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ABSTRACT: Membrane lipid oxidation is a universal process that
occurs in situations of oxidative stress and is encountered in numerous
physiological and pathological situations. Oxidized truncated phospho-
lipids make up a large part of the oxidation products and alter the
membrane properties in a way that can lead to cell death. However, the
underlying mechanisms are not well understood nor is it clear whether
environmental factors, such as pH, can modulate these effects. Using
model membranes, we investigate how individual lipid aldehydes and
carboxylic acids with truncated acyl chains alter the membrane structure.
Our data shows that lipid aldehydes and carboxylic acids have different
permeabilization efliciencies toward molecules of varying charge and size
and that AC9 truncated lipids are usually more efficient in
permeabilizing membranes than ACS. In terms of physical mechanisms,
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the AC9 truncated lipid carboxylic acid induces permeabilization and membrane curvature in a pH-dependent fashion. This is
explained by ionization-dependent exposure of the carboxyl group to the water—bilayer interface, which increases the intrinsic
molecular curvature of the oxidized lipid. Conversely, AC9 truncated lipid aldehydes and nonionized carboxyls do not induce curved
structures but are more efficient in increasing permeability toward larger molecules. We further show that truncated lipids can escape
the bilayer and accumulate at interfaces, implying that they might act on neighboring cells. This study indicates that oxidized

phospholipids with truncated acyl chains disrupt membrane structure, depending on their specific molecular structure and the pH of

the environment, opening a possible route for the design of lipid nanoparticles with pH-dependent drug release.

B INTRODUCTION

Lipid oxidation not only is involved in various basic cellular
reaction programs such as cellular senescence' but also
contrlbutes to pathological dysfunctlons, 1nclud1ng Parkinson’s
dlsease, ~* cardiovascular diseases,”® diabetes,” and Alzheimer’s
disease.” Phospholipid bilayers are fundamental structural units
of cellular membranes which are susceptlble to short and long-
lived reactive oxygen species (ROS).” The sources of ROS
derive from either endogenous production, such as the

extensively.

11,17,

roles of these secondary products has been reviewed
" While these small volatile products can
diffuse passively through membrane bilayers, lipid aldehydes
and lipid carboxylic acids with truncated acyl chains can alter
structure and function of membrane bilayers."”

Bilayers or

lamellar phases are formed by amphipathic phospholipids that
bury their hydrophobic tails in the membrane interior and
expose their hydrophilic head groups to the aqueous phase.

Lipid oxidation can disrupt the bilayer structure due to

20,21

mitochondrial respiratory chain in mammalian cells,'* or
exogenous stimuli, such as UV light and heat. 11,12

Generally, the majority of formed oxidation products are lipid
hydroperoxides and various truncated lipid oxidation products
such as aldehydes and carboxylic acids.”’*~"® Oxidative
truncation produces further smaller volatile products, such as
malonyldialdehyde (MDA) and 4-hydroxynonenal (4-HNE),
that derive from their parental lipids. Their electrophilic
properties render these molecules very reactive toward
biomolecules which supposedly leads to pathological as well as
physiological processes.'® The diversity and the physiological

© XXXX American Chemical Society
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increased hydrophilicity or a radical change in lipid shape.
Molecular dynamics (MD) simulations show that in some cases
lipid aldehydes and carboxylic acids might expose their chains
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so with the oxidized hydrophilic functions to the membrane
60 surface.””~* This change of conformation results supposedly in
61 conically shaped lipids which increase the membrane surface
62 area, reduce bilayer thickness,” >* and induce spontaneous
63 positive curvature, which results in the formation of micelles or
64 pores.zg’29

6s The resulting defects can significantly influence the
66 biophysical and physiological functions of the membrane
67 bilayers. Studies show that the presence of oxidized lipids alter
68 lipid packing differentially, depending on their structure.”****
69 Experimental and MD simulations have demonstrated that
70 especially lipid aldehydes increase the membrane permeability.
71 Free energy profile analyses indicate that the activation free
72 energy requirement for diffusion of small hydrophilic molecules,
73 such as H,O, H,0,, and O,, across the bilayer is much lower
74 when lipid aldehydes are present.”**° Studies have further
75 shown that lipid oxidation leads to the formation of pores in
76 model membranes either by artificially oxidizing membranes of
77 unsaturated lipids”*”*" or by incorporating certain oxidized
78 lipids.”>**

79 Although impairment of the membrane bilayer structure
80 induced by oxidized lipids has been reported in many studies, a
81 systematic characterization of the permeabilization mechanisms
82 upon structural differences of truncated oxidized lipids is still
83 lacking and there is a need for experimental data that could
84 confirm the conclusions that have been obtained from MD
gs simulations.”*™>° In addition, there are almost no data on
86 possible additive effects of different OxPCs, nor the influence of
87 pH. A pH dependent effect could arise from ionization of the
88 COOH group of carboxylated lipids and has been proposed in
89 MD simulations.”* We therefore characterized the membrano-
90 lytic mechanisms by complementary techniques using model
91 membranes of different truncated carboxylic acids and
92 aldehydes (structures in Figure 1) upon different pHs and we

A Host lipid B
PC (16:0/18:1) PC (16:0/9:0<CHO@C9>)
o o g
/\/\/\/\/\/\/\)LO \\0 PO _B_ .
vesrtiag s A g
C PC (16:0/9:0<COOH@C9>)
#N O OD:N/L /\/\/\/\/\/\/\)czo/x\o/‘{\o ‘/\N/’
2 H-0.9 H O i3
M I

Rhodamine B-PE (18:1/18: 1) O SOy

ol PC (16:0/5: 0<CHO@C5>)
W\/\,r—\/\/\/\)ko/x\o \O\/\NH

/\/\/\M\/\/\/\ro /\/\/\/\/\/\/\)Lo/x\o/ \\o‘/\N
O\\N/O 0 o
NS
NBD-PE (18:1/18:1) Z\,\F’“\‘f‘ PC (16:0/5: 0<COOH@C5>)
o N—H
B
% 3 NW\/V\/\)&
NS N g YA pm.,\
s o
D Fluorescent probes
FITC-Dextran Sulforhodamine B Laurdan di-4-ANEPPDHQ DPH
(SRB) .
Et Et N—

Figure 1. Chemical structures of lipids and fluorescent probes used in
this study. (A) Host lipid for LUV or GUV. (B) Oxidized lipids. (C)
Fluorescent lipids. (D) Fluorescent probes.

investigated the additivity of these effects. We studied 93
permeabilization toward different types of molecules in giant 94
unilamellar vesicles (GUVs) and large unilamellar vesicles os
(LUVs). We further investigated lipid packing by polarity 9
sensitive probes, induction of curvature and order parameter by 97
3P NMR, and the formation of micelles and the release of og
oxidized lipids from the membrane by dynamic light scattering 99
and surface tension measurements. We measured the zeta ({)- 100
potential to determine exposure of the ionized carboxyl group to 101
the membrane interface and used MD simulations to explain 102

_ =

some of the observed results and to help attribute permeabiliza- 103
tion mechanisms to the different OxPCs. 104
B RESULTS 105

Truncated Aldehydes Produce Stronger Influx of 4 106
kDa FITC-Dextran and Sulforhodamine B than Carbox- 107
yls. We first used GUVs to evaluate permeabilization induced by 108
lipid aldehydes and carboxylic acids with truncated acyl chains. 109
We observed that 20 mol % of PC(16:0/9:0(CHO@C9)) or 110
PC(16:0/9:0(COOH@C9)) induced permeabilization toward 111
FITC-Dextran (4 kDa) in GUVs made of PC(16:0/18:1), witha 112
larger effect induced by PC(16:0/9:0(CHO@C9)) (Figure 113 £
2A,B). This result is further supported by a sulforhodamine B 114 £
(SRB) leakage assay in GUVs containing 10 mol % of PC(16:0/ 115
9:0(CHO@C9)) or PC(16:0/9:0(COOH@C9)) (Figure S2).
We observed a larger release of SRB in GUVs containing the 117
aldehyde truncated form. 118

Dithionite QuEnching of Inner Leaflet NBD-PE Occurs 119
Only above a Threshold of Truncated OxPCs but the 120
Effect Is Additive. To quantify the permeabilization or 121
possibly lipid flip-flop induced by oxidized lipids in membrane 122
bilayers, we used a dithionite quenching assay in LUVs (Figure 123
2C). OxPCs were integrated into PC(16:0/18:1) LUV 124
containing headgroup labeled NBD-PE(18:1/18:1) at 0.5%
(mol/mol) and dithionite was further used to chemically quench
the fluorescence of NBD irreversibly. This results in 50% 127
quenching if dithionite does not diffuse to the Iuminal 128
monolayer of the LUV, and if there is no flopping of NBD-PE 129
to the outside monolayer. Our results show that only around 130
40—45% of quenching was attained in the controls (Figure S1). 131
This is because of some remaining MLVs in the sample (~4%; 132
see Figure S3). Since the same ratio of MLVs was present 133
throughout all conditions, we concluded that the observed 134
effects did not result from a change of lamellarity. Since the same 135
ratio of MLVs was present throughout all conditions, we 136
concluded that the observed effects did not result from a change 137
of lamellarity. Triton X-100 was used to solubilize the 138
membranes, leading to complete fluorescence quenching. To 139
quantify the quenching by dithionite ions, we fitted the 140
quenching curves to an exponential plateau model. The 141
equation of this model is % quenching = Yy, — (Yy — Yo) ™, 142
with k reflecting the rate constant (min™"). Yy and Y, indicate 143
the maximum and minimum percentages of quenching, 144
respectively. As expected, the quenching rate increased upon 145
higher incorporated fractions of AC9 and ACS OxPCs in LUV, 146
with carboxylated acyl chains being slightly more efficient in 147
promoting quenching of NBD-PE than lipid aldehydes (Figure 14s
2D,E, and Figure S1A,B,C,D). Interestingly, a significant 149
increase of quenching was only observed when truncated 1s0
OxPCs were present above a threshold of ~12—15 mol % 151
(Figure 2D,E, and Figure S1A,B,C,D). However, when both 1s2
PC(16:0/9:0(CHO@C9)) and PC(16:0/9:0(COOH@C9))
were mixed at different ratios but at a constant total molar
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Figure 2. Incorporation of OxPCs disrupts PC(16:0/18:1) membranes. (A) Confocal microscopy images of GUVs containing no oxidized lipids
(control) or 20 mol % PC(16:0/9:0{ CHO@C9)) or PC(16:0/9:0(COOH@C9)) incubated for 10 min in the presence of 40 uM of FITC-Dextran (4
kDa). Red arrows indicate GUVs that are permeabilized. (B) Quantification of the FITC-Dextran intensity inside versus outside of GUVs. (C)
Schematic diagram of the dithionite quenching assay. Quenching speed (k values, min™") induced by (D) AC9 and (E) ACS5 truncated OxPCs and (F)
varied ratios of AC9 truncated OxPCs at a total fraction of 20 mol % based on curve fitting with an exponential plateau model as described in Materials
and Methods in the SI. One-way ANOVA analysis was used to compare fluorescence intensity in GUVs toward controls. Two-way ANOVA analysis
was used to compare the k values between different incorporation fractions and the negative controls (colored stars) and the k values between
PC(16:0/9:0(CHO@C9)) and PC(16:0/9:0(COOH@C9)) at the same incorporation fractions (black stars). At least two independent experiments
were performed for the NBD-PE fluorescence quenching assay in triplicates (n > 2, *p < 0.05, **p < 0.01, **¥p < 0.001, ****p < 0.0001).

fraction of 20 mol % of total oxidized lipids, quenching slightl
155 pids, q g slightly
1s¢ increased with higher PC(16:0/9:0(COOH@C9)) ratios
(Figure 2F and Figure SIE). Curiously, even when one of

157

15 both lipids dropped below the 12—15 mol % hurdle, quenching

159 was still observed, meaning that the observed threshold for one

OxPCs is not valid if two different OxPCs are present and that
somehow the effect is additive (Figure 2F and Figure S1E).
Truncated Aldehydes Induce Quicker Permeation
toward Sulforhodamine B (SRB) than Carboxyls while a
Low pH Enhances the Effect of Carboxyls. In addition to
the dithionite assay, we examined permeabilization by adding
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Figure 3. Permeabilization of PC(16:0/18:1) LUV induced by the addition of PC(16:0/9:0(CHO@C9)) and PC(16:0/9:0(COOH@C9)) to the
suspension. (A) Schematic diagram of permeabilization assay via sulforhodamine B leakage. Release constants (k value, min™") of sulforhodamine B
after addition of (B) AC9 and (C) ACS truncated OxPCs, and (F) varied ratios of AC9 truncated OxPCs at 20 mol % based on curve fitting as
described in materials and methods. Percentage (%) of escaped sulforhodamine B at 20 min after addition of (D) AC9 and (E) ACS truncated OxPCs
and (G) variable ratios of AC9 aldehydes and carboxyls at a total concentration of 20 mol %. (H) Comparison of release constants (k value, min™") of
sulforhodamine B between buffers at pH = 7.4 and pH = 4.5. One-way ANOVA analysis was used to compare the k values and the leakage at 20 min
between different fractions of each OxPCs and the corresponding controls (colored stars). Unpaired t-test analysis (two-tailed) was used to compare
the k values between PC(16:0/9:0( CHO@C9)) and PC(16:0/9:0(COOH@C9)) at the same concentrations or different pHs (black stars). At least
three independent experiments were performed (n > 3, *p < 0.0S, **p < 0.01, **¥p < 0.001, ****p < 0.0001).
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Figure 4. Membrane packing characterized by polarity sensitive probes. (A) Di-4-ANEPPDHQ GP and (B) Laurdan GP upon increasing fractions of
PC(16:0/9:0(CHO@C9)) and PC(16:0/9:0( COOH@C9)) integrated into PC(16:0/18:1) LUV. Two-way ANOVA analysis was used to compare
different incorporated fractions to the corresponding controls (colored stars) and between PC(16:0/9:0(CHO@C9)) and PC(16:0/9:0(COOH@
C9)) (black stars) at the same incorporated fractions (n > 6, *p < 0.05, **p < 0.01, **¥p < 0.001, ****p < 0.0001).
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Figure S. DLS analysis of PC(16:0/18:1) LUV containing PC(16:0/9:0(CHO@C9)) (A, C) or PC(16:0/9:0(COOH@C9)) (B, C). Size
distribution of LUVs containing different amounts of (A) PC(16:0/9:0(CHO@C9)) or (B) PC(16:0/9:0(COOH@C9)). The arrow indicates the
average hydrodynamic diameters in nanometers based on the second peak (smaller peak). (C) Average hydrodynamic diameters in nanometers based
on the main peak (larger peak). The values are derived from 6 measurements with error bars indicating the standard deviation (SD). One-way ANOVA
was used to compare the size difference between LUVs with different incorporated fractions of OxPCs toward the corresponding controls (n > 6, *p <

0.05, *¥p < 0.01, ¥¥¥p < 0.001, ****p < 0.0001).

166 different OxPCs to the suspension containing PC(16:0/18:1)
167 LUVs which enclosed sulforhodamine B at a self-quenching
168 concentration of 20 mM (Figure 3A). Triton X-100 was used as
169 a positive control to induce complete permeabilization.
170 However, it induced a constant increase of SRB fluorescence
171 that was accounted for in the calculation of release (Figure S4E).
172 The addition of OxPCs to the suspension induced concen-
173 tration-dependent permeabilization (Figure S4A,B,C,D, arrows
174 indicate the addition of OxPCs). As controls, equal amounts of
175 ethanol and PC(16:0/18:1) lipid were added, and neither of
176 them induced permeabilization (Figure S4A,B,C,D). As for the
177 quenching assay, we fitted the release curves with the
178 exponential plateau model. The k value showed that AC9 and
179 ACS lipid aldehydes induced faster permeabilization than AC9
180 and ACS carboxylic OxPCs, respectively (Figure 3B,C and
181 Figure S4A,B,C,D). Curiously, the opposite was observed for
182 dithionite quenching (Figure 2D,E). However, after 20 min,
183 PC(16:0/9:0(CHO@C9)) and PC(16:0/9:0{COOH@C9))
184 induced a similar level of release at 91.5% and 87.0%,
185 respectively (Figure 3D,E). Further, AC9 truncated lipids
186 were slightly more effective in releasing SRB than ACS
187 truncated lipids (Figure 3B,C and Figure S4A,B,C,D). SRB
188 release induced by varying ratios of PC(16:0/9:0(COOH@

C9)) upon PC(16:0/9:0(CHO@C9)) at a total of 20 mol %
was not significantly altered (Figure 3F,G), consolidating the
hypothesis that the effect on permeability of truncated lipids
with different chemical functions is additive.

To investigate the probable pH dependence of SRB release
because of the protonatable carboxyl function, we also assessed
SRB leakage under acidic conditions (pH = 4.5). Importantly,
PC(16:0/9:0(COOH@C9)) induced a quicker permeabiliza-
tion in acidic (pH = 4.5) medium, whereas no significant
changes were observed with PC(16:0/9:0(CHO@C9)) upon
pHs (Figure 3H and Figure $S4G). This suggests that nonionized
carboxyl and aldehyde functions are somehow more efficient in

releasing SRB.

Truncated Lipid Aldehydes Alter Membrane Polarity
and Membrane Fluidity Differently from Carboxyls.
Polarity sensitive probes, such as Laurdan and di-4-
ANEPPDHQ, have recently been shown to report different
trends upon increasing membrane oxidation.” In theory, these
probes should be able to sense increased water insertion or a
change of polarity in their microenvironment that is quantified
by the generalized polarization (GP).* The fluorophore of di-4-
ANEPPDHAQ is assumed to localize at the membrane interface
and determine properties of only the outer leaflet of the
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Figure 6. Surface tension determination with pendant drop tensiometry. Interfacial tension of PBS suspensions containing PC(16:0/18:1) LUVs that
have been incorporated with different amounts of (A) PC(16:0/9:0( CHO@C9)) and (B) PC(16:0/9:0(COOH@C9)) upon inspection time. The
log, Tsgs, values of surface tension reduction in the suspension containing (C) LUVs with different amounts of OxPCs (LUVs suspension) or (D)
different concentrations of free OxPCs that have been added to the buffer and that do not contain LUV (free lipids, see also Figure. S6). The log, Tsqs
values were obtained by fitting the curves with a sigmoidal model using GraphPad Prism as described in the main text. (E) Minimal surface tension
(Ymiy mN/m) at critical micellar concentration (CMC) and beyond reached by the different oxidized lipids. At least two independent experiments
were performed for surface tension measurements (n > 3). The values are the mean + SD (1 > 3). One-way ANOVA was used to compare the 7,,;,
(mN/m) values between different OxPCs (*p < 0.0S, **p < 0.01, **p < 0.001, ****p < 0.0001).

212 membrane bilayer due to its positive charge and the absence of
213 flipping,***” while Laurdan is supposedly localized in between
214 headgroups and acyl chains and probes both leaflets of the
215 membrane bilayer.”® We investigated here how defined molar
216 ratios of truncated carboxylic and aldehyde OxPCs alter the GP
217 of these probes with the aim of investigating changes in packing
218 or membrane water incursion (Figure 4). In addition, we
219 measured the effect on DPH fluorescence anisotropy to
220 determine the environmental fluidity of the lipid acyl chains.*
21 We first observed that the incorporation of both OxPCs
222 decreased di-4-ANEPPDHQ_GP upon their present concen-
223 trations, with PC(16:0/9:0(CHO@C9)) causing larger effects
224 than PC(16:0/9:0(COOH@C9)) (Figure 4A). Less membrane
225 packing alterations were observed by Laurdan GP, although
226 PC(16:0/9:0(COOH@C9)) decreased Laurdan GP signifi-
227 cantly at concentrations higher than 10 mol % (Figure 4B). The
228 fluidity of the hydrophobic core, probed by DPH anisotropy,
229 seemed to be only slightly affected by both OxPCs (Figure S5).
230 Taken together, we observed that carboxylated and aldehyde
231 OxPCs affect membrane packing differently.

232 OXPCs Reduce the Vesicle Size but Only Carboxylated
233 Lipids Induce the Formation of a Population of Small
234 Aggregates. To investigate if OxPCs alter the vesicle structure
235 in LUVs by inducing the formation of micelles or other potential

amphiphilic aggregates, we measured LUV size by dynamic light 236
scattering (DLS) upon increasing fraction of truncated OxPCs. 237
We observed that both PC(16:0/9:0{CHO@C9)) and PC- 238
(16:0/9:0(COOH@C9)) reduced the size of PC(16:0/18:1) 239
LUVs in a concentration dependent manner (Figure SA,B,C).In 240 f5
addition, at 30 mol % of PC(16:0/9:0{COOH@CY)), we 241
observed the formation of small aggregates with an average 242
hydrodynamic diameter of 19 nm (Figure SB, arrow indicates 243
the second peak formation). To confirm a size reduction of 244
vesicles, we did some cryo-EM measurements at pH = 7.4 and 245
4.5 and obtained a reduction of vesicles size specifically with 246
PC(16:0/9:0(COOH@C9)) at pH = 7.4 (Figure S3G). 247
Truncated OxPCs Are Released from the Lipid Bilayer 24s
with Different Kinetics and Effects on Surface Tension 249
while pH Influences Strongly PC(16:0/9:0(COOH@C9)) 250
Behavior. We recently showed that complex oxidation of lipids 2s1
leads to a decrease of surface tension at the air—water interface 252
because of the release of certain oxidized species from the 253
membrane.” Since truncated lipids should have a higher water 254
solubility and possibly form micelles because of their high 2ss
intrinsic molecular curvature, we wanted to measure the capacity 256
of these lipids to leave the lipid bilayer, which also might explain 257
the reduction of vesicle size (Figure S). Pure PC(16:0/18:1) 258
LUVs did not significantly affect the surface tension of the 259
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Figure 7. ¥P NMR analysis and Zeta ({) potential determination. Static *'P NMR spectra of PC(16:0/18:1) MLVs incorporated with different
fractions of (A) PC(16:0/9:0(CHO@C9)) and (B) PC(16:0/9:0(COOH@C9)) hydrated with Milli-Q-H,O (top panel) or NH,HCO; (bottom
panel) or (C) PC(16:0/9:0(COOH@C9)) neutralized with NaOH at an equivalent amount. (D) Zeta ({) potential determination in LUVs
composed of PC(16:0/18:1) with or without 15 mol % of PC(16:0/9:0(COOH@C9)) upon pH changes.

260 suspension within the inspected period while the incorporation
261 of both OxPCs into LUVs reduced the surface tension of the
262 buffer at both neutral (pH 7.4) and acidic (pH 4.5) pHs (Figure
263 6A,B and Figure S6D). This indicates that a certain amount of
264 OxPCs left the bilayer phase of LUVs and adsorbed at the air—
265 water interface. The rate of surface tension reduction was
266 strongly influenced by the nature of the truncated species and
267 the respective molar ratio inside the vesicles (Figure 6A,B). To
268 compare these effects to a system where no lipid bilayer was
269 present, we measured surface tension reduction of free lipids

f6
f6

added to the buffer (Figure S6A,B,C,E). To quantify the rate of 270
surface tension reduction of the different concentrations of 271
OxPCs in both data sets, we applied a four-parameter sigmoidal 272
regression model: 273

y=y + (}/max B J/min)
min 1+ lo(logTso%—t)Xu
Here, y is the surface tension upon time, ¥, is the minimal 274

surface tension obtained (Figure 6E), .. is the initial surface 275
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Figure 8. MD simulations of PC(16:0/18:1) membrane bilayer in the presence of OxPCs. Snapshots at the end of the 1 s simulation of (A) 100 mol %
concentration of PC(16:0/18:1), at the end of the 2 us simulations of (B) S0 mol % PC(16:0/9:0(COOH@C9)), ionized and deprotonated, and (C)
50 mol % PC(16:0/9:0(CHO@C9)). The light blue region is water. The cyan spheres are water molecules within 3.5 A of the phosphate atom of
PC(16:0/18:1) and oxidized lipids. The green spheres are phosphate atoms of the lipid headgroups, and the green, yellow, and white lines represent
PC(16:0/18:1), PC(16:0/9:0(COOH@C9)), and PC(16:0/9:0(CHO@C9)) molecules, respectively. Calculations of (D) area of per lipid, (E)
thickness, and (F) permeability to water molecules in the presence of 50 mol % PC(16:0/9:0(CHO@C9)) and PC(16:0/9:0(COOH@C9)),
respectively. The table shows the area compressibility modulus (K,) and bending modulus (K,) in the presence of OxPCs.

276 tension, Tsgy is the time in seconds necessary to reach the
277 inflection point of the sigmoid, t is the time in seconds, and a is
278 the slope.

279 We observed that free lipids added to the buffer reduced
280 surface tension quicker than when they were incorporated into
281 LUVs (Figure 6 and Figure S6A,B) at the same molar fractions.
282 In addition, PC(16:0/9:0(COOH@C9)) reduced surface
283 tension quicker than PC(16:0/9:0(CHO@C9)) (~3-S5 log,),
284 especially when OxPCs were incorporated into LUV at 20—30
285 mol % at pH = 7.4 (Figure 6C). This implies that PC(16:0/
286 9:0(COOH@CY)) is easily released from the membrane bilayer
287 either because its ionized carboxyl residue renders it more
288 soluble in the aqueous phase and therefore can quicker migrate
289 to the interface or because it forms more efficiently micelles or
200 other lipid aggregates that can quickly interchange lipids with
201 the interface. Interestingly, the time to reach the inflection point
202 (Tsoy) drastically decreased from 403.4 to 10.15 s for the
293 carboxylated lipid when the pH increased from 4.5 to 7.4 (Figure
294 6C and Figure S6D), while the kinetics of the CHO lipid were
295 not strongly altered (Figure 6C and Figure S6D). This indicates
206 that the protonated carboxylated lipid remained longer in the
297 LUVs than in the ionized version.

208 Based on the curve regressions made from concentrations that
299 reached the minimum surface tension, 7,,,, (mN/m) at CMC
300 (Figure 6E), we observed that PC(16:0/9:0(CHO@C9))
301 reduced surface tension to a lower value than PC(16:0/
302 9:0(COOH@CY9)) at pH 7.4. Importantly, at pH = 4.5, the
303 surface tension reduction of PC(16:0/9:0{COOH@C9))

became similar to that of PC(16:0/9:0(CHO@C9)) (Figure 304
6E). In addition, we observed that OxPCs with the same 305
functional groups, the ones with shorter acyl chains (truncation 306
at ACS), had a slightly weaker capacity to reduce surface tension 307
(Figure 6E). In lipid monolayers, the maximum reduction of 308
surface tension would correspond to the maximum of surface 309
pressure obtained with alipid at complete coverage of the water/ 310
air interface*” or to the critical micellar concentration (CMC),*" 311
although the CMC might not always correspond to complete 312
coverage of the monolayer at collapse.”' The different capacities 313
of reducing surface tension of both OxPCs and the pH 314
dependence that is observed for PC(16:0/9:0(COOH@C9)) 315
suggests different behaviors which strongly depend on the 316
molecular structure and the pH.* Since the only difference 317
between these two OxPCs is the functional group at the 318
truncated tail, it is reasonable to assume that PC(16:0/ 319
9:0(CHO@C9)) can form more compressed monolayers than 320
PC(16:0/9:0(COOH@C9)) at pH = 7.4, which might depend 321
on the fact that the tail of lipid aldehydes might not protrude the 322
same way to the interface as lipid carboxyls.”**> A collapse at a 323
lower coverage or surface pressure, corresponding to a higher 324
surface tension, might also be induced by higher solubility of the 325
carboxyl truncated lipid or the shorter acyl chain (ACS) in the 326
aqueous phase.”’ Since a low pH increases the capacity of 327
PC(16:0/9:0(COOH@C9)) to reduce surface tension to a 328
similar amount as PC(16:0/9:0(CHO@C9)), we can assume 329
that both molecules adopt a similar conformation at low pH. 330
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331 3P NMR Analysis Reveals a Different Effect of
332 Truncated Carboxyls and Aldehydes on the Bilayer
333 Structure. Membrane bilayer structure in the presence of
334 OxPCs with truncated acyl chains was further analyzed by
335 phosphorus NMR (*'P NMR), which provides information on
336 dynamics and structure at the phosphate group of phospholi-
337 pids."* The static 3'P NMR spectra for PC(16:0/18:1) in the
338 presence of different fractions of PC(16:0/9:0(CHO@C9))
339 and PC(16:0/9:0(COOH@C9)) are displayed in Figure 7. In
340 the presence of both OxPCs, the membranes remained mostly in
341 a liquid crystalline lamellar phase upon increasing fractions of
392 OxPCs (Figure 7A,B), but a small isotropic peak at lower
343 fractions of PC(16:0/9:0(COOH@C9)) emerged (Figure 7B,
344 top panel). Since concentrations of lipids were quite high in this
345 MLV assay and since the protonated PC(16:0/9:0(COOH@
346 C9)) might hence exceed the buffer capacity, we used an
347 ammonium bicarbonate solution to increase ionization of the
348 carboxyl function beforehand (Figure 7B, bottom panel). Under
349 these conditions, we observed a concentration-dependent shift
350 of the right shoulder but still not a concentration-dependent
351 increase of the isotropic peak at ~—2 ppm, even though it was
352 strongest at 30 mol % (Figure 7B, bottom panel).

353 The chemical shift anisotropy gives an indication of rotational
354 diffusion of phospholipids and the size of the vesicles.”> A much
3ss larger effect on chemical shift anisotropy was reached with
356 PC(16:0/9:0{COOH@C9)) than PC(16:0/9:0(CHO@C9))
357 which might indicate the formation of smaller structures
358 (increased averaging by rotational diffusion, due to a slightly
350 different orientation) and/or a change in headgroup dynamics
360 (Figure S7A).

361 In addition to the effects from individual OxPCs, we also
362 measured the effects from the mix of PC(16:0/9:0{CHO@C9))
363 and PC(16:0/9:0(COOH@CY)) at a ratio of 1:1 and a total
364 faction of 20 mol % (Figure S7C). The increased fraction of
365 PC(16:0/9:0(COOH@C9)) led to a larger chemical shift
366 anisotropy (Figure S7D), as expected.

367 lonization of the Carboxyl Group in PC(16:0/
368 9:0(COOH@C9)) Induces Highly Curved Structures in a
369 pH Dependent Way. The *'P NMR results point out that the
370 pH plays a major role in the effects induced by PC(16:0/
371 9:0(COOH@C9)) and that the carboxyl functional group is
372 able to significantly alter the structure of the membrane if it is
373 ionized, possibly by producing micelles or other curved lipid
374 aggregates. To further investigate the effect of pH on ionization
375 of the carboxyl group and membrane structure, we used NaOH
376 at an equivalent amount to PC(16:0/9:0(COOH@C9)) to
377 completely ionize the carboxyl group. Under these conditions,
378 we observed a large disruption of the lamellar structure and
379 formation of an isotropic phase, pointing to the possibility that
380 the intrinsic curvature of the ionized PC(16:0/9:0(COOH@
381 C9)) increases largely with pH (Figure 7C). This effect was
352 temperature dependent (Figure S7B), with high temperatures
383 favoring highly curved structures. To monitor the importance of
384 pH on the ionization of PC(16:0/9:0(COOH@C9)), we
3ss measured the zeta () potential of LUVs containing PC(16:0/
386 9:0(COOH@C9)) upon pH changes. We observed that the {-
387 potential decreased strongly upon increasing pH, indicating that
388 the ionization of the carboxyl function in the membrane
389 depended on pH (Figure 7D). This result further suggests that
390 the ionized carboxyl function contributes to the {-potential and
391 is probably localized at the membrane—water interface.

392 MD Simulations Reveal Differences in Positioning and
393 Effects on Bilayer Structure of Truncated Carboxyls and

Aldehydes. To further investigate the positions of the carboxyl 394
and aldehyde groups in the bilayer plane, we performed MD 395
simulations (Figure 8). We observed that the ionized carboxyl 396 fs
group pointed to the bilayer interface (Figure 8B), while the 397
aldehyde function remained in the hydrophobic core (Figure 398
8C). This resulted in a slightly larger area/molecule for the 399
truncated carboxylic acid, while the aldehyde function effectively 400
reduced this parameter (Figure 8D). The reduction of the area 401
per lipid by the lipid aldehyde could be in line with the reduction 402
of surface tension that was more efficient with the aldehyde lipid. 403
A smaller molecular volume of the CHO molecule would mean a 404
higher density of molecules at the water—air interface and hence 405
a lower surface tension. 406

Thickness was more reduced with the ionized COOH lipid 407
(Figure 8E), meaning it can probably more efficiently abolish 4os
the bilayer structure, as observed in NMR studies (Figure 7). In 409
terms of water permeability, we observed a slightly higher value 410
for the CHO truncated lipid (Figure 8F). This could be in line 411
with the permeability observed toward SRB (Figure 3 and Figure 412
S2). 413

The mechanical properties of the bilayer (ie., the area 414
compressibility modulus (K,) and the bending modulus (K.)), 415
as from of our MD trajectories, were strongly reduced by 416
PC(16:0/9:0{COOH@C9)), while PC(16:0/9:0{(CHO@ 417
C9)) had only little effects (table in Figure 8). These values 418
reinforce the current picture that PC(16:0/9:0(COOH@C9)) 419
has a stronger tendency to impair the bilayer structure of the 420
membrane. 421

B DISCUSSION 422

Our results show that truncated oxidized lipids have different 423
mechanisms to destabilize lipid membranes. Permeabilization 424
depends on the position of the acyl chain break, with AC9 lipids 425
being more effective in permeabilizing membranes than ACS, 426
and on the functional group at the truncation site (carboxyl or 427
aldehyde). For truncated lipids with carboxyl groups, the pH 428
largely influences ionization of the carboxyl group, and 429
ionization at high pH promotes the disruption of the bilayer 430
structure, release of carboxylated lipids from the bilayer, and 431
formation of highly curved isotropic lipid aggregates while 432
sulforhodamine B and dextran-FITC leakage is higher for 433
nonionized residues. 434

Permeabilization driven by oxidized lipid aldehydes and 435
carboxylic acids has been investigated by many groups but no 436
clear permeabilization mechanisms have been estab- 437
lished.”***”** Our data suggest different permeabilization 43s
mechanisms for truncated oxidized lipids containing aldehyde 439
and carboxyl termini and pH dependence of the mechanism for 440
carboxyls. Lipid aldehydes were more efficient in increasing 441
permeability toward larger molecules, including sulforhodamine 442
B (Figure 3, Figure S2) and FITC-Dextran (Figure 2A,B), which 443
has a hydrodynamic radius above 1 nm.”” Nonionized carboxyl 444
at AC9 was also more efficient in releasing SRB than its ionized 445
version (Figure 3H). 446

Ionized lipid carboxylic acids seemed to be more efficient in 447
inducing permeabilization toward dithionite ions or increasing 448
lipid-flip-flop of NBD-PE than aldehydes (Figure 2D,E,F). 449
Similarly, in another study, an increase in flip-flop of NBD-PS 450
was strongly induced by PC(16:0/9:0(COOH@C9)) but less 451
with PC(16:0/9:0(CHO@C9)) at around 10% mol/mol in a 452
PC(16:0/18:1) bilayer.’® At these concentrations and because 453
of the setup of their assay,”” they could exclude permeabilization 454
toward dithionite. Time scales in these experiments were far 4ss
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Figure 9. Schematic diagram of effects in membrane bilayers induced by OxPCs with truncated acyl chains. (A) Representations of PC(16:0/18:1),
PC(16:0/9:0(CHO@C9)), and PC(16:0/9:0(COOH@C9)) (Top panel). In PC(16:0/9:0(CHO@C9)), the aldehyde function points to the
hydrophobic core. At physiological pH (I), the carboxylic acid of PC(16:0/9:0(COOH@C9)) is to a large part ionized, and the truncated acyl chain
points to the bilayer interface, while at low pH (II), the carboxyl function is protonated and points probably to the hydrophobic core in an angle that
does not induce high intrinsic molecular curvature.*® (B) In the presence of PC(16:0/9:0(CHO@C9)), the membrane bilayer becomes more
permeable probably because the hydrophilicity of the membrane core is increased by the polar aldehyde groups. At higher concentrations, oxidized
lipids might also aggregate and induce diffusion spots. Further, PC(16:0/9:0(CHO@C9)) is probably released from the membrane bilayer and can
adsorb at the air—water interface, reducing interfacial tension. (C) In the presence of PC(16:0/9:0(COOH@C9)), (I) at high (or neutral) pH, the
presence of charged interfacial COO™ functions reduces the {-potential and induces high curvature that could induce toroidal pores or transient
instabilities due to the formation of isotropic aggregates (probably micelles). The formation of these aggregates could enhance the lipid exchange
between bilayer phases and the air—water interface, thereby reducing surface tension more rapidly. (II) At low pH, the truncated sn-2 acyl chains point
probably to the membrane core which inhibits curvature induction and the formation of isotropic structures, while permeabilization toward SRB is
increased, probably by a similar effect observed for PC(16:0/9:0{CHO@C9)).

456 greater (hours-weeks) than in our assay, but a strong increase of
457 NBD-PS flip-flopping occurred at 14% mol of PC(16:0/
458 9:0(COOH@C9)) and 16% mol of PC(16:0/9:0{CHO@
459 C9)), reducing half-life to 1—2 h. At concentrations higher than
460 20% mol, they observed permeabilization of the membrane
461 toward dithionite. In our slightly different quenching assay, we
462 observed a threshold of around 12—15% mol for all truncated
463 lipids tested (Figure 2D,E and Figure S1A,B,C,D). Since our
464 time scales are in the minutes range, a half-life of 1—2 h for flip-
465 flopping would not be detectable, but since we used NBD-PE
466 instead of NBD-PS, flip-flopping might be faster because PE is
467 zwitterionic and has an uncharged small headgroup. We
468 therefore cannot exclude that flip-flopping and/or permeabiliza-
469 tion is occurring in the dithionite quenching assay.

470 In terms of permeabilization thresholds, other studies have
471 seen similar effects for truncated lipids. Runas et al. showed three
472 permeability regimes for PEGI12-NBD, a small uncharged
473 hydrophilic molecule of 821 Da, in GUV containing PC(16:0/
474 9:0(CHO@C9)). From 2.5% to 10%, permeability increased
475 clearly toward the control, while at concentrations >12.5%, the
476 bilayer seemed to be disrupted or pores were formed.”" Thus,
477 the mechanism of permeabilization, and possibly flip-flopping, is
478 dependent on the concentration and the type of oxidized lipids.
479  When oxidized lipids were added from the outside to the
480 LUV, there seemed to be no clear threshold at 12—15% mol
481 since even smaller concentrations induced sulforhodamine B

release (Figure 3B,C and Figure S4A,B,C,D). It is possible that 45
the truncated oxidized lipids added from the outside of the 4s3
LUVs are more concentrated at certain spots of the suspension 4s4
just after addition and thereby induce permeabilization of a 4ss
subpopulation of LUVs, although the experiment on GUVs 4s6
(Figure S2) confirmed that SRB leakage also occurs when the 487
oxidized lipid is present in the membrane at a concentration of 4ss
10% which is below the threshold observed for the NBD-PE 439
quenching assay. 490

At a pH of 7.4, the reduction of surface tension is faster with 491
PC(16:0/9:0(COOH@C9)) than PC(16:0/9:0(CHO@C9)) 49
when the lipid is added to the suspension (Figure 6C,D) and 493
also when the oxidized lipid is released from LUVs (Figure 6C). 494
This means that ionized PC(16:0/9:0(COOH@C9)) is quicker 495
at entering and leaving the monolayer/bilayer than PC(16:0/ 496
9:0(CHO@C9)), probably because a higher water solubility of 497
the ionized PC(16:0/9:0(COOH@CY9)) goes ahead with a 408
shorter residence time in the bilayer/monolayer.” This seems to 499
be confirmed by the fact that a low pH drastically reduces the soo
speed of surface tension reduction by PC(16:0/9:0(COOH@ so1
C9)) (Figure S6). Similarly, it has been shown that, at a pH of s02
3.0, a monolayer composed of PC(16:0/9:0(COOH@C9)) s03
collapses at a much higher surface pressure than at a pH of 10, so4
meaning that the ionized form of PC(16:0/9:0(COOH@C9)) sos
solubilizes easier in the aqueous phase.” 506
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507 Grauby-Heywang et al. observed the formation of aggregates
sos in the suspension when the monolayer collapsed.”” We obtained
509 a population of small aggregates, similar in size to micellar
s10 structures with PC(16:0/9:0(COOH@C9)) (Figure SB),
s11 which might correspond to the isotropic peak observed in *'P
s12 NMR (Figure 7B). Lipid exchange of bilayers or monolayers
s13 with micellar aggregates containing PC(16:0/9:0(COOH@
s14 C9)) might also be more rapid. However, permeabilization was
s15 faster with PC(16:0/9:0(CHO@C9)) and nonionized PC-
s16 (16:0/9:0(COOH@CY)), meaning that the permeabilization
517 rate toward sulforhodamine B relied probably not essentially
s18 upon insertion of the lipid into the membrane but on a process
s19 that occurs in the membrane.

520  The fact that oxidized lipids can leave the membrane bilayer
521 and insert at the air—water interface has been observed earlier by
522 our group.” This implies that oxidized lipids can not only exert
523 their effects on the cell in which they are produced but also have
524 long-range effects on neighboring cells. Since a reduction of
s2s surface tension is observed quite quickly already at small
526 percentages of oxidized lipids (S mol %), it is possible that the
527 same phenomenon is observed in cells with low amounts of
528 oxidized lipids. The reduction of surface tension is more eflicient
529 with PC(16:0/9:0(CHO@C9)) than PC(16:0/9:0(COOH@
s30 C9)) at pH = 7.4, probably because the ionized form of
s31 PC(16:0/9:0(COOH@C9)) is not likely to accumulate at a
532 high coverage density (surface pressure) and solubilizes more
533 easily in the aqueous phase.”” Further, PC(16:0/9:0(CHO@
s34 C9)) should have a smaller hydrophilic head because its two tails
535 point into the membrane core or air phase (Figure 8). This
536 might result in a larger coverage area at the air—water phase
537 compared to ionized PC(16:0/9:0(COOH@C9)) that points
538 its ionized carboxyl tail to the water phase, thereby increasing the
539 headgroup area (Figure 8 and Figure 9A).>* This is further
s40 supported by the increased surface tension reduction capacity of
s41 PC(16:0/9:0(COOH@C9)) at pH 4.5 where both tails should
s42 point to the membrane core or air phase, reducing the
543 headgroup size and increasing coverage (Figure 6E). At acidic
s44 pH (4.5), the carboxylic acid functional group is hence less
s45 ionized and tends to adopt a molecular conformation similar to
s46 PC(16:0/9:0(CHO@C9)) (Figure 9A).

547 In terms of membranolytic mechanisms, we observed a
s4g different picture for aldehyde and carboxylic acids truncated at
s49 ACS or AC9 (Figure 9). PC(16:0/9:0(COOH@C9)) was able
sso to induce highly curved structures at a pH of 7.4 and beyond
ss1 (Figure SB and Figure 7C). In the absence of a high buffer
ss2 capacity in MLVs and at low pH, these structures were not
ss3 observed (Figure 7B). Further, the {-potential of LUVs
ss4 containing PC(16:0/9:0(COOH@C9)) decreased with pH
sss (Figure 7D), meaning that PC(16:0/9:0(COOH@C9))
556 becomes ionized and that its carboxyl function points to the
ss7 membrane—water interface as was also indicated by our MD
sss simulations (Figure 8B). This behavior has been proposed
ss9 earlier, but pH dependence has not been shown in liposomes but
s60 suggested by MD simulations.” The fact that the ionized
s61 carboxyl group points to the membrane interface should
s62 increase intrinsic molecular curvature of PC(16:0/
s63 9:0(COOH@CY)), favoring nonbilayer isotropic aggregates.
s64 Permeabilization could hence be induced by the formation of
s6s toroidal pores through positive intrinsic molecular curvature,
s66 although formation of these pores might require quite high
s67 concentrations of PC(16:0/9:0(COOH@C9))."”*° The mem-
s68 brane might also simply be destabilized by the formation of
s69 micelles and the continuous release of PC(16:0/9:0(COOH@

C9)) from the lipid bilayer which might lead to transient s70
instabilities allowing molecules such as dithionite to pass s71
through or increase flip-flopping of NBD-PE. MD simulations 572
show further that the thickness of the membrane is reduced 573
(Figure 8E) with the ionized form of PC(16:0/9:0(COOH@ s74
C9)) at high concentrations. This might favor the formation of s7s
transient pores and reduce the thickness of the hydrophobic 576
barrier. 577

When PC(16:0/9:0{COOH@C9)) was less ionized, we s78
observed less curved structures (Figures 7B and S3G), s7
suggesting that the intrinsic molecular curvature of the molecule sso
is reduced.”® It has been shown in earlier studies that the ss1
protonated form of PC(16:0/9:0(COOH@C9)) does not have ss2
its truncated acyl chain being pointed to the membrane ss83
interface, but rather being in the membrane bilayer, although ss4
it is not sure at what membrane depth the protonated COOH sss
group would accumulate.” Since there is less formation of sss
isotropic structures, we assume that the intrinsic molecular s87
curvature of the lipid is reduced (Figure 9), suggesting either sss
that the loss of a negative charge at the interface leads to less 389
repulsion of headgroups and carboxyl groups at the membrane 590
interface or the truncated sn-2 acyl chain adopts a conformation s91
that produces less membrane curvature, or both.”’ The s9
permeabilization mechanism might hence be altered and s93
become similar to PC(16:0/9:0(CHO@C9)) whose aldehyde so4
function also remains in the hydrophobic membrane core s9s
(Figure 8C) and where no curved structures were observed s96
(Figure SA and Figure 7A). Ouchi et al. argued that the so7
hydrophobic barrier of the membrane becomes more polar and, s98
hence, more permeable for small hydrophilic molecules, only if 599
the hydrophilic group at the truncation site is pointing to the 600
membrane interior.* This might explain why permeabilization o1
toward SRB at low pH was quicker with PC(16:0/9:0(COOH@ 602
C9)) than PC(16:0/9:0(CHO@CY)), maybe because of the 603
slightly higher polarity of the COOH function. For the passage 604
of larger and/or charged molecules such as FITC-Dextran, the 60s
formation of larger pores would be necessary. It is possible that 606
aggregation of several OxPCs with their aldehyde/nonionized 607
carboxyl function pointing to the membrane interior leads to the 608
formation of larger pores.*® We did not observe them in our MD 609
simulations, although full pore formation occurs in time scales 610
that are generally not accessible by MD simulations. 611

Interestingly, high temperatures favored the formation of 612
curved aggregates over bilayers (Figure S7B). It has been 613
proposed for truncated AC6 and AC12 phospholipids bearing a 614
charged nitrobenzoxadiazole (NBD) group at the truncation site 615
that the conformation of the charged truncated chain depends 616
on the packing of the surrounding bilayer. In a densely packed 617
bilayer environment at low temperature, the NBD group is 618
rather aligned with the acyl chains of other phospholipids, while s19
lower packing at higher temperature promotes the outward 620
conformation.>””*® A similar behavior of PC(16:0/ 621
9:0(COOH@C9)) in membranes would explain the temper- 622
ature dependent curvature induction. Since headgroup packing 623
is reduced in the presence of truncated OxPCs (Figure 4 and 624
Figure S7A), an increase in their concentrations might thus s
facilitate the interfacial position of the COOH group. 626

It seems that some of the effects of PC(16:0/9:0{CHO@ 627
C9)) and PC(16:0/9:0(COOH@C9)) are additive (Figure 2F, 628
Figure 3F, Figure S1E, Figure S4F, and Figure S7C,D). This was 629
especially interesting regarding NBD-PE quenching by 630
dithionite since the threshold for individual OxPCs to induce 631
permeabilization or flip-flopping was abolished when a 632
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633 combination of both OxPCs at different molar ratios was used
634 (Figure 2F and Figure S1E). As discussed above, packing defects
635 induced by either of the OxPCs might facilitate the effect of the
636 other OxPCs.”>*’ It is also not clear if both molecules could
637 aggregate to form pores or if mixed lipid aggregates, such as
638 mixed micelles, are formed.

639  We conclude that the different mechanisms of permeabiliza-
640 tion induced by oxidized lipid aldehydes and carboxylic acids
641 depend on a series of parameters (Figure 9), including the pH,
642 ionization state, and the length of the truncated acyl chains.
643 Physiologically speaking, these results show that permeabili-
644 zation by truncated carboxylated OxPCs is pH dependent. Upon
645 immune response, macrophages produce ROS at pH 435 to kill
646 phagocytosed microorganisms. Since truncated carboxylated
647 lipids are produced in this acid environment, the membrane
648 permeability of these microorganisms might be enhanced and
649 increase the killing efficiency. We recently observed in bacterial
650 membranes that permeabilization at pH = 4.5 upon oxidative
6s1 stress was stronger.”’ This could indicate that different oxidation
652 products were formed, that acidity itself influences permeabi-
6s3 lization, or that permeabilization by OxPCs is enhanced, as we
654 observed here. The release of OxPCs from the membrane is
6ss physiologically relevant since certain OxPCs, such as lipid
656 hydroperoxides, have also signaling functions in cells.®’
657 Truncated OxPCs would thus not need specific transport
6s8 mechanisms and could simply diffuse to neighboring cells and
659 exert paracrine or membrane destabilizing effects.

660  Finally, truncated carboxylic OxPCs might be interesting in
661 lipid-based pharmaceutical delivery systems. The {-potential of
662 lipid vesicles can be a strong indicator of the stability of the
663 system.’” In pH-dependent liposomal delivery systems that are
664 used to increase content release in the stomach (pH = 1—4), the
66s intestine (pH = 7—8), or lysosomes (pH 4.5), truncated
666 carboxyls could diminish the negative {-potential of vesicles and
667 increase release of pharmacologically active substances at low
668 pH.

st

—

-

6so Il CONCLUSION

670 We report a systematic investigation on how oxidized lipids with
671 one truncated acyl chain alter properties of membrane bilayers
672 depending on their present concentrations, functional groups,
673 lengths of truncations, and pH. Oxidized lipids with longer
674 truncated tails (AC9) are more effective in permeabilizing
675 membranes than those with shorter ones (ACS). Lipid
676 aldehydes are likely to permeabilize membrane toward
677 molecules with larger size (e.g., FITC-Dextran and sulforhod-
678 amine B) while lipid carboxylic acids tend to permeabilize
679 membrane toward molecules of smaller size or increase lipid flip-
680 flop at neutral pH. At neutral pH, carboxylic acids also induce
681 the formation of highly curved isotropic lipid aggregates and
682 possibly toroidal pores because the ionized carboxyl group
683 protrudes to the membrane interface and induces a high intrinsic
684 molecular curvature. Ionization also seems to favor the release of
68s the lipids from the lipid bilayer and results in a quicker
686 accumulation at the air—water interface. At low pH, the
687 truncated carboxylic acid is nonionized and remains probably
688 inside the hydrophobic core at an angle that prevents the
689 formation of highly curved isotropic structures. However, a low
690 pH of 4.5 increases the capacity of the lipid carboxyl to
691 permeabilize membranes toward larger molecules, similarly to
692 the truncated aldehyde. The mechanism of permeabilization
693 probably depends here on the reduction of the effectiveness of
694 the hydrophobic barrier because of the presence of hydrophilic

—

—

functions inside the membrane or the formation of nontoroidal 695
pores. 696

Our work provides a whole picture of membranolytic effects 697
of truncated oxidized lipids, which could help to understand the 698
effects of these lipids on biological cell membranes. We further 699
describe the possibility of a paracrine effect of these lipids on 700
neighboring cells and the usefulness of truncated carboxylated 701
lipids in the design of pH-dependent drug delivery systems. 702
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