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Effects of resveratrol on the structure and fluidity of lipid bilayers:
a membrane biophysical study

A. R. Neves®, C. Nunes®, H. Amenitsch® and S. Reis’*

Resveratrol is a natural active compound whose interest has been increased due to its several pharmacological effects in
cancer prevention, cardiovascular protection and neurodegenerative disorders and diabetes treatment. The current work
investigates how resveratrol affects membrane order and structure, gathering information determined by X-ray scattering
analysis, derivative spectrophotometry, fluorescence quenching and fluorescence anisotropy studies. The results indicate
that resveratrol is able to be incorporated into DMPC liposome model systems, either fluidizing or stiffening the bilayer,
which largely depends on the membrane fluidity state. These findings suggest that resveratrol effects resemble cholesterol
action on biological membranes, thereby contributing to the regulation of cell membrane structure and fluidity, which may
influence the activity of transmembrane proteins and hence control the cell signaling pathways. The regulation of a
number of cellular functions, thus may contribute to the pharmacological and therapeutic activities of this compound,

explaining its pleiotropic action.

Introduction

Resveratrol is a polyphenol compound present in grapes and red
wine which has emerged as one of the most promising naturally
occurring compounds with a great therapeutic potential in cancer
therapy, cardiovascular protection, antioxidant activity, anti-
inflammatory action and neuroprotection %2 The mechanism by
which resveratrol exerts such a range of pleiotropic effects is not
yet clear 2 In this respect, it was thought that its action could be
directly related to structural and biophysical changes of membranes
il Indeed, recent evidences suggest that several drugs act through
a membrane-lipid therapy, binding to lipids and modulating the
structure of membranes, therefore manipulating the behavior and
functions of a variety of integral membrane proteins, including ion
channels, membrane receptors and enzymes . However,
concerning the molecular mechanisms of resveratrol, only few
studies have been published so far about its interaction with the
lipid membranes and the results are somehow controversial 814,
Wesolowska et al. suggested that resveratrol interacted stronger
with DMPC and DPPC head group region than with deeper parts of
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the bilayer 1 Similar effects were exerted by resveratrol in other
study in DMPC membranes, where the authors proposed
resveratrol to be localized near the head group region of the lipid
bilayer " However, Selvaraj et al. showed that at higher doses
resveratrol localizes within the outer leaflet of the bilayer 12
Resveratrol-induced decrease of the transition temperature and
cooperativity was recorded for DPPC bilayers in Brittes et al. study,
which can be interpreted as an increasing membrane fluidity effect
8, Contrarily, the rigidifying activity of resveratrol on deep portions
of POPC:DPPC (1:1) membranes containing 20 mol% cholesterol
was also reported by Tsuchiya et al. B Therefore, the correct
resveratrol location within the membrane, the effect of this
compound on the biophysical properties of the membrane and its
effect on the structure of lipid bilayers are questions that require
further investigation. For that reason, the objective of the current
work was to elucidate the way by which resveratrol affects the
membrane order and structure, gathering information at the
molecular level on the interaction of this compound with lipid
model systems. Hence, large unilamellar liposomes (LUVs) and
multilamellar vesicles (MLVs) composed of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine — DMPC (see Supplementary Fig. 1) were
used to mimic cell membranes, since phosphatidylcholines are
among the membrane major lipid components and are essential in
the regulation of cellular membranes . The accumulation of
resveratrol in lipid bilayers was assessed by determining resveratrol
partition coefficient by derivative spectrophotometry using
liposomes/water systems '8 The membrane location of resveratrol
was studied by fluorescence quenching of probes with well-known,
differential and specific location within the bilayer by steady-state
and time-resolved measurements *. Anisotropy studies were also
applied to infer about the effect of resveratrol on lipid order and
membrane fluidity 8 Finally, the structural modifications of the
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lipid bilayers by the presence of resveratrol were studied by small-
angle and wide-angle X-ray scattering Al the experiments were
conducted at physiological conditions, such as a buffered pH with
adjusted ionic strength similar to the blood plasma conditions (pH
7.4, | = 0.1M) and 37°C, using the biologically active trans-
resveratrol isomer (see Supplementary Fig. 1).

Results and Discussion

Determination of resveratrol partition coefficient

The partition coefficient of resveratrol was studied in liposome-
water instead of the traditional octanol-water system, since it
provides a similar environment to the cell membranes, allowing to
establish not only hydrophobic, but also electrostatic interactions
and hydrogen bonds between resveratrol and the bilayer, due to
the amphiphilic nature of the phospholipids 20,21 K, was assessed
by UV-Vis derivative spectrophotometry, based on the change of
spectral characteristics of resveratrol when it permeates from the
aqueous to the lipid phase 18, Supplementary Figure 2A illustrates
the absorption spectra of resveratrol with different concentrations
of LUVs of DMPC (pH 7.4, 37°C) and Supplementary Figures 2B and
2C represent the respective first and second-derivative spectra. By
using spectrophotometry, the effect of
background is eliminated and the resolution of the absorption

second-derivative

signals is improved by sharpening the bands 2 Additionally, the
derivative spectra exhibit spectral shifts of the A, with increasing
lipid concentrations, indicating that resveratrol partitions from the
aqueous to the lipid media 1, Supplementary Figure 2D shows the
best fit the equation 1 the
spectrophotometric data, collected at A=360 nm, as a function of
The partition coefficient obtained for
resveratrol in LUVs of DMPC at physiological conditions (pH 7.4 and
37 °C) is shown in Table 1, expressed as K, and log D.

of to second-derivative

DMPC concentration.

Table 1 - Partition coefficient (expressed as K, and log D) of resveratrol in
LUVs of DMPC at physiological conditions (pH 7.4 and 37 °C).

System K, log D

DMPC 2797 + 486 3.43+0.14

Note: The values represent the mean + standard deviation (n = 3).

Resveratrol partition depends on the structure and degree of
ionization of the compound and also on the molecular packing of
the lipids in Therefore, pK, values and
octanol:water partition coefficients for resveratrol were also
using Marvin sketch software from
Chemaxon™. The calculated value of octanol:water partition

the membrane.

calculated calculator
coefficient (log P,,) was found to be 3.40 which is very similar to
the experimental value of log D (3.43 + 0.14) obtained at
physiological conditions (pH 7.4 and 37°C). The pK, values
determined were 8.49; 9.13 and 10.14 for positions C5; C4’ and C3,
respectively (see Supplementary Fig. 1). Thus, at pH 7.4, resveratrol
is mostly (92%) in its neutral form (correspondent to the
protonated hydroxyl groups) what explains the comparable values

2 | Soft Matter, 2015, 00, 1-3

Figure 1 - (A) Stern-Volmer plots and (B) values of the Stern-Volmer
constant (Ksy), static quenching constant (Ks), dynamic quenching constant
(Kp) and bimolecular quenching rate constant (K) obtained by steady-state
fluorescence measurements (lo/1) of DPH (@) and TMA-DPH (o) in LUVs of
DMPC, at physiological conditions (pH 7.4, 37 °C) by increasing
concentration of resveratrol. Note: All values represent the mean + standard
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deviation (n =3).

between the experimental log D in liposome:water system at pH 7.4
and the theoretical log P, partition coefficient, since the majority
of the existing interactions are hydrophobic forces. Moreover, this
result is in agreement with other studies performed in LUVs of
DPPC in fluid phase (45°C) and gel phase (25°C), showing values of
log D of 3.56 + 0.4 and 3.38 + 0.2, respectively 8,

Resveratrol location studies
The membrane location of resveratrol was assessed by steady-state

fluorescence quenching and lifetime measurements using DPH and
TMA-DPH probes with a known membrane position and depth 2326

3%

Figure 2 — 2D schematic representation of the orientation and localization of
the major microspecies of resveratrol in a DMPC membrane model system,
at pH 7.4. Note: water molecules are not represented for simplification.
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Figure 3 — Steady-state anisotropy of (A) DPH and (B) TMA-DPH as a function
of temperature in the absence (m), and in the presence of resveratrol 20 uM
(A) and 80 uM (o) in DMPC liposomes, at pH 7.4 and (C) respective values of
main phase transition temperature (Tm), cooperativity (B), and order (S).
Note: All values represent the mean + standard deviation (n = 3). n/d: no
data with the probe DPH due to the fluidity of the system at 37 °C.

TMA-DPH is reported to be anchored in the phospholipids polar
heads and aligned parallel to the acyl chains 3 26, while DPH is
mostly located also aligned parallel to the acyl chains but deeply
within the lipid bilayer 225 The efficiency of resveratrol to quench
the fluorophore can be related with its proximity to the probe,
therefore providing insights on the location and orientation of the
compound inside the membrane. According to this, the quenching
of fluorescence was analyzed by the Stern-Volmer plots. As an
example, Supplementary Figure 3 shows the excitation and
emission spectra of the probe DPH in LUVs of DMPC, in the
presence of increasing concentrations of resveratrol (quencher),
and the respective Stern-Volmer plots obtained by steady-state
fluorescence measurements (lo/l) and by lifetime fluorescence
measurements (ty/t). Similar plots were obtained for the other
probe TMA-DPH (See Supplementary Fig. 4), at the same
physiological conditions (pH 7.4 and 37°C). In Figures 1A and 1B,
one can visualize the Stern-Volmer plots of the two probes
simultaneously and the respective slopes corresponding to the
Stern-Volmer constants (Ksy) of both DPH and TMA-DPH probes, at
pH 7.4 and 37°C.

From the analysis of the Figure 1B, it is possible to conclude that the
quenching process results mostly from static interactions, once the
static quenching constant (Ks) values are much higher than the
dynamic quenching constant (Kj) values for both probes, being K, =
Ks. In addition, the efficiency of the quenching can be assessed by
the bimolecular quenching rate constant (K;) which eliminates the
microenvironment surrounding effect of the different probes,
allowing the comparison of the two probes z K, value of DPH
probe (2.1 £ 0.2 x 10°m? s'l) is higher than that of TMA-DPH probe
(1.3 £0.1 x 10° M s'l), indicating that resveratrol, at pH 7.4 and
37°C, has a preferential location in a deeper region of the bilayer
between the tails of the phospholipids of DMPC, which is in
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agreement with other studies 8, but has also some molecules
located in the polar head region of the membrane. This result is
also in agreement with a previous study with other membrane
model systems (EPC, EPC:Cholesterol and
EPC:Cholesterol:Sphingomyelin) where resveratrol was able to
guench both probes, DPH and TMA-DPH, but the decrease of the
probe fluorescence was more pronounced for DPH probe ®. The
membrane location of resveratrol can be correlated with its
structure, lipophilicity and also with the degree of ionization of the
compound at pH 7.4. According to the pK, values determined by
Marvin sketch calculator software from Chemaxon'™, at pH 7.4
resveratrol is mostly (92%) in its neutral form what explains the
higher fluorescence quenching effect for the deeper region of the
membrane. In fact, the neutral form of resveratrol can more easily
reach the deepest region of the DMPC bilayer, establishing
hydrophobic forces and hydrogen bonds with the tails of the
phospholipids (Fig. 2) and leading to the decrease of DPH
fluorescence. At this pH, only 8% of the compound is ionized and
therefore can stablish electrostatic interactions between its
negatively charged hydroxyl groups and the positively charged
amine groups present in choline in the polar head region of the
phospholipids (Fig. 2), therefore interfering with TMA-DPH
fluorescence. Other studies also point to the same conclusions
concerning the location of resveratrol in lipid bilayers 2830,
Koukoulitsa et al. performed molecular dynamics simulations and
the results show that molecules that possess phenolic hydroxyl
groups orient in the lipid bilayers in an awkward orientation with
their long axis such that the majority of the hydroxyl groups anchor
in the realm of the head-group. This awkward orientation observed
for the hydroxylated molecules maximizes the polar interactions
but leaves the remaining hydroxyl group to be embedded in the
hydrophobic region 28 At the same time, Fabris et al. studied the
location of resveratrol in DPPC membranes by using EPR
measurements. The more marked variations are related with the
7”‘, 10" and 12" carbon positions, making plausible that the
stilbenes compounds are located in this zone of bilayer, in some
way anchored to the interfacial or polar region 2, Ingolfsson et al.
also performed molecular dynamics simulations and showed that
resveratrol modify bilayer properties by localizing to the interface
between the headgroups and the backbone region of the
membrane .

Resveratrol effect on membrane fluidity

The effect of resveratrol on the membrane fluidity was studied by
steady-state fluorescence anisotropy, using DPH and TMA-DPH as
probes. In fact, changes in the stiffness of the membrane
surrounding the fluorescent probe alter the rotational movement of
the probe, thereby promoting changes in the anisotropy.

Figures 3A and 3B show the fluorescence anisotropy of DPH and
TMA-DPH in DMPC liposomes as a function of the temperature, in
the absence and in the presence of resveratrol, at pH 7.4. From the
experimental data displayed, it was possible to calculate the
cooperativity (B) and the main phase transition temperature of
DMPC (T,,), from the slope and inflection point of the sigmoid
curves, respectively. These parameters, along with the order
parameter (S) determined at 37°C, are present in Figure 3C.

Soft Matter, 2015, 00, 1-3 | 3
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The analysis of Figure 3C reveals that for DMPC liposomes in the
absence of resveratrol, the T, value of 23.5 + 0.3°C is consistent
with previous reported studies 3133 However, T, decreases 1.5°Cin
the presence of 80 uM resveratrol, which results in a fluidizing
effect for low temperatures range, when the membrane is in the gel
phase. However, the effect of resveratrol is just the opposite for
temperatures above T, resulting in the increase of the anisotropy
when the membrane is in the liquid-crystalline phase, what
corresponds to the stiffening of the membrane. This effect is more
evident in the acyl chain region (given by the probe DPH), but it also
happens in the region of the phospholipid heads (given by the TMA-
DPH probe) which is also coherent with the above location studies
(see Fig. 3). Therefore, the presence of resveratrol increases the
order parameter (S) at 37°C in the DMPC membrane, indicating a
decrease of the rotational mobility of the probe TMA-DPH. The
same parameter could not be calculated for the probe DPH due to
the fluidity of the system at 37 °C (Fig. 3C). The cooperativity (B) of
the phase transition was significantly reduced by resveratrol, which
once again indicates the presence of this compound within the lipid
bilayer which is in agreement with other studies & n fact, changes
in the cooperativity can be interpreted as an indication of the
presence and location of a compound inside the membrane 3
These effects are only observed with the addition of 80 uM
resveratrol, but 20 uM resveratrol did not produce any changes on
the temperature dependence of fluorescence anisotropy, probably
because the amount of resveratrol intercalated in the lipid bilayer
was not sufficient to be translated into a measurable effect.
Therefore, these results show that there exists a resveratrol
concentration-dependent effect on membrane fluidity and order.
Supplementary Fig. 5 summarizes the percentage of fluidization and
stiffening effect detected as a function of temperature in the
presence of resveratrol 20 uM and 80 uM in DMPC liposomes, at pH
7.4.
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Figure 4 — Small- and wide-angle X-ray diffraction patterns (SAXS and WAXS)
of DMPC in the absence and in the presence of 10 mol% of resveratrol at
10°Cand pH 7.4.

SAXS and WAXS

In order to study the structural effect of resveratrol on order and
packing of DMPC bilayers, SAXS and WAXS measurements were
performed at 10, 37 and 45°C. It is well documented that DMPC
presents different thermotropic phases depending on the
temperature 338 Hence, below 15°C the gel phase (Lg) is formed

4 | Soft Matter, 2015, 00, 1-3

where acyl chains are fully extended, tilted and packed in a
distorted hexagonal lattice; at 15°C occurs the pre-transition from
Lg to the ripple gel phase (Pg) where the lipid bilayer is distorted by
a periodic ripple; and at 24°C takes place the main phase transition
from Pg to the liquid-crystalline phase (L,) where the acyl chains are
conformationally disordered 33 The temperature-dependent X-
ray diffraction patterns obtained for SAXS and WAXS of DMPC at pH
7.4 are presented in Supplementary Fig. 6 and the respective long-
and short-range distances (d) and correlation lengths () of the first-
order Bragg peaks are listed in Table 2.

From the interpretation of the diffraction patterns (see
Supplementary Fig. 6) and confronting with the literature data, it is
possible to conclude that the lipid dispersion preparation of DMPC
at 10°C was still in the ripple phase, probably because the
incubation time at low temperature was too short and did not allow
the transition to the gel phase that is characteristic at this
temperature 37, Moreover, Tristram-Nagle et al. suggested that the
pre-transition from gel to ripple phase of DMPC happens at 13°C 38
and Lewis et al. proposed that, in the case of DMPC, the crystalline
phase (L.), once formed, converts directly into the ripple phase
upon heating and this pre-transition is not reversible 3, Therefore,
assuming that we still have a ripple phase at 10°C and a liquid-
crystalline phase at 37°C and 45°C, the d values obtained are
consistent with previous studies 35,36, 40, Thus, the ripple phase has
two first-order Bragg peaks with d values of c.a. 65 A and 57 A and
the liquid-crystalline phase has a d value of c.a. 62 A (Table 2).
Considering the WAXS diffraction patterns, it was already
demonstrated that the gel phase presents a pseudohexagonal or
orthorhombic chain packing and that the ripple phase shows an
hexagonal lattice of the chains % This statement is in agreement
with our results (See Supplementary Fig. 6 and Table 2), since the
ripple phase has only one diffraction peak with a d value of c.a. 4.2
A characteristic of the hexagonal chain packing 3841 and the liquid-
crystalline phase presents a diffuse reflection characteristic of the
disordered molten chains of the fluid phase a2,

The addition of resveratrol leads to some changes in the X-ray
diffraction patterns of DMPC bilayers at 10°C (Fig. 4 and Table 2).
The first consideration obtained from SAXS is that resveratrol is
probably inducing a fluidizing effect of the ripple phase, converting
the two first-order Bragg peaks into an only one diffraction peak.
Thus, 10 mol% of resveratrol causes an increase of the membrane
thickness of DMPC in a total of c.a. 17.5 A (Table 2), which can be
attributed to the loss of the tilt angle. In fact, knowing the length of
a DMPC molecule (23.4 A) and the typical tilt angle of a DMPC
bilayer (32.3°), already determined experimentally by Tristram-
Nagle et al. 38, it is possible to calculate the contribution of the
reduction of the chain tilt to the increase of the membrane
thickness in 8.5 A for each monolayer, i.e. precisely 17 A in total.
Furthermore, the decrease in the correlation length of the DMPC
bilayer in the presence of 10 mol% of resveratrol at 10°C is justified
by its disturbing effect on the membrane structure, which is
indicated by the broader peaks obtained in SAXS diffraction
patterns. Concerning the WAXS profile (Fig. 4 and Table 2), the d-
spacing is slightly reduced in the presence of 10 mol% of resveratrol
probably due to the reduction of the chains tilt angle. The same is
not true when the DMPC bilayer is in the fluid phase at 37°C or at
45°C, since resveratrol does not have any significant effect on the

Soft Matter is © The Royal Society of Chemistry 2015
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thickness of the bilayer, nor on the distance between the heads of
the phospholipids (Supplementary Fig. 7 and Table 2). However,
when DMPC is in a more organized state (10°C), resveratrol has a
fluidizing effect. This result is consistent with the reported findings
obtained with fluorescence anisotropy measurements. Therefore,
the results so far indicate that the effect of resveratrol largely
depends on the state of membrane fluidity, which shows its
influence on regulating the bilayer homeostasis and the tendency
towards a relatively stable equilibrium in the structural organization
of the membrane.

Experimental
Materials

trans-Resveratrol (> 99% purity) was obtained from Sigma Aldrich
(St. Louis, MO, USA) and DMPC was purchased from Avanti Polar
Lipids, Inc. (Alabama, USA). The fluorescent probes 1,6-diphenyl-
1,3,5-hexatriene (DPH) and 1-(4-trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene (TMA-DPH) were supplied by Molecular
Probes (Invitrogen Corporation, Carlsbad, California, USA).
Resveratrol solutions and lipid suspensions were prepared with
phosphate buffer (pH 7.4). For the preparation of phosphate buffer
solutions, potassium phosphate monobasic was obtained from
Sigma Aldrich and sodium hydroxide from Riedel-de Haén AG
(Seelze, Germany). The buffers were prepared using double
deionized water from arium water purification system (resistivity >
18 MQ cm, Sartorius, Goettingen, Germany) and the ionic strength
was adjusted to mimic physiological conditions with NaCl (1=0.1 M).

Preparation of DMPC membrane models

Liposomes preparation. LUVs of DMPC were prepared by the
classical method of the lipid film hydration, followed by 10 times
extrusion process through polycarbonate filters with a pore
diameter of 100 nm, at 40°C (well above the main phase transition

..y 43, 44
temperature of the lipid) . For fluorescence measurements,

labeled liposomes were prepared by co-dissolving DMPC and the
probe (DPH or TMA-DPH) in the organic solvents mixture of
chloroform/methanol (3:2, v/v) to give a probe/lipid molar ratio of
1:300. This molar ratio is sufficiently low to ensure the stability of
the membrane and its use for drawing conclusions about the

. s . 45, 46
location of compounds in biological membranes .

Lipid dispersion preparation. Different molar fractions of
resveratrol (0, 5 and 10 mol%) were mixed with DMPC in a
chloroform/methanol mixture (3:1, v/v). Lipid films were formed by
drying the samples under nitrogen stream and left overnight under
reduced pressure to remove all traces of the organic solvents. The
lipid films were then hydrated with phosphate buffer (pH 7.4) and
vortexed, at 40°C for 20 minutes. The lipid dispersions were
transferred into glass capillaries of 1.5 mm diameter and the flame-

sealed capillaries were stored at 4°C until the X-ray measurements.

Determination of partition coefficient by derivative
spectrophotometry

The partition coefficient (K;) of resveratrol between LUVs
suspensions of DMPC and the aqueous buffered solution was
determined by derivative spectrophotometry. Resveratrol
phosphate buffer with a final concentration of 20 uM was added to
LUVs suspensions with increasing concentrations of DMPC (from 0
to 1000 uM) in a microplate, and incubated in the dark for 30
minutes and 37°C, with agitation. The corresponding reference
solutions were identically prepared in the absence of resveratrol.
The absorption spectra (250-500 nm range) of samples and
reference solutions were recorded at body temperature of 37°C,
corresponding to liquid-crystalline phase of DMPC, in a
multidetection  microplate reader (Synergy HT; Bio-Tek
Instruments), accordingly to a well-established protocol % The
mathematical treatment of the results was performed using a
developed routine, K, Calculator 16, which (i) subtracts each

in

Table 2 — Long- and short-range distances (d) and correlation lengths (§) determined from SAXS and WAXS diffraction patterns,
respectively, for DMPC in the absence and presence of 10 mol% of resveratrol at 10°C, 37°C and 45°C and pH 7.4.

Long distances

Short distances

System T(C)  di(A) d, (A) & (A) &(A) d(A) £(A)

DMPC 10 645+05  57.3%05 697+10  477+10 4.21 47 10
37 62.3£05 - 629 +10 - - -
45 61.5£0.5 - 567 +10 - - -

DMPC + 10 mol% RSV 10 74.8+0.5 - 618 £ 10 - 4.18 54+10
37 63.3£05 - 602 + 10 - - -
45 63.4£05 - 554 +10 - - -
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Soft Matter, 2015, 00, 1-3 | 5



Soft'Matter

reference spectrum from the correspondent sample spectrum to
obtain corrected absorption spectra, (ii) determines the second and
third derivative spectra in order to eliminate the spectral
interferences due to light scattered by the lipid vesicles and to
enhance the ability to detect minor spectral features and improve
the resolution of bands, and (iii) calculates the K|, value by plotting
the second or third derivative spectra values at wavelengths where
the scattering is eliminated versus the DMPC concentration 16 After
that, a non-linear least-squares regression method is applied by
fitting the following equation to the plot, where K|, is the adjustable
parameter:

(D — Dy) Kp [L] V(D

D =
T 1+K, [L] Vg

D, +

(1)

In this equation, D is the second or third derivative intensities
obtained from the absorbance values of resveratrol: D;refers to the
total amount of resveratrol, D, corresponds to resveratrol
distributed in the aqueous phase, and D, corresponds to
resveratrol distributed on the lipid membrane phase; K, is the
partition coefficient of resveratrol; [L] is the molar concentration of
DMPC; and Vj is the lipid molar volume of DMPC (0.66 L mol'l).

Membrane location studies by fluorescence quenching
Quenching studies, including fluorescence steady-state and
fluorescence time-resolved measurements, were performed by
incubating increasing concentrations of resveratrol (from 0 to 80
uM) with DPH and TMA-DPH labeled liposomes with a fixed
concentration of DMPC (500 uM), in phosphate buffer (pH 7.4).
Samples were incubated in the dark for 30 minutes so that
resveratrol could reach the partition equilibrium between the lipid
membranes and the aqueous medium, at physiological temperature
(37°C).

Fluorescence measurements were carried out at 37°C with
excitation/emission wavelengths of 357/429 nm and 361/427 nm
for DPH and TMA-DPH, respectively. Fluorescence steady-state
measurements were performed in a Jasco FP6500 steady-state
spectrofluorimeter equipped with a constant temperature cell
holder. All data were recorded in a 1 cm path length cuvette.
Fluorescence emission intensity values were corrected for inner
filter effects at the excitation wavelength *_ Fluorescence time-
resolved measurements were performed in a Fluorolog Tau-3
Lifetime system. Modulation frequencies were acquired between
10 and 150 MHz and the integration time was 8 s. Manual slits were
0.7 mm, slits for excitation monochromator were 7.0 mm (side
entrance) and 0.7 mm (side exit) and for emission monochromator
were 7.0 mm (side entrance) and 7.0 mm (side exit). The
fluorescence emission was detected with a 90° scattering geometry.
All measurements used Ludox as a reference standard (t=0.00 ns).
The capacity of resveratrol to quench the fluorescence of DPH and
TMA-DPH probes was evaluated by determination of the Stern—
Volmer constant (Ksy) from the slope of the Stern—-Volmer plots
obtained by steady-state fluorescence measurements (lo/I) versus
the quencher concentration ([Q]) v,

Iy

7 (2)

1+ Ky [Q]
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Two quenching processes can usually be encountered, namely
dynamic (collisional) quenching and static (complex formation)
quenching. Collisional quenching occurs when the excited
fluorophore experiences contact with a molecule that can facilitate
transitions to the ground state 7 static quenching occurs when the
fluorophore forms a stable complex with a molecule in the ground
state. In order to study if the quenching mechanism was static or
dynamic, the dynamic quenching constant (Kp) was determined
from the slope of the Stern-Vomer plots obtained by lifetime
fluorescence  measurements  (T/1) the quencher
concentration ([Q]) 7,

versus

To

- =1+ K [Q] (3)

The static quenching constant (Ks) was also determined from the

following relation between the Ksy and K constants.
Ksy = Ks+ Kp (4)

In addition, it was possible to calculate the bimolecular quenching

rate constant (Kj).

Ksv

K, =
q 7o

(5)
In this equation, 1y is the fluorescence lifetime of the probes DPH or
TMA-DPH in LUVs of DMPC that were experimentally measured in
the absence of the quencher resveratrol. Thus, t, was 7.97 ns for
DPH and 3.91 ns for TMA-DPH. K, constitutes a fundamental
parameter to predict the location of resveratrol in the membrane,
since the effect of the different microenvironment surrounding the
different probes is eliminated 7,

Membrane fluidity studies by fluorescence anisotropy

The effect of resveratrol on the membrane fluidity, main phase
transition temperature, phase transition cooperativity and order
was studied by fluorescence anisotropy, using DPH and TMA-DPH
probes. A fixed concentration of labeled liposomes of DMPC (500
UM) was incubated with different concentrations of resveratrol (0,
20 and 80 uM), followed by 30 minutes of incubation in the dark, at
temperature (37°C).
performed in a Jasco FP6500 steady-state spectrofluorimeter. The

physiological The measurements were
excitation/emission wavelengths were set to 357/429 nm and
361/427 nm for DPH and TMA-DPH, respectively. The fluorescence
anisotropy was recorded at several temperatures between 7°C and
37°C, by intervals of 1°C. The results obtained in the presence and
absence of resveratrol were plotted as steady-state anisotropy (r)

versus temperature (T) and data was fitted using a sigmoid curve 8

49

rsz - rsl + pZT - plT

=15 + T (6)

1 1
1+10°7° 70

In this equation, p; and p, correspond to the slopes of the straight
lines at the beginning and at the end of the plots and r,_ and rs, are
the respective steady-state anisotropy intercepting values at the y
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axis. It was possible to calculate the cooperativity (B) and the main
phase transition temperature (T,,) of DMPC, from the slope and the
inflection point of the data fitted to sigmoid curves, respectively.
The order parameter (S) was also calculated through the equation:

s = Jrrm (7)

where ry is the fluorescence anisotropy in the absence of any

rotational motion of the probe and r,, reflects the restriction of
. . . 49, 50

probe motion in each particular membrane system . I, can be

calculated from r, values using the following relationship oL

o 4/3 r,—010 for 0.13 <7, <0.28 (8)

Small- and wide-angle X-ray scattering

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) experiments were performed at the Austrian SAXS
beamline in the electron storage ring Elettra (Trieste, Italy) with a
monochromatic radiation of wavelength 0.154 nm 2 The SAXS
detector Pilatus3 1M (Dectris, Baden Switzerland) was calibrated
using silver behenate powder (d-spacing =58.376 A) >3 and WAXS
detector Pilatus 100K (Dectris, Baden Switzerland) with p-bromo
benzoic acid with the d-spacings taken from Ohkura et al. >4 Static
measurements were taken below (10°C) and above (37°C and 45°C)
the main transition temperature of DMPC using a custom made
sample cell with a water bath Unistat (Huber, Offenburg, Germany)
for cooling. Each diffraction pattern was presented as described in
previous works 13 41, by plotting the normalized scattering intensity
in arbitrary units versus the reciprocal spacing (s) in nm™.

_ 2 sinf

s=— (9)

where 6 is the diffraction angle and A is the X-ray wavelength. The
diffraction peaks obtained were fitted with Lorentzians, and the
positions of maximum intensities and the full widths at half
maximum were determined and used to calculate the bilayer
distances and the correlation lengths of the lipid bilayers,
respectively. Hence, from the peak maximum positions (s) of the

wide- and small-angle diffraction patterns, the lipid bilayer
distances (d) were calculated:
d—l
== (10)

and the correlation lengths (€) of the lipid bilayers were determined
from full width at half maximum (w):

_27'[

$= (11)

w

Conclusions

Despite the known therapeutic effects of resveratrol, its mechanism
of action is still uncertain and this study aimed to bring a new
membrane approach to interpret the pleiotropic actions of this
compound at a molecular level. The literature review showed some
controversial results in this field, presenting contradictory effects of
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resveratrol inserted in different membrane model systems . In

the present study, the results indicate that resveratrol is able to be
incorporated into lipid membrane models, suggesting that this
compound penetrates into the acyl membrane region but also
positions its polar hydroxyl groups near the head group region of
the membrane (Fig. 2). Results obtained by anisotropy and X-ray
studies indicate that resveratrol has a membrane fluidizing effect
for low temperatures, when the membrane is in the gel phase.
However, the effect of resveratrol is just the opposite for
temperatures above T, resulting in the increase of the anisotropy
when the membrane is in the liquid-crystalline phase, what
corresponds to the stiffening of the membrane. Therefore, the main
conclusion of this study is that resveratrol interaction with
biological membranes is dependent on the initial state of the
bilayer fluidity. Resveratrol either stiffens the
membrane, depending on its initial organizational state and order.
This finding seems to justify the contradictory results of the
previous studies, as reported in the introduction section. In fact,
depending on the membrane model systems used, the lipid
compositions are also different, especially in what concerns the
degree of unsaturation of fatty acids, the acyl chain lengths, and the
head groups of the phospholipids. It seems like membranes in a gel

fluidizes or

phase are more difficult to permeate by resveratrol and therefore
the compound will localize more superficially, causing fluidization of
the membrane. On the other hand, if the bilayer is in a fluid state,
resveratrol penetrates more easily, being located in a deeper region
of the membrane, thereby promoting the structural organization.
Thus, resveratrol appears to harmonize the membrane properties,
in order to balance and regulate the bilayer structure and order,
and consequently its function in the cells, thus contributing to the
membrane homeostasis. This effect reminds us the ambivalent role
of cholesterol. Indeed, studies indicate the strong
membrane stabilizing effect of cholesterol and its ability to
modulate the physicochemical properties of cellular membranes 3%
. It has been shown that cholesterol has different effects on
membrane fluidity at different temperatures. The sterol reduces
membrane fluidity at moderate temperatures (above the T,),
restraining the movement of phospholipids hydrocarbon chains; but
at low temperatures (below the T,) cholesterol increases the

several

fluidity of the membrane by disrupting the regular packing of
phospholipids and hindering solidification % 37 As a result,
resveratrol resembles cholesterol in lipid bilayers, particularly by its
membrane stabilizing effect and its ability to modulate the
membrane fluidity and cell membrane homeostasis. Consequently,
resveratrol may be involved in controlling the activity of
transmembrane proteins and hence the cell signaling. Actually,
membrane fluidity affects a number of cellular functions, since the
activity of membrane proteins is modulated by the surrounding
lipid environment 37,
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