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Exogenous molecules from dietary sources such as polyphenols are very efficient in preventing the alteration
of lipid membranes by oxidative stress. Among the polyphenols, we have chosen to study rosmarinic acid
(RA). We investigated the efficiency of RA in preventing lipid peroxidation and in interacting with lipids.
We used liposomes of 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLPC) to show that RA was an efficient
antioxidant. By HPLC, we determined that the maximum amount of RA associated with the lipids was ~1 mol%.
Moreover, by using Langmuir monolayers, we evidenced that cholesterol decreases the penetration of RA. The
investigation of transferred lipid/RA monolayers by atomic force microscopy revealed that 1 mol% of RA in the
membrane was not sufficient to alter the membrane structure at the nanoscale. By fluorescence, we observed
no significant modification of membrane permeability and fluidity caused by the interaction with RA. We also
deduced that RA molecules were mainly located among the polar headgroups of the lipids. Finally, we prepared
DLPC/RA vesicles to evidence for the first time that up to 1 mol% of RA inserts spontaneously in the membrane,
which is high enough to fully prevent lipid peroxidation without any noticeable alteration of the membrane
structure due to RA insertion.
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1. Introduction

In living organisms, the oxidative stress is associated with several
physiopathological affections (e.g. atherosclerosis, cancer, aging, neurode-
generative diseases,...) [1]. The oxidative stress is generally associated with
the generation of reactive oxygen and nitrogen species [1]. These highly
reactive compounds have different molecular targets in cells: DNA, proteins
and lipids [1,2]. Membrane lipids are not only constituents of an inert
matrix but they are also mediators of several metabolic pathways [3,4].
Thus, the modification of lipids by reactive oxidant species can perturb
different membrane-associated processes such as endo- and exo-cytosis,
recognition by membrane receptors, activity of membrane enzymes,
transport of metabolites and membrane-cytoskeleton interactions [5-8].

Such impairment of membrane functions has motivated the
investigations of the factors that govern lipid peroxidation, but also of
the protective role of antioxidants in membranes. Different endogenous
and exogenous molecules can provide an efficient protection against lipid
peroxidation: enzymes, vitamin E, cholesterol (Chol), plasmalogens and
polyphenols [2,9-13]. Among the wide body of exogenous antioxidants,
polyphenols constitute probably one of the most efficient classes of
compounds against oxidative stress. Polyphenols are naturally available
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from various dietary sources, and they are increasingly recommended as a
daily supplement to prevent oxidative stress [14-16]. Plants produce
more than 8000 different polyphenols as secondary metabolites [17].
Chemically, polyphenols are compounds having one or more hydroxyl
groups attached to a benzene ring. They can be categorized as flavonoids
and non-flavonoid compounds. Flavonoids have a common C6-C3-C6
structure consisting of two aromatic rings (A and B) linked through a
three carbon chain, usually organized as an oxygenated heterocycle (ring
C) [17,18]. Flavonoids can be divided into several subfamilies according to
the degree of oxidation of their oxygenated heterocycle. Among the non-
flavonoid polyphenols, we can cite the stilbenes and the phenolic acids.

Because of the complexity of biological membranes, much work
devoted to the efficiency of antioxidants on lipid peroxidation was
performed with simplified lipid systems [12,13,19]. For example, by using
DLPC liposomes, the flavonol quercetin was found to be a stronger
inhibitor of lipid oxidation induced by UVB than by UVA [20]. Moreover
different polyphenols such as curcumin and luteolin were also shown to
be “super-active” antioxidants on the copper-induced peroxidation of
liposomes composed of 1-palmitoyl, 2-linoleoyl-sn-glycero-3-
phosphocholine and phosphatidylserine [21].

The ability of polyphenols to penetrate into lipid bilayers is
undoubtedly crucial to the protection against oxidation. For polyphenols
that partition in the non-polar region of the bilayer, they can inhibit the
propagation of lipid oxidation by two mechanisms: (i) by intercepting
intramembrane radicals and/or (ii) by increasing membrane fluidity,
which disorganizes lipid chains and hinders radicals' propagation [22].
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By contrast, Guttierez et al. showed a disordering effect of the citrus
and rosemary phenolic extracts on the lipid membrane of a bovine
brain extract [23]. They concluded that such fluidizing effect could favor
the antioxidant capability and free radical scavenging characteristics
of these compounds by making the interaction of antioxidant
molecules with lipid radicals more efficient. Kaneko and co-workers
have suggested that the protection of cells by phenolic antioxidants
against cytotoxicity would be due to their incorporation rate into
cell membranes due to their lipophilicity and to their orientation in
biomembranes [24]. Furthermore, the antioxidant properties of
silybin were suggested to be partially determined by its location at the
lipid/water interface of cellular membranes [25]. In another work,
quercetin and naringenin polyphenols, which are more effective against
lipid autoperoxidation of rat cerebral membranes than they are against
Fe?"-induced oxidation, were found to be inserted deeper within
phospholipid bilayers [26]. In comparison, another polyphenol called
rutin elicits a stronger protective effect against the Fe?*-induced
oxidation of linoleate and it does not appear to interact with model
membranes [26].

The interaction of cinnamic and p-coumaric acids with 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) vesicles was
investigated by using differential scanning calorimetry [27]. Interesting-
ly, the p-coumaric acid was not able to modify significantly the
thermotropic behavior of model membranes, and the cinnamic acid
interacted with lipid vesicles at both neutral and acidic pHs. These
differences were found to be essentially due to an additional hydroxyl
group in the structure of the p-coumaric acid, as compared to the
cinnamic acid, which resulted in less interaction with lipid membranes.
The interaction with membranes was even reinforced for cinnamic acid
at acidic pH, yielding a protonated form of the polyphenol that is then
consequently more hydrophobic. Similarly, the penetration of quercetin
in bilayers depends on the pH of the media. At acidic pH, quercetin is
deeply embedded in planar lipid bilayers, while at physiological pH it
interacts with the polar head groups at the water-lipid interface [28].
Ollila et al. showed an inverse correlation between the ability of
polyphenols to induce membrane permeabilization (release of calcein
entrapped in liposomes) and their retention on a chromatographic
column coated with PC lipids [29]. Experiments with a series of
flavonoids and different lipids, suggested that their interaction with
membranes may rely on the establishment of hydrogen-bonds among
the hydroxyl groups of the flavonoid and the polar headgroups of
phospholipids [22,30].

In this study, we have chosen to investigate the antioxidant efficiency
against lipid peroxidation of rosmarinic acid (RA, Fig. 1) and its
interaction with lipid membranes. Among the molecules derived from
phenolic acid, RA is a natural antioxidant found in many herbs of
the Lamiaceae family such as rosemary, sage, lemon balm and thyme
[31]. RA belongs to the family of hydroxycinnamic acids and it is an ester
of 3,4-dihydroxyphenyllactic acid and caffeic acid [31]. The antioxidant
activities of the yet-examined hydroxycinnamic acid derivatives can be
ranked as follows: RA > chlorogenic acid > caffeic acid > ferulic acid >
coumaric acid [32]. It is generally admitted that RA is an antioxidant as it
may act as free radical scavenger [33-38] but RA also has a large number
of other biological activities such as antiviral, antibacterial and anti-
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Fig. 1. Chemical structure of rosmarinic acid.

inflammatory properties and it could also prevent 3-amyloid aggregation
[31,39]. The interaction of RA with lipid membranes has been neither
fully characterized [40,41] nor correlated to its antioxidant power.
We have used liposomes composed of 1,2-dilinoleoyl-sn-glycero-3-
phosphocholine (DLPC) to study the ability of RA to prevent lipid
peroxidation and to quantify the amount of polyphenols that interacted
with the lipid membrane. Moreover, the interaction of RA with different
lipids was evidenced by using Langmuir monolayers. The organization of
mixed DLPC/RA and 1,2-dipalmitoyl-sn-glycerol-3 phosphocholine
(DPPC)/RA monolayers was investigated by atomic force micros-
copy (AFM) after transfer on mica substrate. The physico-chemical
modifications of membrane properties induced by the interaction of
RA were also studied by fluorescence with model liposomes. Finally,
we have prepared DLPC/RA vesicles to evidence for the first time
that the antioxidant protection of RA is directly due to its fraction
spontaneously inserted within the membrane, with a percentage as
low as ~1 mol%.

2. Material and methods
2.1. Chemicals

Rosmarinic acid (RA), 1,2-dipalmitoyl-sn-glycerol-3 phosphocholine
(DPPC), 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(POPS), cholesterol (Chol), sphingomyelin from egg yolk (SM), 2,2'-
azo-bis(2-amidinopropane) dihydrochloride (AAPH), 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid (Hepes) were purchased from Sigma
(St. Louis, MO). Laurdan (6-dodecanoyl-2-dimethylaminonaphtalene)
and Prodan (6-propionyl-2-dimethylaminonaphtalene) were from
Molecular Probes (Eugene, Oregon). The water used in all assays was
purified using a Millipore filtering system (Bedford, MA), yielding an
ultrapure water (18.2 MQ x cm). Stock solutions of pure phospholipids
were prepared either with chloroform for the preparation of liposomes
or with hexane/ethanol 9:1 (v/v) for the monolayer studies. RA was
dissolved in ethanol and kept at —20 °C.

Log P values were calculated with the help of the software ChemDraw
ultra v 7.0 (CambridgeSoft, 2003, Cambridge, UK).

2.2. Preparation of liposomes

Phospholipids alone or phospholipids/RA mixtures were dried
under a stream of nitrogen and then kept under high vacuum for 2 h
to obtain a solvent-free film. The dry film was then dispersed in Hepes
buffer (10 mM Hepes, 150 mM NaCl pH 7.4) to produce multilamellar
vesicles (MLVs). To prepare large unilamellar vesicles (LUVs), the
MLVs were extruded 19 times through 200 nm nuclepore polycar-
bonate membrane filters (Avestin Inc. Ottawa, Canada) at 55 °C using
a syringe-type extruder (Liposofast, Avestin Inc.). Small unilamellar
vesicles (SUVs) were obtained by sonicating MLVs to clarity (3 cycles
of 2 min 30 s) using a 500 W titanium probe sonicator (Fisher Bioblock
Scientific, France; 33% of the maximal power; 13 mm probe diameter)
while being kept in an ice bath. Then the liposome suspension was
filtered on 0.2 um Acrodisc® (Pall Life Sciences, USA) to remove
titanium particles.

2.3. Antioxidant efficiency of RA

The antioxidant activity of RA was assessed by measuring the
amount of conjugated dienes [42], which constitute the very first
product of peroxidation for poly-unsaturated lipids [1,43]. These DLPC
SUVs (0.5 mg/mL) prepared in Hepes buffer were mixed with
different concentrations of RA prepared in Hepes (in the control
assays, the liposomes were incubated with Hepes containing various
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amounts of ethanol without RA). Then, the lipid peroxidation was
initiated by adding 2 mM of AAPH, the peroxyl radical oxidizing agent
to reach a final lipid concentration of 0.1 mg/mL. The samples were
immediately incubated at 37 °C. Conjugated dienes were measured
with a Specord S300 UV-VIS spectrophotometer (Jena, Germany) at
234 nm. Results were expressed as percentages of peroxidation after
60 min of peroxidation [38,41], calculated as follows [44]:

% peroxidation = (Abssump,e / Absmmm,) x 100.

A control experiment was also performed by recording the absor-
bance at 234 nm of a solution of RA at 60 M oxidized by 2 mM of AAPH
in Hepes buffer. No significant modification of the absorbance was
measured.

2.4. Membrane partitioning of RA

To quantify the insertion of RA in lipid membranes, we have followed
the protocol described by Nakayama et al. [45]. Briefly, different
concentrations of RA were added to a solution of DLPC SUVs at a final
concentration of 1 mg/mL. After incubation for 20 min at 20 °C, the
mixture was centrifuged at 200,000 g for 20 min with a Beckman Air-
Driven Ultracentrifuge (Beckman, Fullerton, CA, U.S.A.). The pellets were
resuspended with 1 mL of ethanol. The amount of RA in the ethanolic
solution was measured by injecting 20 L of the sample solution on an
HPLC LC 1200 equipped with a UV detector (Agilent Technologies,
Massy, France). We have used a C18 reverse-phase column (Uptisphere
WOD (18 column, 5 um, 250 mm x 4.6 mm, Interchim, Montlugon,
France). The elution was performed by injecting a mobile phase
containing acetonitrile:water 30:70 (v/v) at a flow rate of 0.5 mL/min
and the wavelength for detection was 280 nm. The concentration of RA
was calculated from a calibration curve prepared with standard
solutions. Lipids in the pellet were quantified by the method developed
by Stewart [46]. The RA/lipid mol ratio was calculated for each
concentration of RA tested.

2.5. Monolayer studies

All the experiments were performed at constant temperature (21 +
0.1 °C). The film balance was built by KSV (Minitrough 2, KSV
Instruments Ltd, Helsinki, Finland) for pressure area isotherms and by
NIMA (NIMA Technology, England) for adsorption experiments on a
small Teflon dish. Both the minitrough and the dish were equipped with
a Wilhelmy-type pressure measuring system. In these experiments, the
subphase was Hepes buffer and it was continuously stirred with a
magnetic stirrer spinning at 100 rpm.

2.5.1. Adsorption of RA at constant surface area

Adsorption experiments were performed on a Teflon dish (surface =
19.6 cm?2) with a subphase volume of 62 mL. Phospholipids were spread
at the air-water interface in hexane/ethanol 9:1 (v/v) to reach the
desired surface pressure. As soon as the initial surface pressure was
stabilized (~15 min), RA solubilized in ethanol was injected into the
subphase to a final concentration of 15 uM using a Hamilton syringe. RA
adsorption at the air-water interface was then followed by measuring
the variations in surface pressure. A control experiment was also
performed by injecting ethanol alone in the subphase, which produced
no significant perturbation of the surface pressure.

2.5.2. Pressure/area (m-A) isotherms and Langmuir-Blodgett transfer of
monolayers

The Langmuir trough from KSV was equipped with two moveable
Teflon barriers permitting to compress lipid monolayers at the air-
water interface. At their most opened position, the surface available to
spread lipids between the two barriers was 75 x 252 mm?, and the

subphase volume was 200 mL. Lipids alone or mixed with RA were
spread in hexane/ethanol 9:1 (v/v) at the air-water interface. The
solvent was allowed to evaporate for 15 min before compression. The
monolayer was then compressed at 10 mm?/min up to 30 mN/m. After
stabilization, the monolayers were transferred onto freshly cleaved mica
supports by vertically raising the supports through the air-water
interface at a rate of 5 mm/min.

2.6. AFM imaging

Supported monolayers were investigated using a commercial AFM
(NanoScope Il MultiMode AFM, Veeco Metrology LLC, Santa Barbara,
CA) equipped with a 125 pm x 125 ym x 5 um scanner (J-scanner).
Topographic images were recorded in contact mode at room temper-
ature (~21 °C) and in air using oxide-sharpened microfabricated SisN4
cantilevers (Microlevers, Veeco Metrology LLC, Santa Barbara, CA) with
spring constants ranging from 0.01 to 0.1 N/m (manufacturer specified),
with a minimal applied force (<200 pN) and at a scan rate of 5 Hz. The
curvature radius of silicon nitride tips was ~20 nm. All images (256 x
256 pixels) shown in this paper are flattened raw data.

2.7. Laurdan and Prodan fluorescence

Laurdan and Prodan generalized polarization (GP) was determined
in SUVs of DPPC alone or with 1 mol% of RA. Stock solutions of Laurdan
(1 mmol/L) and Prodan (1 mmol/L) were prepared in ethanol. The final
concentrations of the probes in the samples were: 1 umol/L Laurdan and
3 umol/L Prodan. Laurdan and Prodan were excited at 360 nm. GP was
calculated according to the following equation given by Parasassi et al.
[47]:

GP = (lg—Ig)/ (g + Iy).

Fluorescence emission intensity of a blue edge of the spectrum (Ig)
was measured at 435 nm for Laurdan and 440 nm for Prodan;
fluorescence intensity of a red spectrum edge (Ig) was recorded at 490
nm for Laurdan and 480 nm for Prodan; using a Varian Cary Eclipse
fluorescence spectrophotometer (Victoria, Australia), equipped with a
thermoregulated cell holder. The intrinsic fluorescence of RA was
verified at the emission wavelengths of the two probes and the values
we found were not significant.

The Laurdan probe is a lipophilic dye able to insert within membranes
with its naphthalene moiety located just below the headgroups of lipids,
among their glycerol backbone, while the linear hydrophobic dodecanoyl
tail of Laurdan is embedded within the acyl chains of the lipids. Light
excitation of Laurdan molecules modifies their dipole moment, which
leads to a reorientation of water molecules that are surrounding the dye's
naphthalene moiety embedded at the headgroups/hydrophobic core
interface of lipid membranes. On the emission spectrum, such orientation
of water molecules with the Laurdan's dipole leads to a red shift of the
probe's emission. This phenomenon is even more important with
increasing amounts of water molecules around the dye. So, in lipid
membranes, the Laurdan probe is sensitive to the amount of water
molecules present within the bilayer. Finally, variations in membrane
water content provoke red shifts in the Laurdan emission spectrum,
which can be quantified by calculating the GP value. If the lipids are well-
ordered, water molecules will have less access to the Laurdan probes
embedded in the membrane, thus resulting in a high value of GP. In
membranes with lower order, the GP will decrease as result of a greater
access of water to the Laurdan probe inside the lipid bilayer [48].

In contrast to Laurdan, Prodan preferentially partitions in the fluid
phase and is sensitive to the pretransition of polar heads. These two
probes are sensitive to polarity variations occurring in the bilayer, but
because of their different hydrophobicities, Prodan detects variations
close to the bilayer surface, and Laurdan measures variations more
deeply in the membrane [49,50].
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2.8. Calcein release

The ability of RA to permeabilize liposomes was measured with the
calcein release assay. LUVs encapsulating the fluorescent probe were
prepared as described above except for the hydration of the lipid film
that was done in Hepes buffer containing 35 mM calcein. Then, free
calcein was separated from encapsulated calcein by gel filtration on a
sepharose 4B column equilibrated with Hepes buffer. Lipids were
quantified with the method developed by Stewart [46]. The calcein-
loaded liposomes were diluted to a final concentration of 10 pM lipids
in Hepes buffer. Fluorescence measurements were performed at room
temperature immediately after the RA addition with Varian Cary
Eclipse fluorescence spectrophotometer (Victoria, Australia) using
excitation and emission wavelengths of 490 and 520 nm respectively.
The intrinsic fluorescence of RA at 520 nm was verified and the value
we found was not significant.

3. Results and discussion
3.1. Antioxidant efficiency of RA against lipid peroxidation

To investigate the antioxidant ability of RA against the AAPH-
mediated peroxidation of lipids, we have prepared SUVs containing
phospholipids with poly-unsaturated chains, DPLC. These preformed
vesicles were then mixed with different amounts of exogenously added
RA and they were finally incubated at 37 °C with the hydrophilic radical
generator: AAPH. After different times of incubation with AAPH, the
absorbance of conjugated dienes formed in lipid molecules was
measured at 234 nm to assess lipid peroxidation [42] (Fig. 2A). In the
control experiment, the absorbance at 234 nm was measured for AAPH-
treated liposomes, but this time without RA (Fig. 2A). Fig. 2A revealed
that the absorbance at 234 nm increased with time except for the
control experiment that reached a plateau after 30 min. This plateau
may be explained by compensation between the decomposition and
formation rates of hydroperoxides [42]. The percentage of peroxidation
for each concentration of RA was deduced from the control experiment
and was plotted versus time (Fig. 2B). As one can see for all the RA
concentrations tested, the percentage of peroxidation increased with
time. After 60 min, the DLPC was fully peroxidized for RA at 0.25 pM
whereas the peroxidation level was lower than 20% for concentrations
of RA higher than 2 pM. The percentage of peroxidation calculated at 60
min was plotted against the RA concentration (Fig. 2C). This curve
confirms that the percentage of peroxidation decreased with increasing
amounts of RA exogenously added to preformed vesicles. With this
curve, we have determined the concentration of RA that inhibited the
peroxidation in DLPC liposomes by 50% (ICsp): 1.51 4 0.05 pM.

Altogether, these results showed the high efficiency of RA to prevent
the lipid peroxidation induced by the hydrophilic radical generator
AAPH. However, two hypotheses could explain this antioxidant effect:
(i) RA molecules in the bulk phase could have stopped the propagation of
the free radical before they have reached the lipids, and/or (ii) RA
molecules associated with the lipid membrane could have blocked the
propagation of free radicals within the bilayer (either by modifying the
membrane fluidity or by scavenging the free radicals). Such mechanisms
were previously proposed for other polyphenols able to interact with
lipid membranes [22].

3.2. Quantification of the RA amount associated with the membrane of
DLPC liposomes

The ability of RA to associate with lipid vesicles was also determined.
SUVs incubated with different amounts of RA were subjected to
centrifugation and the pellets were analyzed by HPLC (Fig. 3). Fig. 3
shows that the RA/lipid molar ratio increased with the amount of RA
initially added to the liposomes. These experimental points were fitted
with a Langmuir equation to determine the theoretical saturation of the
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Fig. 2. Antioxidant activity of RA against AAPH-induced oxidation of DLPC liposomes.
DLPC liposomes preformed in Hepes buffer at 0.1 mg/mL were mixed with different
concentrations of RA: 0.25 pM (open circles); 1 uM (closed circles); 1.5 pM (open
squares); 1.7 uM (closed squares); 2 uM (open triangles); 7.5 uM (closed triangles) and
60 UM (closed diamonds). A control experiment was realized by mixing DLPC SUVs in
Hepes buffer at 0.1 mg/mL with 2 mM of AAPH (cross). AAPH was then added at 2 mM
to generate hydrosoluble radicals. After different times of incubation at 37 °C,
conjugated dienes were measured at 234 nm (A). Results (from three independent
experiments) were expressed as percentages of peroxidation and plotted versus time
(B). The percentage of peroxidation obtained at 60 min was plotted versus the
concentration of RA (C). These data points were fitted with a dose-response curve with
variable Hill slope using the OriginPro 8.5 software.

lipid membrane with RA molecules. The Langmuir equation used was as
follows:

A=A 4 x Kx[RAl/(1 + K x [RA))

where A is the RA/lipid molar ratio. This fit of the data points permitted
to determine the maximum RA/lipid molar ratio Amax equal to 1.033%
and K which is the Langmuir equilibrium constant equal to 18.57 uM. In
a recent paper, Londono-Londono and coworkers studied the incorpo-
ration of two flavonoids in DMPC membranes: hesperidin (HD) and
hesperetin (HT) [51]. They observed that the liposomes were close to
saturation with these flavonoids at molar ratios of 0.38% and 2.08% for
HD and HT, respectively. According to the log P of each compound
(—0.48 and 2.44 for HD and HT, respectively), the difference in the
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Fig. 3. Quantification of RA inserted into DLPC liposomes. DLPC liposomes prepared in
Hepes buffer at 1 mg/mL were incubated with different concentrations of RA. After
centrifugation, the pellets were resuspended in ethanol and the lipids were quantified
by the Stewart method [46]. Finally, the RA associated with liposomes was quantified
by HPLC. The RA/lipid molar ratio was calculated for each concentration of RA tested. All
the results are expressed as mean + standard deviation (n = 3). Experimental data
points were fitted to a Langmuir equation by using the OriginPro 8.5 software (see
Results and discussion).

incorporation was related to the higher lipophilicity of HT compared to
HD. The log P of RA was found to be 2.07, which means that RA has a
lipophilicity higher than HD but lower than HT. Thus, it is not surprising
to obtain a molar ratio of incorporation for RA at 1.033%, which is below
the HT/lipid mol ratio but above the HD/lipid one.

3.3. Interaction of RA with lipid monolayers at different surface pressures

We have shown that RA is able to interact with PC in vesicles. To
gain a view on the lipid selectivity of RA insertion into membranes, we
have used the Langmuir technique. Indeed, with this technique, we
can form monolayers of lipids that are not able to organize alone into
vesicles (i.e. without a lipid such as PC forming lamellar phases) due
to their molecular shape [52]. Monolayers of the different lipids were
spread at the air-water interface of a small Teflon dish with constant
surface area. After stabilization at the desired initial surface pressure
(mp), the RA was injected into the subphase at 15 uM final
concentration, and the variation of pressure was recorded along
with time (inset in Fig. 4). For all the lipids, the injection of RA into the
subphase provoked an immediate increase of the surface pressure.
After saturation of the pressure versus time curve, the Am (difference
between the initial and the final pressures) was plotted as a function
of my (Fig. 4). By extrapolating the regression lines to a Am equal to
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Fig. 4. Penetration of RA into DPPC monolayers. DPPC was spread at the air-Hepes
interface to reach different initial surface pressures. After stabilization (~15 min), the
RA (15 pM, see arrow in the inset) was injected in the subphase. As a result, the surface
pressure increased (inset) due to insertion of RA in the monolayer. The variation of
surface pressure was then plotted as a function of the initial pressure. The subphase was
Hepes buffer at 21 °C.

zero, we have determined the maximum insertion pressure (MIP)
for each lipid or lipid mixtures (Table 1). Considering the three lipids
DPPC, DOPC and POPC, the MIP value followed the rank order DOPC >
POPC > DPPC. According to this result, RA insertion seems to be depen-
dent on the amount of unsaturations in lipid chains. The level of
unsaturation is directly correlated to the order of acyl chains: more
unsaturations increase lipid disorder [53]. This means that the insertion
of RA within lipid monolayers is dependent on the molecular packing. It
is worth noting that for DLPC the MIP was lower (58.5 mN/m) than the
one obtained for DOPC.

If we compare the influence of the polar headgroup of lipids on the
penetration capacity of RA, it seems that RA is less able to penetrate
the negatively charged headgroup of PS lipids (MIP = 48.5 mN/m) as
compared with PC (58.0 mN/m). This result is not surprising because
at pH 7.4 RA bears a negative charge (carboxylate group) that may
cause charge repulsion between the two carboxylate functions of the
serine in PS. The MIP of POPE is also considerably lower than that of
POPC, which can be attributed to higher molecular hindrance of PE
headgroups that are more hydrated than the PC ones [54].

The MIP value for SM monolayers was high: 60.0 mN/m whereas it
was only 33.0 mN/m for Chol. The MIP value of POPC and SM
monolayers was strongly decreased by adding 30% of Chol to these
phospholipids. These results clearly show that the penetration of RA is
more difficult in the monolayers that are rigidified by Chol molecules.

Most importantly, it is noteworthy that the MIP was always higher
than 30 mN/m regardless of lipid composition except for Chol. If we
consider that 30 mN/m corresponds to the internal pressure of
biological membranes [55], it means that exogenously added RA is
spontaneously able to insert into natural lipid membranes, except for
domains enriched in Chol.

As suggested in the review by Calvez et al. [56], the MIP values are
sometimes not sufficient to interpret the data, Am values can provide
additional information. Thus, from each regression curve obtained by
plotting Am versus 1, we have checked the values of Am obtained at
the my corresponding to the internal pressure of natural membranes
(mo = 30 mN/m; see Table 1). As one can see for the pure lipids, the
ATT30mn/m Values followed the rank order: DOPC = SM > DLPC > POPC
> DPPC > POPE > POPS > Chol. The MIP value permits to predict if a
molecule will be able to penetrate a natural lipid bilayer and the
AT3omn/m 1S more informative of the amount of RA inserted in the
membrane. Indeed, high Am;om,n/m values may correspond to high
amounts of RA inserted in the membrane. These results evidence the
high affinity of RA for zwitterionic lipid bearing several unsaturations
(DOPC and DLPC) and for SM. It is again worth noting that according
to the low Amsomn;m value obtained with the Chol monolayer (0.5
mN/m), Chol enriched membranes may resist to RA penetration.
According to Oteiza et al. [22], the interaction of the hydrophilic

Table 1

Maximum insertion pressures of RA injected at a final concentration of 15 pM under
different lipid monolayers. The MIP value was obtained by extrapolating the regression
lines to the x-axis (see Fig. 3). The Amsomn/m represents the Am at 30 mN/m initial
surface pressure and it was calculated from the equation of the regression lines
obtained in the Am = f(m,) plots. The subphase was always Hepes buffer at 21 °C.

MIP (mN/m) Aft3omn/m (mN/m)
DPPC 48.6 7.6
DOPC 65.9 83
POPC 58.0 7.8
POPE 50.7 6.1
POPS 48.5 5.0
SM 60.0 8.3
Chol 33.0 0.5
POPC/Chol 7:3 (mol/mol) 54.0 9.5
SM/Chol 7:3 (mol/mol) 55.0 5.9
DLPC 58.5 8.1
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flavonoids with the polar headgroups of lipids is mainly associated
with the formation of hydrogen bonds. It is well known that SM
molecules can form abundant hydrogen bonds between their polar
heads [57,58], then the formation of hydrogen bonds between SM
and RA might explain the high values of Am30mn/m and MIP obtained.

3.4. Surface morphology of mixed RA/lipid monolayers

To visualize the modifications of the DLPC and DPPC membranes
due to the insertion of 1% RA, mixtures of DLPC/RA and DPPC/RA (99:1
molar ratios) were spread at the air/water interface and compressed
up to 30 mN/m, which correspond to the internal pressure of natural
lipid membranes [55]. Then, the monolayers were transferred onto
mica and imaged in air by AFM. Representative images of DPPC
monolayers transferred at 30 mN/m are shown in Fig. 5A and B. At this
surface pressure, DPPC monolayers are in the liquid condensed (LC)
phase, as a result they present only one gray level on AFM images.
Concerning the DPPC/RA monolayers, the images reveal two distinct
levels (Fig. 5C and D). The height difference between these two levels
is 1.0 & 0.1 nm, which is consistent with the coexistence of liquid
expanded (LE) and LC phases [59,60]. At 30 mN/m, DLPC monolayers
are in the LE phase and no LC domains are visible (data not shown).
After the addition of RA into the DLPC monolayer, no modification of
the surface morphology was observed (data not shown). These results
clearly evidence the ability of RA to reside preferentially in the LE
phase in the DPPC monolayers at 30 mN/m. However, it should be
noticed that apparently the presence of 1% RA, the amount of
polyphenol able to insert spontaneously in the lipid bilayers, did not
modify significantly membrane structure and integrity.

3.5. Influence of RA on the fluidity of DPPC liposomes

The fluorescent probes Laurdan and Prodan were employed to study
not only the influence of RA on the order of DPPC molecules in bilayers but
also to assess the depth at which RA molecules reside in the membrane. It
is worth noting that Laurdan mainly probes modifications of lipid order in
the hydrophobic part of the membrane, in contrast with Prodan that

Fig. 5. AFM height images of DPPC and DPPC/RA monolayers transferred at 30 mN/m.
Pure monolayers of DPPC (A and B), and DPPC/RA 99:1 mol/mol (C and D) were
transferred on mica at 30 mN/m to be imaged in air by AFM. The subphase was Hepes
buffer at a constant temperature of 21 °C. The z-scale is 5 nm for all images and the scale
bars are 2.5 um. The white arrow in panel D points at a domain of the monolayer in the
LE phase.

measures lipid order at the interface between the acyl chains and the
polar heads in the membrane [49,50,61,62]. DPPC was chosen because
this lipid exhibits a phase transition from gel to fluid state at 41 °C [63]
allowing then to study the influence of RA on both the gel and the fluid
phases of the lipid. By fitting these points, one can determine the
inflection point which indicates the lipid main phase transition (Tm). The
GP profiles for DPPC SUVs alone are very similar to previously published
results obtained under similar conditions [61,62].

As shown in Fig. 6A, 1 mol% of RA did not influence the Laurdan
fluorescence significantly in the temperature range studied. The Tm of
DPPC remained unchanged in the presence of the polyphenol. So, it
seems that RA does not affect the order of lipids in DPPC membranes.
This result is consistent with the findings of Perez-Fons et al. [40].
Indeed, they observed by differential scanning calorimetry that
adding 15 mol% of RA to DMPC liposomes has no effect on the
transition from gel to fluid phase. With the Prodan probe (Fig. 6B), one
can observe that adding 1 mol% of RA to DPPC liposomes led to
significant changes of the lipid order among the headgroups. Indeed,
below the Tm, the GP of DPPC liposomes was slightly decreased by
the presence of the polyphenol in the membrane, and above the
Tm the GP was strongly increased. These results are consistent with
an association of RA molecules near the polar headgroups of the
lipids. Furthermore, the slight decrease of the GP value below the
Tm of DPPC traduces a decrease in the lipid order which is consistent
with the higher amount of LE phase observed in the AFM images with
1 mol% RA in DPPC. For temperatures above the Tm of DPPC, the GP
increase can be attributed to an increase of the membrane order due
to the insertion of RA molecules among the polar headgroups of lipids.
Silybin was shown to interact with the DPPC polar headgroups and
to strongly influence the DPPC pre-transition by decreasing the GP
values below the Tm [62].
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Fig. 6. Influence of RA on membrane fluidity. Generalized polarization (GP) of the
Laurdan (A) and Prodan (B) fluorescent probes were plotted as a function of
temperature for SUVs of DPPC without (open symbols) or with 1 mol% RA (closed
symbols). The final concentrations of lipids, Laurdan and Prodan probes were 110, 1 and
3 uM, respectively. These data points were fitted with a dose/response curve with
variable Hill slope using the OriginPro 8.5 software.
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3.6. Calcein leakage studies

The influence of RA on the integrity of lipid membrane was
investigated using the calcein leakage assay. To this end, calcein was
encapsulated into LUVs at a concentration that was high enough (35
mM) to provoke the self-quenching of the fluorescent probe. Under
these conditions, the permeabilization of LUVs' membrane would lead
to a release of the calcein, which will result in the dilution of the probe
and a dequenching responsible for an increase of fluorescence intensity.
Whatever the initial RA concentration added (up to 1 mM) to LUVs, no
fluorescence increase was obtained indicating that no modification of
the membrane permeability occurred with this polyphenol. This result
indicates that exogenously added RA is not able to destabilize lipid
membranes even at high concentrations.

3.7. Influence of RA penetration in membranes for the prevention of lipid
peroxidation

It is clear that the maximal amount of RA that can spontaneously
enter DLPC membranes is only 1 mol%. This raises the questions of
(i) the minimal amount of inserted RA that is necessary to inhibit
efficiently lipid peroxidation and (ii) of the influence of RA in the bulk
medium on lipid peroxidation. These important points were exam-
ined by introducing different amounts of RA in the organic solution of
lipids before the drying step yielding solvent-free lipid films. As a
result, the DLPC vesicles were loaded with controlled amounts of RA.
The molar percentages of RA chosen were ranging between 0.2 and 1
mol% because 1.033 mol% was determined to be the maximum
percentage of RA associated with the vesicles (Fig. 3). The percentages
of peroxidation measured for SUVs of DLPC containing RA in their
membrane were plotted versus the DLPC/RA molar ratio introduced in
the membrane (Fig. 7). This curve exhibits a sigmoidal shape showing
that at contents of membrane-inserted RA higher than 0.4 mol%, the
percentage of peroxidation decreased importantly. By fitting these
points, we have determined the ICso = 0.52 4+ 0.04 mol%. With the
data from Fig. 3, we can calculate the theoretical percentage of RA that
may penetrate the membrane for every concentration of exogenous
RA added to vesicles. The curve with the closed symbols in Fig. 7
represents the percentage of peroxidation plotted as a function the
calculated RA/lipid molar ratio associated with the lipid membrane.
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Fig. 7. Antioxidant activity of membrane inserted RA against AAPH-induced oxidation
of DLPC liposomes. Liposomes composed of different molar ratios of DLPC/RA were
prepared in Hepes buffer at 0.1 mg/mL. AAPH was then added at 2 mM to initiate the
generation of hydrosoluble radicals. After different incubation times at 37 °C,
conjugated dienes were measured at 234 nm. Results were expressed as percentages
of peroxidation after 60 min and plotted versus the lipid/RA molar ratios (open circles).
The theoretical lipid/RA molar ratios were calculated from the data shown in Figs. 2 and
3 for all the concentrations of RA added to preformed liposomes. The percentage of
peroxidation obtained at 60 min was plotted versus the theoretical lipid/RA molar
ratios (closed circles). All the results are expressed as mean =+ standard deviation (n =
3). Experimental data points were fitted to a sigmoidal dose/response curve with
variable Hill slope using the OriginPro 8.5 software.

As one can see, the experimental curve and the theoretical one are
very similar (ICso = 0.40 £ 0.01 mol%). This result suggests that RA is
able to prevent lipid peroxidation mainly when it is inserted in the
membrane. The difference in the ICsy determined experimentally and
by extrapolation might be due to a very small fraction of RA in the bulk
phase that could help in preventing lipid peroxidation. In a recent
paper [41], the ICso of RA was determined with the Thiobarbituric
Acid-Reactive Substances (TBARS) assay by using eggPC SUVs and
AAPH as a free radical generator. They obtained a value of ICso at
~3 uM which is in the same range as the value of 1.51 pM obtained
when RA was exogenously added to preformed liposomes. However,
this ICso is overestimated because RA is partitioned between the
membrane and the bulk phase. In fact, the RA fraction that is effective
in preventing lipid peroxidation seems to be exclusively the one
incorporated inside the membrane.

4. Conclusions

In this work, we have shown that RA is an efficient antagonist of
lipid peroxidation. We have also evidenced that this polyphenol is
able to insert spontaneously in lipid membranes, with a higher affinity
for unsaturated than for saturated lipids. We have determined a
maximum RA/lipid molar ratio of insertion of ~1%. A more detailed
analysis permitted to show that RA is able to reside in the membrane,
most likely in the portion that is close to the headgroups of lipids, a
region that is accessible to polar molecules such as hydrosoluble
radicals from the bulk phase. The insertion of 1 mol% of RA was not
sufficient to promote significant alterations of the membrane
structure and fluidity. Most importantly, for the first time, we dem-
onstrate that a small amount of RA is able to insert spontaneously
inside membranes, and this fraction of RA is efficiently able to prevent
lipid peroxidation.

Moreover, Chol-rich membranes were found to be resistant to the
insertion of RA. In fact, RA molecules could protect plasma membranes
of mammal cells efficiently against lipid oxidation, but they will be
excluded from the regions enriched in Chol such as lipid rafts.
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