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bstract

Liquid chromatography coupled with electrospray tandem mass spectrometry (LC–MS/MS) was used to identify palmitoyl-lineloyl-
lycerophosphatidylcholine oxidation products (PL(O )PC). Structural and positional isomers of keto, hydroxy and/or epoxy, and hydroperoxide
1–6

erivatives of PLPC were identified based on MS/MS data, namely product ions attributed to lyso-phosphatidylcholines, product ions formed by
oss of nH2O and H2O2 from [MH]+ ions groups, and product ions involving the hydroxy groups, providing information about the position of these
roups and of the double bonds along the carbon chain of lineloyl moiety.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Free radicals formed within the cell during aerobic pro-
esses are generally trapped by enzymatic and/or non-enzymatic
ntioxidant systems [1]. However, when an imbalance between
he radicals formed and the antioxidant systems occurs oxidative
amage takes place. For this reason, in recent years, oxidative
amage to biomolecules by free radicals has received increasing
ttention due to the growing evidence of its involvement in many
ge-related diseases, such as atherosclerosis, Alzheimer, Parkin-
on, multiple sclerosis, and some liver and lung diseases [1]. The
xidative damage to biomolecules, which is caused by the high
eactivity of free radicals towards unsaturated compounds such
s DNA bases, amino acid residues and polyunsaturated fatty
cids (PUFA) [2], is mostly focused on the structural changes
nduced to peptides and proteins. On the other hand, phos-
holipids, present in cell membranes, low-density lipoproteins
LDL), cholesterol and triglycerides [2], playing an important

ole in membrane structure, metabolism and signal transduc-
ion [3], are also major targets of free radicals and have not
een so extensively studied. Nonetheless, from the works pub-
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ished it has been inferred that the structural changes caused
y radical peroxidation in phospholipids, such as phosphatidyl-
holines, affect the physical properties of the membrane bilayers
4,5] which are reflected in membrane integrity [6]; and are also
esponsible for covalent cross-linking between oxidised lipid
oieties and proteins [7,8] leading to inactivation of membrane

roteins and/or receptors [9]. In some cases, oxidised phospho-
ipids show biological activity similar to platelet aggregating
actors (PAF) [10], or may act as promoters in the expression of
everal genes, as proposed in the tumorogenesis of breast cancer
ells [11].

Mass spectrometry (MS), using both electrospray (ES) and
atrix-assisted laser ionisation (MALDI) methods, and applied

o the screening of phospholipid classes [12,13], are also used in
he study of oxidised phosphatidylcholines either on the identifi-
ation of short-chain products [14–16] or of long-chain products
17–20]. Because the structural changes induced by free radi-
als to phospholipids occur on the PUFA acyl chains esterified
o the polar head, in the particular case of phosphatidylcholines,
hese have been identified through the characterisation of oxi-

ised fatty acid extracts obtained by saponification, which are
xtrapolated to intact oxidised phosphatidylcholines [21–24], or
ased on the m/z value of the peaks observed in the mass spectra
f intact oxidised phosphatidylcholines [16,17,19,25].

mailto:pedrom@dq.ua.pt
dx.doi.org/10.1016/j.jchromb.2007.05.006
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In the case of long-chain products, the increase of oxygen
toms inserted into the unsaturated fatty acid chains increases
he structural variability (structural and positional isomers),
hich is often observed with the increase of the number of
eaks in chromatography experiments [19,20,25,26]. As con-
equence, the identification of these products is complex and is
est achieved through LC coupled with MS/MS. The knowledge
bout the structure of phospholipid peroxidation products is even
ore relevant as oxidised phosphatidylcholines are being con-

idered as potential biomarkers [27,28] after the concentration of
hosphatidylcholine hydroperoxide (PCOOH) was found to be
ignificantly higher in the plasma of patients with blood alcohol
hen compared with controls [28]. To our knowledge, attempts
ade on the analysis of the oxidised long-chain phosphatidyl-

holine products itself by LC–MS/MS were recently reported,
n which the authors have identified oxo, hydroxy, hydroperox-
de and tri-hydroxy derivatives of PLPC based on the presence
f the product ions due to loss of water molecules from the pre-
ursor ion [26,28]. No further structural information, regarding
he location of the proposed substitutents along the unsaturated
arbon chain, were made by the authors.

In this work, we present and discuss the results obtained
y liquid chromatography coupled with electrospray tandem
ass spectrometry (LC–MS/MS) of radical oxidised long-

hain palmitoyl-lineloyl-glycerophosphatidylcholine (PLPC)
hospholipid liposomes. Using the LC–MS/MS fragmentation
atterns, namely the product ions due to loss of water and
ydrogen peroxide together with other product ions attributed to
leavages in the unsaturated fatty acid chain, different peroxida-
ion products will be identified in more detail, with focus on the
ormation of the different isomers, as the result of glycerophos-
hatidylcholine (GPC) radical oxidation.

. Experimental

.1. Preparation and oxidation of GPC vesicles

Vesicles were prepared from stock solutions of 1 mg/mL of
hospholipids in ammonium bicarbonate buffer (5 mM, pH 7.4)
o a final phospholipid concentration of 50 mM. Oxidative treat-

ents performed on the GPC vesicles were done as described
lsewhere [25]. Briefly, oxidative treatments using Fe(II) and
ydrogen peroxide (H2O2) were carried out by adding to 50 �L
f phospholipid vesicles, 5 mmol FeCl2 solution and 50 mmol of
2O2 in 0.5 mL solution. This mixture was left to react at 37 ◦C

n the dark for 24 h with occasional sonication. The phospho-
ipid oxidation products were extracted using the Folch method
ith chloroform:methanol (2:1, v/v) [29].

.2. Liquid chromatography–electrospray mass
pectrometry (LC–MS and LC–MS/MS)

The HPLC-MS study was performed with a Waters Alliance

Milford, USA) Model 2690 equipped with an APEX 300 C4
olumn 7 �m (250 mm × 4.6 mm I.D., Jones Chromatography)
ttached to the mass spectrometer. The reaction mixture (50 �L)
as introduced into the column, kept at 30 ◦C, and the per-
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xidation products separated using the gradient of aqueous
mmonium acetate (5 mM):acetonitrile (90:10, v/v) (eluent A)
nd acetonitrile:aqueous ammonium acetate (5 mM) (90:10, v/v)
eluent B) programmed as follows: 60% B for 30 min followed
y a linear increase to 100% B at 33 min held for 5 min. After
8 min, the mobile phase composition was returned to the ini-
ial conditions (5 min) for column re-equilibration (15 min). The
ow rate through the column was 0.8 mL min−1 and it was
edirected to the mass spectrometer by a capillary of 70 cm
0.350 mm × 0.150 mm) length with a flow of 50 �L min−1

sing a home made split.
The Q-TOF2 (Micromass, Manchester, UK) mass spectrome-

er using a MassLynx software system (version 4.0) was operated
n the positive ion mode with a capillary voltage of 3 kV, the cone
oltage of 30 V, the source block temperature set to 100 ◦C and
he desolvation temperature set to 200 ◦C. Mass spectra were
btained over a mass range of m/z 100–1200. The LC–MS/MS
xperiments were performed by selecting the precursor ion
f interest using Q1, and collisionally, inducing fragmentation
sing argon as the collision gas. The collision energy varied
ccording to the ion of interest (between 25 and 35 eV). For
ccurate mass measurements of each of the ion species stud-
ed, the lock mass in each product ion mass spectrum was the
alculated monoisotopic mass/charge ratio of the precursor ion.

. Results and discussion

Long-chain PLPC products resultant from radical oxidation
ere observed as [MH]+ ions at m/z 774.6, 790.6, 806.6, 822.6,
38.6 and 854.6 [25] and identified as peroxidation products
esulting from the insertion of one to five oxygen atoms into
he sn-2 unsaturated fatty acid chain of the linoleic acid [25],
ince the palmitic acid (saturated fatty acid as sn-1 residue) is
esistant to radical oxidation [30]. Ions exhibiting the same m/z
alues have been reported to occur in stress conditions using
adiation-induced peroxidation of PLPC liposomes [19]. The
econstructed ion current (RIC) chromatogram obtained for each
f these ions was plotted (Fig. 1) showing a change in the
lution behaviour of the different peroxidation products. Also,
ther peroxidation products observed in the LC–MS spectrum at
/z 772.6, 788.6, 804.6, 820.6 and 836.6, exhibiting 2 Da mass
ecrease relative to the previous ions, resulted from the insertion
f oxygen atoms and were attributed to [MH]+ ions of the keto,
eto-hydroxy, keto-hydroperoxy and keto-poly-hydroxy deriva-
ives, while ions with m/z 808.6, 824.6 and 840.6, exhibiting 2 Da
ncrease relative to the ions with m/z 806.6, 822.6 and 838.6,
ere only observed for the peroxidation products containing

hree or more oxygen atoms. The RIC chromatograms obtained
or each of these derivatives were plotted (Fig. 2) showing dif-
erent elution times suggesting the contribution of peroxidation
roducts with different structural features for the same number
f oxygen atoms. Oxo PLPC derivatives (m/z 772.6, 788.6 and
04.6) have already been identified in oxidised LDL [14,15].

n order to obtain structure elucidation of the various prod-
cts formed and observed in the LC–MS chromatogram, the
C–MS/MS spectra of the major ions were obtained and will
e discussed in the following sections and used for structure



1 atogr. B 855 (2007) 186–199

e
a
h

3
7

g
e
o
a
o
o
7
a
4
a
T
F
6

F
p

88 A. Reis et al. / J. Chrom

lucidation. The ions with m/z 804.6, 820.6, 836.6, 838.6, 840.6
nd 854.6 were formed with very low relative abundance, which
ampered the acquisition of the product ion mass spectra.

.1. Peroxidation products with one oxygen atom (m/z
74.6 and 772.6)

The ion at m/z 774.6, showed two unresolved chromato-
raphic peaks eluting with 24.4 and 25.4 min, and a third peak
luting with 31.1 min (Fig. 1a), and the LC–MS/MS spectra
btained are shown in Fig. 3. The insertion of one oxygen
tom in the linoleic acid moiety may correspond to the hydroxy
r the epoxy derivatives of PLPC. The LC–MS/MS spectrum
btained for each peak and selecting the parent ion at m/z
74.6 (Fig. 3) showed the presence of common product ions
t m/z 756.6 (–H2O), 518.4 (–R1COOH), 496.4 (–R2 C O),
78.4 (–R2COOH) and 184.1 (phosphocholine head), which

re characteristic losses during GPC fragmentation [31,32].
he LC–MS/MS spectrum obtained for the peak (rt 31.1 min,
ig. 3b) exhibited the product ions at m/z 634.5 (–C9H16O),
50.5 (–C9H16), 674.5 (–C6H12O) and 690.6 (–C6H12), result-

ig. 1. Reconstructed ion chromatograms (RIC) of [MH]+ ions of PLPC radical
eroxidation products with m/z 774.6, 790.6, 806.6, 822.6, 838.6 and 854.6.
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ig. 2. Reconstructed ion chromatograms (RIC) of [MH]+ ions of PLPC radical
eroxidation products with m/z 772.6, 788.6, 804.6, 820.6, 836.6, 808.6, 824.6
nd 840.6.

ng from losses of aldehyde and alkene molecules. The observed
osses can be rationalised considering the cleavage of the
–C bond near the hydroxy group through a McLafferty-like

earrangement with hydrogen transfer [18]. These cleavages
re charge-remote fragmentations and structurally informative,
llowing pinpointing the hydroxy groups at C-10, C-9, C-13 and
-12, respectively (Scheme 1A–D). Previously, other authors
escribed the product ion spectra of oxidised phosphatidyl-
holines obtained in QTOF instruments although product ions
bserved in the m/z range of 600–750 were not discussed [20,26].
he elemental composition determined for each product ion by
ccurate mass measurements (Table 1), allows to confirm the
roposed structure, as can be seen for the product ion at m/z
50.5, C33H65NO9P+, showing an error of 10.1 mDa (15.5 ppm)
etween the observed and calculated masses. The lock mass of

he product ion spectrum was calculated using the monoisotopic

ass/charge of the precursor ion (m/z 774.5649).
The difference of 40 Da that is observed between the prod-

ct ions at m/z 634.5 and 674.5, and also between the product
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Fig. 3. LC–MS/MS spectra of [MH]+ ion at m

ons at m/z 650.5 and 690.6 is, according to Hsu and Turk [33],
ndicative of allylic cleavages between double bonds. Taking
his into consideration, the product ions at m/z 650.5 and 690.5
ould indicate the presence of the 7-hydroxy octadecadienoyl
erivative (Scheme 1E), instead of the proposed 9-hydroxy and
2-hydroxy sn-2 acyl derivatives. However, for the product ions
t m/z 634.5 and 674.5, which are also 40 Da apart, a secondary
lternative structure cannot be rationalised for these product
ons. For this reason, it is assumed that the product ions at m/z
34.5, 650.5, 674.5 and 690.6 are due to fragmentation in the
icinity of the hydroxy groups. The identification of the 9-, 10-,
2- and 13-hydroxy sn-2 acyl derivatives suggest that, although
eparation between positional isomers was not achieved under

he chromatographic conditions (one peak observed in Fig. 1a),
hese isomers can be discriminated in a mixture through their
C–MS/MS data. This can be valuable since, for example, the
-hydroxy derivative of PLPC was found to be elevated in ery-

f
i
M
d

Scheme 1. Proposed structures contributing to the ion at m/z 774
4.6: (a) rt = 24–25 min and (b) rt = 31.1 min.

hrocyte membranes and was proposed as biomarker in diabetic
atients [27].

The LC–MS/MS spectra of the ion at m/z 774.6 (Fig. 3a) for
he peaks eluting at 24.4 and 25.4 min only showed the product
ons at m/z 756.6 (–H2O), 591.6 (–183 Da), 573.6 (–183.18 Da),
96.4 (–R2 C O) and 184.1 ([H2PO4(CH2)2N(CH3)3]+), giv-
ng no specific structural information. Given that epoxy
erivatives have already been reported as PLPC peroxidation
roducts [20] it is proposed that these ions may correspond to
poxy derivatives of the linoleoyl moiety. Although, no frag-
entation was observed under low-energy conditions used, in

revious studies, epoxy fatty acid derivatives were identified
nd characterised under high-energy conditions, where epoxy

atty acids underwent fragmentation with cleavage in the vicin-
ty of the epoxy ring [22,34]. Using both chromatographic and

S/MS data, and in spite of the reported instability of epoxy
erivatives at 25 ◦C [35], both epoxy and hydroxy derivatives

.6 (oxidation product with insertion of one oxygen atom).
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Table 1
Empirical formula, observed and calculated mass/charge ratios, double bond equivalents (DBE) and mass errors of the main fragments observed in the LC–MS/MS
spectra for the ion at m/z 774.6

Precursor ion [MH]+ Product ion predicted formula Observed mass Calculated mass DBE Error (mDa) Error (ppm)

774.6 C33H65NO8P+ 634.4442 634.4448 2.5 −0.6 −0.9
+
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C33H65NO9P 650.4498
C36H69NO8P+ 674.4614
C36H69NO9P+ 690.4786

f eicosatetraenoic acid have been identified and quantified in
uman red blood cells, although, as stated by the authors, no
tatistical differences were observed for the epoxy derivatives,
elative to the controls upon oxidative damage [22].

The peroxidation products identified with the suggested loca-
ion for the substituting groups are summarised in Table 4. The
C–MS/MS spectrum obtained for the ion at m/z 772.6 (data
ot shown), attributed to the conjugated keto derivative eluting at
0.8 min (Fig. 2a), exhibited the product ions at m/z 754.6, 589.5,
34.4, 516.4, 496.4 and 478.4, together with the product ion at
/z 184.1 (phosphocholine head) are characteristic losses from
hosphatidylcholines [31,32], and did not provide any specific
tructural information about the location of the keto group other
han the presence of the keto group at the sn-2 fatty acyl chain,
hich is given by the 2-oxolineloyl-lyso-phosphatidylcholine
roduct ion (m/z 534.4) and its dehydration product ion with
/z 516.4. Thus, the 9-keto-10,12-octadecadienoic acid and the
3-keto-9,11-ocatadecadienoic acid, which are the most proba-
le oxo derivatives, are proposed as sn-2 acyl chains contributing
o the relative abundance of the ion at m/z 772.6.

.2. Peroxidation products with two oxygen atoms (m/z
90.6 and 788.6)

The ion at m/z 790.6 resulting from the insertion of two

xygen atoms in the linoleic acid moiety that may result in
he formation of hydroperoxide, epoxy-hydroxy and di-hydroxy
erivatives, eluted in two well separated peaks with 18 and
5 min of elution time (Fig. 1b). Each of the chromatographic

p
p

(

Fig. 4. LC–MS/MS spectra of [MH]+ ion at m/z
650.4397 2.5 10.1 15.5
674.4761 3.5 −14.7 −21.8
690.4710 3.5 7.6 11.0

eaks consisted of two other unresolved peaks with 17.8 and
8.7, and 24.4 and 25.4 min. The LC–MS/MS spectra obtained
or the unresolved peaks showed no differences between them
data not shown) suggesting the presence of geometric isomers
f each of the structures, thus the LC–MS/MS spectra shown in
ig. 4 were obtained for the peaks eluting with 18 and 25 min.

The LC–MS/MS spectra (Fig. 4) exhibit the product ions
haracteristic of [MH]+ diacyl-GPC ions such as the product ions
ue to loss of 183 Da, loss of R2 C O and of R2COOH. The
roduct ion at m/z 754.6 is due to the loss of two H2O molecules
Fig. 4a, rt 18 min) and at m/z 756.6 is due to loss of H2O2
Fig. 4b, rt 25 min) from the precursor ion. In previous studies,
y using the synthetic palmitoyl-lineloyl hydroperoxide as stan-
ard, the product ion observed due to the loss of 34 Da (H2O2)
rom the precursor ion was proposed to be indicative for the
resence of the monohydroperoxide derivatives [20]. The pres-
nce of hydroperoxide derivatives was also proposed through
he product ions due to loss of 32 (–O2) from the precursor ion
18]. Nonetheless, the loss of 34 Da from the precursor ion may
lso be attributed to the presence of vicinal hydroxy groups, and
s formed due to a combined homolytic cleavage mechanism, as
roposed previously [18]. The loss of oxygen atoms in the form
f water, peroxide hydrogen or oxygen prevent from obtaining
tructural information regarding the location of the substitut-
ng groups along the unsaturated fatty acid chain, however the

roduct ions observed in the mass range of m/z 600–750 allow
roposing several possible locations for the substituents.

The LC–MS/MS spectrum of the major peak at 25 min
Fig. 4b) exhibited, apart from the product ions characteris-

790.6: (a) rt = 18 min and (b) rt = 25 min.
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cheme 2. Proposed structures contributing to the ion at m/z 790.6 (oxidation pr
leavages.

ic of [MH]+ diacyl GPC ions, the product ion at m/z 702.5
–C5H12O) which is consistent with the presence of one hydroxy
roup placed at C-14, as shown in Scheme 2A. Other product
on observed at m/z 674.5 (–C6H12O2) may result from vynil-
ic fragmentation occurring in the same structure, suggesting
he presence of the di-hydroxy derivative, placing the hydroxy
roups in vicinal positions. On the other hand, the product ion at
/z 674.5, with the structure C36H69NO8P+ (Table 2), may also
e assigned to the 13-hydroperoxide derivative (Scheme 2B),
hich would also lead to the loss of 34 Da (H2O2), analogous

o previous published results using hydroperoxide standards
20] and of triacylglycerols [36]. These product ions are most
ikely resultant from charge-remote fragmentations, by het-
rolytic cleavages, giving structural information regarding the
ositions of functional groups (double bonds, hydroxy, epoxy
nd cyclopropane) in the oxidised PLPC, in a similar manner to
hat is described for lipids [37]. Thus, both isomers, namely

3,14-di-hydroxy-9,11-octadecadienoyl and 13-hydroperoxy-
,11-octadecadienoyl, may contribute as sn-2 residues linked to
he 1-palmitoyl-3-glycerophosphatidylcholine in the peaks with
t 25 min. Other product ions observed at m/z 550.4 (a), 564.4

b
r
b
a

able 2
mpirical formula, observed and calculated mass/charge ratios, double bond equivale
pectra for the ions resultant from the insertion of two oxygen atoms observed at m/z

MH]+ Predicted formula Observed mass Ca

88.6
rt 15.2 min C33H65NO9P+ 650.4373 650

C35H67NO9P+ 676.4418 676

rt 21.5 min C33H65NO9P+ 650.4269 650
C36H67NO9P+ 688.4515 688

90.6
rt ∼18 min C33H65NO9P+ 650.4434 650

C36H69NO9P+ 690.4764 690

rt ∼25 min C27H53NO8P+ 550.3562 550
C28H55NO8P+ 564.3689 564
C29H57NO8P+ 578.3809 578
C30H59NO8P+ 592.4060 592
C31H61NO8P+ 606.4182 606
C32H63NO8P+ 620.4213 620
C36H69NO8P+ 674.4722 674
C37H69NO9P+ 702.4681 702
with insertion of two oxygen atoms) showing the product ions formed by C–C

b), 578.5 (c), 592.5 (d), 606.5 (e) and 620.5 (f) (Fig. 4b and
cheme 2), exhibit differences of 14 Da from each other and may
e assigned to fragmentations occurring in the saturated moiety
alkyl chain) of the sn-2 residue (Table 2) by 1,4 hydrogen elim-
nation mechanism [37], starting from the �-bond of the ester
roup. These product ions are charge remote fragmentations typ-
cal of high-energy collisional activation although they have also
een observed in the low-energy product ion spectra of short-
hain phosphatidylcholines formed by radical peroxidation [38]
nd in triacylglycerols [37].

The LC–MS/MS spectrum obtained for the peak eluting
t 18 min (Fig. 4a) exhibited the product ions at m/z 650.5
−140 Da) and 690.5 (−100 Da), which may reflect the pres-
nce of the hydroxy at C-7 and the product ion at m/z 690.5 due
o cleavage of C12–C13 carbon bond indicating the presence of
he 7,13-di-hydroxy-8,11-octadecadienoyl (Scheme 2C). On the
ther hand, both product ions (at m/z 650.5 and 690.5) may also

e rationalised to the epoxy-hydroxy derivative (Scheme 2D),
esulting from the cleavage in the vicinity of the epoxy group
y a mechanism similar to the one proposed earlier for linoleic
cid epoxy-peroxyl DMPO adducts [39]. This would suggest the

nts (DBE) and mass errors of the main fragments observed in the LC–MS/MS
788.6 and 790.6 with different retention times

lculated mass DBE Error (mDa) Error (ppm)

.4397 2.5 −2.4 −3.7

.4553 3.5 −13.5 −20.0

.4397 2.5 −12.8 −19.7

.4553 4.5 −3.5 −5.2

.4397 2.5 3.7 5.7

.4710 3.5 5.1 7.4

.3509 2.5 5.3 9.7

.3665 2.5 2.4 4.2

.3822 2.5 −1.3 −2.2

.3978 2.5 8.2 13.8

.4135 2.5 4.7 7.8

.4291 2.5 −7.8 −12.6

.4761 3.5 −3.9 −5.8

.4710 4.5 −2.9 −4.1
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Fig. 5. LC–MS/MS spectra of [MH]+ ion at

resence of the 13-hydroxy-9,10-epoxy-11-octadecenoyl as the
n-2 residue (Scheme 2D) attached to the phospholipid moiety.
hus, the product ions at m/z 650.5 and 690.5 may be origi-
ated from the fragmentation of the di-hydroxy (Scheme 2C)
nd/or the epoxy-hydroxy derivatives (Scheme 2D), although
ormed through different fragmentation pathways, exhibit the
ame elemental composition (observed with an error of 5.7 and
.4 ppm, respectively; Table 2). The presence of epoxy-hydroxy
erivatives as radical products of linoleic acid, as well as their
egradation products, is described in the literature [40], and can
hus be assumed to account for the ion at m/z 790.6 in oxidised
LPC. The peroxidation products proposed to occur in the two
eaks, based on the LC–MS/MS data, are summarised in Table 2.

The RIC chromatogram of the ion at m/z 788.6, attributed to

he keto-hydroxy and keto-epoxy derivatives, eluted in two with

axima at 15.2 and 21.5 min (Fig. 2b). The LC–MS/MS product
on spectra obtained in the different peaks (Fig. 5) showed com-

c
c
s

Scheme 3. Proposed structures contributing to the ion at m/z 78
88.6: (a) rt = 15.2 min and (b) rt = 21.5 min.

on product ions at m/z 478.4 (–R2COOH), 496.4 (–R2 C O),
32.4 (–R1COOH), 550.4 (–R1 C O), 605.6 (−183 Da), 587.5
−183 Da and H2O), 711.6 (−59 Da and H2O) and 770.6
–H2O). The presence of the product ion at m/z 650.5 (–C9H14O)
riginated from cleavage of the C9–C10 bond, may suggest that
he hydroxy is placed at C-9 (Scheme 3A), although the presence
f the epoxy derivative can also be proposed (Scheme 3A1). The
roduct ion at m/z 676.5 (–C7H12O) in Fig. 5a (rt 15.2 min) may
e attributed to cleavage of the C11–C12 denoting the presence
f the keto group at C-9 and most probably with the hydroxy
roup at C-14 (Scheme 3B). The product ion observed at m/z
88.5 in Fig. 5b may result from cleavage of the C12–C13 bond
lacing the keto group at C-10 with the hydroxy group at C-
3 (Scheme 3C). In fact, these product ions are formed by

leavage of the �-bond, earlier described as the asymmetrical
leavage in oxofatty acids [37]. On the other hand, as noted
o far, the fragmentation which is governed by the functional

8.6 showing the product ions formed by C–C cleavages.
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Fig. 6. LC–MS/MS spectra of [MH]+ ion at

roups, in the case of keto-hydroxy derivatives, may be pri-
arily dominated by the hydroxy group since the product ion

pectra of keto derivatives (m/z 772.6, data not shown) exhibits
o fragmentation, other than the one characteristic of glyc-
rophosphatidylcholines. Thus, the product ion at m/z 650.5
uggests the hydroxy group at C-9 resulting from the 9-hydroxy-
4-keto-10,12-octadecadienoyl (Scheme 3A), while the product
on at m/z 676.5 places the hydroxy group at C-11, suggesting
he presence of the 11-hydroxy-14-keto-9,12-octadecadienoyl
Scheme 3B1). The product ion at m/z 688.5 (–C6H12O), with the
tructure C36H67NO9P+, determined with an experimental error

f −3.5 mDa (−5.2 ppm; Table 2), places the hydroxy group at
-13 suggesting the 13-hydroxy-8-keto-9,11-octadecadienoyl

Scheme 3C1). All the structures proposed are feasible to occur
s peroxidation products of lineloyl chain, and are in accordance

o
k
a
e

cheme 4. Proposed structures contributing to the ions formed by insertion of three o
roduct ions formed by C–C cleavages.
06.6: (a) rt = 12.4 min and (b) rt = 18.8 min.

ith previous published results [14,40]. The peroxidation prod-
cts proposed and identified based on the LC–MS/MS data are
ummarised in Table 4.

.3. Peroxidation products with three oxygen atoms (m/z
06.6, 804.6 and 808.6)

The ion at m/z 806.6 (RIC on Fig. 1c), resultant from the
nsertion of three oxygen atoms in the unsaturated fatty acid
hain, can be attributed to the hydroxy-hydroperoxy or to the
ri-hydroxy derivatives. The ions observed at m/z 804.6 (RIC

n Fig. 2c), may be attributed to the keto-di-hydroxy or to the
eto-hydroperoxy, and the ion at m/z 808.6 (Fig. 2f) may be
ttributed to other tri-hydroxy derivatives by hydration of the
poxy-hydroxy derivatives, as suggested by Spiteller et al. [40].

xygen atoms with (A) m/z 806.6, (B) m/z 804.6 and (C) m/z 808.6, showing the
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s can be observed, the tri-hydroxy (m/z 808.6) and the keto-
ydroxy derivatives (m/z 804.6) exhibit different retention times
Figs. 1 and 2), corroborating that the keto derivatives are formed
n solution during the radical peroxidation and not formed by
ehydration phenomena due to in-source chemistry. The RIC
hromatograms obtained for each of these ions showed maxi-
um of elution at different retention times (Figs. 1 and 2), and

n order to tentatively assign structures of PLPC peroxidation
roducts the LC–MS/MS were obtained.

The LC–MS/MS spectra obtained for the ion at m/z 806.6, in
he two maxima at 12.4 and 18.8 min (Fig. 1c), are depicted
n Fig. 6. As can be seen, the main differences observed in
he LC–MS/MS spectra are related with the major losses from
he precursor ion, namely the loss of 2H2O (m/z 770.6) and
oss of 3H2O (m/z 752.6) for the peak at 12.4 min (Fig. 6a)
nd the loss of H2O2 (m/z 772.6) and H2O2 with H2O
m/z 754.6) for the peak at 18.8 min (Fig. 6b). Other prod-
ct ions observed in the region of m/z 600–750, observed
n Fig. 6a, at m/z 650.5 (–C9H16O2) and 706.5 (–C6H12O),
ogether with the previously described product ions at m/z 770.6
–2H2O) and 752.6 (–3H2O), are consistent with the pres-
nce of the 7,10,13-tri-hydroxy-8,11-octadecadienoyl as sn-2
esidue (Scheme 4A). The elemental composition determined
or each product ion and the error associated are summarised
n Table 3. The product ions observed in the LC–MS/MS

ass spectrum of the peak eluting at 18.8 min (Fig. 6b) at

/z 718.6 (–C5H12O), 706.5 (–C6H12O), 676.5 (–C7H14O2),
62.5 (–C8H16O2) and 650.5 (–C9H16O2), together with the
roduct ion resulting from loss of 34 Da (m/z 772.6), suggest
he presence of three different structures that can be attributed

(
i
i
a

able 3
mpirical formula, observed and calculated mass/charge ratios, double bond equivale
pectra for the ions resultant from the insertion of three oxygen atoms observed at m/

MH]+ Predicted formula Observed mass Ca

04.6
rt 15.1 min C33H65NO9P+ 650.4387 650

rt 15.8 min C36H67NO9P+ 688.4651 688
C37H69NO9P+ 702.4719 702
C37H67NO10P+ 716.4451 716
C38H69NO10P+ 730.4677 730

06.6
rt 12.4 min C33H65NO9P+ 650.4377 650

C36H67NO9P+ 688.4544 688
C36H69NO10P+ 706.4673 706

rt 18.8 min C33H65NO9P+ 650.4492 650
C34H65NO9P+ 662.4463 662
C35H67NO9P+ 676.4556 676
C36H67NO9P+ 688.4553 688
C36H69NO9P+ 690.4729 690
C36H69NO10P+ 706.4700 706
C37H69NO10P+ 718.4677 718

08.6
rt 11.2 min C33H65NO9P+ 650.4472 650

C36H69NO9P+ 690.4818 690

rt 18.8 min C36H71NO10P+ 708.4875 708
C37H71NO10P+ 720.4883 720
B 855 (2007) 186–199

o the 13-hydroxy-8-hydroperoxy-9,11-octadecadienoyl, the
0,13,14-tri-hydroxy-9,11-octadecadienoyl, or also to the
1,12,15-tri-hydroxy-9,13-octadecadienoyl as sn-2 residues of
LPC (Scheme 4). The elemental composition determined for
ach product ion (Table 3) support the structures proposed.
roduct ions observed in Fig. 6b at m/z 550.4, 564.4, 578.4,
92.4, 606.4 and 620.4 (Table 2) are attributed to cleavages
n the saturated alkyl moiety of the lineloyl chain. Particu-
arly, the LC–MS/MS spectrum in Fig. 6a is very similar to the
C–MS/MS spectrum in Fig. 5b, which might suggest the occur-

ence of in-source dehydration reactions, but the LC–MS/MS
pectra were acquired in different retention times. Based on the
C–MS/MS data here described, the ion at m/z 806.6 eluting

n two peaks is composed of at least four different oxidation
roducts, which are summarised in Table 4.

The ion at m/z 804.6 eluted in two major unresolved peaks
ith 15.2 and 15.8 min as can be seen by the RIC chromatogram
btained (Fig. 2c). The LC–MS/MS spectrum obtained for
he unresolved peaks (Fig. 7) exhibited the product ions due
o loss of H2O2 (m/z 770.6). The neutral losses of water
nd peroxide hydrogen observed from the precursor ion point
ut to the presence of keto-di-hydroxy derivative and keto-
ydroperoxide derivatives to the RIC chromatogram of ion
t m/z 804.6, although the contribution of epoxy-hydroxy-
eto derivatives cannot be excluded. Still, some product ions,
bserved in Fig. 7b at m/z 730.6 (hydroxy at C-15), 716.5

hydroxy group at C-14) allow proposing the substitutents
n the higher carbon atoms, while in Fig. 7a the product
ons at m/z 674.5 allow proposing the hydroperoxide group
t C-13 and the 650.5 one hydroxy group at C-9. Overall,

nts (DBE) and mass errors of the main fragments observed in the LC–MS/MS
z 804.6, 806.6 and 808.6 with different retention times

lculated mass DBE Error (mDa) Error (ppm)

.4397 2.5 −1.0 −1.5

.4553 4.5 9.8 14.2

.4710 4.5 0.9 1.3

.4503 5.5 −5.2 −7.2

.4659 5.5 1.8 2.4

.4397 2.5 −2.0 −3.1

.4553 4.5 −0.9 −1.4

.4659 3.5 1.4 2.0

.4397 2.5 9.5 14.6

.4397 3.5 6.6 10.0

.4553 3.5 0.3 0.4

.4553 4.5 0.0 −0.1

.4710 3.5 1.9 2.8

.4659 3.5 4.1 5.8

.4659 4.5 1.8 2.5

.4397 2.5 7.5 11.5

.4710 3.5 10.8 15.6

.4816 2.5 5.9 8.4

.4816 3.5 6.7 9.4
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Table 4
Retention times of the of the oxidised acyl fatty acid chains present as sn-2 acyl residues in oxidised PLPC identified based on the LC–MS/MS data

Retention time (min) m/z value [MH]+ Peroxidation product

11.2 808.6 1-Palmitoyl-2-(11,13-di-hydroxy-9,10-epoxy-octadecanoyl)-GPC
11.7 824.6 1-Palmitoyl-2-(9,12,13,14-tetra-hydroxy-10-octadecenoyl)-GPC
12.3 822.6 1-Palmitoyl-2-(7,10,14-tri-hydroxy-12,13-epoxy-8-octadecenoyl)-GPC
12.4 806.6 1-Palmitoyl-2-(7,10,13-tri-hydroxy-8,11-octadecadienoyl)-GPC
15.4 804.6 1-Palmitoyl-2-(14,15-di-hydroxy-9-keto-10,12-octadecadienoyl)-GPC
15.2 822.6 1-Palmitoyl-2-(8,13-di-hydroxy-14-hydroperoxy-9,11-octadecadienoyl)-GPC
15.2 822.6 1-Palmitoyl-2-(9,10,11-tri-hydroxy-14-keto-12-octadecenoyl)-GPC
15.2 788.6 1-Palmitoyl-2-(9,10-epoxy-14-keto-12-octadecenoyl)-GPC
15.9 804.6 1-Palmitoyl-2-(13,14-di-hydroxy-10-keto-8,11-octadecadienoyl)-GPC
15.9 804.6 1-Palmitoyl-2-(13-hydroperoxy-8-keto-9,11-octadecadienoyl)-GPC
17.8–18.7 790.6 1-Palmitoyl-2-(7,13-di-hydroxy-8,11-octadecadienoyl)-GPC
17.8–18.7 790.6 1-Palmitoyl-2-(13-hydroxy-9,10-epoxy-11-octadecenoyl)-GPC
18.8 806.6 1-Palmitoyl-2-(13-hydroxy-8-hydroperoxy-9,11-octadecadienoyl)-GPC
18.8 806.6 1-Palmitoyl-2-(10,13,14-tri-hydroxy-9,11-octadecadienoyl)-GPC
18.8 806.6 1-Palmitoyl-2-(11,12,15-tri-hydroxy-9,13-octadecadienoyl)-GPC
18.8 808.6 1-Palmitoyl-2-(9,13,14-tri-hydroxy-11-octadecenoyl)-GPC
19.3 822.6 1-Palmitoyl-2-(9,12-di-hydroxy-15-hydroperoxy-10,13-octadecadienoyl)-GPC
19.3 822.6 1-Palmitoyl-2-(8,9,10-tri-hydroxy-13-keto-10-octadecenoyl)-GPC
21.5 788.6 1-Palmitoyl-2-(9-hydroxy-14-keto-10,12-octadecadienoyl)-GPC
21.5 788.6 1-Palmitoyl-2-(11-hydroxy-14-keto-9,12-octadecadienoyl)-GPC
21.5 788.6 1-Palmitoyl-2-(13-hydroxy-8-keto-9,11-octadecadienoyl)-GPC
24.4–25.4 790.6 1-Palmitoyl-2-(13,14-di-hydroxy-9,11-octadecadienoyl)-GPC
24.4–25.4 790.6 1-Palmitoyl-2-(13-hydroperoxy-9,11-octadecadienoyl)-GPC
24–25 774.6 1-Palmitoyl-2-(9,10-epoxy-10,12-octadecadienoyl)-GPC
25.4 772.6 1-Palmitoyl-2-(9-keto-10,12-octadecadienoyl)-GPC
31.1 774.6 1-Palmitoyl-2-(9-hydroxy-10,12-octadecadienoyl)-GPC
31.1 774.6 1-Palmitoyl-2-(10-hydroxy-8,11-octadecadienoyl)-GPC
3 1
3 1
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PC: glycero-3-phosphocholine.

ased on the product ions observed it is suggested the pres-
nce of the 13,14-di-hydroxy-10-keto-8,11-octadecadienoyl
r the 13-hydroperoxide-8-keto-9,11-octadecadienoyl, and the
4,15-di-hydroxy-9-keto-10,12-octadecadienoyl. The elemen-
al composition determined for each product ion is shown in
able 3, and support the proposed structures (Table 4).

The RIC for the ion at m/z 808.6 (Fig. 2f) showed elution
n two well resolved peaks with maxima of elution at 11.2 and
8.8 min. The ion at m/z 808.6 is consistent with the presence
f a tri-hydroxy derivative with only one double bond instead
f two double bonds as was depicted for the ion at m/z 806.6.
n fact, the LC–MS/MS spectra obtained for the ion with rt
1.2 min (data not shown) exhibited the product ions at m/z
90.5 (–H2O), 772.5 (–2H2O) and 552 (–R1COOH), which indi-
ated the oxygen atoms to be placed at the sn-2 residue. Other
roduct ions at m/z 650.4, with the structure C33H65NO9P+

Table 3), resulted from cleavage between C9–C10 carbon bond,
nd at m/z 690.5, with the structure C36H69NO9P+ (Table 3),
esulted from cleavage between C12–C13, allow proposing the
ontribution of the 11,13-di-hydroxy-9,10-epoxy-octadecanoyl
s the sn-2 acyl residue (Scheme 4C), while the LC–MS/MS
btained for the ion with rt 18.8 min (data not shown) exhibited
he product ions at m/z 790.5 (–H2O) and 774.5 (–H2O2) by a

ombined homolytic cleavage between two hydroxy groups in
icinal positions, and at m/z 720.5 (–C5H12O) by cleavage of
13–C14 linkage suggesting the presence of an oxygen atom at
-14 (Table 3). Product ion present with minor relative abun-

f
i
i
7

-Palmitoyl-2-(12-hydroxy-10,13-octadecadienoyl)-GPC
-Palmitoyl-2-(13-hydroxy-9,11-octadecadienoyl)-GPC

ance at m/z 708.4, resultant from cleavages in the vicinity of the
ouble bond or the hydroxy groups suggest the presence of the
,13,14-tri-hydroxy-11-octadecenoyl (Scheme 4C) as the sn-2
esidue. More recently, in a study aimed at the identification
f enzymatic extracts of diacyl-phosphatidylcholines isolated
rom rat heart tissue, the ion at m/z 808.6 was attributed to
he tri-hydroxy PLPC derivative based on the loss of one, two
nd three water molecules, although information regarding the
ocation of the hydroxy groups was not suggested [26]. The
resence of tri-hydroxy derivatives of the linoleic acid bearing
icinal hydroxy groups was earlier proposed as linoleic perox-
dation products formed by hydrolysis of the epoxy-hydroxy
inoleic acid derivatives [40], and also as peroxidation products
n cardiolipin–cytochrome c system [41].

.4. Peroxidation products with four oxygen atoms (m/z
22.6 and 824.6)

The RIC chromatogram obtained for the ion at m/z 822.5
Fig. 1e) shows the elution of oxidation products in five peaks
ith rt 12.3, 13.8, 14.3, 15.2 and 19.3 min suggesting the elution
f several structural and positional isomers. The LC–MS/MS
pectra obtained in each peak (data not shown) exhibit, apart

rom the product ions at m/z 184.1, 478.4 and 496.4, the product
ons formed by loss of H2O, of H2O2 and of both combined, as
s the case of product ions at m/z 804.5 (–H2O), 788.5 (–H2O2),
86.5 (–2H2O), 770.5 (–H2O2 and H2O) and 768.5 (–3H2O).
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Fig. 7. LC–MS/MS spectra of [MH

owever, the low ion current of peaks with rt 13.8 and 14.3 min,
ampered the acquisition of the LC–MS/MS spectra, and the
C–MS/MS spectra for the remaining peaks of the ion at m/z
22.5 are shown in Fig. 8a–c. The product ion observed at m/z
54.5 (Fig. 8b and c), in particular, may be due to either com-
ined loss of 2H2O2 or, to combined loss of 2H2O with O2, since
he product ion at m/z 786.5 (–2H2O) is also observed in the
C–MS/MS spectra (Fig. 8b). The loss of the oxygen molecule
ay occur by a mechanism similar to what was earlier proposed

uggesting the presence of a conjugated hydroperoxide deriva-
ive [18]. Due to the wide variety possible isomers (structural
nd positional) generated by the insertion of high number of
xygen atoms into the sn-2 acyl chain (lineloyl), co-elution of
ifferent structures takes place.

The LC–MS/MS spectrum obtained for the ion at m/z 822.5

ith the peak maximum at 12.3 min (Fig. 8a) showed the product

ons at m/z 650.4, 704.4 and 732.4 that may suggest the contri-
ution of the 7,10,14-tri-hydroxy-12,13-epoxy-8-octadecenoyl
s the sn-2 residue derivative (Scheme 5A), which is also con-

o
t
6
c

Fig. 8. LC–MS/MS spectra of [MH]+ ion at m/z 822.6: (a)
at m/z 804.6 with rt = 15–16 min.

istent with the observed loss of 3H2O (m/z 768.6). The product
ons observed for the peak at 15.2 min (Fig. 8b) at m/z 636.4,
18.4, 788.5 and the product ion at m/z 754.6 (loss 2H2O
nd O2), may account for the presence of 8,13-di-hydroxy-14-
ydroperoxy-9,11-octadecadienoyl acid (Scheme 5B). On the
ther hand, the contribution of 9,10,11-tri-hydroxy-14-keto-12-
ctadecenoyl (Scheme 5C) also supports the observation of the
roduct ions at m/z 650.4 and 738.4 and the loss of 34 Da
bserved from the precursor ion, and in turn may account for
he presence of the product ion at m/z 704.5 due to loss of 34 Da
ombined with the cleavage between C13–C14. The 8,9,10-tri-
ydroxy-13-keto-10-octadecenoyl (Scheme 5D) and the 9,12-
i-hydroxy-15-hydroperoxy-10,13-octadecadienoyl derivatives
Scheme 5E) allow rationalising the product ions at m/z 650.4,
62.4, 696.4 and 706.4, and the loss of one H2O2 (−34 Da)

bserved for the maximum rt with 19.3 min (Fig. 8c). By plotting
he RIC chromatogram of the product ions with m/z 636.4, 650.4,
62.4, 696.4, 704.4, 706.4, 718.4 and 738.4 used for structural
haracterisation of ion at m/z 822.5 (data not shown) it is possi-

rt = 12.3 min, (b) rt = 15.2 min and (c) rt = 19.3 min.
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Scheme 5. Proposed structures contributing to the ion at m/z 822.5 (insert

le to group the product ions according to the differences in the
etention times observed corroborating the elution of different
LPC oxidation products. The elemental composition deter-
ined for each product ion observed in the LC–MS/MS spectra

nd the errors associated were calculated (data not shown) and
he identification was accepted when mass errors were inferior
o 25 ppm. The peroxidation products identified based on the
C–MS/MS data are summarised in Table 4. Bearing in mind

he results here described it is, therefore, feasible to assume that
he presence of unresolved peaks seen in the RIC chromatograms
f the several ions studied is the result of the considerable het-
rogeneity of the oxidised sn-2 acyl chains that may arise from
adical oxidation of the linoleic acid moiety in PLPC.

The product ion spectrum obtained for the ion at m/z 824.6
data not shown) eluting with rt 11.7 min (Fig. 2) exhib-
ted the typical product ions (–R1COOH and –R2COOH),
he product ions due to loss of water and hydrogen perox-
de, m/z 806.6 (–H2O), 790.6 (–2H2O), 788.6 (–H2O2) and
72.6 (–H2O–H2O2) from the precursor ion, and others at m/z
50.4 (cleavage C9–C10), 706.4 (cleavage C12–C13) and 736.5
cleavage C13–C14) showing errors of 15.5, 7.2 and 2.1 ppm,
espectively, for the proposed structures (data not shown).
hese product ions were consistent with the contribution of

he 9,12,13,14-tetra-hydroxy-10-octadecenoyl as the sn-2 acyl
esidue to the relative abundance of the ion at m/z 824.6.

Other ions that may also result from the insertion of four oxy-
en atoms (m/z 820.6), five oxygen atoms (m/z 836.6 and 840.6)
nd six oxygen atoms (m/z 854.6), were also formed as can be
een by their RIC chromatograms (Fig. 2). All the ions exhibited
ifferent retention times, suggesting that were in fact differ-
nt peroxidation products formed during the radical reaction of
LPC. However, the acquisition of the LC–MS/MS spectra of

hese ions in the different chromatographic peaks was, limited
y the low ion current obtained for these ions, constraining our

bility to perform structural characterisation. Nevertheless, the
resence of peroxidation products with high number of oxygen
toms may be responsible for the increase of the hydrophilic
haracter described for membrane bilayers [5,6]. The identifi-

b
d
t
p

four oxygen atoms) showing the product ions formed by C–C cleavages.

ation of these products suggests that the hydroxyl radical was
ble to penetrate into the lipophilic packing of the liposomes
nd thus initiate/propagate the radical reaction. In fact, Vitrac
t al. [19], through light-scattering studies, have concluded that
pproximately 90% of PLPC vesicles were of low diameter,
hen formed during sonication [19]. The occurrence of a phos-
holipid dispersion comprised of low-diameter vesicles would
ontain highly curved surface and, therefore, a looser packing
f the lipid chains facilitating ROS penetration [42].

In the case of LC–MS/MS analysis of long-chain PLPC prod-
cts, among the isomers identified several contained the C-9
osition substituted, which suggests this carbon atom to be easily
xidised or the oxidation product to be very stable. Remarkably,
he identification of short-chain product with m/z 650.4 assigned
o 1-palmitoyl-2-(9-oxo-nonanoyl)-glycerophosphocholine and
bserved during the LC–MS analysis of radical oxidised PLPC
iposomes [25] and in oxidised LDL [14,15] was found to be
ne of the predominant PLPC short-chain products. The phos-
holipid short-chain products containing the carbonyl moieties
re increasingly being studied in an attempt to determine their
ole on the uptake of oxidised LDL by macrophages [43] or the
ole of phospholipid–peptide interactions in the initial events of
poptosis observed in endothelial cultured cells [44].

Under the LC–MS conditions used in this study for the sepa-
ation of PLPC peroxidation products, it was possible to propose
he presence of structural, positional and geometrical isomers of
LPC long-chain oxidation products formed under Fenton con-
itions. In a recent study, several phosphatidylcholine oxidation
roducts formed under enzymatic conditions (lipoxygenase)
ere proposed [26], and although the proposed peroxidation
roducts were not fully characterised, to the products may be
ore structurally homogenous due to the specificity of the enzy-
atic oxidation reaction (lipoxygenase) [45]. As pointed out in

his study, detailed structural information about the structure can

e obtained based on the MS/MS data using the product ions (i)
ue to loss of H2O and H2O2 from the precursor ion, (ii) due
o loss of R1COOH and R2COOH (lyso-phosphatidylcholine
roduct ions) give information about the oxidised acyl chain,
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nd (iii) due to loss of alkene and aldehyde moieties resulting
rom charge remote fragmentations in the unsaturated backbone.

Based on the peroxidation products here described, the poly-
ydroxy derivatives identified as sn-2 acyl derivatives in oxidised
LPC, either with hydroxy groups in vicinal positions or in
istant positions, are apparently predominant over the hydroper-
xide derivatives. These results suggest that radical oxidation of
iacyl-GPC under the Fenton conditions, the hydroxy deriva-
ives appear to be more stable, or its formation more favourable.
n in vivo conditions, the presence glutathione peroxidases
GPx), which are described to reduce the hydroperoxides to
heir hydroxy derivatives [3,46], may also lead to the predomi-
ance of hydroxy derivatives over hydroperoxides, formed either
hrough enzymatic or non-enzymatic pathways. Also, in in vivo
onditions the formation of phospholipid peroxidation products,
hich is promoted not only by ROS but also by enzymatic

eactions, may enhance or promote the presence of some phos-
holipid peroxidation products over others, which in turn might
implify the composition of the oxidised phospholipids and thus
acilitating their identification in a complex mixture from bio-
ogical samples. On the other hand, using only one phospholipid
everal isomeric and positional isomers were identified in this
tudy, thus it is expected that the identification of radical peroxi-
ation products in biological samples may turn out to be a more
hallenging task considering that �-3, �-6 and �-9 fatty acids
re present in biological membranes [47]. In summary, the PLPC
eroxidation products identified based on these fragmentation
athways might create the bases for widening the products mon-
tored in biological samples, such as those reported in oxLDL
s potential biomarkers.

In the overall, the structural changes that take place in
embrane phospholipids, either with formation of long-chain

roducts or of the short-chain products, with terminal alde-
yde and carboxylic groups [25], that may account for the
escribed decrease of membrane packing and increase of mem-
rane disorder [5,6], may further promote ROS penetration and
he propagation of the damage, with consequences to the mem-
rane bilayer shape and in the diffusion capacity of red blood
ells with major implications in tissue oxygenation. Propagation
f the oxidative damage may induce to the loss of membrane
ntegrity, essential for proper phospholipid–phospholipid and
rotein–phospholipid interactions [9].

. Conclusions

Tandem mass spectrometry (MS/MS) together with reverse-
hase chromatography was used for the differentiation of
xidised PLPC products formed in vitro under non-enzymatic
xidative conditions. The LC–MS conditions used allowed the
eparation of the different isomers obtained for the oxida-
ion products with the same m/z value and the LC–MS/MS
rovided the structural identification for each of the prod-
cts. The different product ions observed in the LC–MS/MS

pectra were interpreted as resulting to loss of aldehyde
nd alkene moieties corresponding to charge remote frag-
entations. These fragmentations together with the product

ons due to loss of water and hydrogen peroxide from the

[
[
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recursor ions allowed establishing the different structural
eatures of PLPC long-chain peroxidation products. These
tructural features were determined in peroxidation products
ontaining one to five oxygen atoms, which included keto,
ydroxy, epoxy, keto-hydroxy, hydroperoxide, di-hydroxy, keto-
ydroperoxide, keto-di-hydroxy, hydroxy-hydroperoxide and
ri-hydroxy derivatives of PLPC. These data shows the sepa-
ation and identification of structural and positional isomers of
xidised phosphatidylcholine.
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