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a b s t r a c t

A new liquid chromatography mass spectrometry (LC/MS) method has been developed for the qual-
itative and quantitative analyses of phosphatidylcholine hydroperoxides (PC-OOH) in human plasma
using a synthetic hydroperoxide (1-stearoyl-2-erucoyl-PC monohydroperoxide, PC 18:0/22:1-OOH) as
an internal standard. 1-Stearoyl-2-linoleoyl-PC monohydroperoxide (PC 18:0/18:2-OOH) was identi-
eywords:
iquid chromatography/electrospray
onization-mass spectrometry
hosphatidyl choline
C hydroperoxide
ipid peroxidation

fied in plasma by LC/MS by comparison with an authentic standard. The calibration curves obtained
for 1-palmitoyl-2-linoleoyl-PC monohydroperoxide, PC 16:0/18:2-OOH and PC 18:0/18:2-OOH were
linear throughout the calibration range (0.1–1.0 pmol). The limit of detection (LOD) (S/N = 3:1) was
0.01 pmol, and the limit of quantification (LOQ) (S/N = 6:1) was 0.1 pmol for both PC 16:0/18:2-OOH
and PC 18:0/18:2-OOH. Plasma concentrations of PC 16:0/18:2-OOH and PC 18:0/18:2-OOH were 89 and
32 nM, respectively, in a healthy volunteer.
C/MS

. Introduction

Lipid peroxidation has been suggested to play a significant
ole in the pathophysiology of atherosclerosis, diabetes, aging
nd other conditions [1]. In recent years, Alzheimer’s disease has
een associated with increased lipid peroxidation and decreased
olyunsaturated fatty acids [2,3]. Several studies have reported the
ormation of hydroperoxides of cholesteryl ester, triglyceride and
hosphatidylcholine (PC) as primary lipid oxidation products [4–7].

n particular, PC hydroperoxides (PC-OOH) and other oxidized PC
ave been the foci of lipid peroxidation studies because their pre-
ursor, PC, is a major component of cellular membranes and an

mportant constituent of serum lipoproteins in vivo. High perfor-

ance liquid chromatography with chemiluminescence detection
as been reported for quantitative analyses of PC-OOH [8], but the
echnique is unable to provide structurally characteristic data for

Abbreviations: PC, phosphatidylcholine(s); PC-OOH, phosphatidylcholine
ydroperoxide(s); PC 16:0/18:2-OOH, 1-palmitoyl-2-linoleoyl-
hosphatidylcholine monohydroperoxide; PC 18:0/18:2-OOH, 1-stearoyl-
-linoleoyl-phosphatidylcholine monohydroperoxide; PC 18:0/22:1-OOH,
-stearoyl-2-erucoyl-phosphatidylcholine monohydroperoxide; HPLC, high
erformance liquid chromatography; IS, internal standard; ESI-MS, electrospray

onization-mass spectrometry; SRM, selected reaction monitoring; LOD, limit of
etection; LOQ, limit of quantification.
� This paper was presented at the 34th Annual Meeting of the Japanese Society
or Biomedical Mass Spectrometry, Osaka, Japan, 10–11 September 2009.
∗ Corresponding author. Tel.: +81 133 23 1691; fax: +81 133 23 1266.

E-mail address: keino@hoku-iryo-u.ac.jp (S.-P. Hui).
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© 2010 Elsevier B.V. All rights reserved.

individual PC-OOH components. In recent years, mass spectrome-
try (MS) has become a powerful tool for structural identification of
phospholipids. Several groups have completed detailed structural
determination of oxidized PC and phosphatidylethanolamine using
liquid chromatography mass spectrometry (LC/MS) in positive and
negative modes [9–14]. To the best of our knowledge, there has not
yet been a quantitative LC/MS method reported for PC-OOH using
an authentic PC-OOH as the internal standard.

Suitably sensitive quantitative methods of analysis for PC-OOH
are required to allow the analysis of physiological samples for the
presence of PC-OOH and to allow the measurement of the oxidative
stress signals for disease state monitoring and enable new under-
standings of the pathogenesis process. It is well recognized that
lipid hydroperoxides are chemically unstable and consequently
may be lost during analysis. The problem may be overcome by the
use of a non-endogenous PC-OOH as an internal standard, which
can correct for extraction efficiency, chemical stability and ioniza-
tion efficiency.

Here we report both qualitative and quantitative analyses of PC-
OOH in human plasma by LC/MS system with a synthetic internal
standard.

2. Experimental
2.1. Materials

1-Palmitoyl-2-linoleoyl-PC monohydroperoxide (PC 16:0/18:2-
OOH), 1-stearoyl-2-linoleoyl-PC monohydroperoxide (PC

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:keino@hoku-iryo-u.ac.jp
dx.doi.org/10.1016/j.jchromb.2010.04.011
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8:0/18:2-OOH) and, 1-stearoyl-2-erucoyl-PC monohydroper-
xide (PC 18:0/22:1-OOH, as the internal standard, IS) were
ynthesized by photosensitized oxidation as described previously
8]. All other chemicals and solvents used were analytical grade
nd obtained from Wako Pure Chemical Industry, Ltd. (Osaka,
apan).

.2. Extraction of PC-OOH from human plasma

A healthy volunteer (45 years old, female) underwent an
vernight fast and her blood (2 mL) was drawn into tubes contain-
ng EDTA-2Na. Plasma was separated by centrifugation (2000 × g,
0 min, 4 ◦C), and immediately stored at −80 ◦C in two 0.5 mL
liquots. Extraction was started within 2 min after plasma was
aken out of an −80 ◦C freezer. For quantitative analysis, the plasma
ample (0.5 mL) was mixed with 500 pmol IS (50 pmol/�L in ace-
onitrile), 0.5 mL freshly prepared 0.005% 2,6-di-tert-butyl-p-cresol
antioxidant) in acetonitrile, and 5.0 mL chloroform; for qualita-
ive analysis, the plasma sample (0.5 mL) was mixed with 0.5 mL
reshly prepared 0.005% 2,6-di-tert-butyl-p-cresol in acetonitrile,
nd 5.0 mL chloroform. The mixture was vigorously mixed for
.5 min and then centrifuged at 2000 × g for 5 min at 4 ◦C. The chlo-
oform layer was collected and evaporated in vacuo. The residue
as dissolved in 200 �L of acetonitrile, and a 20 �L portion was

njected into the qualitative LC/MS system and a 5 �L portion was

njected into the quantitative LC/MS system.

The study protocol was approved by the Ethical Committee,
aculty of Health Sciences, Hokkaido University (approval num-
er 08-57-2). Written informed consent was obtained from the
olunteer.

ig. 1. Qualitative profile obtained from the qualitative LC/MS system in positive mode. (A
OH (20 pmol) and plasma extract, respectively; (A′) and (B′): selected ion (m/z 790.6) M
nd (B′′): selected ion (m/z 772.4) MS/MS spectra of synthetic PC 16:0/18:2-OOH and plas
B 878 (2010) 1677–1682

2.3. Qualitative LC/MS system

The qualitative analyses were carried out using a Finnigan LXQ
linear ion trap mass spectrometer (Thermo Fisher Scientific Inc.
Waltham, MA, USA) equipped with an electrospray ionization-mass
spectrometry (ESI-MS) source. The mass range of the instrument
was set at m/z 180–1000 and scan duration of MS at 0.5 s in positive
and negative ion mode. The ionization conditions were as follows:
ion source voltage, ±4.5 kV; capillary voltage, ±20 V; capillary tem-
perature, 350 ◦C; sheath gas (nitrogen) flow rate, 40 arbitrary units
(arb. units); auxiliary gas (nitrogen) flow rate, 5 arb. units; tube lens
offset voltage, ±70 V. For multistage tandem mass spectrometry
analyses, helium gas was used as the collision gas and the pressure
was 1.995 mPa. MS/MS experiments were carried out with relative
collision energy of 35%.

Reverse-phased LC separation was achieved using a Hyper-
sil Gold column (C8, 100 mm × 2.1 mm I.D., 5 �m, Thermo Fisher
Scientific Inc. Waltham, MA, USA) at 60 ◦C. Gradient elution
was performed using a mobile phase comprising 5.0 mM aque-
ous ammonium acetate (solvent A), acetonitrile (solvent B), and
2-propanol (solvent C). The gradient was programmed as fol-
lows: 0.00–6.00 min 20% A and 80% B; 6.01–10.00 min 20% A and
80% C; 10.01–12.00 min 20% A and 80% B. The flow rate was
0.2 mL/min.

2.4. Quantitative LC/MS system
Quantitative analyses were performed using an Accela HPLC
system and TSQ Quantum Access triple stage quadrupole mass
spectrometer with a heated-ESI (H-ESI) probe (Thermo Fisher Sci-
entific Inc.). The scan duration of MS was set at 0.5 s in positive ion

) and (B): selected ion (m/z 790.6) mass chromatograms of synthetic PC 16:0/18:2-
S spectra of the synthetic PC 16:0/18:2-OOH and plasma extract, respectively; (A′′)
ma extract, respectively; For abbreviation and LC/MS conditions see text.
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Table 1
Diagnostically significant ions of standard and plasma obtained from spectra by qualitative LC–MS system.

Species Synthetic PC 16L0/18:2-OOH Plasma (x) Synthetic PC 18:0/18:2-OOH Plasma (y)

MS (m/z) [M+H]+ 790.4 790.4 818.4 818.4
[M+Na]+ 812.5 812.5 840.5 840.5
[M+H–O]+ – 774.4 – 802.4
[M+Na–O]+ – 796.5 – 824.4
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MS/MS (m/z) Precursor ions 790.4
[M+H–H2O]+ 772.4
[M+H–H2O–O]+ 756.5
[H2PO4(CH2)2N(CH3)3]+ 184.1

ode. The ESI inlet conditions were as follows: ion source volt-
ge, ±3.0 kV; vaporizer temperature, 300 ◦C; sheath gas (nitrogen)
ressure, 50 psi; auxiliary gas temperature, 20 psi; capillary tem-
erature, 270 ◦C; tube lens offset voltage for parent mass at m/z
90.6, 136 V; m/z 818.7, 128 V; and m/z 876.8, 151 V; respectively.
rgon was used as the collision gas and the pressure was 1.0 m
onvert to mPa as above to keep consistent units. The collision
nergies yielding the product ions m/z 184.0 from the parent ions
/z 790.6, m/z 818.7, and m/z 876.8 were 136 V, 128 V, and 151 V,

espectively.
The LC separations were conducted on a reversed-phase col-

mn (Hypersil Gold C8, 50 mm × 2.1 mm I.D., 5 �m,) at 60 ◦C.
he mobile phase consisted of two solvents (A and B); sol-
ent A was 5.0 mM ammonium acetate aqueous solution, solvent

was 2-propanol. The gradient was programmed as follows:

.00–3.00 min 100% A; 3.01–5.00 min, a linear gradient elu-
ion: 5% solution A to 0% A against solution B over 2.99 min;
.01–8.00 min 100% B, 8.01–10.0 min 100% A. The flow rate was
.3 mL/min.

ig. 2. Qualitative profile obtained from the qualitative LC/MS system in positive mode. (A
OH (20 pmol) and plasma, respectively; (A′) and (B′): selected ion (m/z 818.6) MS spect

on (m/z 800.4) MS/MS spectra of the synthetic PC 18:0/18:2-OOH and plasma, respective
790.4 818.4 818.4
772.4 800.4 800.4
756.5 784.5 784.5
184.2 184.3 184.3

3. Results

3.1. Identification of PC 16:0/18:2-OOH in human plasma

Fig. 1A and B shows selected ion chromatograms obtained from
a pure standard of PC16:/18:2-OOH and plasma sample, along with
their corresponding mass spectra. Peaks in the selected ion chro-
matograms for m/z 790.4 were observed at approximately 8.9 and
9.1 min for the standard PC16:0/18:2-OOH (20 pmol) and plasma
extract (in Fig. 1A and B). There is a difference of 0.17 min in reten-
tion time, indicating that the ion m/z 790.4 was maybe subject
to interference from other endogenous components in the plasma
sample. The ESI-mass spectra of synthetic PC 16:0/18:2-OOH and
plasma extract show molecular-related ions [M+H]+ and [M+Na]+

at m/z 790.4 and 812.5, respectively (Fig. 1A′ and B′). An abundant

ion at m/z 774.4 [M+H]+ and a minor ion at m/z 796.5 [M+Na]+

were observed at the expanded spectrum (Fig. 1B′), reflecting that
an alcohol PC 16:0/18:2-OH was derived from PC 16:0/18:2-OOH
by loss of oxygen. The MS/MS spectra derived from m/z 790.4 for

) and (B): selected ion (m/z 818.6) mass chromatograms of synthetic PC 18:0/18:2-
ra of synthetic PC 18:0/18:2-OOH and plasma, respectively; (A′′) and (B′′): selected
ly; For abbreviation and LC/MS conditions see text.



1680 S.-P. Hui et al. / J. Chromatogr. B 878 (2010) 1677–1682

F e mo
( a extr
F

t
F
c
t
d
a
f
m
o
m
1
(
p
n
s
i
s

3

F
f
i
f
o
t
p
(
a
i
(

ig. 3. SRM chromatograms obtained by the quantitative LC/MS system in positiv
0.6 pmol); (C): IS (0.6 pmol); (A′): plasma extract (precursor: m/z 790.6); (B′) plasm
or abbreviations and LC/MS conditions see text.

he synthetic PC 16:0/18:2-OOH and plasma extract are shown in
ig. 1A′′ and B′′, respectively. In Fig. 1A′′, the base peak was m/z 772.4
orresponding to [M+H–H2O]+, which derived from m/z 790.6, and
his breakdown product lost 18 mass units, corresponding to dehy-
ration; the small peak associated with fragment ions appeared
t m/z 756.5, and this breakdown product more likely that the
ragmentation of the peroxy proceeds via loss of H2O to the inter-

ediate epoxide which could then generate the m/z 756.3 by loss of
xygen ([M+H–H2O–O]+). The fragmentation supported the assign-
ent as hydroperoxide; another small peak was observed at m/z

84.1 as choline phosphate. For MS/MS spectrum of plasma extract
Fig. 1B′′), the base peak was m/z 772.4 as [M+H–H2O]+; the small
eaks m/z 756.3 as [M+H–H2O–O]+ and 184.2. Owing to the diag-
ostically significant ions of synthetic PC-OOH and plasma from
pectra of MS and MS/MS, the peak (x) at 9.11 min in Fig. 1B was
dentified as the PC 16:0/18:2-OOH. These characteristic ions are
ummarized in Table 1.

.2. Identification of PC 18:0/18:2-OOH in human plasma

Fig. 2A and B also shows selected ion chromatograms, and
ig. 2A′, A′′, B′, and B′′ shows their corresponding spectra obtained
rom the qualitative LC/MS system in positive ion mode. The peaks
n selected ion (m/z 818.6) mass chromatograms (Fig. 2A and B)
or synthetic PC 18:0/18:2-OOH and plasma extract (peak y) are
bserved at 9.45 and 9.55 min, respectively. The ESI-mass spec-
ra of synthetic PC 18:0/18:2-OOH and plasma extract also show

rotonated molecular ion ([M+H]+) and sodiated molecular ion
[M+Na]+) at m/z 818.4 and 840.5, respectively, as shown in Fig. 2A′

nd B′. A major ion at m/z 802.4 [M+H]+ (Fig. 2B′) and a minor
on at 824.4 [M+Na]+ were observed at the expanded spectrum
Fig. 2B′), reflecting a molecular species alcohol PC 18:0/18:2-OH
de. (A): synthetic PC 16:0/18:2-OOH (0.6 pmol); (B): synthetic PC 18:0/18:2-OOH
act (precursor: m/z 818.6); (C′): plasma extract after addition of the IS (12.5 pmol).

was derived from PC 18:0/18:2-OOH by loss of oxygen. The MS/MS
spectra of selected ion (m/z 800.4) derived from the above precursor
ion (m/z 818.6) are shown in Fig. 2A′′ (synthetic PC 18:0/18:2-OOH)
and Fig. 2B′′ (plasma). In spectrum Fig. 2A′′, the base peak ion was
observed at m/z 800.4; the small peak ion associated with base peak
appeared at m/z 784.4, and this breakdown product more likely that
the fragmentation of the peroxy proceeds via loss of H2O to the
intermediate epoxide which could then generate the m/z 784.4 by
loss of oxygen ([M+H–H2O–O]+). Another small peak was m/z 184.3
as choline phosphate. For MS/MS spectrum of plasma extract, the
base peak ion (m/z 800.4) and the other fragment ions at m/z 784.5
and at m/z 184.3 are observed similar to the above standard frag-
mentation. Thus, the peak (y) in Fig. 2B was identified as the PC
18:0/18:2-OOH. These characteristic ions are also summarized in
Table 1.

3.3. Quantitative analysis for PC-OOH in human plasma

Quantitative analyses for PC-OOH were performed by LC/MS
system with selected reaction monitoring (SRM) of the fragment
ion at m/z 184.0 corresponding to choline phosphate in common
with both standards (PC16:0/18:2-OOH and PC18:0/18:2-OOH) in
positive ion mode. Fig. 3A and A′ shows the SRM chromatograms
derived from the precursor ion at m/z 790.6 of the synthetic PC
16:0/18:2-OOH (0.6 pmol) and plasma extract, respectively. The
peaks at 4.78 and 4.83 min (a) are observed in Fig. 3A and A′, so the
peak (a) in Fig. 3A′ was identified as PC 16:0/18:2-OOH indicating its

presence in plasma. From the peak shape, it was considered that the
peak (a) may not be isomerically pure but the shoulder dose has not
been interfered with the measurement of PC 16:0/18:2-OOH. There
is a difference of 0.05 min in retention time, and that was maybe
caused by two reasons. One is the different intensities between
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Table 2
Significant ions of standards and plasma obtained from spectra by qualitative LC–MS system.

MS (Precursor ions) [M+H]+ (m/z) MS/MS (product ions) [H2PO4(CH2)2N(CH3)3]+

Synthetic PC 16:0/18:2-OOH 790.6 184.0
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Plasma (a) 790.6
Synthetic PC 18:0/18:2-OOH 818.7
Plasma (b) 818.7
Synthetic PC 18:0/22:1-OOH (IS) 876.8

ynthetic PC 16:0/18:2-OOH and endogenous PC 16:0/18:2-OOH in
lasma; the other is that the LC system is not very stable. We have
xamined the changes of the retention time for PC 16:0/18:2-OOH
s below. The synthetic PC 16:0/18:2-OOH (0.6 pmol) was analyzed
ith the quantitative LC/MS system for five times within 2 h, and

he retention times showed little changes (range: 4.76–4.82 min).
ig. 3B and B′ shows the SRM chromatograms of the synthetic PC
8:0/18:2-OOH (0.6 pmol) and plasma extract, derived from the
recursor ion at m/z 818.7, respectively; peaks at 4.84 and 4.86 min
b) were both identified as PC 18:0/18:2-OOH. Fig. 3C and C′ shows
he SRM chromatograms of the IS (0.6 pmol) and plasma extract
piked with the IS (12.5 pmol), derived from the precursor ion at
/z 876.8. Both the IS and spiked sample showed identical peaks

t 4.93 min as shown in Fig. 3C and C′, indicating that the IS (PC
8:0/22:1-OOH) is not subject to interference from endogenous
omponents for the determination of PC-OOH in plasma. The pre-
ursor and product ions are summarized in Table 2.

.4. Calibration curves of PC-OOH and concentration of PC-OOH
n human plasma

Two calibration curves for PC 16:0/18:2-OOH and PC 18:0/18:2-
OH were constructed (Fig. 4). Data was plotted as the peak area

atios of PC 16:0/18:2-OOH (or PC 18:0/18:2-OOH) to the IS ver-
us the amounts of PC 16:0/18:2-OOH (or PC 18:0/18:2-OOH). The
urves showed good linearity throughout the range 0.1–1.0 pmol
PC 16:0/18:2-OOH, y = 1.0533x + 0.0045, r2 = 0.9989; PC 18:0/18:2-
OH, y = 1.3659x + 0.0173, r2 = 0.9979 where x is the amounts of
ydroperoxide and y is the ratio about peak area of PC-OOH to
hat of the IS). The response factors relative to the IS are 0.634 and
.843 for PC 16:0/18:2-OOH and PC 18:0/18:2-OOH, respectively.
he limit of detection (LOD) and the limit of quantification (LOQ)
ere determined using synthetic standards. The LOD (S/N = 3:1)

as 0.01 pmol, and the LOQ (S/N = 6:1) was 0.1 pmol for both of PC

6:0/18:2-OOH and PC 18:0/18:2-OOH.
The same method was applied to determination of PC-OOH

oncentrations in the plasma from the volunteer. The plasma con-

ig. 4. The calibration curves of synthetic PC 16:0/18:2-OOH and PC 18:0/18:2-OOH
onstructed using different amount (0.1–1.0 pmol/injection). For abbreviation and
C/MS conditions see text.
184.0
184.0
184.0
184.0

centrations of PC 16:0/18:2-OOH and PC 18:0/18:2-OOH were 89
and 32 nM, respectively.

4. Discussion

The main discoveries of this study were that (i) the hydroper-
oxide of PC 18:0/18:2 could be qualitatively identified in plasma
by our qualitative LC/MS/MS and (ii) that the concentration of PC
16:0/18:2-OOH and PC 18:0/18:2-OOH in plasma could be quanti-
fied by LC/MS with SRM.

Using two synthetic standards (PC 16:0/18:2-OOH and PC
18:0/18:2-OOH), we have developed an unequivocal method
for identification and quantification of PC 16:0/18:2-OOH and
PC 18:0/18:2-OOH based on their mass spectral characteristics.
Although PC 16:0/18:2-OOH has been identified previously [11],
this study describes for the first time that PC 18:0/18:2-OOH has
been identified and quantified in human plasma.

The success of the method, in significant part, is due to
the use of a non-endogenous, synthetic internal standard (PC
18:0/22:1-OOH) that mimics the chemical, chromatographic and
mass spectral characteristics of the target compounds. These char-
acteristics allow the relative ratios about the two-targeted PC-OOH
to be reliably iterated throughout the range 0.1–1.0 pmol which
in turn provides for good linearity in the dynamic range neces-
sary for the assaying of physiological specimens. We then applied
the method to the determination of archetypal lipid peroxidation
products in human plasma.

5. Conclusion

We were able to identify the species of PC-OOH using the qual-
itative LC/MS and LC/MS/MS in different configurations for the
quantitative determination of PC 16:0/18:2-OOH and PC 18:0/18:2-
OOH. Using this method we have successfully detected and
quantified the concentrations of PC 16:0/18:2-OOH (89 nM) and PC
18:0/18:2-OOH (32 nM) in human plasma for the first time. These
analytical methods are useful for studying biological samples, and
will be helpful in clarifying incompletely understood pathway of
various common diseases.
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