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Abstract
Plasmalogens (Plg) are phospholipids containing vinyl ether linkage at the sn-1 position of the
glycerophospholipid backbone. In spite of being quite abundant in humans, the biological role of
plasmalogens remains speculative. It has been postulated that plasmalogens are physiological
antioxidants with the vinyl ether functionality serving as sacrificial trap for free radicals and
singlet oxygen. However, no quantitative data on the efficiency of plasmalogens to scavenge these
reactive species are available. In this study, rate constants of quenching of singlet oxygen,
generated by photosensitized energy transfer, by several plasmalogens and, for comparison, by
their diacyl analogs, were determined by time-resolved detection of phosphorescence at 1270 nm.
Relative rates of the interaction of singlet oxygen, with plasmalogens and other lipids in solution
and liposomal membranes were measured by electron paramagnetic resonance oximetry and
product analysis, employing HPLC-EC detection of cholesterol hydroperoxides and iodometric
assay of lipid hydroperoxides. Results show that singlet oxygen interacts with plasmalogens
significantly faster than with the other lipids, with he corresponding rate constants being by one-
two orders of magnitude greater. The quenching of singlet oxygen by plasmalogens is mostly
reactive in nature and results from its preferential interaction with the vinyl ether bond. The data
suggest that plasmalogens could protect unsaturated membrane lipids against oxidation induced by
singlet oxygen, providing that the oxidation products are not excessively cytotoxic.
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INTRODUCTION
Plasmalogens (Plg) are widely distributed mammalian phospholipids that contain a Z-1’-
alkenyl-ether linkage at the sn-1 position of the glycerophospholipid backbone [1]. They
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comprise as much as 18% of the total phospholipid mass in humans and are particularly
abundant in the brain and cardiac tissue [2]. In spite of their prevalent distribution in
mammalian tissues, the biological functions of Plg remain unclear. Nevertheless, it is known
that a group of inherited diseases with an impaired function or absence of peroxisomes is
correlated with a reduced level of cellular Plg. Thus in fibroblasts from the Zellweger
cerebro-hepato-renal syndrome (CHRS) patients, reduction of Plg levels varies between 60
and 80%, and in fibroblasts from the rhizomelic form of chondrodysplasia punctata (RCDP),
the level of plasmalogens can be reduced by 90% [3] A selective deficiency of ethanolamine
plasmalogen was identified in brain samples from patients with senile dementia [4] or in
Alzheimer disease [5]. Plg are believed to play a crucial role in ocular development and
function [6]. Indeed a variety of ocular abnormalities have been observed in Plg deficiency
[7].

It has been postulated that plasmalogens are involved in arachidonate storage and signal
transduction [8,9]. Plg could be responsible for unique membrane protein activities and
formation of lipid raft microdomains [10]. The second main hypothesis, seemingly
supported by a growing body of experimental evidence, suggests that Plg are physiological
antioxidants, with the vinyl-ether bond serving as a sacrificial trap for reactive oxygen
species that would otherwise attack the PUFA moieties at the nearby sn-2 position or in
other lipid molecules [11–16]. Significantly, it was demonstrated that Plg-deficient mutants,
derived from macrophage-like cell line (RAW 264.7), exhibited hypersensitivity to chemical
hypoxia [17]. The mutants were also much more susceptible to cytotoxicity induced by rose
Bengal-photosensitized reactions. Restoration of the Plg level resulted in wild-type-like
resistance to chemical hypoxia and oxidative stress. Although the vinyl-ether bond at the
sn-1 position is relatively resistant to enzymatic degradation, it is quite susceptible to
oxidation induced by a variety of oxidizing reagents [18–21]. As a result, plasmalogens
undergo oxidative decomposition more readily than their fatty acid ester analogs [22]. The
interaction of the vinyl-ether bond with oxidizing radicals and singlet oxygen may be
responsible, at least in part, for the postulated antioxidant action of plasmalogens. It was
suggested that plasmalogens might interfere with the propagation step rather than initiation
step of lipid peroxidation and, unlike α-tocopherol, plasmalogens did not induce a lag phase
during peroxidation of lipids [15]. It appears that products of vinyl-ether oxidation do not
effectively propagate the oxidation of polyunsaturated lipids [14], and plasmalogens, being
present in the membrane bilayer, may reduce the total membrane oxidizability [16,23].

The product profile of plasmalogen oxidation strongly depends on the type of estrified fatty
acids at the sn-1 and sn-2 positions, and the nature of oxidative stress initiators [24–26].
During Plg oxidation, hydrocarbon chains at both the sn-1 and sn-2 positions can undergo
degradation. Free radical induced oxidation of plasmalogens yields sn-1-lyso-lipids, sn-1-
formyl-lipids, chain-shortened ω-aldehydes, γ-hydroxy α–, β– unsaturated aldehydes [27].

The reactivity of singlet oxygen with enol-ether bonds, of relatively simple model
compounds, was studied by product analysis and indirect measurements of singlet oxygen
lifetime some thirty years ago [28–30]. The results can be summarized as follows: i. Enol-
ethers quench singlet oxygen with the rate constant in the range: 104 − 4.2×107 M−1s−1,
with the rate constant generally being higher in polar solvents compared to non-polar
solvents. ii. In polar solvents, photooxidation of enol-ethers predominantly occurs via
cycloaddition leading to the formation of dioxetanes. iii. The activation energy for the
interaction of enol-ethers with singlet oxygen is very low, while the corresponding entropy
change is higly negative, indiacting a rapid reversible formation of an exciplex, which then
decays via the rate determining formation of oxidative products.
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Products of zinc phthalocyanine photosensitized oxidation of palmitoyl plasmenylcholine in
liposomes were determined by MALDI-MS, 1H-NMR and HPLC-EC [26]. Primary
products included lysolipid species, along with its hydrolysis product, and an allylic
hydroperoxide species. Secondary products were ascribed to degradation of allylic
hydroperoxides either via Hock rearrangement or by alkenyl ether epoxidation. In spite of
this extensive research effort, there are no reliable data on rate constants of the interaction of
plasmalogens with singlet oxygen, and it is unclear whether the hydrocarbon chain in the
sn-2 position affects the interaction of Plg with singlet oxygen and to what extent the
interaction is modified by the microenvironment.

In this study, we determined rate constants of the interaction of singlet oxygen, generated by
photosensitized energy transfer, with different plasmalogens and, for comparison, with their
diacyl analogs, employing time-resolved detection of singlet oxygen phosphorescence at
1270 nm and electron paramagnetic resonance (EPR) oximetry. The kinetic measurements
were supplemented by determination of lipid hydroperoxides using the iodometric assay and
HPLC-EC for detection of cholesterol hydroperoxides with cholesterol employed as a
unique mechanistic reporter molecule. To address the issue of how microenvironment
affects the interaction of Plg with singlet oxygen, the measurements were carried out in
different model systems – in homogeneous solutions of the lipids in organic solvents and
organic solvent mixtures, in Triton X-100 micelles and in liposomal membranes.

MATERIALS AND METHODS
Reagents

Phospholipids (PlgPC 16:0/18:1, PlgPC 18:0/18:1, PlgPC 18:0/20:4, POPC, SOPC, SAPC,
DMPC, DPPC) and cholesterol were purchased from Avanti Polar Lipids Inc., Alabaster,
USA and were used without further purification. Saturated plasmenylcholine, 1-O-1'-(Z)-
hexadecenyl-2-oleoyl-sn-glycero-3-phosphocholine was synthesized as described elsewhere
[31]. Organic solvents were as follows: UvasolR carbon tetrachloride, LiChrosolvR

isopropanol, LiChrosolvR methanol, LiChrosolvR acetonitrile from Merck, Darmstadt,
Germany, carbon disulfide (Riedel-de-HaenR) from Sigma-Aldrich, Steinheim, Germany
and chloroform from POCH, Gliwice, Poland. Photosensitisers – rose Bengal and
merocyanine 540 were from Sigma-Aldrich, St.Louis, MO, USA, and tetraphenylporphyrin
was from Aldrich Chem. Co., Milwaukee, WI, USA. 4-Protio-3-carbamoyl-2,2,5,5-
tetraperdeuteromethyl-3-pyrroline-1-yloxy (mHCTPO) was a gift from Prof. H. J. Halpern
(University of Chicago, Chicago, IL) and used as received.

Liposomes preparation
Lipid films composed of DMPC and additional lipid (PlgPC 16:0/16:0, PlgPC 18:0/18:1,
SOPC, POPC or Chol) were dried from chloroform under the stream of nitrogen and left
under vacuum until total evaporation of organic solvent. Hydration was done in pH 7.4
phosphate buffered solution A (PBSA) in a heating water bath at temperature over the main
phase transition of DMPC. Afterwards, liposomes were pressed through 100 nm diameter
extruder membrane to obtain large unilamellar vesicle suspension (LUV). All preparation
steps were carried in darkness.

Micelles preparation
Lipids were solubilized in micelles using 2% w/v Triton-X 100 and PBSA (pH 7.4). Final
concentration of lipids was 5 mM in molar ratio of 3:2 of DMPC and additional lipid (PlgPC
16:0/16:0, POPC or Chol).
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EPR measurements
Photosensitized oxygen consumption was measured by EPR-oximetry employing mHCTPO
as a spin probe and using Bruker EMEX-AA spectrometer (Bruker BioSpin, Germany).
Spectral parameters of mHCTPO spin probe were calibrated for dissolved oxygen
concentration in water solution at room temperature [32]. Micelles solution, in flat quartz
cells placed in the EPR resonant cavity, was irradiated with green light derived from a
Cermax PE300CE-13FM 300W lamp in air-cooled housing (Perkin Elmer, USA) using a
combination of filters (5 cm of aqueous solution of 5 g/l CuSO4, green dichroic and a cut-off
< 500 nm filter). Sample irradiance, measured by a calibrated photodiode (Hamamatsu,
Photonics, K.K, Japan), was in the range 151–174 W/m2. In experiments with liposomes,
sample irradiance was ~46 W/m2.

Singlet oxygen quenching measurements
To determine rate constants of the interaction of singlet oxygen with plasmalogens and other
lipids, time-resolved singlet oxygen phosphorescence at 1270 nm was measured as a
function of the quencher concentration. Under the experimental conditions employed,
singlet oxygen was generated within a short time interval after pulse excitation of 2–3 µM
tetraphenylporphyrin used as a photosensitizing dye. The experimental set up, described
elsewhere [33], was as follows: a Q-switched Nd:YAG laser (Surelite II; Continuum, USA)
was employed as the excitation source, generating 5-ns pulses of a second (532 nm) or a
third (355 nm) harmonic. Singlet oxygen phosphorescence was detected with a nitrogen-
cooled germanium detector (EO-8179P; North Coast Scientific Corporation, USA). Silicon
cut-off filter, transmitted light above 1100 nm and an interference filter transmitted light
around 1270 nm for cutting out stray light were used. A home-build sequence generator was
used to trigger the sequence of events, and special custom-written software was used for
data collection and analyses. Plasmalogens and their diacyl analog phospholipids were
dissolved in carbon tetrachloride, carbon disulfide or selected mixtures of these solvents.

HPLC-EC detection of lipid hydroperoxides
HPLC-EC with controlled growth mercury drop electrode was used to detect cholesterol
hydroperoxides, namely 7α/β-OOH, 6α-OOH, 6β-OOH and 5α-OOH [34]. Reduction
potential was set to −150 mV. The aliquot of lipid extracts dissolved in isopropanol were
loaded onto C-18 reverse phase column (Ultrasphere™ XL, Beckman, USA). HPLC high
purity solvents were used for eluent mixture: 71% methanol, 11% acetonitrile, 8%
isopropanol and 9% water. NaClO4 was used as an electrolyte. Eluent flow was set to 1.5
ml/min. The system was purged with argon during the measurements.

Determination of lipid hydroperoxides by the iodometric assay
Progress of photosensitised peroxidation of lipids was monitored by measuring
accumulation of the corresponding lipid hydroperoxides using the iodometric test described
elsewhere [35]. In brief, solution of 0.1 mM plasmenylcholine (PlgPC 16:0/16:0) or 2 mM
cholesterol in carbon tetrachloride was irradiated with visible light (13.7 W/m2) in the
presence of 5 µM tetraphenylporphyrin. Samples were gently stirred during irradiation and
aliquots were taken for lipid hydroperoxides measurements at selected time intervals.

RESULTS
Fig. 1 shows oxygen concentration changes induced by green light irradiation of aqueous
suspension of large unilamellar vesicles (LUV) composed of DMPC and selected percentage
of either cholesterol or plasmenylcholine, in the presence of rose Bengal (RB), a water-
soluble photosensitizer known for high efficiency to photogenerate singlet oxygen [36]. It is
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apparent that, in comparison with cholesterol, plasmenylcholine is a much better substrate
for photosensitized oxidation. Considering the difference in irradiation time and
concentration of the two lipids, it is estimated that plasmenylcholine interacts over 30 times
faster with singlet oxygen and other reactive oxygen species photogenerated by RB. When
the photosensitized oxidation reaction was mediated by tertraphenylporphine (TPP), a lipid
soluble photosensitizer with high yield of singlet oxygen generation, the rate of oxygen
photoconsumption, in cholesterol-containing DMPC liposomes, was about 15 fold lower
than that when liposomes were enriched with PlgPC (data not shown). Using merocyanine
540 (MC 540) that binds avidly to cell membranes [37] and DMPC liposomes with either
plasmalogens (PlgPC 18:0/18:1 or PlgPC 16:0/16:0) or their diacyl analogs (POPC or
SOPC), the rate of oxygen photouptake was found to be 8.5 – 11 fold greater in samples
with plasmalogen-containing liposomes, compared to samples with POPC or SOPC (Fig. 2).
Under such conditions, photosensitized oxidation of cholesterol was about 25 times slower
than that detected in plasmenylcholine-containing vesicles. At this point it is not clear if the
effects observed for different photosensitizing dyes are due to heterogeneity of the liposomal
membranes, in which cholesterol and phospholipid molecules might be distributed non-
uniformly while the dye molecules exhibit preferential affinity to different membrane
domains or to differential photogeneration of singlet oxygen and free radicals by the
photosensitizers. When DMPC or DPPC and plasmenylcholine were solubilized in Triton
X-100 micelles, the rate of oxygen consumption, photosensitized by MC 540, was over 140
times smaller than that observed in liposomes (Fig. 3). This dramatic difference in the rates
of photosensitized oxidation of plasmalogen in liposomes and in Triton X-100 micelles
could be explained by significantly higher local concentration of the oxidizable substrate in
the liposomal membranes where photosensitizing dye molecules also localize.

Using HPLC-EC, we were able to detect in chloroform extracts of DMPC/plasmenylcholine/
cholesterol liposomes, subjected to aerobic irradiation with green light in the presence of RB
or MC 540, large amounts of hydroperoxides with the retention time between 20 and 30
minutes. The retention time suggests that plasmenylcholine hydroperoxides were formed
[26]. Unfortunately, without an appropriate plasmenylocholine hydroperoxides standard, no
quantitative evaluation was possible. At shorter retention times (4–6 min), substantial
amounts of singlet oxygen specific cholesterol hydroperoxides: 5α-OOH, 6α-OOH and 6β-
OOH were detected (Fig. 4). Although 7α/β-OOH were also formed, particularly when RB
was used as the photosensitizer, their amount was significantly lower than that of 5α-OOH,
suggesting that singlet oxygen is the main reactive oxygen species responsible for the
observed oxidation of liposomal lipids. A small difference in the retention time for the
PlgPC oxidation products observed when two different photosensitizers were used, could
arise from several independent factors such as difference in the content of organic solvents
due to extensive purging of the of the elution media with argon and difference in the column
temperature.

To eliminate, or at least substantially reduce, the effects of site-specific formation and decay
of ROS, expected in heterogeneous systems such as liposomal membranes, the formation of
cholesterol hydroperoxides was also measured in a homogeneous solution of cholesterol in
carbon disulfide, in the absence and presence of increasing concentration of
plasmenylcholine. Representative data are shown in Fig. 5A. It is apparent that the rate of
TPP-photosensitized accumulation of 5α-OOH decreases in the presence of a small amount
of PlgPC. The amount of photoformed 5α-OOH decreased almost linearly with increasing
concentration of the added PlgPC (Fig. 5B). To compare quantitatively the rates of
photosensitized formation of plasmenylcholine and cholesterol hydroperoxides, these two
lipids were dissolved in carbon tetrachloride and subjected to aerobic irradiation with visible
light in the presence of TPP, used as a photosensitizer. Total amount of lipid hydroperoxides
was determined by the iodometric assay. Data shown in Fig. 6 indicate that at cholesterol
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concentration 2 mM, the rate of its hydroperoxides accumulation was 1.8 µM/min. On the
other hand, if the photosensitized sample contained 0.1 mM plasemenylcholine, the rate of
plasemylcholine hydroperoxide formation was 4.8 µM/min. Normalizing to equal
concentration of the lipids we can conclude that the rate of photosensitized oxidation of
plasemenylcholine is 53 fold greater than that of cholesterol.

The interaction of plasmalogen molecules with singlet oxygen can be reactive and physical.
While the former results in consumption of oxygen and formation of a product, the latter
leads to physical quenching of singlet oxygen leaving the interacting molecules chemically
unchanged [38]. To determine total rate constants of the interaction of singlet oxygen with
Plg and other lipids, time-resolved phosphorescence at 1270 nm was used. This direct
method of singlet oxygen detection enables determination of the interaction of a physical
and/or chemical quencher with singlet oxygen by measuring reduction of its lifetime as a
function of increasing concentration of the quencher [39]. Under realistic experimental
conditions, the method works when the “intrinsic” lifetime of singlet oxygen, is long
enough. This is primarily determined by the solvent, in which the photosensitizer and lipids
are dissolved. In our experiments we used carbon tetrachloride, in which lifetime of singlet
oxygen is of the order of milliseconds [40]. Representative data are shown in Fig. 7. It is
evident that with increasing concentration of PlgPC 16:0/18:1, the observed lifetime of the
singlet oxygen phosphorescence decreases. A plot of the apparent first-order rate constant of
singlet oxygen decay as a function of the plasmalogen concentration gives the bimolecular
rate constant of singlet oxygen quenching 1.0 (± 0.2) × 106 M−1 s−1. Table 1 summarizes
such data for selected plasmalogens and their diacyl analogs in CCl4. The data show that on
average, the alkenyl-acyl phospholipids quench singlet oxygen with the rate constant being
one order of magnitude higher than that measure for diacyl phospholipids. The highest
efficiency of singlet oxygen quenching by plasmenylcholine has been determined in carbon
disulfide (Table 2). In this solvent, we observed that the rate constant of singlet oxygen
quenching by plasemenylcholine was two orders of magnitude greater than by cholesterol
(data not shown). Interestingly, addition of CCl4 to CS2 decreased the quenching rate
constant (kQ). Thus addition of 25% CCl4 reduced kQ by a factor of almost three and in the
presence of 75% CCl4 the quenching rate constant was over six fold lower than in 100%
CS2. The data suggest that the interaction of singlet oxygen with the plasmalogen vinyl ether
bond is most efficient in polar organic solvents. Comparison with simple enol-ethers [28–
30] suggests that in polar media the interaction of plasmalogens with singlet oxygen
predominantly occurs via cycloaddition leading to the formation of dioxetanes.

DISCUSSION
In this study, we used an array of complementary techniques to monitor the interaction of
singlet oxygen with plasmalogens and other lipids. Thus the chemical interaction of Plg with
reactive species generated by photosensitized oxidation reaction was monitored by oxygen
consumption using EPR oximetry and product analysis employing iodometric assay and
HPLC-EC determination for lipid hydroperoxides. Oxygen uptake that accompanies an
oxidation process, is one of the most universal and sensitive indicator of the reaction
progress. We, and others, have previously demonstrated that photosensitized oxidation
reaction can conveniently be monitored by EPR-oximetry using an appropriate spin probe
[32,41]. Although this method is not specific for any particular type of oxidation reaction,
under appropriate experimental conditions it could also be used to differentiate Type I from
Type II photosensitized oxidation reactions. Thus if the lifetime of singlet oxygen that is
responsible for the oxidation process, is determined by the interaction with solvent
molecules, exchanging H2O for D2O could greatly accelerate the observable oxygen
consumption [42]. In addition, the rate of oxygen consumption should substantially decrease
in the presence of adequate concentrations of a singlet oxygen quencher. Unfortunately such
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experimental conditions are not established in the liposomal system studied. The system is
highly heterogeneous, in which the formation and decay of singlet oxygen (and free
radicals) is predominantly site-specific. This is due to association of the photosensitizing dye
molecules with liposomal membranes. Although significant binding with phospholipid
membranes is expected for the hydrophobic TPP and the amphiphillic MC540, it may come
as a surprise that also the negatively charged RB molecules exhibit substantial association
with liposome vesicles. Indeed, we observed a distinct batochromic shift of the RB
absorption maximum after liposomes were added to aqueous solution of the dye (data not
shown). A substantial binding of RB molecules with liposomal membranes was evident
from control experiments, in which the liposomes were spin down after centrifugation. In
such samples less than 5% of the initial RB concentration was found in the supernatant,
while most of the dye was in the liposomal fraction. Thus, under the conditions used,
oxygen consumption measurements do not provide any specific information about the
predominant type of photosensitized reactions mediated by the photosensitizing dyes used.

However, the experiments clearly show that photosensitized oxidation of Plg is one to one
and half orders of magnitude faster than that of unsaturataed diacyl phospholipids and
cholesterol (Fig.1 and 2). The vinyl ether linkage is responsible for the interaction with
singlet oxygen (and/or free radicals) leading to the observable oxygen consumption in
plasmalogen samples subjected to photosensitized oxidation. As evident from Fig. 2B, the
highest rate of oxygen consumption was found in photosensitized samples that contained
liposomes with saturated plasmenylcholine (PlgPC 16:0/16:0), i.e. glycerophospholipid with
no double bonds except the vinyl ether bond. The predominant mode of the photosensitized
oxidation reaction operating in the system studied could be deduced from experiments, in
which cholesterol hydroperoxides were determined by HPLC-EC (Fig 4). In these
experiments, cholesterol was used as a mechanistic reporter probe [43]. While 7α/β-OOH
are formed via free radical mediated oxidation, they can also result from spontaneous
conversion of 5α-OOH [44]. On the other hand 5α-OOH (as well 6α-OOH and 6β-OOH) are
specific products of the interaction of cholesterol with singlet oxygen [28]. The data clearly
show that the predominant oxidation products of the liposomal cholesterol, detected by
HPLC-EC, are singlet oxygen specific 5α-OOH, 6α-OOH and 6β-OOH. Although 7α/β-
OOH are also formed, these are minor products of photosensitized reactions mediated by RB
and MC 540. Therefore we can conclude that photosensitized oxidation of plasmalogens is
predominantly due to the interaction of their vinyl ether functionality with singlet oxygen.
Results shown in Fig. 5 support this conclusion; the fact that the accumulation of 5α-OOH is
strongly inhibited by Plg suggests an efficient competition of the alkenyl-acyl phospholipid
with cholesterol for singlet oxygen.

An efficient quenching of singlet oxygen by Plg has been demonstrated by direct
measurements of singlet oxygen lifetimes in selected organic solvents (Fig. 7, Tables 1 and
2). Even though, the PlgPC 18:0/20:4 is a slightly more efficient quencher of singlet oxygen
than the PlgPC 16:0/18:1, there are no consistent correlations with either the number of
double bonds in the sn-2 position of the phospholipids or with the length of their carbon
chains. Thus, the 16:0/16:0 and 18:0/18:1 plasmalogens are equally efficient singlet oxygen
quenchers (Table 1 and Table 2). Interestingly, even in the case of diacyl phospholipids, the
number of double bonds in the sn-2 position does not appear to be a major factor in
determining the lipid ability to quench singlet oxygen (Table 1). This may suggest a
significant contribution of physical quenching in the interaction of diacyl phospholipids with
singlet oxygen. Based on a comparative analysis of singlet oxygen quenching by saturated
and unsaturated fatty acids, it was concluded that the relative contribution of physical and
chemical quenching depends on the number of double bonds and CH groups in the fatty acid
hydrocarbon chains [45]. Our study clearly demonstrates that the observable quenching of
singlet oxygen by different Plg is primarily due to the interaction of singlet oxygen with
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their vinyl ether functionality. Considering the data on oxygen photoconsumption and
accumulation of hydroperoxides, discussed above, it can be concluded that quenching of
singlet oxygen by plasmalogens is mostly chemical in nature.

CONCLUSIONS
We have demonstrated that singlet oxygen is quenched by the vinyl-ether functionality of
plasmalogen molecules. The interaction is particularly efficient in polar microenvironments.
Although both physical and chemical quenching is probably involved, a substantial amount
of Plg hydroperoxides that accompanies photosensitized oxidation of plasmalogens in
liposomes membranes and in homogeneous solutions, suggests that addition of singlet
oxygen to the sn-1 hydrocarbon chain plays an important role. It can be concluded that in
biological membranes, containing similar amounts of plasmalogens and diacyl
glycerophospholipids, singlet oxygen is likely to be quenched by the former. Whether or
not, the interaction of Plg with singlet oxygen results in efficient antioxidant action will
depend on the properties of the products formed. Based on previous studies [11,17], it can
be speculated that products of singlet oxygen interaction with plasmalogens have a lower
pro-oxidizing potential than those of diacyl phospholipids with unsaturated bonds.
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Abbreviations

Plg plasmalogens

PlgPC plasmenylcholine

TPP 5,10,15,20-tetraphenylporphine

RB rose Bengal

MC540 merocyanine 540

LUV large unilamellar vesicles

EPR electron paramagnetic resonance
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Fig.1.
Oxygen uptake monitored by EPR oximetry in liposomes composed of DMPC-Chol (A) or
DMPC- PlgPC 16:0/16:0 (B) photosensitized with rose Bengal. 1mM DMPC concentration
was held constant whereas Chol or PlgPC concentration was varied.
A. Cholesterol concentration are as follows: 0.4 mM (triangles down), 0.6 mM (triangles
up), 0.8 mM ( rectangle),1 mM (circle).
B. Plasmalogen concentration are as follows: 0.1 mM (triangles up), 0.3 mM (triangles
down), 0.4 mM (squares).
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Fig.2.
Oxygen uptake monitored by EPR oximetry in large unilamellar liposomes photosensitized
with MC 540.
4.4 mM SUV were composed of DMPC and one of additional lipid (Chol, SOPC, POPC,
PlgPC 18:0/18:1 or PlgPC 16:0/16:0 designated as “+” in Fig.2B) in molar ratio 3:2.
A. The kinetics of oxygen decay in LUV composed of: DMPC-PlgPC 16:0/16:0 dark control
(circles), control DMPC (diagonal cross), DMPC-POPC (triangles down), DMPC-PlgPC
16:0/16:0 (triangles up).
B. Calculated oxygen uptake [mM/min] in LUV of different lipid composition. DMPC is
control of pure DMPC liposomes.
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Fig.3.
Oxygen uptake monitored by EPR oximetry in TX-100 micelles photosensitized with MC
540. 5mM lipid mixtures were composed of DMPC and one of additional lipid (Chol,
POPC, or PlgPC 16:0/16:0 designated as “+”) in molar ratio 3:2. Additional controls are as
follows: “control MC” is a control of pure photosensitizer in buffer, “DMPC” is a control of
pure 5 mM DMPC micelles and “control TX-100” is a photosensitizer in micelles.
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Fig.4.
HPLC-EC(Hg) chromatograms of lipids extracted from photosensitised DMPC-Chol-PlgPC
16:0/16:0 liposomes with RB (A) or MC 540 (B). Lipid mol ratio was 5:8:3 of DMPC: Chol:
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PlgPC 16:0/16:0. The peak identities are as follows: (1) 7α/β-cholesterol hydroperoxide (7α/
β-OOH), (2) 5α-cholesterol hydroperoxide (5α-OOH), (3) 6α-cholesterol hydroperoxide
(6α-OOH), (4) 6β-cholesterol hydroperoxide (6β-OOH)
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Fig.5.
A. Kinetics of 5α-OOH accumulation detected with HPLC-EC(Hg) system in CS2 solution
of either pure 0.5 mM Chol (circles) or 0.5 mM Chol with 0.2 mM PlgPC 16:0/16:0
(triangles) photosensitized with TPP.
B. Effect of different concentration of PlgPC 16:0/16:0 on 5α-OOH accumulation after 8
minutes irradiation with TPP.
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Fig.6.
Kinetics of lipid hydroperoxides accumulation determined by iodometric assay in CCl4
solution of either 0.1 mM PlgPC 16:0/16:0 (circles) or 2 mM Chol (triangles). TPP was used
as a photosensitizer.
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Fig.7.
Singlet oxygen phosphorescence decay at 1270 nm in an irradiated samples of TPP
dissolved in CCl4 (solid line) and after quenching with 0.1 mM PlgPC 16:0/18:1 (doted line)
or 1.1 mM PlgPC 16:0/18:1 (dashed line). Inset shows a typical dependence of pseudo-first
order rate constant [s−1] of singlet oxygen quenching on concentration of PlgPC 18:0/18:1.
From the straight-line slope, the actual bi-molecular rate constants are calculated. Such data
are summarized in Table1.
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Table 1

Rate constants for interaction of 1O2 with different plasmalogens and their diacyl analogs in CCl4.

diacyl
phospholipid

kq [M−1s−1] alkenyl-acyl
phospholipid

kq [M−1s−1]

POPC (0.8 ± 0.4) × 105 PlgPC 16:0/18:1 (1.0 ± 0.2) × 106

SOPC (1.8 ± 0.6 ) × 105 PlgPC18:0/18:1 (1.3 ± 0.2) × 106

SAPC (1.3 ± 0.6) × 105 PlgPC 18:0/20:4 (1.9 ± 0.8) × 106

TPP was used as a photosensitizer and it was excited with 515 nm laser pulses.
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Table 2

Rate constants for interaction of 1O2 with PlgPC 16:0/16:0 in different organic solvents and organic solvent
mixtures.

solvent kq [M−1s−1]

carbon disulfide (CS2) (6.32 ± 0.33) × 106

CS2 : CCl4 3:1 (1.99 ± 0.47) × 106

CS2 : CCl4 1:1 (1.23 ± 0.21) × 106

CS2 : CCl4 1:3 (0.94 ± 0.01) × 106

carbon tetrachloride (CCl4) (1.25 ± 0.29) × 106

TPP was used as a photosensitizer and it was excited with 532 nm laser pulses.
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