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Abstract Products of lipid peroxidation induce
detrimental structural changes in cell membranes,
such as the formation of water pores, which occur in
the presence of lipids with partially oxidized chains.
However, the influence of another class of products,
dicarboxylic acids, is still unclear. These products
have greater mobility in the lipid bilayer, which en-
ables their aggregation and the formation of favor-
able sites for the appearance of pores. Therefore,
dodecanedioic acid (DDA) was selected as a model
product. Additionally, the influence of several
structurally different flavonoids on DDA aggregation
via formation of hydrogen bonds with carboxyl
groups was investigated. The molecular dynamics of
DDA in DOPC lipid bilayer revealed the formation of
aggregates extending over the hydrophobic region of
the bilayer and increasing its polarity. Consequently,
water penetration and the appearance of water wires
was observed, representing a new step in the mecha-
nism of pore formation. Furthermore, DDA mole-
cules were found to interact with lipid polar groups,
causing them to be buried in the bilayer. The addition
of flavonoids to the system disrupted aggregate for-
mation, resulting in the displacement of DDA mole-
cules from the center of the bilayer. The placement of
DDA and flavonoids in the lipid bilayer was
confirmed by small-angle X-ray scattering. Atomic
force microscopy and electron paramagnetic reso-
nance were used to characterize the structural prop-
erties.Bll The presence of DDA increased bilayer
roughness and decreased the ordering of lipid chains,
confirming its detrimental effects on the membrane
surface, while flavonoids were found to reduce or
reverse these changes.

Supplementary key words antioxidant . dicarboxylic acid
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The cell membrane, composed of lipids and proteins,
separates the intracellular from the extracellular space
and regulates the transport of substances in and out of
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the cell. All membrane lipids are amphiphilic and in
aqueous environment form a lipid bilayer, which is the
structural core of all biomembranes (1). The predomi-
nant type of lipids in cell membranes are phospholipids,
containing two fatty acids attached to the 1,2-hydroxyl
groups of glycerol (2, 3). Many of these acids are poly-
unsaturated, with the double bonds separated by reac-
tive methylene bridges. The dissociation energies of
bisallylic carbon-hydrogen bonds are low, allowing
facile elimination of hydrogen atoms by radical species
and subsequent reaction with molecular oxygen (4, 5).
The high concentration of polyunsaturated fatty acids
(PUF As) makes membranes susceptible to oxidation and
enables their participation in radical chain reactions,
eg. lipid peroxidation. Lipid peroxidation is a process
caused by reactive oxygen species that leads to the
degradation of lipids (6, 7). It occurs under conditions of
oxidative stress and results in cell damage (8). In addi-
tion to the formation of toxic products (7, 9), which have
been associated with alteration of signal transduction
pathways (6), modification of enzyme activities (10, 11),
and membrane protein function (12, 13), lipid peroxi-
dation causes structural damage to target systems (3, 14,
15) and impairs membrane dynamics and barrier func-
tion. Oxidized species in the lipid membrane can stim-
ulate cell signaling and phase separation with the
appearance of lipid domains (16, 17). All of these effects
contribute to oxidative stress being associated with
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various diseases, including neurodegenerative diseases
(18-20), as well as disorders of gastrointestinal tract (21),
kidney, and liver (22).

There are a number of initiation mechanisms used to
study lipid peroxidation, eg, the Fenton reaction (23, 24)
and UV irradiation (25), where batch oxidation of
phospholipids occurs and effects on the bilayer struc-
ture are attributed to a wide range of oxidation prod-
ucts. However, these changes differ when the impact of
well-defined products is investigated. In fact, Megli and
Russo (26) reported that the use of specific lipid oxides
allows the detection of changes that are not detectable
when oxidation mixtures are used. Therefore, to un-
derstand the complexity of the influence of lipid per-
oxidation on membrane integrity, it is crucial to study
individual oxidation products. The effect of structur-
ally defined oxidized lipids on the membrane structure
has been studied using model phospholipid mem-
branes, which has allowed exploration of the physical
effects of oxidation (27, 28). One of the most important
structural effects induced by lipid peroxidation is an
increase in water permeability and a decrease in bilayer
thickness. The decrease in bilayer thickness is a conse-
quence of partial interdigitation of terminal methyl
segments of acyl chains (29, 30). In addition, changes in
lipid membrane order and fluidity, as well as the
appearance of various defects, have been reported
(25, 31). In the case of pronounced defects, disintegra-
tion of the membrane structure and subsequent pore
formation occur. For example, Cwiklik and Jungwirth
(32) studied structural changes in the 12-dioleoyl-sn-
glycero-3-phosphocholine  (DOPC) membrane after
oxidizing one or both unsaturated acyl chains and
delineated the disintegration of the bilayer and mech-
anism of pore formation. Briefly, the pore walls appear
as a result of increased average distance between polar
head groups caused by insertion of an oxidized chain
into the polar region and water permeation through
the membrane, followed by direct interaction of phos-
phate groups located on different sides of the bilayer
(32). Formation of pores was observed in the cases of
lecithin (33) and other phosphatidylcholine lipids
(34, 35).

In most of the studies performed, investigated
products were lipid molecules in which one or both
chains were oxidized, studied in terms of their parent
molecules (32, 35). However, lipid peroxidation is a
complex reaction involving loss of double bonds,
shortening of chains, and introduction of various
compounds with terminal polar groups (1, 3, 23), among
which are medium- and long-chain dicarboxylic acids
(23, 36). Inouye et al. (37) reported formation of short-
and medium-chain length dicarboxylic acids, such as
suberic and adipic acid, during ¢issPUFAs oxidation and
proposed them as markers of oxidation in diabetes. The
variety of dicarboxylic products was further confirmed
by Passi et al. (38) who reported formation of two
different dicarboxylic acids from a single fatty acid,

2 ] Lipid Res. (2023) 64(10) 100430

one deriving from the oxidative splitting at the level of
the first double bond in the molecule and the other
being two-carbon-atoms lower homologous. Because of
their multiple carboxyl groups, the interaction with the
lipid bilayer differs from structural damage caused by
compounds with only one carbonyl or carboxyl group
(26). In particular, dicarboxylic acids that interact with
polar groups via hydrogen bonds exhibit greater
mobility compared to products with oxidized chains
covalently bonded to the polar head group. Conse-
quently, the mechanism of structural changes induced
by this class of products is expected to be significantly
different. In our research, we used dodecanedioic acid
(DDA), which belongs to the sequence of saturated
dicarboxylic acids already identified as peroxidation
products (23, 24, 36-39).This molecule was chosen to
understand the behavior of lipid bilayer in the presence
of peroxidation products that can form interactions,
primarily hydrogen bonds, on both sides of the hy-
drocarbon chain.

Flavonoids are naturally occurring polyphenolic
compounds that exhibit antioxidant behavior by either
directly scavenging radicals or by forming chelate
complexes with metal ions, which are known to catalyze
lipid peroxidation (40-42). The interaction of flavo-
noids with lipid bilayers is widely studied because of
their protective behavior during oxidative stress
(43-45). Depending on structural properties, ie, hydro-
phobicity, flavonoids position themselves differently
within the bilayer (46-48). Like lipids, flavonoids are
amphipathic molecules, in which the hydroxyl groups
are hydrophilic and the aromatic rings are hydrophobic
(49). Consequently, the position and orientation of
polyphenols in the membrane depend on the number
and position of hydroxyl groups (50). Furthermore, the
flavonoids in their glycoside form have additional po-
lar sugar moieties, which further influences their
positioning inside the bilayer. Some flavonoids have
been shown to form clusters or aggregates inside lipid
bilayer at sufficiently high concentrations (46, 51, 52).
The clustering of flavonoids leads to subtle changes in
the properties of the bilayer, which may affect its
function (51). Because flavonoids have hydroxyl groups
that can form hydrogen bonds, they can interact with
products of lipid peroxidation and affect the structural
changes of the membrane. Disruption of the interac-
tion of oxidation products with polar heads may result
in less pronounced structural changes and preservation
of membrane integrity upon lipid peroxidation (24).

To study the interactions of a lipid bilayer with spe-
cific lipid peroxidation product, we prepared liposomes
composed of DOPC lipid containing a prototypical
product, DDA. A multitechnique approach, combining
molecular dynamics (MD) simulation and experimental
techniques, in particular, small-angle X-ray scattering
(SAXS), electron paramagnetic resonance (EPR), and
atomic force microscopy (AFM), was used. In addition,
we studied incorporation of specific flavonoids into
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lipid bilayer to gain better insight into the interactions
between antioxidants and lipid peroxidation products
and to evaluate the ability of flavonoids to maintain the
integrity of the bilayer. Because the interaction of fla-
vonoids with lipid molecules in bilayers occurs mainly
via hydrogen bonds (53), aglycone and glycone forms
of the same flavonoid, namely, myricetin (MCE) and
myricitrin (MCI), were studied. That way, subtle dif-
ferences observed in the study of interactions could be
attributed to specific substituents of the flavonoids.
Furthermore, we studied flavonoids with different
numbers of hydroxyl groups to investigate the depen-
dence of bilayer properties on the degree of hydrox-
ylation (Fig. 1). Quercetin (QUE) is a widely studied
flavonol, which is abundant in fruits and vegetables, as
well as in coffee and tea (54-58). In contrast to MCE and
MCI, which have three hydroxyl groups on the B ring,
QUE has two hydroxyl groups, indicating less pro-
nounced antioxidant activity (569). In addition to study-
ing compounds belonging to the flavonol subgroup, we

myricetin (MCE)

also studied two flavones that do not possess hydroxyl
group on the C ring. Apigenin (API) has been shown to
inhibit inflammation, oxidation, and cancer cell growth
(60). It has also been mentioned as a potential candidate
for the treatment of dermatological disorders (61).
Luteolin (LUT), whose health-promoting effects have
already been confirmed in the literature, has an addi-
tional hydroxyl group compared with APL In partic-
ular, Zhu et al. (62) have shown that it reduces
neuroinflammation-induced death in primary hippo-
campal neurons, while Seelinger et al. (63) have pub-
lished a detailed review of its anticarcinogenic effects.

In this paper, we elucidate the complex interplay of
interactions between polar groups of lipid molecules,
DDA, and flavonoids that leads to the alteration of
membrane structural parameters. We present evidence
for aggregation of DDA in the membrane leading to
possible water pore formation. This mechanism of pore
formation is different from the one proposed in the
case of partially oxidized lipid molecules (POLMs). In

OH

luteolin (LUT)

Fig. 1. Structures of DDA and flavonoids used in this study.
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addition, we show how the interaction of DDA with
flavonoids reduces propensity for pore formation,
indicating less pronounced damage caused by lipid
peroxidation products and the protective role of
flavonoids.

MATERIALS AND METHODS

Chemicals

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was pur-
chased from Avanti Lipids (Industrial Park Drive Alabaster,
AL). Myricetin (MCE) (>97%) and myricitrin (MCI) (>98%)
were purchased from TCI Chemicals Pvt. Ltd. (Chennai, In-
dia). Dodecanedioic acid (DDA) (99%), quercetin (QUE)
(>95%), 5-doxyl-stearic acid (5-DSA), and phosphate-buffered
saline (PBS) (PBS tablets, pH 7.4, I, = 150 mM) were purchased
from Sigma-Aldrich (St. Louis, MO). Luteolin (LUT) (97%) and
apigenin (API) (97%) were purchased from Alfa Aesar
(Haverhill, MA). Chloroform (99.93%) p.a. was purchased from
Lach-ner Ltd. (Neratovice, Czech Republic). All chemicals
were used without further purification.

Preparation of liposomes

Liposomes were prepared by using the thin film hydration
method, well described in the literature (64). Briefly, stock
solutions (5 x 10~* M) of DOPC, DDA, 5-DSA, and flavonoids
were prepared by dissolving the solid compounds in chloro-
form and mixed in ratios corresponding to the desired molar
fractions. Chloroform was evaporated using a rotary evapo-
rator until the thin film appeared on the round flask, which
was further dried in a vacuum. The dried films were hydrated
using PBS solution, and the suspension was mixed at room
temperature and immersed in ice and hot water to achieve
scraping of film off the wall of the flask. All suspensions were
stabilized overnight. The final concentration of liposomes was
adjusted for each technique and is mentioned in the corre-
sponding sections. Molar fractions of each flavonoid and
DDA were 5% and 10%, respectively.

Molecular dynamics simulations

To understand the influence of flavonoids on bilayers
under oxidative stress, we performed a set of classical MD
simulations. The simulated systems consist of either a pure
DOPC bilayer (128 lipid units) or a DOPC bilayer in 11 ratio
with a model product of lipid peroxidation, DDA. There are
several reasons why the study of high oxidation degrees in
model systems is important, as indicated by Van der Paal et al.
(14). Since lipid peroxidation follows a chain reaction mech-
anism, products initially form close to each other. Further-
more, more polar compounds, ie, short-chain products, are
known to aggregate in a lipophilic environment. Hence, a
high concentration of products appears locally, in the hy-
drophobic center of the membrane. For each simulated
membrane system, we performed three distinct simulations.
More precisely, we simulated the bilayers without the pres-
ence of flavonoids (reference systems) and systems containing
13 flavonoid moieties (corresponding to approximately 5%-—
10% ratio of flavonoids to lipids). This molar fraction of fla-
vonoids was chosen because it has been shown that at too high
concentrations flavonoids exhibit prooxidant behavior (65).
To parameterize DOPC moieties we utilized the Slipids force
field (66-69). Flavonoids and DDA were parameterized using
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GAFF55 (general Amber force field), consistently with the
parameters used to describe lipids. Missing parameters,
namely, partial charges, were obtained in a manner consistent
with the general AMBER force field. More specifically, the
partial charges for flavonoids were obtained from a
restrained single-conformer fit to the electrostatic potential
(RESP), respectively, while a 10-conformer RESP procedure
was used to obtain partial charges of DDA, due to significantly
more conformational freedom it possesses compared with the
remaining parameterized species (67). The electrostatic po-
tential was obtained from the HF/6-31G(d)//B3LYP/6-31G(d)
quantum mechanical method. Each simulated system was
solvated with 16,000 water molecules, whereby the standard
TIP3P model was used to describe water molecules. Potassium
chloride was added in all systems (67), with ionic strength set
to 015 M, mirroring experimental conditions. The initial
configurations of the simulated systems were prepared using
Packmol (70), with DOPC lipids being oriented with their
polar heads outward (toward water layer), with the nonpolar
tails of two layers pointing toward each other, overall
conferring with the common lipid bilayer setup. On the other
hand, positions and orientations of DDA and flavonoid moi-
eties were randomized, with them being set to initially lie in-
side the lipid bilayer (distance of the most protruding atom of
each moiety set to lie at least 3 A below/above the plane
defined via the positions of polar lipid heads belonging to the
upper/lower layer, respectively). All simulated systems were
propagated for 200 ns. The simulations were performed in
GROMACS 2018.4(67) with a time step of 2 fs, van der Waals
and short-range Coulomb cutoffs of 12 A, three-dimensional
periodic boundary conditions, incorporating the particle
mesh Ewald procedure. The systems were first minimized
following short (10 ns) Langevin dynamics at 7= 300 K, using
Berendsen barostat (p = 1 bar) to relax the systems and obtain
valid starting densities. The obtained systems were then
propagated using the Nosé-Hoover thermostat at 7'= 300 K
with Parrinello-Rahman barostat (p = 1 bar, semi-isotropic
pressure coupling) for 200 ns, constituting the production
runs. The subsequent analysis is performed considering the
last 150 ns.

Small-angle X-ray scattering

SAXS measurements were carried out on liposomes made
of DOPC, DOPC + DDA, and DOPC + DDA with inserted
MCE and MCI. These two flavonoids were chosen because of
their greatest structural differences and the fact that other
experimental and theoretical methods showed similar
behavior among all studied flavonoids. The final concentra-
tion of liposomes for SAXS measurements was 50 mg mL ™"
Electron density functions were obtained using a laboratory
SAXS instrument (SAXS-Point 2.0, Anton Paar, Graz, Austria).
The measurements were carried out in transmission mode.
The SAXS camera was equipped with a micro-X-ray source
operating at 50 W (point-focus). A two-dimensional (2D) X-ray
detector (EIGER2 R 500K, Dectris, Switzerland) and Cu-Ka-
radiation (4 = 01542 nm) were used. The sample-to-detector
distance was 571 mm. All isotropic 2D patterns were
azimuthally averaged to 1D SAXS curves, and the SAXS
curves of pure solvent were subtracted. The angular ¢range
was 0.0l nm™' to 6 nm™, with q being the magnitude of the
scattering vector, corresponding to a total 26 region of 0.14-7.
The exposure time was 3 x 300 s. A quartz capillary (I mm
diameter, 10 pm wall thickness) with two vacuum-tight screw
caps on both ends was used as the sample cell and inserted
into a thermostatted sample stage set (30°C). The vacuum in
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the camera was ~1 mbar. The obtained spectra were analyzed
using Genfit software (71), in the grange of 05 nm™' to
25 nm™". The chosen model describes electron density as a
linear combination of three functions:

13 -R :
p(r)=py + ] 2 pic —Pi)[eff<72 R) - erf(r - Ri)
P

1 L
20; 22(71'

5

where R; and o; correspond to positions and standard de-
viations of #th step of the error function. In this model, pa-
rameters p, R; and o; are fitted. In the case of multilamellar
liposomes, intensity depends on the structure factor, which
was described using modified Caillé theory (72).

Electron paramagnetic resonance

The concentration of liposomes for EPR measurements
was 4 mg mL™. EPR measurements were carried out on
benchtop Bruker Magnettech ESR5000 spectrometer (Bruekr
BioSpin, Germany). Measurement parameters were as follows:
microwave frequency was 100 kHz, magnetic field modulation
amplitude was 0.1 mT, and microwave power was 10 mW. EPR
spectral simulations due to dynamics, and slow and fast mo-
tion, were carried out using Easyspin software (73) working at
MATLAB platform (74).

Atomic force microscopy

The method used to prepare supported lipid bilayers (SLBs)
was the drop deposition method. Briefly, a suspension of
multilamellar vesicles (100 pl) was added to the fluid cell
containing a freshly cleaved mica plate. The system was left
for 10 min to achieve adsorption. Owing to electrostatic in-
teractions between liposomes and mica, solid lipid bilayers
were formed. The nonadsorbed liposomes were removed by
washing the surface with filtered PBS solution. The system
was thermostatted at 25°C. The final concentration of lipid
used for AFM measurements was 1 mg mL™". The Bruker
Dimension FastScan Bio AFM microscope (Bruker Nano
Surfaces, Santa Barbara, CA) was used to study the structure
and mechanical properties of the bilayer. The ScanAsyst
Fluid+ silicon nitride cantilever (Bruker Nano Surfaces),
equipped with a super sharp tip (nominal tip radius 2 nm), was
used in a peak force quantitative nanomechanics mode. The
deflection sensitivity and spring constant of the cantilever
were calibrated using the in-built calibration manager of the
Bruker NanoScope software. First, the initial values of the
parameters were calculated from the thermal noise spectra.
The exact calibration values were determined from the 30 nm
long force-displacement curves when the set point 0.2 V was
used. The typical deflection sensitivity was in the range of
34.1-39.3 nm V™, and the spring constant of the cantilever was
mostly found in the range of 0.71-0.92 N m™". The following
parameters were used when the peak force quantitative
nanomechanics mode was used for combined surface char-
acterization: peak force set point 200 pN, feedback gain was
automatically set by the ScanAsyst algorithm of the Nano-
Scope software. The scan speed was 1 Hz, the peak force
frequency was 2 kHz, the peak force amplitude was 20 nm,
and the Z-piezo scale was 0.5 um; (13 x 13) pm? area view im-
ages, followed by (4x4) pm? details, both with a resolution of
512 x 512 pixels. Thickness, roughness, and Young's modulus
of the lipid bilayer were calculated using built-in software
tools (75-77). Briefly, the thickness was determined from the
force curves obtained on SLB. In the approaching force
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curve, the breakthrough feature (known as a jump) corre-
sponds to the penetration of the bilayer (yield threshold
force) and the width corresponds to the thickness of the
bilayer. The roughness of the different domains of the SLBs
has been obtained by four random average root mean square
(R,) values on area of analyzed SLB. All images were pre-
sented as raw data except for the first-order 2D flattening.
Force microscopy was used to study the elasticity of the SLB.
From the resulting elasticity maps, Young's modulus values
were determined. All results are presented as mean values
with corresponding standard errors.

RESULTS

Molecular dynamics simulations

We first investigated the behavior of bilayers when
only the model product of oxidative stress, i.e, DDA, is
present. We observed that part of the DDA molecules is
situated in the polar region of the lipid bilayer. This
behavior is similar to the one observed in the case of
POLMs (27, 32) and is a consequence of favorable in-
teractions between carboxyl and phosphate groups.
Correspondingly to the case of POLMs, the insertion of
DDA reduces the interactions between the polar heads,
as the present carboxyl groups also tend to interdigitate
between lipid heads of DOPC (supplemental Fig. SI).
However, in POLMs, hydrophobic chains rotate to
move oxidized moieties near the polar head groups,
resulting in interdigitation of lipid chains, whereas
there is no interdigitation in the studied system. This is
due to the fact that DDA is not covalently bonded to the
phosphate groups and can position itself with greater
conformational freedom in the bilayer. In addition, we
find that DDA is partially inserted into the hydrophobic
region of the bilayer, where it tends to form large ag-
gregates (Fig. 2), which is easily observed from the large
values of the calculated radial distribution function at
small distances (Fig. 3A). Similarly, the DDA aggregate
is clearly visible in Fig. 3B. From this snapshot, it is
evident that the aggregate extends across the entire
width of the membrane. Moreover, it can be seen that
the carboxyl groups are partially located in the center
of the bilayer, forming hydrogen-bonded clusters of
DDA (Fig. 2).

Since the formed aggregates have oxygen atoms in
the middle of the bilayer, their polarity is increased,
which may allow remarkable penetration of water deep
into the membrane (Fig. 3C). On the other hand, in the
DOPC bilayer without the DDA water does not pene-
trate beyond the polar groups (supplemental Fig. S2).
Large aggregates formed by DDA have a profound
effect on the bilayer, leading to large local de-
formations of the membrane (Figs. 4 and 5). This was
additionally confirmed by a closer examination of the
bilayer region in the vicinity of DDA. DOPC lipids
located near the DDA aggregates show a different
behavior compared with the region without aggregates.
More precisely, lipid bilayer is significantly thinner in
the regions dominated by DDA, with the distance
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Fig. 2. Snapshot of the DOPC-DDA system, with the focus on showing hydrogen bonds formed between carboxyl groups of DDA
molecules (intermolecular DDA-DDA hydrogen bonds), appearing predominantly in DDA aggregate (average number of hydrogen
bonds between all DDA molecules in DOPC-DDA system is 20.6 + 4.1 during the last 150 ns, with them appearing predominantly in
DDA aggregates). Hydrogen bonds are shown in red bold dashed lines. Blue ellipse highlights DDA-rich region/aggregate, virtually
protruding throughout the bilayer. Phosphorous atoms are shown in spherical representation and colored in transparent yellow,
with DDA being given in light gray. Inset shows close-up view of DDA molecules forming hydrogen bond bridges in the central

region of the largest DDA aggregate.

between the upper and the lower leaflet of the bilayer
being virtually 1 nm smaller compared with the
remainder of the bilayer (Fig. 4C), having an impact on
both the physical and chemical properties of the
membrane. Previous research (31, 33-35) has shown that
the incorporation of oxidized phosphocholine lipids
into the membrane leads to the appearance of water
clusters in the head group region and the formation of
pores. These effects lead to increased permeability of
the membrane (30), which may reduce its ability to act
as a functional barrier. In our case, both the absence of
oxo-group and relatively low concentrations of DDA
led to subtler effects.

Although our simulations do not show the formation
of pores extending from one side of the bilayer to the
other, the observed aggregates and the resulting defects
in the membrane structure mark the beginning of the
pore formation process. This is an additional step in the
mechanism of pore formation compared with POLMs
bilayers.

We now turn to the behavior of the membrane in the
presence of selected flavonoids. From the number
density profiles in Fig. 6A, it is evident that all flavo-
noids are mainly located near the polar groups of the
lipids. This position correlates very well with the
behavior of flavonoids in 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) bilayers, where it was found
that the sugar moiety in MCI forms more favorable
hydrogen bonds with the surrounding water molecules
and lipid heads (51). It is noteworthy that, in the case of
MCI, there is a significant probability density in the
center of the bilayer. This can be explained by its ten-
dency to form small clusters, which is also evident from
the radial distribution function (supplemental Fig. S3).

Formation of these clusters is driven by interactions
between polar phenolic and hydroxyl groups in sugar
moiety of different MCI molecules, which are more
favorable than interactions between MCI and
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hydrophobic lipid chains. In addition, these clusters are
expected to be less polar, facilitating their embedding
into the hydrophobic region. In the systems containing
flavonoids and DDA, an increase in the distribution of
studied flavonoids is observed in the center of the
bilayer (Fig. 6B), with a significant portion of flavonoids
now occupying the central part of the membrane. It is
interesting to note that a significant quantity of less
polar flavonoids, QUE, API, and LUT, is positioned in
the outer region of polar groups. In addition, we find
that the equilibrium distribution of DDA changes with
the introduction of flavonoids. All studied flavonoids
except QUE were shown to decrease the quantity of
DDA in the center of the bilayer (Fig. 6C). Less polar
QUE, API, and LUT, additionally, force a portion of
DDA molecules to positions on the outer parts of polar
group region. We presume that this behavior is a result
of more favorable interactions of phenol groups with
polar heads in comparison with interactions of DDA,
which result in DDA molecules being displaced either
toward the aqueous medium, where they can form
hydrogen bonds with water molecules, or, in the case of
QUIE, toward the center of the bilayer, where they can
form hydrogen bonds with other DDA molecules. In
addition, the results obtained indicate that there are two
effects that determine the impact of flavonoids on the
positioning of DDA in the hydrophobic region. Less
polar flavonoids can penetrate the hydrophobic region
more easily and interact with polar groups of DDA,
displacing them from the center. Increasing the number
of hydroxyl groups and polarity seems to decrease this
impact at first, as evidenced by the case of QUE, while
further increase of polarity, in case of MCE and MCI,
drives the formation of less polar flavonoid aggregates
that can reach the hydrophobic center of the membrane
and displace the DDA molecules. The fact that all fla-
vonoids perturb the DDA aggregates can be seen from
the changes in the radial distribution function as well
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——DOPC + DDA

—— DOPC + DDA + MCE

—— DOPC + DDA + MCI

—— DOPC + DDA + QUE

—— DOPC + DDA + LUT
DOPC + DDA + API

Fig. 3. A:Radial distribution functions of DDA in DOPC systems with and without added flavonoids, based on the centers of mass
of DDA molecules. B: Snapshot of DOPC-DDA system with oxygen atoms of DDA given in red spherical representation. C: Snapshot
of the DOPC-DDA system with water molecules in the bilayer drawn in spherical representation. Water wire (indicated with black
ellipse) forms during the first 100 ns of the production simulation and represents the onset of water pore formation. DOPC lipid is
given in blue, DDA is shown in green, phosphorous atoms are shown in transparent yellow, while the remainder of water molecules

is presented in light gray.

(Fig. 3A). Even more remarkable is the effect of DDA on
the clustering of flavonoids. From the respective radial
distribution functions and snapshots of the dynamics, it
follows that, in the system with DDA, all flavonoids
considered tend to form aggregates that cluster around
the DDA-rich parts of the lipid membrane
(supplemental Fig. S4) and compete with other compo-
nents of the membrane (polar heads and water mole-
cules) for interactions with the polar groups of DDA.

Small-angle X-ray scattering

To further investigate the effect of DDA on the
structural properties of bilayers, SAXS measurements
were performed. The electron density profiles (Fig. 7)
calculated from the SAXS curves exhibit the shape
characteristic of phospholipid bilayers, with two peaks
of electron density corresponding to phosphate head
groups and a minimum in the center of the membrane,

associated with the terminal methyl segments of phos-
pholipid acyl chains (29).

The addition of DDA resulted in an increase in
electron density in the middle of the bilayer, indicating
the incorporation of alkyl chains and carboxyl groups
of DDA into the central part of the membrane. This is
consistent with the results of MD simulations, con-
firming that DDA chains extend through the nonpolar
part of the membrane. Furthermore, electron density
distribution corresponding to the polar head region
becomes broader upon the addition of DDA. Moreover,
electron density in this region decreases, which may be
a consequence of incorporation of DDA molecules
between the phosphate groups. Both effects are in
accordance with the results obtained using MD simu-
lations, specifically, the broadening of phosphate dis-
tribution and the position of the peaks of DDA
distribution (Fig. 6).

§ASBMB Hydrogen bonding during pore formation in lipid membranes 7
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Fig. 4. Average density map of DDA in the direction A: parallel and B: perpendicular to the bilayer for the DOPC-DDA system.
Phosphorus atoms depicted as yellow transparent spheres, with DDA volumetric map given in green transparent representation
(isovalue = 0.4). C: 2D heat map of average distance in the z-position between centers of mass of lipids belonging to the upper and the
lower leaflet of the DOPC bilayer from the DOPC-DDA system, being in the same orientation as (B). Average density map and 2D
heat map are calculated taking the last 50 ns of the simulation into consideration. Taking (B and C) together, one can directly infer
that the lipid bilayer is significantly thinner exactly in the region where the DDA aggregate is formed (approximately 1.5 nm dis-
tance between the centers of mass of the upper and lower leaflet in the DDA aggregate region vs. &~ 2.5 nm in the remainder of the

bilayer).

The incorporation of flavonoids into the DDA-
containing lipid membrane leads to an additional in-
crease in electronic density in the hydrophobic region
of the membrane (Fig. 7), indicating their incorporation
in the center of the bilayer. Reduction of the electron
density around 0.5 nm from the bilayer center indicates
displacement of DDA molecules from the hydrophobic
part of the membrane. In addition, the effect of DDA
on the electron density in the polar head region is
reduced in the systems containing MCE and MCI,
indicating smaller effect of the interactions between
polar heads and DDA.

Electron paramagnetic resonance

The fluidity of lipid bilayers was studied by EPR,
which is possible because the EPR spectrum of a
magnetically anisotropic paramagnetic probe depends
on the freedom of movement of the fatty acids (78).
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Because the internal dynamics of the bilayer correlates
with the chemical composition and structure of the
phospholipids, changes in the physical and chemical
properties of the bilayer caused by oxidation can be
detected by observing changes in the spectra of a
paramagnetic probe. Quantitative analysis of 5-DSA-
labeled samples has been performed by determining
the order parameter, S, a measure of the local orienta-
tion order of the labeled molecule with respect to the
normal to the surface of the bilayer. The value of the
order parameter, S, close to 10 is characteristic of a
more rigid lipid environment (79), whereas lower values
of S are associated with fluid-like lipid phases (79-82).
As expected, the addition of DDA leads to a decrease in
the order parameter, indicating an increase in mem-
brane fluidity (Table 1). The slight decrease in S may be
due to partial degradation of the membrane caused by
the presence of the residual fatty acid molecules, ie,

SASBMB
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Fig. 5. A: Snapshot of the DOPC-DDA system with average
density maps of water (obtained considering the last 150 ns of
their production runs). Membrane constituents are represented
schematically, with a water volumetric map given in light blue
transparent representation (isovalue = 0.2). Water molecules
found inside the bilayer are shown in the sphere representa-
tion. B: Water distribution in systems with added DDA and
flavonoids.

DDA, which can rearrange the expected uniform dis-
tribution of 5-DSA among the available binding sites
and result in loss of a small fraction of the fatty acid
binding sites. Addition of flavonoids increases lipid
order and reverses the aforementioned effect of DDA.

Atomic force microscopy

AFM was used to study morphological and nano-
mechanical properties of lipid bilayers after the addi-
tion of DDA and flavonoids.

From the cross sections (Fig. 8), it is evident that the
surface of the DOPC bilayer is relatively homogeneous,
while the addition of DDA causes local perturbations
and the appearance of defects. The calculation of the
structural parameters (Fig. 9) shows that the most
noticeable change caused by the addition of DDA is a
decrease in elasticity (Fig. 9C), which is in accordance
with previously reported results (83). This decrease
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Fig. 6. Number density profiles along the direction perpen-
dicular to the bilayer for flavonoids in the DOPC system;
flavonoid distribution (A) without and (B) with added DDA.
Phosphate distribution in DOPC systems without flavonoids is
shown as a reference (dashed). C: DDA distribution in systems
with and without added flavonoids.

confirms aggregation in the membranes, which has
been shown to manifest itself in lower Young’s
modulus values (84). Because added flavonoids also
form hydrogen bonds and enable further aggregation,
a decrease in Young’s moduli after the addition of
flavonoids is expected. In addition, the most polar MCI
has the greatest capacity to form hydrogen bonds,

Hydrogen bonding during pore formation in lipid membranes 9
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Fig. 7. Electron density profiles of DOPC liposomes with and
without DDA and flavonoids.

leading to a more prominent decrease in Young’s
modulus.

The results for MCE and MCI are consistent with the
presumed different interaction of aglycone and
glycoside forms of the same flavonoid with lipid
membranes (85). Strong interactions of the carboxyl
groups of DDA with polar parts of lipid molecule have
already been observed using other techniques and
confirmed using AFM. An increase in the roughness is
noted (Fig. 9A), suggesting that these interactions
happen close to the surface of the bilayer. The increase
caused by DDA is less pronounced in the presence of
flavonoids, indicating their protective role and ability to
maintain membrane integrity. The ability of lipid per-
oxidation products to form hydrogen bonds with a
wide range of compounds (28), including water,
carbonyl groups, and phosphate groups, was confirmed.

100 200

Analogous to the changes in roughness, the thinning of
the membrane caused by DDA is also less pronounced
when flavonoids are added (Fig. 9B).

DISCUSSION

In this paper, we used DDA to simulate the effect of
medium- to long-chain dicarboxylic acids, one of the
products of oxidative stress, on lipid membrane prop-
erties. The effect of flavonoids on membrane func-
tionality and integrity was also investigated.

Molecular simulations revealed specific interactions
of DDA with the lipid bilayer. The carboxyl groups of
DDA interact with the phosphate groups of the lipid
molecule mainly via hydrogen bonds. As a result, part
of the DDA molecules is located in the polar region of
the bilayer. However, part of the DDA molecules was
found to incorporate in the nonpolar region as well,
with the carboxyl groups forming hydrogen-bonded
clusters in the center of the bilayer. The incorpora-
tion of DDA in the nonpolar region was confirmed
after observing electron density profiles. A similar in-
crease in electron density in the center of the bilayer
was observed upon oxidation of PLPC (30) and DLPC
(29) lipids. However, in these cases, an increase was
attributed to the interdigitation of lipid chains, which is
not present in our system. In a similar system of POPC
liposomes with POLMs terminated with carboxyl
groups, De Rosa et al. (86) found that the distribution of
carboxyl groups is bimodal. Part of the groups were
located in the hydrophobic region of the membrane,
while parts of the oxidized chains rotated to move the
corresponding carboxyl group near the polar head.
However, due to the limited movement of the oxidized
chains caused by the covalent bond to the polar head,
carboxyl groups in this system are not able to penetrate
the center of the membrane. Since DDA has polar
carboxyl groups at each end of the hydrocarbon chain,
the interaction with polar parts of the membrane oc-
curs on both sides of the bilayer. At the same time, the

300 400 500 600 700 800 nm

Fig. 8. Cross sections of bilayers in (A) absence and (B) presence of DDA.
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Fig.9. (A)Roughness, (B) thickness, and (C) elasticity of DOPC
bilayers before and after the addition of DDA and flavonoids.

second carboxyl groups form hydrogen-bonded dimers
in the lipophilic part of the membrane, leading to an
increase in electron density in the center of the mem-
brane. Such an increase is analogous to that observed in
lipid membranes with incorporated transmembrane
proteins, reported by Narayanan et al. (87). In addition,
the electron density profile of DOPC with DDA shows

SASBMB

broadening of the electron density in the region of
polar groups toward the center of the bilayer. Such
effect is in accordance with the MD results (Fig. 6) and
is a combination of the electron density of incorporated
DDA molecules and burying of the phosphate groups
induced by its presence.

The clusters cause the appearance of defects in the
bilayer. The occurrence of such defects was verified by
an increase in surface roughness and a decrease in
elasticity. In addition, a loss of order in the region of the
polar heads was observed, which was previously asso-
ciated with pore formation. The aggregates cause an
increase in the polarity of the central part of the
membrane, allowing water to penetrate deep into the
membrane. Although we studied the subtle effects of
DDA and did not observe complete pore formation, the
penetration, together with the observed structural de-
fects, is the beginning of the process. This step in the
mechanism of pore formation is absent when using
POLMs (30, 32), indicating significantly different
behavior of peroxidation products of different
structure.

The addition of flavonoids changes the equilib-
rium distribution of DDA, with a considerable
portion of flavonoids occupying the central part of
the membrane. This is reflected in the increase in
electron density at the center of the membrane. This
is in accordance with previously observed posi-
tioning of flavonoid molecules deeper in the barrier
in the presence of DDA. Moreover, the addition of
flavonoids appears to restore electron density profile
near the region of polar groups, which is a conse-
quence of either displacing DDA molecules toward
the polar groups (as noticed from the MD distribu-
tions) or restoration of phosphate distribution. These
results indicate competition for hydrogen bonding
with DDA between flavonoids and polar heads.
Diffusion of flavonoids deeper into the membrane is
caused by their clustering, resulting in the formation
of less polar aggregates compared with isolated
molecules. In addition, all flavonoids tend to aggre-
gate around the DDA-rich parts of the membrane.
This behavior suggests that different components of
the bilayer compete for interactions with polar
groups of DDA.

EPR findings, namely, the dissipation of the aniso-
tropic rotation correlation time, 7. (Table 1), confirm
that the molecule tumbles asymmetrically after the
addition of DDA. In addition, a decrease in order
parameter S could be a consequence of a disordered
lipid phase in the vicinity of DDA aggregates, where
MD simulations revealed that the phosphate groups are
buried in the bilayer, implying that the lipid molecules
are arranged in different orientations. These results are
in accordance with the loss of anisotropy in EPR spectra
of 5-DSA probe observed by Megli and Russo (26), who
studied different model peroxidation products inte-
grated into the membrane. Similar results were also

Hydrogen bonding during pore formation in lipid membranes 11



TABLE 1. Parameters derived from EPR spectra for 5-DSA-
labeled samples

Sample 24/G 24,/G N rd/ns

DOPC 50.116 18.576 0.606 2.89
+5-DSA (control)

DOPC 49.070 18977 0.578 112
+ 5-DSA + DDA

DOPC 50.892 18.414 0.624 215
+ 5-DSA + DDA
+ MCE

DOPC 50.739 18.549 0.618 207
+ 5-DSA + DDA
+ MCI

DOPC 50.758 18.416 0.621 225
+ 5-DSA + DDA
+ QUE

DOPC 51.019 18.267 0.629 3.28
+ 5-DSA + DDA
+ LUT

DOPC 51158 18411 0.629 223
+ 5-DSA + DDA
+ API

[a] Anisotropic rotation correlation time, t., given as the
geometrically averaged value of diffusion tensor elements D, = [Dy
Dy D}z, = EV D.D,D. obtained by simulation of the EPR spectra.

The error of determined hyperfine constant, 4, is related to the
magnetic field resolution B(x) = Bmax/Nmax = 2.93 pT = 0.0293 G.
Bpax = 12 mT and N = 4,096, so AA = 0.029 G

reported by Tai et al. (88) and Beranova et al. (89), who
studied oxidized phospholipid membranes. The latter
study showed that even a small addition of oxidized
phospholipid leads to increased mobility of head
groups and lateral diffusion. Further confirmation us-
ing MD simulations was proposed by Van der Paal ¢t al.
(14), who found a decrease in order parameter in
oxidized POPC liposomes. In the systems containing
flavonoids and DDA, there is no decrease in the order
parameter, while the changes upon addition of flavo-
noids are a consequence of the interactions with DDA
and lipid head groups. These results confirm the
competition of flavonoids and phosphate groups for
hydrogen bonding with DDA. The formation of
hydrogen bonds between flavonoids and polar head
groups is of great importance because it can regulate
the ability of flavonoids to interact with the membrane
and protect its integrity (50). Finally, the interactions
between flavonoids and DDA molecules reduce the
changes in structural properties caused by DDA, ie, in-
crease in surface roughness and decrease in the order
parameter, indicating protective action on the mem-
brane integrity.

It can be concluded that, while the main benefit of
flavonoids is their great potential to counteract the
deleterious effects of the uncontrolled generation of
reactive oxygen species in the membrane through their
ability to scavenge radicals, their physical properties
could also potentially have a beneficial effect on
membrane functionality, as they are able to repair the
perturbations imposed on the membrane by the prod-
ucts of oxidative stress.
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