, such as opioid receptors that bind to
morphine, have recently been discovered. These
endogenous ligands—arachidonyl-ethanolamide
(anandamide) and 2-arachidonylglycerol (2-AG)—
are derived from arachidonaf#&9,20]. These medi-
ators have multiple physiological functions, such as
sustaining pregnancy, mediating immune reactions,
stimulating oncogene expression, stimulating apop-
tosis, preventing cell damage, and producing hypo-
tension in septic shock21-25]. Anandamide is
thought to derive from macrophages, and 2-AG to
derive from platelets; these similar mediators may
play different roles in maintaining homeostasis
[26,27]. The reasons for these contradictory reactions
have not been clarified.

Especially, evidence is accumulating that these
new arachidonate peroxide and arachidonate ana-
logues are physiologically essential molecules which
elicit septic shock.

To analyse and/or evaluate of these PGs and

All organic solvents (Nacalai Tesque, Kyoto,

Japan) were of high-performance liquid chromatog-

raphy or analytical-reagent grade. DMiPSi imidazole
was purchased from Tokyo Kasei Kogyo (Tokyo,

Japan). An ethereal solution of diazomethane was
prepared fiemethyl-N-nitrosop-toluenesulfon-

amide (Tokyo Kasei Kogyo) under alkaline con-

ditions.

Deuterated and nondeuterated PGs and endogen-
ous cannabinoids were purchased from Cayman
(Ann Arbor, MI, USA). Cartridges of octadecyl silica
(Sep-Bgk C , 500 mg per cartridge) were purchased

from Waters (Milford, MA, USA). Silicic acid (silica

gel 60 extra pure, 70—230 mesh, E. Merck, Darm-
stadt, Germany) was purchased from Nacalai Tes-
gue. Silica gel 60 powder was immersed in organic
solvent for at least 24 h. Sephadex LH20 (Amersham

Pharmacia Biotech, Uppsala, Sweden) was purchased

from Nacalai Tesque. Resin powder was immersed
in organic solvent (chloroform—hexane—methanol,
10:10:1) for at least 24 h. Other reagents were of

analytical-reagent grade and commercially available.

endocannabinoids in septic shock patients, simulta- 2.2. Sample collection

neous determination should be examined. They could
be derivatized to the methyl esters of the dimethyl
isopropylsilyl (DMiPSi) ether form with the same
preparations for GC assdy,28].

A method for the simultaneous determination of
isoprostane and endocannabinoids in a plasma of

Blood samples were obtained from human subjects

and animals. Venous blood from patients was gently
drawn from the antecubital vein into plastic syringes

containing 3.8% (w/v) trisodium citrate anifl 3 m
indomethacin. Blood from animals was collected
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from the heart directly into identical plastic syringes.
Blood samples were immediately centrifuged at 2000
g and 4°C for 15 min, and the resulting plasma was
stored at—80°C until assay.

2.3. Extraction

Aliquots of 0.2 to 5 ml of plasma were diluted
with distilled water (final volume, 10 ml). Deuter-
ated PGs (¢ -8-epi-PGRB2 1 ng; d, -anandamide, 10
ng; d; -2-AG, 5 ng) were added as internal standards.
Solutions were acidified with hydrochloric acid
(2 M) to pH 3.0, then ethanol was added to produce
a final concentration of 15% (v/v). Solutions were
applied to an octadecyl silica minicolumn (Sep-Pak
C,s; preactivated with 10 ml of methanol and
equilibrated with 15%, v/v, ethanol). The
minicolumn was washed with 10 ml of 15% (v/v)
ethanol (pH 3.0) and 10 ml of petroleum ether. PGs
and TX were eluted with 10 ml of ethyl acetate. The

eluate was evaporated to dryness in vacuo at less

than 40°C.
2.4. Purification and derivatization

2.4.1. Methyl ester formation

Crude extracts were dissolved in 0.05 ml of
methanol and added to 0.4 ml of diazomethane
ethereal solution. The mixture was allowed to stand
in the dark at room temperature for 30 min, then
evaporated to dryness in vacuo at less thafiClO

2.4.2. First purification by silicic acid column
chromatography

The methyl esters of PGs and TX were dissolved
in hexane—ethyl acetate (2:1); the resulting solutions
were applied to a silicic acid column ¥®.5 cm
I.D.) prewashed with the same solvent. The column

was washed with 10 ml of the same solvent, and PGs

and TX were eluted with 30 ml of ethyl acetate
containing 1% (v/v) methanol. The effluent from the
silicic acid column was evaporated to dryness in
vacuo at less than 4C.

2.4.3. Methyloxim (MOX) formation and
dimethylisopropyl (DMiP) silylation

The methyl esters of PGs and TX were dissolved
in 0.05 ml of pyridine containing 4% (w/v)-

133

hydroxymethylamine. The resulting mixtures were
allowed to stand for 1 h AE.58fter MOX
formation, the reaction mixtures were added to 0.05
ml of DMIiPSi imidazole and left to stand for 60 min
at room temperature. Excess reagent was removed
with a Sephadex LH-20 column ¥8.5 cm 1.D.) and
an organic solvent comprising hexane—chloroform—
methanol (10:10:1, v/v) as eluate to obtain the
derivatized PGs and TX. The effluent from the
Sephadex LH-20 column was evaporated to dryness
in vacuo at less thién 30

2.5. GC-MS conditions

A GC-MS system (JMS-DX 303, Jeol, Tokyo,
Japan) equipped with a data processing system
(JMA-DA 5000, Jeol) was used. The column was a
30x0.317 mm |.D. fused-silica capillary (DB-1,

film thicknesgu1J&W Scientific, Folsom, CA,
USA). The temperature of the column oven was
programmed to be raised in two steps. In the first
step, the oven temperature was 100for 1 min,
then raised to 25€0C at 32°C/min; in the second
step, the temperature was raised from 250to
300°C at 4°C/min. An all-glass, solventless injector
was mounted horizontally in the injection block of
the gas chromatograph. Helium was used as the
carrier gas at a liner velocity of 21 cm/s. The
temperature of the injection port and the separator
block was “8Q0and the ionization source was
maintained at 228C. The ionization energy was 70
€V. The selected ions monitored are described at a
mass spectral resolution of 3000.

3. Results and discussion

Isoprostane and endocannabinoids were extracted
with organic solvents; purification by means of solid-
phase extraction with an octadecyl silica column and
a silicic acid column was done three times with
different organic solvent components between steps
for extraction and derivatization for GC—MS assay.
Derivatization of carbonyl groups of PGs and TX
was performed to produce methyl esters, of the
hydroxyl group to produce DMIPSi ether forms, and
of the ketone group to produce MOX[for28].
To perform a simultaneous preparation in purifica-
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tion and derivatization, it was studied whether any
procedure had interfered with another derivatization
of each PG. For example, some PGs do not contain
active groups, such as hydroxyl groups or carbonyl
groups {Table 1. Anandamide, and 2-AG have no
carbonyl or ketone groups. The methylation and
MOX treatments do not interfere with derivatization
of these endocannabinoids.

structures, including deuterated parts, and is useful
for identification and assay in the SIM mode.
Mass spectra of simultaneous derivatized endo-
cannabinoids and isoprostanes are skayvrilin
Many compounds showing strong and specific frag-
ments-{4] were observed.
The DMIPSi ether forms of anandarrige1(A)
and 2-AGig. 1B) produced [M-43] fragments

The DMIPSi ether forms of derivatives are ex-
tremely stable and can be stored-a20°C or lower

for more than 6 months after derivatization. This
stability is an important advantage when many 1C), and 8-epi-PGE2 is the derivatized Me ester of
samples are continuously compared with other silyla-
tion reagents, such as trimethylsilyl. Another advan-
tage is that these DMiPSi-derivatized PGs produce

similar fragments [M-43], which are isolated iso-

propyl groups with high signal intensity. This frag-
ment is large enough to contain whole molecular

m/g 404.30, 535.36, respectively).

In simultaneous preparation, 8-epi-PGH2 the
derivatized Me ester of the DMiPSi ether Fogm (

the MOX-DMIPSi ether fBign {D). Methylation
and methoxim preparation do not interfere with
endocannabinoids derivatization. Although anan-

damide and 2-AG are derivatives of arachidonic

acid, their DMIPSi ether forms are stable for more
than 1 week longer than their original molecular

Table 1
Overview of derivatized PGs for simultaneous analysis

Name/ Structure Derivatization Fragment/g)
DMiPSi [M+] [M —43][*M —31]

447.35 404.30

formula Me MOX

Arachidonyl +o, _H —
ethanolamide ~ O

(Anandamide) - - ©

szH 37NO 2 — — O O
2-Arachidonyl 578.42 535.36
glycerol (2-AG)
C23H 3804

o]0}

: rend COOH
8-epi-PGF2 o — N 668.47 625.41

Cz0H3.05 on

8-epi-PGE2

o
= wu O O o0
(8-iso-PGE2) _ 595.41 552.35

Ca0H3,05 © o

O: Number of derivatized sites in PG structure. {Nt Whole structure after derivatization. [M43]: Liberated isopropy! group from the
[M +] structure. Me, methyl; MOX, methyloxin; DMiPSi, dimethylisopropylsilyl.
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Fig. 1. Mass spectra of derivatized, authentic PGs and arachidonate peroxide. Compound§adseirl. Me: Methyl, DMiPSi:

dimethylisopropylsilyl, MOX: methyloxim. (A) Arachidonyl ethanolamide (anandamide). (B) 2-Arachidonyl glycerol (2-AG). (C) 8-epi-

PGF2x. (D) 8-epi-PGE2.
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forms when stored at-20°C, even when dissolved
in organic solvent. These [M43] fragments were
stronger than the trimethylsilyl ether form fragments
[24]. Therefore, a more sensitive assay could be
performed with this derivatization.

To establish an assay system, the-{¥B] mass
fragments were selected for the SIM assay (anan-
damide, 2AG, 8-epi-PGF2for m/z 404.30, 535.36,
625.41, respectively).

An overview of the chromatographic profile of
these PGs by this simultaneous assay is shown in
Fig. 2. Only derivatized, deuterated PGs, TX, and
endocannabinoids are shown in this SIM chromato-
gram for indicating the distribution of each native
compounds in this method. Of course, deuterated
compounds can be used for assays of each native
one. In addition, 8,113-PGF2 can be assayed with
d;-PGF2:x at the samean/z fragment of PGF&. In
the same way, PGE1, PGD2, PGD3, 8-epi-PGE2 can
be assayed with d -PGE2 at thm/z fragment of
PGE2.

Endocannabinoids were also identified on the basis
of the distances of their retention times from deuter-
ated internal standards. Each deuterated internal
standard appeared 1 to 3 s before the corresponding
native compounds. This finding suggests that each
compound was accurately identified and that cal-
culating the efficiency of derivatization or the re-
covery rate of extraction for each one is unnecessary.
Deuterated and native compounds should behave
identically during simultaneous purification and de-
rivatization.

The most important procedure in simultaneous
assay preparation is chromatographic separation in
the first silicic acid columrnl]. After methylation,
PGs are purified in this column elution. Endocan-
nabinoids (anandamide and 2-AG) were eluted
quickly as were the PGD2 group and TXB2. The E
forms of PGs, included 8-epi-PGE2, eluted moder-
ately quickly, and of the PGs examined, the F forms,
including 8-epi-PGF&, had the highest affinity to
silicic acid on this organic solvent={g. 3). With a
sufficient volume of solvent, all compounds can be
recovered in a single fraction.

Each isoprostane and endocannabinoid can fit to a
linear calibration curve from 5 pg to 100 ng (anan-
damide: y=0.1%+0.006, r=0.99998; 2-AG:y=
0.28+0.006, r=0.99995; y=8-epi-PGFa: y=
0.78+0.055,r=0.99994). The minimum detectable

T. Obata et al. / J. Chromatogr.
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concentrations of these compounds with this simulta-
neous assay method are 10 to 20 pg in plasma, 1 to
10 pg in cerebrospinal fluid (CSF) or cell-culture
supernatant. These minimum concentrations are de-
pendent on the amount of contaminants in each
sampl¢l-7].
Fig. 4A shows the PG spectrum determined with
the simultaneous assay of 8-epi-RBGR2AG, and
anandamide (10 ng each). Anandamide and 2-AG
were well separated and could be identified on the
basis of their distances from the deuterated internal
stand&id. 4B shows the results of an assay of
plasma from a patient with septic shock. This
method can also be used to assay 10 pg to 100 ng of
anandamide and 2-AG from medical specimens with
a single preparation, as for 8-epi-PGF2
Endocannabinoids (anandamide and 2-AG) and

isoprostane (8-epi-PGE2 were assayed in healthy

volunteers, monkey, and ifalise?. In patients

with a variety of neoplastic diseases or inflammation
or both, plasma levels of 2-AG are increased (manu-

script in preparation).

Owing to limitations of instrument performance,
large numbers of PGs and TX cannot be assayed
simultaneously in the SIM mode. The chief limita-
tion is that SIM switching requires time to switch
channels for each PG fragment and to measure

intensity. The measurement of too many channels
can take a considerable time, decreasing the fre-
quency at which each fragment is measured and

lowering the efficiency with which fragment intensi-

ty is assayed.

In practice, the final derivatized sample of this
simultaneous assay preparation is dissolydd in 30
of ethylacetate and used in 2+illOaliquots for
injection into the gas chromatograph using a sol-
ventless injector. Theoretically, the sample can be
assayed two or more times. If all deuterated internal
standards are added at the beginning of sample
preparation, the final derivatized sample would be
assayed in all PGs and TX, separately.
For example, the PG spectrum in plasma from
rhesus monkeys was assayed with SIM chromatog-
raphy to examine oxidative stress due to endotoxin
treatment. Two groups divided on the basis of
molecular mass (8-epi®GF2F2, and &,11B-

PGF2; and TXB2, 6-keto-PGk] were observed
(Fig. 5A). After 1 week, the remaining sample

aliquots were injected into a gas chromatograph
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d4-TXB2 d4-6-keto PGFla

m/z 674.46

d5-8-epl PGF2a | d5-PGF2a

m/z 630.45

m/z 556.38

m/z 543.41

m/z 412.35

b

A\

Fig. 2. SIM chromatograms of deuterated PGs, TX, and endocannnabinoids with estimated positions of other PGs. Deuterated PGs and TX
(1 ng each), and endocannabinoids (10 ng each) were derivatized.
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under different SIM conditionsKig. 5B). With the
second injections in a different channel, three groups
(PGE2 and PGD2; 2-AG; and anandamide) can be
assayed.

On the basis of assay priority, the SIM channel
was chosen, and the derivatized sample can be
assayed repeatedly. The DMiPSi ether form is suit-
able for repeated assay because of its stability, even
if the second assay is performed 1 month after the
first assay.

Using these derivatizations and simultaneous pro-
cedure, we have established an assay for PGs and
endocannabinoids in one sample preparation in medi-
cal samples.

100
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Table 2
Level of endocannabinoids and isoprostane in human, monkey, and mouse
Species Anandamide (pg/ml) 2-AG (ng/ml) 8-epi-PGRRg/ml)
Human 242.35270.15 1.850.79 169.46:49.76
(n=11)
Monkey 760.62-427.18 34.6319.82 136.36:60.63
(n=4)
Mouse 646.56:48.68 16.433.01 238.3420.78
(n=20)
Mean+SD.
R.T. R.T
8 1?1? 14 a 12 .14

m—(ﬂ

A d4-6-keto PGFla

d4-PGE2
: m/z 556.38 :
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Fig. 5. PG spectrum of monkey plasma for analyzing oxidative stress. (A) Assay for TXB2, 6-ketaxPBGE2, 9«,113-PGF2, and
8-epi-PGF2 to analyze oxidative stress. (B) Remaining samples from (A): assay for PGE2, PGD2, 2-AG and anandamide.
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