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Abstract
Oxidative stress is an important etiologic factor in the pathogenesis of various diseases. The formation of oxidized phospholipid species in vivo induces
membrane remodelling with direct pathological implications with a prominent
inflammatory component. Secretory phospholipases A2 (sPLA2 ) are involved
in the regulation of inflammation and immune response. Their activity is highly
dependent on the lipid membrane composition, structure and organization. In
this work, we studied the impact of oxidized phosphatidylcholines (OxPCs)
on the membrane lipid order and the sPLA2 activity. The effects of two
of the most physiologically active OxPCs, 1-palmitoyl-2-(5′ -oxo-valeroyl)-snglycero-3-phosphocholine (POVPC) and 1-palmitoyl-2-glutaroyl-sn-glycero-3phosphocholine (PGPC) were compared using 1-palmitoyl-2-oleoyl-sn-glycero3-phosphocholine (POPC) vesicles. Both OxPCs reduce the membrane lipid order and sPLA2 activity at physiological temperature. Moreover, these changes
depend on the chemical nature of the oxidized chains.
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Introduction. Secretory phospholipases A2 (sPLA2 ) are among numerous
inflammatory biomarkers for oxidative stress-related pathologies, such as atherosclerosis, cardiovascular diseases, neurodegenerative disorders, or cancers [1, 2 ].
sPLA2 are ubiquitous water-soluble extracellular enzymes found in venoms, components of pancreatic juices, arthritic synovial fluid and in many different mammalian tissues [3 ]. These enzymes exhibit various physiological roles because of
their ability to generate signalling molecules [4 ] as well as to remodel cell membranes [5 ]. The PLA2 superfamily consists of many different groups of enzymes
that catalyze the hydrolysis of the sn-2 ester bond in a variety of different phospholipids, liberating free fatty acids (FAs) and lysophospholipids. sPLA2 are structurally conserved proteins that have high disulfide bond content, low molecular
mass (13–15 kDa), utilize a His/Asp dyad and require millimolar levels of Ca2+
for catalysis [6 ]. Their catalytic activity is highly modulated by the membrane
organization; the latter being essentially determined by the lipid composition [7 ].
Biological membranes are heterogeneous structures consisting of liquid-ordered
(Lo ) membrane domains, called rafts, enriched in sphingomyelin and cholesterol
that are floating in a sea of unsaturated phospholipids in the non-raft liquid disordered (Ld ) phase. Unsaturation in acyl chains decreases lipid packing and order
and increases membrane fluidity, which is another key determinant in understanding the mechanism of interfacial activation of sPLA2 . Therefore, the enzyme
activity and mode of action is greatly influenced by the phase state of the substrate [8, 9 ].
In pathologies related to oxidative stress, an increasing number of oxidized
phospholipids (OxPLs) perturbs the phospholipid bilayer. Most of the OxPLs are
modified at the sn-2 position of the glycerol backbone to different types of truncated OxPLs [10 ]. Changes in phospholipids are crucial when trying to understand
the effects of oxidative stress on membrane-related interactions and processes.
Phosphatidylcholine (PC) is the major phospholipid in mammalian biological membranes (40–50%) [11 ], and therefore most OxPLs found in tissues contain
a phosphatidylcholine residue. Among representatives of oxidized phosphatidylcholines (OxPCs) are 1-palmitoyl-2-(5′ -oxo-valeroyl)-sn-glycero-3-phosphocholine
(POVPC) and 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC)
(Fig. 1). Both carry a short fatty acyl chain in sn-2 position and a hydrophobic long-chain FA in the sn-1 position of glycerol. The two oxidized lipids differ
in the functional group at the free end of the short chain, which is aldehyde in
POVPC and carboxyl in PGPC. They are more polar than unmodified membrane
or lipoprotein phospholipids. These OxPCs are gaining increasing importance as
inducers of various cellular responses like inflammation, proliferation and under
prolonged exposure apoptosis [12, 13 ] but their mechanisms of toxicity are different.
In this study we prepared liposomes, composed of monounsaturated lipid
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Fig. 1), representing
lipid membranes in Ld phase. First, we examined how oxidized lipids POVPC and
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Fig. 1. Chemical structures of lipids: monounsaturated lipid POPC: 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine; fluorogenic phospholipase A2 substrate PED6; oxidized phospholipids
– POVPC: 1-palmitoyl-2-(5′ -oxo-valeroyl)-sn-glycero-3-phosphocholine and PGPC: 1-palmitoyl2-glutaryl-sn-glycero-3-phosphocholine

PGPC (Fig. 1) affect the lipid order by using Laurdan fluorescence spectroscopy as
well as lipid membrane deformability via flicker spectroscopy. Then, we measured
the sPLA2 activity on model systems with and without OxPCs by fluorogenic
assay.
Materials and methods. Reagents. Lipids, used in our experiments were
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-(5′ -oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC), 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC), all synthetic, were from Avanti Polar Lipids. The
fluorogenic phospholipase A2 substrate N-((6-(2,4-dinitrophenyl)amino)hexanoyl)2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (PED6) was
from Life Technologies. The fluorescent probe 6-dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan) and the phospholipase A2 from European honey bee (Apis
mellifera) venom were from Sigma Aldrich. The bee venom phospholipase A2
belongs to the family of secretory phospholipase A2 (sPLA2 ).
Figure 1 shows the structures of studied lipids and PED6 fluorogenic substrate
to probe sPLA2 .
Liposome preparation. Large unilamellar vesicles (LUVs) were formed
in Tris buffer, pH 7.5 (10 mM Tris-HCl, 150 mM NaCl, 0.1 mM CaCl2 .2H2 O)
similarly to a previously described method [14 ]. Giant unilamellar vesicles (GUVs)
were prepared by electroformation in bidistilled water [14 ].
Laurdan fluorescence measurements. The fluorescent marker Laurdan
shows specific emission peaks at 440 and 490 nm that originate from lipid membranes in ordered phase (Lo ) and disordered phase (Ld), respectively. The spectral
shift in emission between different states of membrane order is used to calculate
the generalized polarization (GP), which is a relative quantitative measure for
lipid packing [15 ] and can be calculated as follows:
GP =
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I440 − I490
,
I440 + I490
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where I440 and I490 are the emission intensities at 440 and 490 nm. Laurdan
GP provides information about the hydration/lipid packing in the space of polar
head groups near glycerol backbone. The higher GP values correlate with a more
ordered membrane [16 ].
Fluorescence (FL) measurements were carried out with a FP-8300 spectrofluorometer (Jasco). The final lipid concentration in cuvette was 500 µM. The temperature in the cuvette holder was maintained using a water-circulating bath (Julabo). Excitation wavelength for Laurdan was 355 nm. The emission spectra were
recorded from 390 to 600 nm. Analysis of the steady-state spectra was performed
by using OriginPro 9.0.
Fluorogenic assay for PLA2 . PED6, a glycerophosphoethanolamine lipid
analogue that possesses the BODIPY FL dye on its sn-2 acyl chain and a dinitrophenyl quencher group on its head group (Fig. 1) was utilized as a fluorogenic
substrate to detect sPLA2 activity. The close proximity of the fluorescent dye to
the quencher group prevents FL emission, but liberation of the dye-labelled acyl
chain by sPLA2 eliminates the intramolecular quenching effect of the dinitrophenyl
group, resulting in a corresponding BODIPY FL increase [17 ].
We carried out the measurements in a 96-well plate (Greiner) with a Synergy™2 (BioTek) set for kinetic readings for 2.5 h. FL was read at 485 ± 20 nm
excitation and 528 ± 20 nm emission. The obtained FL emission intensities for the
first 5 min represent the baseline before sPLA2 addition as a no-enzyme control.
The sPLA2 was activated by transfer to assay buffer, pH 7.5 (10 mM Tris-HCl,
150 mM NaCl, 1 mM CaCl2 .2H2 O) just before adding to the LUV samples. The
data was plotted in OriginPro 9.0 as changes in FL intensity as a function of time.
Results and discussion. The effect of short-chain oxidized phospholipids,
POVPC and PGPC (Fig. 1), on the GP parameter of model membranes in Ld
phase state and the PLA2 activity, was investigated at physiological temperature,
37 ◦ C. We used LUVs prepared from monounsaturated lipid POPC (Fig. 1) as control and model of biological membrane because POPC is the most common lipid
of cellular membranes. The two oxidized lipids we chose are glycerophospholipids
with palmitoyl acid at sn-1 position and differ only in fatty acid chain at sn-2
position (Fig. 1). Their truncated sn-2 chains terminate with different chemical
groups, for POVPC it is an aldehyde whereas for PGPC it is a carboxyl. The
effects for LUVs containing 0, 15 and 30 mol % of oxidized lipids were examined
by both FL spectroscopy methods.
To study the effect of OxPCs on the activity of sPLA2 , we first considered
how the lipid order in the bilayer is affected in the presence of oxidized lipids.
OxPCs replaced certain amounts of POPC in control vesicles in order to mimic
the oxidation process in the membrane and the generation of the oxidized lipids.
For this purpose, we prepared LUVs composed of POPC as well as those containing
oxidized lipids with 15 and 30 mol % (POPC/OxPC (POVPC or PGPC) 85/15
and 70/30 mol/mol).
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Fig. 2. Laurdan GP as a function of the lipid composition of
LUVs at 37 ◦ C. First bar corresponds to the control single-component
POPC LUVs. Middle bars describe Laurdan GP for 85/15 and 70/30
POPC/POVPC LUVs. The last two bars correspond to 85/15 and
70/30 POPC/PGPC LUVs. Each column corresponds to the mean
value of three measurements. The data is expressed as mean ± SEM

1. Effect of oxidized lipids POVPC and PGPC on membrane lipid
order in POPC membranes. Laurdan GP values for POPC control vesicles
were about −0.212. Such negative values, tending to −1, correspond to lipids
in highly disordered state [16 ]. Both OxPCs reduce GP, i.e. the lipid order of
the membrane, so they have a fluidizing effect, in a dose-dependent way (Fig. 2).
Laurdan fluorescence spectroscopy method is a solvent relaxation one reflecting
the hydration and a mobility of lipids at glycerol backbone level. It indicates that
OxPCs are able to increase the hydration of the lipid bilayer at this depth. This
high mobile microenvironment induced by OxPCs is probably the result from the
presence of short sn-2 chains. Such truncated lipid shape provides much more free
space around the glycerol backbone, facilitating the penetration of water molecules
and reorientation of hydrated lipid moieties [18 ]. In contrast, two-tails lipids are
tightly packed and limit the water molecules penetration at this level.
Moreover, larger decrease in membrane lipid order is observed for PGPC than
for POVPC in these membranes. As can be seen in Fig. 2, at 30 mol % OxPC, the
GP value is about −0.239 for POVPC against −0.262 for PGPC. Thus, at 37 ◦ C,
the membrane lipid order decreases by nearly 13% for POVPC and 24% for PGPC
compared to the control. It stands for two-fold larger decrease in membrane lipid
order for PGPC compared to POVPC. Flicker spectroscopy measurements on
GUVs [14 ] indicated strong softening of POPC bilayers upon the addition of only
C. R. Acad. Bulg. Sci., 75, No 4, 2022
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Fig. 3. sPLA2 kinetic study of PED6 (5 µM) incorporated in
POPC/PED6 (10:1) LUVs and POVPC- and PGPC-containing ones
at 37 ◦ C, substrate/enzyme ratio about 8000:1 mol/mol. FL intensity of BODIPY increases when liposomes are treated with 2.5 µg/ml
sPLA2 . PLA2 addition at t = 5 min. The curves show ratio of
FL intensity at 530 nm, F530 , at time t, normalized by initial FL at
530 nm before enzyme addition. Twenty-eight curves were collected
for all studied lipid compositions. The data is given as mean ± SD.
Key: POPC/PED6 control (•); POPC/PED6 + 15 mol % POVPC
(△); POPC/PED6 + 30 mol % POVPC (▲); POPC/PED6 + 15 mol %
PGPC (□); POPC/PED6 + 30 mol % PGPC (■)

5 mol % of POVPC. The obtained results are in accordance with other studies,
which show that these OxPCs are able to increase the lateral diffusion of the lipids
in the membrane [18 ].
2. Effect of oxidized lipids POVPC and PGPC on sPLA2 activity in
POPC membranes. We carried out a sensitive, continuous FL assay to investigate PLA2 activity using the fluorescent substrate probe, PED6, preparing PED6labelled 100% POPC LUVs in molar ratio 1:10. Both, POPC and PED6, are
known to be substrates of sPLA2 . We add the desired oxidized lipid content to the
control lipid mixture (POPC/PED6), POPC/PED6 ratio is kept constant whereas
the total lipid concentration increases. Thus, the compositions of the studied lipid
mixtures are as follows: control binary mixture POPC/PED6 100/10 and ternary
ones POPC/PED6/OxPC 100/10/15, and POPC/PED6/OxPC 100/10/30. The
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enzymatic hydrolysis of the PED6 substrate generates one BODIPY-labelled free
FA and one lysophosphatidylcholine lipid keeping the dinitrophenyl quencher moiety on its head group, so, the dinitrophenyl quencher is not anymore near enough
the BODIPY. The initial intramolecular quenching effect is lost. Thereby, the addition of sPLA2 to the lipid vesicles results in time-dependent increase in BODIPY
fluorescence yielding hyperbolic curves (Fig. 3). The enzyme activity increases
with time through different slope achieving a plateau at a certain time. These
characteristic times are different for the studied lipid mixtures as can be seen in
Fig. 3. The enzyme reaction is zero order initially and then slows due to substrate
exhaustion or byproduct inhibition.
Large number of curves (28) were collected for all studied lipid compositions.
One-way ANOVA analysis was performed to distinguish the statistically significant FL intensity ratios as a function of the lipid mixtures with and without OxPC
at t = 15 min (Fig. 4A) and t = 150 min (Fig. 4B). Up to t = 15 min, the curve
represents a zero-order reaction which stands for constant rate of the enzyme reaction over time. At t = 150 min, as substrate is used up, the enzyme’s active
sites are no longer saturated, substrate concentration becomes rate limiting, and
the reaction becomes first order. The data was drawn from a normally distributed
population. Figure 4 summarizes the obtained results. The different letters (a,
b, c) stand for statistically significant differences between lipid mixtures based on
Tukey test with p < 0.05. In accordance with the data, it could be concluded that
both oxidized lipids inhibit the sPLA2 activity, as the effect is 2-fold stronger for
POVPC compared to PGPC (see 30 mol %) at both reaction times (Fig. 4).
On the one hand, it has been shown that lysosomal PLA2 is able to hydrolyse truncated oxidized glycerophospholipids at acidic and neutral conditions [19 ].
Here, we show the potential of the latter to inhibit PLA2 activity which could be

Fig. 4. Fluorescent intensity ratio for LUV samples upon sPLA2 action taken at t = 15 min
(A) and t = 150 min (B) as a function of lipid composition at 37 ◦ C. One-way ANOVA method
for means comparison is performed. The data is drawn from a normally distributed population.
The different letters indicate the statistically significant differences based on Tukey test with
p < 0.05
8
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explained by the fact that the lysosomal PLA2 belongs to group XV and is a Ca2+ independent enzyme unlike the bee venom one (group III, Ca2+ -dependent). On
the other hand, there is no logical relationship between the decreased membrane
lipid order measured here by Laurdan spectroscopy and decreased sPLA2 activity
in presence of OxPCs. It is expected that more fluid membranes should be more
susceptible to PLA2 binding and hydrolysis. However, oxidized lipids are characterized by short sn-2 acyl chains, which tend to orient into the aqueous solution
outside of the membrane. All positions, from vertical to horizontal orientation,
are predicted in simulation analysis for POVPC whereas PGPC exhibits rather
vertical orientation parallel to lipid molecules in the membranes [18 ]. This reversing of the oxidized chains of both lipids could be the key structural feature for
recognition by various receptors as well as these truncated chains could represent
steric constraints on the binding of certain proteins to the membrane.
In conclusion, we hypothesize that the presence of truncated chains of the
oxidized lipids hinders the binding of sPLA2 to the membranes.
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