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Abstract The myeloperoxidase-derived metabolite hypo-
chlorous acid (HOCl) promotes the selective cleavage of
plasmalogens into chloro fatty aldehydes and 1-lysophospha-
tidylcholine (LPC). The subsequent conversion of the initially
generated LPC was investigated in plasmalogen samples in
dependence on the fatty acid residue in the sn-2 position by
matrix-assisted laser desorption and ionization time-of-flight
mass spectrometry and 31P NMR spectroscopy. Plasmalogens
containing an oleic acid residue in the sn-2 position are con-
verted by moderate amounts of HOCl primarily to 1-lyso-2-
oleoyl-sn-glycero-3-phosphocholine and at increased HOCl
concentrations to the corresponding chlorohydrin species.
In contrast, plasmalogens containing highly unsaturated
docosahexaenoic acid yield upon HOCl treatment 1-lyso-2-
docosahexaenoyl-glycerophosphocholine and glycerophos-
phocholine. The formation of the latter product denotes
a novel pathway for the action of HOCl on plasmalogens.—
Leßig, J., J. Schiller, J. Arnhold, and B. Fuchs. Hypochlorous
acid-mediated generation of glycerophosphocholine from un-
saturated plasmalogen glycerophosphocholine lipids. J. Lipid
Res. 2007. 48: 1316–1324.
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Olefinic residues of fatty acyl residues of phospholipids
are an important target for oxidative damage induced by
reactive oxygen species (ROS) known to occur under var-
ious pathological conditions, including chronic inflamma-
tion, atherosclerosis, aging, and cancer. Some mammalian
tissues and cells, such as erythrocytes, kidney, lung, testes,
skeletal muscle, brain, heart, and particularly selected ani-
mal spermatozoa (e.g., from bull), contain considerable
levels of plasmalogen glycerophosphocholine lipids (1).
Plasmalogens also represent an important target for ROS
(2) and are often considered antioxidants. Although the
1-alkenyl residues in plasmalogens (mainly plasmalogen

glycerophosphocholine and glycerophosphoethanolamine)
of mammalian cells are usually derived from saturated
long-chain fatty aldehydes, the acyl residues are highly un-
saturated (2). For instance, in spermatozoa from boar or
bull, docosahexaenoic and docosapentaenoic acid resi-
dues do nearly occur exclusively (3). Accordingly, the oxi-
dative attack of ROS may affect the vinyl-ether function
as well as the olefinic residue in the fatty acid moiety (4).
The presence of a vinyl-ether bond makes plasmalogens
more susceptible to oxidative damages compared with their
1-acyl analogs (2). This has prompted the hypothesis that
plasmalogens may act as ROS scavengers, protecting other
phospholipids and lipoprotein particles from oxidative dam-
age (2). Thus, plasmalogens seem to have an antioxidative
effect toward many ROS (5).

Hypochlorous acid (HOCl) is generated by polymor-
phonuclear leukocytes under the catalysis of the enzyme
myeloperoxidase (MPO) (6). HOCl reacts with a variety of
molecules, including amino acids, proteins, carbohydrates,
nucleic acids, and lipids (7–12). In the latter case, chloro-
hydrins are generated as the primary products when HOCl
reacts with the double bonds in unsaturated phosphatidyl-
cholines (12–14). HOCl and the MPO-H2O2-Cl2 system also
induce the formation of 2-lysophosphatidylcholines (LPCs)
in polyunsaturated phosphatidylcholines, as shown by matrix-
assisted laser desorption and ionization time-of-flight mass
spectrometry (MALDI-TOF MS) and 31P NMR spectros-
copy (15, 16).

The vinyl-ether bond of plasmalogens is also assumed
to represent the preferred target for reactive chlorinating
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species. It has been shown that the MPO-H2O2-Cl2 system
promotes selective oxidative cleavage of the vinyl-ether
bond of plasmalogens, liberating a-chloro fatty aldehydes
and unsaturated 1-LPC (17, 18). a-Chloro fatty aldehydes
at physiologically relevant concentrations induce neutro-
phil chemotaxis in vitro, suggesting that these compounds
possess a role in neutrophil recruitment and signaling
function (19). On the other hand, enhanced levels of LPC
are known to be cytotoxic. Enhanced LPC formation in-
duces membrane rupture, nuclear expansion, cell lysis,
a sustained increase in intracellular Ca21 levels, and the
production of ROS with the consequence of cytotoxic
injuries and necrosis (20). Because plasmenylcholine is
preferentially oxidized in contrast to unsaturated phos-
phatidylcholine (21), the supposed protective action of
plasmalogens as ROS scavengers could be in competition
with the damaging effects of the oxidation products. An
accumulation of a-chloro fatty aldehydes, including 2-
chlorohexadecanal, has been found in activated neutro-
phils and monocytes as well as in infarcted myocardium
and human atheromas (22). The selective oxidative cleav-
age of plasmalogens in human atherosclerotic lesions,
leading to a novel population of unsaturated 1-LPCs, in-
dependent of the action of phospholipase A2 (23), pos-
sesses proatherogenic properties (18, 24).

Here, we investigated the formation of HOCl-induced
degradation products from unsaturated plasmalogen
glycerophosphocholine lipids by MALDI-TOF MS and
high-resolution 31P NMR spectroscopy. Effects on mono-
unsaturated plasmalogen glycerophosphocholine and
plasmalogen glycerophosphocholine esterified with doco-
sahexaenoic acid in the sn-2 position of the glycerol back-
bone were compared. A novel effect of HOCl, the formation
of glycero-1-phosphocholine (GPC), was established.

MATERIALS AND METHODS

Chemicals

All chemicals for NMR spectroscopy (sodium cholate, EDTA,
and deuterated water with an isotopic purity of 99.6%), buffer
preparation (NaH2PO4IH2O, Na2HPO4I2H2O, and Tris), and
matrix preparation [p -nitroaniline (PNA)] as well as all solvents
(chloroform and methanol) and taurine were obtained in the
highest commercially available purity from Fluka Feinchemikalien
GmbH (Taufkirchen, Germany). 1-O-1¶-Octadecenyl-2-docosahexa-
enoyl-sn-glycero-3-phosphocholine (ODPCplasm) and 1-O-1¶-octa-
decenyl-2-oleoyl-sn-glycero-3-phosphocholine (OOPCplasm) as well
as the internal standards 1-myristoyl-2-lyso-sn-glycero-3-phospho-
choline (1-M-2-LPC), POPC, and 1,2-dipalmitoyl-sn-glycero-3-phos-
phate were purchased from Avanti Polar Lipids (Alabaster, AL) as
CHCl3 solutions and used without further purification.

Fig. 1. Positive ion matrix-assisted laser desorption and ionization time-of-flight mass spectrometry (MALDI-TOF MS) mass spectra of
the organic extracts of plasmalogen glycerophosphocholines after incubation with buffer (A) and 5 mM hypochlorous acid (HOCl) (B) for
1 h at room temperature. The HOCl incubation of 1-O -1¶-(Z)octadecenyl-2-oleoyl-sn-glycero-3-phosphocholine (OOPCplasm) is shown at
left and that of 1-O -1¶-(Z)octadecenyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (ODPCplasm) is shown at right. The plasmalogen
concentration was 2 mM. The slight intensity differences between the H1 and Na1 adducts in the starting material and product spectra
stem from the additional salt in the incubation buffer. Spectra were scaled according to the intensity of 1-myristoyl-2-lyso-sn-glycero-3-
phosphocholine (1-M-2-LPC) standard, and the m/z values as well as peak assignments are indicated. 2-D-1-LPC, 1-lyso-2-docosahexaenoyl-
sn-glycero-3-phosphocholine; 2-O-1-LPC, 1-lyso-2-oleoyl-sn-glycero-3-phosphocholine.

HOCl-mediated generation of GPC from plasmalogens 1317
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HOCl incubation and lipid extraction

An aliquot of the corresponding plasmalogen glycerophos-
phocholine lipid dissolved in chloroform was evaporated to dry-
ness. Multilamellar liposomes were prepared by dissolving the
phospholipid film in 10 mM phosphate buffer (pH 7.4) and
vortexing vigorously for 30 s. A stock solution of NaOCl was
kept in the dark at 4jC. Its concentration was determined at
pH 12 using e290 5 350 M21 cm21 for 2OCl (25). NaOCl was
diluted with 10 mM phosphate buffer (pH 7.4) immediately be-
fore use. Liposomes (2 mM phospholipid) were incubated with
varying concentrations of sodium hypochlorite for 1 h at pH 7.4.
Adding an excess of taurine stopped the incubation. To extract
the lipids, the same volume of a chloroform-methanol mixture
(1:1, v/v) was added (26). Both the organic and the aqueous
layers were used for further analysis.

MALDI-TOF MS measurements

Positive ion MALDI-TOF mass spectra were acquired on a
Bruker Daltonics Autoflex workstation (Bremen, Germany).
The system uses a pulsed nitrogen laser emitting at 337 nm.
The extraction voltage was 20 kV, and 200 single laser shots
were averaged for each mass spectrum. To enhance the spectral
resolution, spectra were recorded in the reflector mode under
“delayed extraction” conditions (27, 28). Internal standards were
added for quantitative analysis (27–29). POPC and 1-M-2-LPC
were added to the chloroform phase before MALDI-TOF MS.
Furthermore, GPC amounts were estimated by comparison with
the intensities of selected matrix peaks (28, 30). Organic or
aqueous phases of the reaction extracts were applied to the
MALDI target using PNA as the matrix (31). For the investiga-
tion of the organic and aqueous phases, the “low-mass gate”
(matrix suppression) was set to m/z 315 and 150, respectively. All

spectra were processed using the software Flex analysis version
2.2 provided by Bruker.

31P NMR spectroscopic measurements

The dried organic and aqueous layers were redissolved as
described previously (32, 33) in 50 mM Tris (pH 7.65) containing
200 mM sodium cholate and 5 mM EDTA. As a concentration
standard, 1,2-dipalmitoyl-sn-glycero-3-phosphate was added.
After intense vortexing of the 0.5 ml samples, 31P NMR spectra
were recorded in 5 mm NMR tubes on a Bruker DRX-600 spec-
trometer operating at 242.88 MHz for 31P. All measurements
were performed using a direct “broad-band” NMR probe at 37jC
and Waltz-16 composite pulse decoupling to eliminate 31P-1H
coupling. Pulse intervals of the order of T1 permit the quantita-
tive analysis of phosphorus resonance integral intensities (34).

Other NMR parameters were as follows: experiment time,
2–8 h; data size, 8 k; 60j pulse (7 ms), pulse delay of 2 s; and
line broadening of 1 Hz. Chemical shifts were referenced to the
most intense resonance of OOPCplasm at y 5 20.60 ppm and

Fig. 2. Positive ion MALDI-TOF mass spectra of the aqueous ex-
tracts of plasmalogen glycerophosphocholines incubated with
10 mM HOCl for 1 h at room temperature. A: Laser desorption
spectrum of the pure p -nitroaniline (PNA) matrix. B, C: Spectra of
OOPCplasm (B) and ODPCplasm (C). Spectra were scaled according
to the most intense matrix peak at m/z 229, and the m/z values as
well as peak assignments are indicated. The same experimental
parameters were used in all cases. GPC, glycero-1-phosphocholine.

Fig. 3. Changes in the concentrations of ODPCplasm (open circles),
OOPCplasm (closed circles), 2-D-1-LPC (open triangles), and 2-O-1-
LPC (closed triangles) (A) as well as GPC derived from ODPCplasm

(open squares) and OOPCplasm (closed squares) (B) as a function
of HOCl concentration. Plasmalogens and 1-lyso-2-fatty acyl glycero-
phosphocholine lipids were determined from the peak intensities
in the MALDI-TOF mass spectra with reference to the intensities of
the peaks of POPC and 1-M-2-LPC used as standards (A). The sum
of all individual adducts (H1 and Na1) was used as the intensity
measure. In the case of GPC, the intensity ratio of the GPC peak at
m/z 280.1 and the PNA matrix peak at 229.0 is indicated (B). Error
bars represent SD of three independent measurements. The curved
lines were not derived from a mathematical model but only rep-
resent spline curves to guide the eye.

1318 Journal of Lipid Research Volume 48, 2007
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ODPCplasm at y 5 20.62 ppm. All peak assignments were con-
firmed by comparison with the shift of commercially available ref-
erence compounds. Spectra were processed using the software
1D WIN-NMR version 6.2: (Bruker Analytische Messtechnik
GmbH, Rheinstetten, Germany) including the deconvolution (II)
routine for peak area determination.

RESULTS

Two selected plasmalogen glycerophosphocholines
(ODPCplasm and OOPCplasm) were treated separately with
increasing concentrations of HOCl. Plasmalogen species
with oleoyl and docosahexaenoyl residues in the sn-2 posi-
tion were chosen because significant differences in the
yield of 2-LPC are known to occur when differently satu-
rated diacyl-glycerophosphocholine lipids react with
HOCl (15, 16). Selected examples of positive ion MALDI-
TOF mass spectra of the organic phase of chloroform-
methanol extracts of the reaction mixture are shown in
Fig. 1. The top spectra (Fig. 1A) represent the starting
material (in the absence of HOCl), and the bottom spec-
tra (Fig. 1B) correspond to the organic extracts of plasma-

logens after reaction with 5 mM HOCl. The plasmalogen
concentration was 2 mM. Untreated OOPCplasm (left traces)
gives two major peaks at m/z 772.6 and 794.6, corre-
sponding to the neutral molecule cationized by H1 and
Na1, respectively. These peaks disappear nearly com-
pletely upon treatment with a 2.5 molar excess of HOCl.
New peaks arise in the low mass range at m/z 522.3 and
544.3, corresponding to the H1 and Na1 adducts of 1-lyso-
2-oleoyl-sn-glycero-3-phosphocholine (2-O-1-LPC). The
mass spectra of ODPCplasm (right traces) change in a
similar way by treatment with HOCl. The peaks at m/z
818.6 and 840.6, corresponding to the H1 and Na1 ad-
ducts of the starting material, disappear completely upon
treatment with HOCl, and at m/z 568.3 and 590.3, peaks
of 1-lyso-2-docosahexanoyl-sn-glycero-3-phosphocholine
(2-D-1-LPC) appear concomitantly. The spectra in Fig. 1
also contain additional peaks at m/z 468.3 and 490.3, cor-
responding to the proton and sodium adducts of 1-M-2-
LPC, and at m/z 760.6 and 782.6, corresponding to POPC.
Both substances were added to the organic plasmalogen
extracts as internal standards to allow a reliable quantita-
tive evaluation of the reaction products.

Fig. 4. Positive ion MALDI-TOF mass spectra of the chloroform phases of the organic extracts of plasma-
logen glycerophosphocholines incubated with 2.5 mM HOCl (A), 5 mM HOCl (B), or 10 mM HOCl (C)
for 1 h at room temperature. The plasmalogen concentration was 2 mM in all cases. Spectra at left cor-
respond to OOPCplasm, and spectra at right correspond to ODPCplasm. Spectra were scaled according to the
intensity of the 1-M-2-LPC standard, and the m/z values and peak assignments are indicated.

HOCl-mediated generation of GPC from plasmalogens 1319
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The aqueous extracts of both plasmalogens incubated
with HOCl were also analyzed by MALDI-TOF MS (Fig. 2).
New peaks appeared at m/z 258.1 and 280.1 in the HOCl-
treated (10 mM) OOPCplasm (Fig. 2B) and ODPCplasm

(Fig. 2C) samples, in contrast to the untreated controls
(data not shown). These peaks correspond to the proton
and sodium adducts of GPC. It is evident that the yield
of GPC upon HOCl incubation of ODPCplasm (Fig. 2C)
exceeds that of OOPCplasm (Fig. 2B). All other peaks in
Fig. 2 are caused by the PNA matrix, as indicated by the
spectrum of the pure PNA matrix (Fig. 2A). Of course,
these data are not absolutely reliable, because matrix peak
intensities are influenced by many other parameters. How-
ever, these data were confirmed by another independent
method (31P NMR; see below).

To evaluate the relative contributions of 1-lyso-2-fatty
acyl glycerophosphocholine lipids and GPC formed as a
result of the incubation of HOCl with plasmalogens in
more detail, products were analyzed in relation to the con-
centrations of HOCl in the incubation mixture (Fig. 3).
Peaks of interest were referenced to the intensities of the
internal standards [i.e., the sum of the intensities of the
proton and sodium adducts of 1-myristoyl-2-lyso-sn-glycero-
phosphocholine (m/z 468.3 and 490.3) for 1-lyso-2-fatty

acyl glycerophosphocholines and the sum of the inten-
sities of the proton and sodium adducts of 1-palmitoyl-2-
oleoyl-sn-glycero-phosphocholine (m/z 760.6 and 782.6)
for the plasmalogen glycerophosphocholines]. The most
pronounced PNA matrix peak at m/z 229 served as a ref-
erence for the formation of GPC (Fig. 3B). Although not
yet comprehensively established for PNA, this approach
offers different advantages, particularly the fact that there
is no need to add a reference compound.

Peaks of both plasmalogens decreased continuously
with increasing HOCl concentrations. No plasmalogens
were detected at HOCl concentrations . 5 3 1023 mol/l.
There were no significant reactivity differences between
ODPCplasm and OOPCplasm. 1-Lyso-2-fatty acyl glycero-
phosphocholine lipids (2-D-1-LPC from ODPCplasm and
2-O-1-LPC from OOPCplasm) were clearly detected at
1023 mol/l and greater HOCl concentrations. The highest
yields of 2-D-1-LPC and 2-O-1-LPC were detected at 2.5 3

1023 mol/l and 5 3 1023 mol/l HOCl, respectively. Using
still higher HOCl concentrations, the yields of both LPCs
decreased continuously.

The formation of GPC was observed only at 5 3

1023 mol/l and greater HOCl concentrations. A pro-
nounced formation of GPC occurred only in the case of

Fig. 5. 31P NMR spectra (242.88 MHz) of the combined
organic and aqueous extracts of plasmalogen glycerophos-
phocholine after incubation with buffer (A) or 1 mM
(B), 5 mM (C), 7.5 mM (D), or 10 mM (E) HOCl for 1 h at
room temperature. The plasmalogen concentration was
2 mM in all cases. OOPCplasm spectra are shown at left, and
ODPCplasm spectra are shown at right. Spectra were scaled
according to the 1,2-dipalmitoyl-sn-glycero-3-phosphate stan-
dard resonance (peak outside the shown range at 3.15 ppm),
and the peak assignment and chemical shifts are indicated.
The signal-to-noise ratio differs slightly between the indi-
vidual spectra because not exactly the same number of
scans was accumulated in all spectra.

1320 Journal of Lipid Research Volume 48, 2007
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ODPCplasm but not in the OOPCplasm samples. This is not
surprising, because it was already shown that phosphati-
dylcholine lipids with only one double bond under the
influence of HOCl give much smaller yields of the 2-lyso-
1-fatty acyl glycerophosphocholine lipids compared with
higher unsaturated species (15, 16). One additional prod-
uct was detected in the plasmalogen mass spectra at HOCl
concentrations . 5 3 1023 mol/l. This product corre-
sponds to the monochlorohydrin derived from 2-O-1-LPC
with peaks at m/z 574.3 and 596.3 for the proton and
sodium adducts, respectively (Fig. 4, left traces). Using
ODPCplasm only traces of the corresponding chlorohydrin
species were detected at m/z 620.3 for the proton adduct
(Fig. 4, right traces).

Besides the plasmalogens discussed to this point, a
third plasmalogen [1-O -1¶-(Z)octadecenyl-2-arachidonoyl-
sn-glycero-3-phosphocholine (OAPCplasm)] is still com-
mercially available and was also used. The same incubation
and quantification procedures were used to evaluate the
relative contributions of 1-LPC and GPC formed from
OAPCplasm (data not shown). OAPCplasm incubations with
HOCl gave complementary results. No plasmalogens were
detected at HOCl concentrations . 5 3 1023 mol/l.
LPC lipids were also clearly detected at 1023 mol/l and
greater HOCl concentrations. The formation of GPC from
OAPCplasm started at 5 3 1023 mol/l HOCl. At 1022 mol/l
HOCl, the relative GPC moiety derived from OAPCplasm

was 1.01, corresponding to an average value of OOPCplasm

and ODPCplasm (Fig. 3B).
Reaction products of plasmalogens subsequent to the

reaction with HOCl were additionally analyzed by 31P NMR
spectroscopy. For this purpose, the aqueous and CHCl3
phases were evaporated to dryness, combined, and redis-
solved in aqueous sodium cholate. This was done to have a
suitable reference to the mass spectra for when the aqueous
and CHCl3 layers were investigated separately. The 31P NMR
spectra of OOPCplasm (left traces) and ODPCplasm (right
traces) after incubation with different concentrations of
HOCl are shown in Fig. 5. In Fig. 5A, the 31P NMR spectra
of both plasmalogen glycerophosphocholine lipids incu-
bated with pure buffer in the absence of HOCl are shown
as reference. The only peak appearing in both spectra
represents the resonance of the plasmalogens (20.60 and
20.62 ppm) and proves the absence of even small amounts
LPC and GPC.

NMR spectra of OOPCplasm (left traces) and ODPCplasm

(right traces) after treatment with HOCl are shown in
Fig. 5B–E). The intensities of the plasmalogen resonances
decrease when increasing amounts of HOCl are used.
Additional peaks corresponding to LPCs (2-O-1-LPC and
2-D-1-LPC) are detected at 20.16 and 20.18 ppm, respec-
tively, in the presence of 1 mM HOCl (Fig. 5B). A further
increase of the LPC resonance intensities was observed
at 5 mM HOCl (Fig. 5C). Finally, at still higher HOCl
concentrations (7.5 and 10 mM), the intensity of the
LPCs decreases (Fig. 5D, E). One should note that a par-
tial migration of the fatty acid residue from the sn-2 to the
sn-1 position takes place in mixed detergent-phospholipid
micelles (35). Thus, a second resonance of the correspond-

ing LPC isomer is detectable at 20.33 ppm but with much
lower intensity. This has nothing to do with the HOCl ef-
fect but is caused by a methodological factor.

The incubation of ODPCplasm with 5 mM HOCl (Fig. 5C)
revealed one additional new resonance at 0.03 ppm, cor-
responding to GPC. The GPC peak increases more sig-
nificantly at higher HOCl concentrations in the ODPCplasm

samples, whereas only traces of GPC are detected in the
case OOPCplasm. One should also note that some other
resonances appear in the region of the starting material at
the highest HOCl concentrations (?20.55 ppm). These
resonances most likely contribute to chlorohydrins and
epoxides of the used plasmalogen. Because the resolution
of such very similar compounds is quite poor, no efforts
were made to assign these resonances in more detail.

A quantitative evaluation of the data from 31P NMR
spectra is given in Fig. 6 using 0.5 mM 1,2-dipalmitoyl-

Fig. 6. Quantitative analysis of the integral peak intensities of
the 31P NMR spectra shown in Fig. 5: The absolute plasmalogen
concentration according to the internal standard 1,2-dipalmitoyl-
sn-glycero-3-phosphate (A) as well as the GPC concentration de-
rived from ODPCplasm (open squares) and OOPCplasm (closed
squares) (B) upon incubation with HOCl are shown. The concen-
trations of ODPCplasm are indicated by open circles and those of
OOPCplasm by closed circles. The data for 2-D-1-LPC are indicated
by open triangles and those of 2-O-1-LPC by closed triangles. Error
bars represent SD of three independent measurements. The slight
concentration differences between MALDI-TOF MS and 31P NMR
data are caused by methodological factors (i.e., varying detection
sensitivities). The curved lines were not derived from a mathe-
matical model but only represent spline curves to guide the eye.
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sn-glycero-3-phosphate as an internal standard (31P NMR
chemical shift 5 3.15 ppm; not shown in Fig. 5). With
increasing HOCl concentrations, the concentrations of
both plasmalogens decrease (Fig. 6A). The concentrations
of 2-O-1-LPC and 2-D-1-LPC exhibit maxima at ?5 3

1023 M HOCl, with a slightly higher value in the case of
2-O-1-LPC. A more pronounced formation of GPC from
ODPCplasm compared with OOPCplasm is obvious at higher
HOCl concentrations (Fig. 6B). Thus, NMR data indicate
a comparable behavior to that shown by mass spectrometry.

DISCUSSION

The formation of a-chloro fatty aldehydes from plasma-
logens subsequent to treatment with HOCl is well docu-
mented (13, 14). Here, we focused our attention on the
fate of the other products of this reaction: on LPCs bear-
ing an acyl chain in the sn-2 position. In Fig. 7, the pro-
posed two-stage pathway of the reaction of HOCl with
plasmalogens is shown. Our data clearly indicate that
the vinyl-ether bond in both plasmalogen samples is the
preferred target for HOCl. We were able to detect the
formation of 2-O-1-LPC from OOPCplasm and 1-lyso-2-
arachidonoyl-sn-glycero-3-phosphocholine from OAPCplasm

as well as of 2-D-1-LPC from ODPCplasm at relatively low
(1023 M) HOCl concentrations by MALDI-TOF MS and
31P NMR spectroscopy. Secondary reaction products re-
sulting from both LPCs were detected only at 5 mM HOCl
and higher concentrations. In the case of 2-O-1-LPC, the
formation of the corresponding chlorohydrin derivative

dominates, whereas GPC is the preferred product from
2-D-1-LPC. This is in accordance with our previous ob-
servation that HOCl cleaves unsaturated fatty acyl chains
from phosphatidylcholines. The yield of LPC increases
considerably with the degree of unsaturation of the fatty
acyl residues in the PC (15, 16). High amounts of LPCs
were only formed from phospholipids containing arachi-
donoyl or docosahexaenoyl residues, and a possible mech-
anism to explain these findings has been proposed (15).

According to our results, GPC is formed from unsatu-
rated plasmalogens (especially from higher unsaturated
ones, such as OAPCplasm and ODPCplasm) by sequential
cleavage of the sn-1 and sn-2 residues. Weak chloro-
hydrin formation could be observed particularly in the
OOPCplasm sample, but the generation of LPC lipids
and glycerophosphocholine was considerably higher. Fur-
thermore, we cannot exclude the existence of additional
pathways. For instance, Thompson et al. (36) found upon
photooxidation of plasmalogens a cleavage of the alkenyl-
ether in the sn-1 position upon the formation of the lyso-
and formyl-glycerophosphocholine. In contrast, oxidation
along the fatty acid residue in the sn-2 position was also
shown to occur under the influence of free radicals (37,
38). Such products are not observed in the presence of
HOCl or are beyond our detection limits.

The sensitivity of the plasmalogen vinyl-ether bonds
emphasizes their impact as physiological prime targets for
HOCl and subsequent 1-lyso-2-fatty acyl glycerophospho-
choline and GPC formation. In the majority of plasma-
logens, the sn-1 position consists mainly of hexadecenyl
or octadecenyl residues, whereas the sn-2 position is es-

Fig. 7. Proposed two-stage process of the cleavage of the sn-1 plasmalogen glycerophosphocholine accom-
panied by the generation of 1-lyso-2-fatty acyl glycerophosphocholine and a-chloro fatty aldehydes. In the
second step, a cleavage of the polyunsaturated fatty acid at the sn-2 position upon the formation of GPC,
or alternatively upon the formation of chlorohydrins, takes place. R1, octadecenyl residue; R2, unsaturated
acyl residue.
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terified with polyunsaturated fatty acids and the head
group is usually either ethanolamine or choline (1, 2). Dif-
ferent tissues and cell types contain significant amounts
of plasmalogens. Brain possesses the highest content
of plasmalogen glycerophosphoethanolamine, followed
by spermatozoa, whereas heart has a higher content of
plasmalogen glycerophosphocholine (3, 39). As glycero-
phosphoethanolamine contains an additional amino group
that reacts readily with HOCl, plasmalogen glycerophos-
phocholine was used exclusively in this study to investi-
gate the influence of the alkenyl ether at sn-1 and the fatty
acid composition in the sn-2 position.

The reactive chlorinating species HOCl is known to be
produced from H2O2 and Cl2 in the presence of MPO,
an enzyme released by activated neutrophils and macro-
phages (6). Released MPO mediates, in part, the destruc-
tion of foreign organisms by producing toxic chlorinating
species (40). In contrast, HOCl also targets host tissues
and participates in cardiovascular pathophysiology (e.g.,
atherosclerosis) (18, 19) and other inflammatory diseases
(e.g., rheumatoid arthritis) (41). Plasmalogens have been
proposed not only as antioxidants but also as mediators of
membrane dynamics and the storage of polyunsaturated
fatty acids and lipid mediators (1, 2). Besides their involve-
ment in plasmalogen-deficiency disorders, plasmalogens
are also implicated in many diseases, including aging,
Alzheimer’s disease, heart diseases, and/or myocardial in-
farction (1, 2). Recently, HOCl has been shown to target
the vinyl-ether bond of plasmalogen glycerophospho-
choline, resulting in a-chloro fatty aldehydes and un-
saturated 1-LPCs (17–19). LPC formation is known to be
cytotoxic; thus, the proposed protective role of plasma-
logens against oxidative damage potentially could be in
competition with the damaging effects of the released LPC
lipids (20). Therefore, following the fate of the 1-LPCs
bearing an acyl chain at the sn-2 position is essential in
understanding the putative role of plasmalogen glycero-
phospholipids as scavenger molecules.

The formation of glycerophosphocholine from plasma-
logens under the influence of HOCl denotes a novel reac-
tion pathway. Remarkably, GPC is generated in the absence
of any phospholipase activities (i.e., exclusively under the in-
fluence of HOCl). Although GPC is unequivocally an im-
portant metabolite, there is yet no established correlation
between increased GPC levels and different processes such
as inflammation and ROS-mediated pathologies.

This study provides clear evidence that GPC formation
occurs when ODPCplasm is incubated with a slight excess of
HOCl (e.g., 5 mM HOCl). This is close to physiologically
relevant HOCl concentrations, although the in vivo sta-
tionary HOCl concentration is always near zero, because
many potential targets are available. HOCl is produced con-
tinuously at inflammatory sites by MPO, and calculations
revealed that 2–4 3 106 leukocytes produce 100–140 mmol
of HOCl during 1 h (42). Furthermore, the same reac-
tion would take place at reduced HOCl concentrations if
the plasmalogen concentrations were decreased concomi-
tantly. Thus, under inflammatory conditions, HOCl may
be capable of triggering GPC generation throughout. In

the case of polyunsaturated plasmalogen, ODPCplasm

GPC is the main product besides 2-D-1-LPC at increased
HOCl concentrations. These results confirm the pre-
viously underestimated role of plasmalogens as scavenger
molecules in biological cells and tissues. GPC generation
may be of particular relevance in animal spermatozoa
(e.g., bull or boar), because these cells have very high
plasmalogen moieties that consist primarily of docosahexa-
enoic acid residues.
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11. Prütz, W. A. 1996. Hypochlorous acid interactions with thiols,
nucleotides, DNA, and other biological substrates. Arch. Biochem.
Biophys. 332: 110–120.

12. Arnhold, J., A. N. Osipov, H. Spalteholz, O. M. Panasenko, and
J. Schiller. 2001. Effects of hypochlorous acid on unsaturated
phosphatidylcholines. Free Radic. Biol. Med. 31: 1111–1119.

13. Winterbourn, C. C., J. J. M. van den Berg, E. Roitman, and F. A.
Kuypers. 1992. Chlorohydrin formation from unsaturated fatty
acids reacted with hypochlorous acid. Arch. Biochem. Biophys. 296:
547–555.

14. Van den Berg, J. J. M., C. C. Winterbourn, and F. A. Kuypers.
1993. Hypochlorous acid-mediated modification of cholesterol
and phospholipids: analysis by gas chromatography-mass spectrom-
etry. J. Lipid Res. 34: 2005–2012.

15. Arnhold, J., A. N. Osipov, H. Spalteholz, O. M. Panasenko, and
J. Schiller. 2002. Formation of lysophospholipids from unsatu-
rated phosphatidylcholines under the influence of hypochlorous
acid. Biochim. Biophys. Acta. 1572: 91–100.

16. Panasenko, O. M., J. Schiller, H. Spalteholz, and J. Arnhold. 2003.
Myeloperoxidase-induced formation of chlorohydrins and lysophos-

HOCl-mediated generation of GPC from plasmalogens 1323

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


pholipids from unsaturated phosphatidylcholines. Free Radic. Biol.
Med. 34: 553–562.

17. Marsche, G., R. Heller, G. Fauler, A. Kovacevic, A. Niszkowski, W.
Graier, W. Sattler, and E. Malle. 2004. 2-Chlorohexadecanal derived
from hypochlorite-modified high-density lipoprotein-associated
plasmalogen is a natural inhibitor of endothelial nitric oxide bio-
synthesis. Arterioscler. Thromb. Vasc. Biol. 24: 2302–2306.

18. Thukkani, A. K., J. McHowat, F-F. Hsu, M-L. Brennan, S. L. Hazen,
and D. A. Ford. 2003. Identification of chloro fatty aldehydes and
unsaturated lysophosphatidylcholine molecular species in human
atherosclerotic lesions. Circulation. 108: 3128–3133.

19. Thukkani, A. K., F-F. Hsu, J. R. Crowley, R. B. Wysolmerski, C. J.
Albert, and D. A. Ford. 2002. Reactive chlorinating species pro-
duced during neutrophil activation target tissue plasmalogens.
J. Biol. Chem. 277: 3842–3849.

20. Zhou, L., M. Shi, Z. Guo, W. Brisbow, R. Hoover, and H. Yang.
2006. Different cytotoxic injuries induced by lysophosphatidylcho-
line and 7-ketocholesterol in mouse endothelial cells. Endothelium.
13: 213–226.

21. Messner, M. C., C. J. Albert, F-F. Hsu, and D. A. Ford. 2006. Selec-
tive plasmenylcholine oxidation by hypochlorous acid: formation
of lysophosphatidylcholine chlorohydrins. Chem. Phys. Lipids. 144:
34–44.

22. Wildsmith, K. R., C. J. Albert, D. S. Anbukumar, and D. A. Ford. 2006.
Metabolism of myeloperoxidase-derived 2-chlorohexadecanal. J. Biol.
Chem. 281: 16849–16860.

23. Thukkani, A. K., C. J. Albert K. R. Wildsmith, M. C. Messner,
B. D. Martinson, F-F. Hsu, and D. A. Ford. 2003. Myeloperoxidase-
derived reactive chlorinating species from human monocytes
target plasmalogens in low density lipoprotein. J. Biol. Chem. 278:
36365–36372.

24. Malle, E., G. Marsche, U. Panzenboeck, and W. Sattler. 2005.
Myeloperoxidase-mediated oxidation of high-density lipoproteins:
fingerprints of newly recognized potential proatherogenic lipo-
proteins. Arch. Biochem. Biophys. 445: 245–255.

25. Morris, J. C. 1966. Acid ionization constant of HOCl from 5 to
35 degrees. J. Phys. Chem. 70: 133–140.

26. Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total lipid
extraction and purification. Can. J. Biochem. Physiol. 37: 911–917.

27. Schiller, J., and K. Arnold. 2000. Mass spectrometry in structural
biology. In Encyclopedia of Analytical Chemistry. R. A. Meyers,
editor. Wiley, Chichester, UK. 559–585.
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