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Abstract

An improved technique for the analysis of phosphatidylcholine (PC) and lyso-phosphatidylcholine (lyso-PC) oxidation products was
developed using quadrupole time of flight (Q-TOF) mass spectrometry with electrospray ionization. We separated these products using an
HPLC G column with a gradient of methanol and 10 mM aqueous ammonium acetate. Monohydroxides, oxo derivatives, and trinydroxides
of palmitoyl-linoleoyl (C16:0/C18:2) PC, stearoyl-linoleoyl (C18:0/C18:2) PC, and oleoyl-linoleoyl (C18:1/C18:2) PC were detected mainly
as MH" and [M + NaJ ions in the heart of the intact rat. Using standard synthetic PC-OH (C16:0/C18:2-OH), the lipid extract component was
identified as (C16:0/C18:2-OH) PC based on the product ions of ESI-MS-MS and, the PC-OH concentration was quantitated. Four oxidatively
modified 1-lyso-phosphatidylcholines (lyso-PCs) were also detected. This is the first report showing the presence of monohydroxides, oxo
derivatives, and trihydroxides of (C16:0/C18:2)PC, (C18:0/C18:2)PC, and (C18:1/C18:2) PC in the rat heart.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and epoxyhydroxy derivatives of (C16:0/C18:2)PC,
(C18:0/C18:2)PC, and (C18:1/C18:2)PC in the rat heart
The oxidation of linoleic acid hydroperoxide in vivo [2]. The aim of this study was to elucidate the molecular

products as follows[1]. 13-Hydroperoxy-%is,114trans structure of oxidation products other than monohy-
octadecadienoic acid formed by the peroxidation of linoleic droperoxides and epoxyhydroxy-derivatives of PC and
acid in vivo reacts with hematin to producerythro lyso-phosphatidylcholine (lyso-PC) in control rat heart by
11-hydroxy-12, 13-epoxy-9-octadecenoic acitiyeo11- Q-TOF mass spectrometry with electrospray ionization.
hydroxy-12,13-epoxy-9-octadecenoic acid, 9,12,13-tri-  The proposed molecular species of oxidatively modified
hydroxy-10-octadecenoic acid, 13-o0x0-9,11-octadecadieno-PC and protonated molecular ions are showhahle 1 The

ic acid and 13-hydroxy-9,11-octadecadienoic dtjd Simi- proposed molecular species of lyso-PC and oxidatively mod-

lar reactions are believed to occur with phosphatidylcholine ified lyso-PC are also shown Fable 2
(PC) hydroperoxide. Previously, we identified a monohy-

droperoxide of palmitoyl-lynoleoyl (C16:0/C18:2)PC using

quadrupole time of flight (Q-TOF) mass spectromdgty; 2. Experimental

We also detected monohydroperoxides of stearoly-linoleoyl

(C18:0/C18:2)PC and oleoyl-linoleoyl (C18:1/C18:2)PC 5 1 Materials
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Table 1
Molecular species of oxidatively modified phosphatidylcholine (PC) and
protonated molecular ions

Peak

Molecular species of PC

Ry R> MH™*

Standard PC-OH

1 16:0 Hydroxy-18:2 774.6
Hydroxy-PC

2 16:0 Hydroxy-18:2 774.6

3a 18:1 Hydroxy-18:2 800.6

4 18:0 Hydroxy-18:2 802.6
Oxo-PC

5 16:0 Ox0-18:2 772.6

6 18:1 Ox0-18:2 798.6

7 18:0 Ox0-18:2 800.6
Trihydroxy-PC

8 16:0 Trihydroxy-18:2 808.6

9 18:1 Trihydroxy-18:2 834.6

10 18:0 Trihydroxy-18:2 836.6

from Wako Pure Chemical Co. (Osaka, Japan). 1-Palmitoyl-
2-linoleoyl-phosphatidylcholine hydroxide (C16:0/C18:2-
OH, PLPC-OH) was prepared by the aerobic oxidation of
PLPC with lipoxygenasgd]. PLPC (6umol) was dissolved

in 20ml of 0.1 M sodium borate buffer (pH 9) containing
3 mM sodium deoxycholate and mixed with 2 mg of soybean
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2.2. Tissue extraction

Six control rats were killed under deep anesthesia induced
by pentobarbital sodium (Abbott Lab, Abbott Park, IL, USA).
The hearts were dissected on ice and the total lipids were
extracted by adding 4 ml of ice-cold chloroform:methanol
(3:1, v/v) containing 0.005% BHT to approximately 0.1 g of
heart, followed by homogenization underice-cold conditions.
The homogenate was mixed with another 4 ml of chloroform:
methanol (3:1, v/v) and 1 ml of distilled water, spun vigor-
ously for 1 min, and then centrifuged at 8@ for 20 min.

The chloroform layer was removed by aspiration, concen-
trated in a rotary evaporator and then dried under a nitrogen
stream. The phospholipid fraction was then isolated from the
total lipid sample by solid phase extraction. A silica column
(Sep-Pak, Waters Co. Milford, MA) of 3 ml capacity packed
with aminopropyl-derivatized silica (-NH was used. The
total lipid sample was dissolved in a small amount of chloro-
form and layered on the column, which then was flushed with
a mixture of 2 ml of chloroform and 1 ml @§o-propanol. The
column was next flushed with methanol containing 0.005%
BHT, giving an eluate consisting mainly of phospholipid.
This was concentrated using a rotary evaporator, dried under
a nitrogen stream and then dissolved in §50f methanol.

A 1 pl portion was injected into the LC-MS.

lipoxygenase (Sigma, Type 1B). The solution was stirred ford2.3_ LC—MS conditions

45min at room temperature and was passed through a soli
phase extraction tube (Supelco LC-18, 1g, Sigma—Aldrich,

Tokyo, Japan) to remove bile acid and other components.
The eluant was concentrated and PLPC-OOH was puri-

fied by HPLC (Superiorex ODS column; 20 ma250 mm,

5wm, Shiseido, Tokyo, Japan) using 0.02% triethylamine in
methanol as the mobile phase with a flow rate of 8 ml/min.
The corresponding alcohol (PLPC-OH) was purified by solid

phase extraction and HPLC separation as described abov

after the reduction with sodium borohydride. The amount
of phospholipid was quantitatively analyzed and found to
be 2.20mg/ml. MS: 774.6 (MH monooxide) and 796.6
(IM+Na]*, monooxide).

Table 2
Molecular species of lyso-phosphatidylcholine (lyso-PC) and oxidatively
modified lyso-PC

Peak Molecular species of lyso-PC
R1 Ro MH*
Oxidized lyso-PC
11 H Trihydroxy-18:2 570.3
12 H Hydroperoxy-18:2 552.3
13 H Ox0-18:2 534.3
14 H Hydroxy-18:2 536.3
Lyso-PC
15 H 18:2 520.3
16 16:0 H 496.3
17 H 18:1 522.3
18 17:0 H 510.3
19 18:0 H 524.3

An HPLC model 1100 system (Agilent Technolo-
gies, Waldbronn, Germany) with a LunagCcolumn
(2.0mmx 150 mm, 5.um; Phenomenex, Torrance, CA)
was used. Injections of rat samplesp(1(MS) and 2ul
(MS/MS)) were made. The column was maintained &t@0
and eluted at 10Qal/min. The mobile phase consisted of 5%
methanol with 10 mM aqueous ammonium acetate (solvent

%\) and 95% methanol with 10 mM aqueous ammonium ac-

etate (solvent B). Separation was carried out with a linear
gradient starting with 90% solvent B followed by ramping
up to 100% solvent B at 20 min and then maintaining for
17 min. The total run time was 37 min.

Mass spectrometric analysis was performed on a
guadrupole orthogonal acceleration time of flight, Micromass
Q-TOF Micro (Waters Corporation, Milford, MA) equipped
with an electrospray interface. The instrument was oper-
ated in positive ion mode with a capillary voltage of 3200V
and a cone voltage of 40V. The desolvation gas was set at
600 L/h with a desolvation temperature of 8Dand source
temperature of 80C. Full-scan spectra were recorded in
profile mode. The range between’z 100 and 1000 was
recorded at a resolution of 5000 (FWHM) and the accumula-
tion time was 1 s/spectrum. Accurate masses were measured
by comparison to a reference compound, Leucine Enkephalin
(IM+H]*=556. 2771 Da) infused into the Lock Spray ref-
erence channel. Quantitative analysis was carried out in the
selected ion monitoring (SIM) mode. The ion monitored for
quantitation wasnz 774.6.
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Table 3
Accurate mass measurement results for compounds found in the rat heart
Peak R.T. (min) Measuren/z Calculatedn/z Composition Differencés(ppm)
1° 9.8 774.5657 774.5649 C42H81NO9P .01
2 95 774.5645 774.5649 C42H81NO9P -05
3a 105 800.5818 800.5805 C44H83NO9P 61
4 139 802.5959 802.5962 C44H85N0O9P —-04
5 9.8 772.5502 772.5492 C42H79NO9P 21
6 109 798.5624 798.5649 C44H81NO9P -31
7 138 800.5817 800.5805 C44H83NO9P 41
8 39 808.5715 808.5704 C42H83NO11P 41
9 4.3 834.5881 834.5860 C44H85NO11P 52
10 56 836.6050 836.6017 C44H87NO11P 93
11 12 570.3427 570.3407 C26H53NO10P 53
12 13 552.3317 552.3301 C26H51NO9P .82
13 19 534.3203 534.3196 C26H49NO8P 31
14 16 536.3356 536.3352 C26H51NO8P .70
15 23 520.3407 520.3403 C26H51NO7P .70
16 30 496.3402 496.3403 C24H51NO7P -0.2
17 32 522.3561 522.3560 C26H53NO7P .30
18 32 510.3532 510.3560 C25H53NO7P —-54
19 41 524.3710 524.3716 C26H55NO7P -12

a Differences in values between measured and calculated.
b Standard PC C16:0/C18:2-OH.

3. Results umn 5), of PC C18:1/C18:2 at/z798.6 of 10.9 min (column
6), and PC C18:0/C18:2 atz800.6 of 13.8 min (column 7).

Accurate masses of 19 components of PC and lyso-PCThe ESI mass spectra of peaks 5, 6, and 7 showed Mtd
oxidation products in rats were measured (a single run) us-[M +Na]* ions as follows: 5, 772.6 and 794.5; 6, 798.6 and
ing the Q-TOF system. The results of the measurements are820.6; 7, 800.6 and 822.€ig. 3).
shown inTable 3 Fig. 4shows the product ion profiles for standard PC-OH

The following possible products of phosphatidylcholine and peaks 2, 5, and 7. For standard PC-OH, the base peak
oxidation are shown irig. 1 (A) 13-Hydroxy-PC and 9-  wasnVz 756.6. The breakdown product lost 18 mass units,
hydroxy-PC; (B) 13-ox0-PC and 9-oxo-PC; and (C) 9,12, corresponding to dehydration; a small peak was seenizt
13-trihydroxy-PC. 184.1, corresponding to choline phosphate; this supported

Fig. 2 shows mass chromatograms obtained from 5 to the assignment as phosphatidylcholine hydroxide. For peak
16 min by LC-MS. Mass chromatograms of standard PC- 2, the base peak was/z 756.6; a small peak attributed to
OH (column 1) and rat extracts (columns 2, 3, and 4) are fragment ion appeared a¥z 184.1. Thus, peak 2 was iden-
shown inFig. 2 Coinciding peaks are seen originating from tified as PC C16:0/C18:2-OH. For peaks 5 and 7, the base
the MH* of standard PC-OH (C16:0/C18:2-OH)yafz 774.6 peak wasn/z772.6 and 800.6, respectively with small peaks
at a retention time of 9.8 min, from the Mtbf the hydroxy associated with fragment ions appearingrét 756.6 and
derivative of PC C16:0/C18:2 atVz 774.6 with a reten-  784.6, respectively. Each breakdown product lost 16 mass

tion time of 9.5 min (column 2), from the MHof the hy- units, corresponding to deoxygenation. Moreover the peaks
droxy derivative of PC C18:1/C18:2 at/z 800.6 (column 5 and 7 had fragment ions a¥z 184.1.
3), and from the MH of PC C18:0/C18:2 ain/z 802.6 (col- Thus, peaks 5, 6, and 7 were assumed to be the

umn 4), respectively. The ESI mass spectra of standard PC-oxo derivatives of PC C16:0/C18:2, PC C18:1/18:2, and
OH and peak 2 showed MH(m/z 774.6), [M-HO + HJ* PC C18:0/C18:2, respectivel§ig. 5 shows mass chro-
(m/z 756.6), and [M +Na] (m/z 796.5) ions, as shown in  matograms of rat extracts from 0 to 8 min (A) and from 0O to
Fig. 3 The ESI mass spectrum of peak 3a appearing at5min (B). Coinciding peaks are seen originating from MH
10.5 min show MH (m/z800.6), [M-HO + H]* (m/z782.6), of trihydroxy derivatives of PC C16:0/18:2, PC C18:1/C18:2,
and [M+Na] (m/z 822.6) ions, and that of peak 4 MH and PC C18:0/C18:2 at/z 808.6, 834.6, and 836.6, respec-
(m/'z802.6), [M-H0 + H]" (m/z 784.6), and [M + N4 (m/z tively. The ESI mass spectra of peaks 8, 9, 10 showed MH
824.6) ions Fig. 3). The peak appearing at 13.8 mirid. 2, and [M + NaJ" ions (Fig. 6upper column). Irfig. 6, the lower
column 3) without an ion at/z 782.6 was not estimated as column shows the production profiles for peaks 8 and 10. The
hydroxyl-PC (C18:1/C18:2). base peak showenl/z 808.6 and 836.6, respectively, and
Mass chromatograms of oxo-PC from rat extracts small peaks associated with fragment ions appearedzt
(columns 5, 6 and 7) are shownhig. 2 Coinciding peaks  790.6, 772.6, and 754.6 for peak 8 and at 818.6, 800.6, and
are seen originating from the Mtbf oxo derivatives of PC ~ 782.6 for peak 10. These breakdown products lost 18 mass
C16:0/C18:2 at/z772.6 with retention time of 9.5 min (col-  units. Moreover, peaks attributed to fragment ions appeared
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Phosphatidylcholine
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Fig. 1. Possible products of phosphatidylcholine oxidation.
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atm/z184.1. Thus, peaks 8, 9, and 10 were assumed to be thesig. 2. Mass chromatograms of standard PC-OH and lipid extracts from 5
trinydroxy derivatives of PC C16:0/C18:2, PC C18:1/18:2, to 16minusing LC-MS.

C18:2, 1-lyso-PC C18:2-O0H, 1-lyso-PC C18:2-ox0, and 1-
lyso-PC C18:2-OH, respectively.

The mean concentration of PC C16:0/C18:2-OH in the rat
heart determined by SIM was 35+110.3 nmol/g wet weight

and PC C18:0/18:2, respectively.

In Fig. 5B), coinciding peaks are seen originating from
MH™* of the trihydroxy derivative of 1-lyso-PC C18:2 miz
570.3 with retention time of 1.1 min (column 11), from MH
of the hydroperoxy derivative of 1-lyso-PC C18:2 raiz
552.3 with retention time of 1.3 min (column 12), from MH
of the oxo derivative of 1-lyso-PC C18:2 miz 534.3 with
retention time of 1.4 min (column 13), and from Midf hy-
droxy derivative of 1-lyso-PC C18:2 ai'z536.3 with reten-
tion time of 1.6 minFig. 7shows ESI mass spectra of peaks
11-14. For peak 11 the mass spectrum showed Ntz
570.3), [M+ Nal (m/z592.3), and [M + KT (m/z608.3). For
peak 12 MH (m/z552.3), [M+ Na] (m/z574.3), [M+K]*
(m/z 590.3), for peak 13 MH (m/z 534.3), [M+NaJ (m/z
556.2), for peak 14 MH(mVz536.3), [M + Na] (m/z558.2),
and [M-H,O + HJ" (m/z518.3). Thus, peaks 11, 12, 13, and

(n=6).

We investigated the validation of this assay method. The
calibration curve was linear in the range of 10—100 nmol/ml.
The intra-series precision of the present method was 7.0%
coefficient of variation (C.V.){=5). The extraction recovery
was determined by adding PC-OH at 80 nmol to tissue. The
recovery was 65%.

4. Discussion

In the present study, we applied LC-MS and LC-MS-MS
14 were assumed to be the trihydroxy derivative of 1-lyso-PC systems to analyze the oxidation products of PC and lyso-



J. Adachi et al. / J. Chromatogr. B 823 (2005) 37-43 41

(A) Hydroxy-PC (A) Hydroxy-PC
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) 757.6 796.5 184.1 1 7746
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| 822.6 o | 1841 773.6
0 (IR l1 | | ] 5 756.6
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% 1 800.6
784.6 ‘ { 803.6 I 824.6 MS-MS 800.60
0 | 7856 _ o o ] 184.1 aas 801.6
750 760 770 780 790 800 810 820 m/z ‘ 7 \
0 v . > T T
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(B) Oxo-PC
100 7726 Fig. 4. Product ion spectra on LC-MS—-MS of the [M +H#n of standard
] 5 PC-OH and peaks 1, 2, 5and 7.
% ] 7945 _
}I ‘ ( | | ‘ lar masses of sample compounds and their measured values.
0 ' . e my These results were nearly the same as those obtained using
- z . . .
100 7 798.6 multiple sprayer nano-ESI-MS combined with nano-HPLC
o ] 6 820.6 (4. . o
%] I v First, we detected hydroxides of palmitoyl-linoleoyl-
0 1 N Y " “JI. PC and stearoyl-linoleoyl-PC (hydroxyl derivatives of PC)
100 - mfz in the heart of a control rat. Using a standard syn-
800.6 thetic compound we confirmed the identification of this
% 7 822.6 product as PC C16:0/C18:2-OH based on the product
{1 13.8min “ / ions of MS—-MS. When palmitoyl-linoleoyl-PC is oxidized
s I P \,l, O || ‘,l 1 with soybean lipoxygenase, 1-palmitoyl-2-(13-hydroperoxy-
750 760 770 780 790 800 810 820 m/z 9-cis,11+trans-octadecadienoyl)-phosphatidylcholine is se-

lectively prepared[5]. Thus, standard compound is 13-
hydroxy-PC, while PC-OH in biological samples may be 13-
hydroxy-PC or 9-hydroxy-PC.
PC. We can estimate chemical structures of PC oxidation = Moreover, we detected the hydroxide of oleoyl-linoleoyl
products that are the metabolites of PC and that were ex-PC in the rat, since C36:3 is an abundant unsaturated lipid
pected previously from a chemical reaction with hematin and present in the heart. Thus, this is the first report show-
linoleic acid[1]. We have decided composition formula in ing the presence of monohydroxides of (C16:0/C18:2)PC,
these limited compounds by using mass spectrometry. When(C18:0/C18:2)PC, and (C18:1/C18:2)PC in the heart of the
we observe dehydrations of three molecules occurred fromintact rat.
MS/MS spectrum, for example, we decide thatthe compound  1-Palmitoyl-2-linoleoyl-PC and 1-palmitoyl-2-
is trihydroxy-PC. Thus, we can estimate chemical structures arachidonyl-PC are oxidized by the myeloperoxidase
from composition formula by the measured and calculated (MPO)-H,O>—NGO,~system to form monohydroxides of
mass of precursor and product ions. PC, for example, 15-hydroxyeicosatetraenoate (HETE) PC,
The mass accuracy obtained using the Q-TOF system wasand 13-hydroxyoctadecadienoate (HODE) PC. They serve
good, with differences within 3.9 ppm (with one exception as high-affinity ligands for macrophage scavenger receptor
of 5.4 ppm) between the calculated values of known molecu- CD 36 [6]. Some studies have used LC-ESI-MS-MS

Fig. 3. ESI-mass spectra of standard PC-OH and peaks 2—7.
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O e
0 1 2 3 4 min Phosphatidylcholine hydroperoxide (PCOOH) is reduced

to PC-OH by glutathione peroxidase and apolipoprotein A-I,
Fig. 5. Mass chromatograms of lipid extract from 0 to 8 min using LC-MS. A-ll, and B-100[10,11] In vitro, apolipoprotein B-100 in hu-

man plasma reduces PCOOH to PC-OH, but glutathione per-

oxidase dose n¢12]. Onthe other hand, PCOOH is oxidized
techniques to examine the structure of oxidized products of to form oxo-PC. Next we detected oxo derivatives of PC in the
arachidonic acid in glycerophospholipids from red blood rat. LC-MS and LC-MS-MS studies revealed that they were
cell ghosts treated with-butylhydroperoxide[7,8] and the oxo derivatives of (C16:0/C18:2)PC, (C18:1/C18:2)PC,
oxidized products of 1-palmitoyl-2-arachidonyl-sn-glycero- and (C18:0/C18:2)PC. To our knowledge they have not been
3-phosphoryl-choline in human aortic endothelial cells detected yet, since they are unstable. Instead, 1-palmitoyl-2-
[9]. These products were 5-, 8-, 9-, 12-, and 15-HETE (9-oxo-nonanoyl)-phosphatidylcholine was identified as an
[7,8] and 5-, 12- and 15-hydroperoxyeicosatetraenoate oxidized phospholipid derivative in calf lung surfactant ex-
(HPETE)[7] and 15-hydroperoxy (15-HPETE) derivatives posed to ozone by electrospray tandem mass spectrometry,
of plasmaloge8]. Furthermore, studies on the peroxidation giving rise to an abundant negative ion species [M-1&ging
of 1-palmitoyl-2-linoleoyl PC revealed that the oxidation observed atw/z 634[13].
products were 9- and 13-hydroperoxyoctadecadienoate After the incubation of submitochondrial particles, phos-
(HPODE), 9- and 13-hydroxyoctadecadienoate (HODE) pholipids were hydrolyzed by phospholipasg ki the fatty
[71, 13-hydroxy [HODE] and 13-hydroperoxy [HPODE] PC acid constituents analyzed by GC-MS and LC-MS, deriva-
[8]. Accordingly, PC hydroxides (hydroxyl derivatives of tives of the hydroperoxide of linoleic acid such as keto, hy-
PC) have been studied following treatment with oxidizing droxy, trihydroxy, and hydroxyepoxy compounds were ob-
agents. served14].
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Lyso-PC 5. Conclusion
100 570.3
] We were able to measure the accurate masses of PC
o 1 trih;(;roxy 592.3 and lyso-PC oxidation products in rat extract using Q-
L 608.3 TOF-ESI-mass spectrometry with a lock spray interface.
0 il Furthermore, the presence of hydroxides, oxo, and trihydroxy
m/z derivatives of PC was confirmed.
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