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In the fields of nutrition prevention and therapy treatment, numerous studies have reported
interesting properties of trans-resveratrol (RSV), a natural polyphenol against pathologies
such as vascular diseases, cancers, viral infections and neurodegenerative processes. These
beneficial effects are supported by more studies showing the pleiotropic actions of RSV.
Nevertheless, a crucial question concerning these effects is how the polyphenol, when applied
to an organism, gains access to its targets. In this review, we focus on the biochemical and
biological parameters involved in RSV transport, particularly the role of the phospholipid
bilayer in RSV uptake (passive diffusion, carrier-mediated transport) and of exogenous
molecules modulating RSV transport and effects. The dynamic processes of the plasma
membrane reveal the importance of the role of lipid composition in the fluidity, the lipid rafts
in RSV endocytosis and the ATP-binding cassette transporters in RSV efflux. Specific
membrane receptors such as integrin avp3 contribute to RSV uptake and to activate
signalling pathways involved in apoptosis. We discuss the role of intracellular receptors
(i-e. aryl-hydrocarbon and estrogen receptors). In addition, circulating molecules (i.e. albu-
min, haemoglobin, fatty acids, lipoproteins) play a role as RSV carriers. Finally, we developed
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a hypothesis concerning the relation between RSV uptake and its biological activities.
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1 Introduction

A wide variety of plant-derived compounds, including
polyphenols, are present in the human diet and may protect
against vascular diseases, cancers, viral infections, neuro-
degenerative processes and associated anti-inflammatory
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effects. The impetus sparking this scientific inquiry was the
result of many epidemiologic studies that showed protective
effects of plant-based diets on cardiovascular disease and
cancer. Among these bioactive compounds, several studies
[1] revealed that resveratrol (trans-3,4',5-trihydroxystilbene;
RSV) may be one of the main wine microcomponents
responsible for health benefits. Indeed, RSV possesses a
myriad of beneficial effects and can act at multiple levels,
such as cellular signalling, enzymatic pathways, apoptosis
and gene expression [2—4]. Although the biological positive
effects of RSV are largely elucidated, little is known about
the transport and the distribution of RSV throughout the
body. The present review will discuss the uptake and efflux
of RSV, the modulation of its transport by interaction with
plasma circulating molecules, membranes and intracellular
receptors, and binding sites of RSV. Lastly, we discuss the
importance of dynamics of membrane events in early
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biological effects, bioavailability of RSV and the current
strategies to improve its activity or its site delivery by
synthesis of RSV derivatives or use of colloidal/nanoparticle
carriers.

2 Role of membrane dynamic processes

The permeability of cellular membranes is one of the most
important determinants of the drug uptake. A molecule’s
ability to cross the phospholipid bilayer is essential for both
absorption of xenobiotic nutrients and its entry into the cell
or into intracellular organelles. Among the different
mechanisms of cellular drug uptake, passive diffusion
across the membranes, carrier-mediated transport and/or
active transport are often the main processes of drug uptake.
Moreover, recent studies reveal the importance of the lipid
composition and most particularly specific structures called
“lipid rafts” in mediated transports for various molecules
such as nutrients. At the inverse of uptake, the efflux of
molecules is, in majority of cases, a carrier-mediated trans-
port, which involves ATP-binding cassette (ABC) transpor-
ters that translocate solutes across cellular membranes

2.1 Passive transport

Passive transport is usually not saturable. As the centre of
the lipid bilayer is highly hydrophobic, a compound can
diffuse across the lipid bilayer portion mainly as an
uncharged species, depending on its molecular size and
affinity to the centre of the lipid bilayer.

To put forward knowledge on RSV’s access to cells,
methods using the intrinsic fluorescence properties of RSV
are developed [5, 6]. Indeed, based on the spontaneous
fluorescence upon UV excitation [5], we have demonstrated
by fluorescence microscopy that this polyphenol is essen-
tially present in cytoplasm and in the nucleolus region [6].
Furthermore, e-viniferin (an RSV dimer), which has a lower
antiproliferative effect toward cancer cells, presents a similar
uptake as RSV. An intestinal perfusion method conducted
by Juan et al. with recirculation in vivo in rats shows that
RSV uptake occurs by simple diffusion without the partici-
pation of a mediated transport in jejunal loops [7].

To quantify more accurately RSV uptake, we have label-
led the polyphenol with trittum in the ortho- and para-
positions of the benzenic rings. The time-, dose- and
temperature-dependencies of tritiated RSV influx show a
passive diffusion (50%) and a carrier-mediated process
(50%) in hepatoblastoma HepG2 cells (Fig. 1) [6]. Interest-
ingly, the RSV uptake kinetics is similar in human normal
hepatocytes without any toxicity. Recently, we have obtained
similar results in leukaemia cells versus normal monocytes
(submitted for publication). The extent of passive RSV
uptake could be dependent on the lipid composition of
membranes.
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2.2 Lipid composition and fluidity of membranes

Membrane fluidity can influence the passive diffusion
of drugs and is mainly determined by the membrane
lipid composition: cholesterol, the degree of saturation
and chain length of the fatty acids, and the proportion
of sphingomyelin as well as protein-lipid interactions [8].
Modification in fluidity affects a number of cellular
functions, including passive diffusion, carrier-mediated
transport, receptors, phagocytosis, endocytosis and cell
growth.

Studies conducted with liposomal membranes have
reported that flavonoids and isoflavones could be localized
into the hydrophobic core of the membrane leading
to an important decrease in lipid fluidity in this membrane
region [9]. This disturbance of the membrane fluidity
could sterically hinder diffusion of free radicals and
thereby decrease the kinetics of free radical reactions.
In a similar manner, various studies have reported
the modulation of membrane fluidity with RSV, but
the results obtained are controversial. Indeed, by using
fluorescence  anisotropy methods, RSV  increases
fluidity (~25%) in liposomes and in rabbit brain synapto-
somes, shown by the decrease of diphenylhexatriene fluor-
escence polarization (with 25 and 10pM of RSV,
respectively) (Fig. 1) [10, 11], and contrarily RSV can induce
rigidization on liposomal membranes [12]. We can propose
two hypotheses between the modulation of membrane
fluidity by RSV and its uptake. First, in many cases,
RSV is associated with ethanol (final concentration
of 0.1% in the culture medium), used as a solvent to
increase RSV solubility, which lowers the threshold
of RSV’s antiproliferative effect as compared WITH that in
DMSO (0.1%) [13]. In fact, ethanol can induce expansion of
the membrane, accompanied by a drop in the membrane
thickness as well as disordering and enhanced interdigita-
tion of lipid acyl chains [14]. For example, the addition
of low concentrations (0.02 or 0.04M) of ethanol
in vitro increased fluidity in erythrocyte, mitochondrial and
synaptosomal membranes [15]. This modulation of
fluidity by RSV—ethanol combination could contribute to its
uptake increases. So far, the action mechanism of
ethanol is not elucidated. In addition, RSV can modulate the
synthesis of various lipids such as cholesterol or fatty
acids, and consequently this effect could contribute to
increase the fluidity. Indeed, we and others have been
shown that RSV is able to deplete into lipid rafts in
cholesterol and sphingomyelin [16] contributing to the
fluidization of membranes. Further investigations are
required to probe whether such a depletion could be due to
the activation of a sphingomyelinase that induces ceramide
generation and increases plasma membrane fluidity or not.
Secondly, RSV could be incorporated in the plasma
membrane, particularly in lipid rafts, and consequently this
incorporation could lead to a transient rigidization of the
membrane.
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2.3 RSV endocytosis uptake, a lipid raft pathway

For many drugs, there coexist passive diffusion and carrier-
mediated transport, the latter being an active or a facilitated
transport that has a limited capacity and thus is saturable
and subject to inhibition. When carrier-mediated transport
is not energy driven, it is defined as a facilitated transport
process and relies on a concentration gradient of a substrate
as well as a transporter protein. In fact, RSV uptake involves
on one part a passive transport and on another part an active
process based on two experimental observations:

(i) RSV uptake in haepatoblastoma cells is significantly
higher (around 50%) at 37°C than at 4°C. Indeed, energy
consumption and active transport processes are minimal at
0-4°C, whereas energy consumption is normal and active
transport processes are functioning at 37°C. Consequently,
it has often been assumed that when a compound is taken
up at 37°C but not at 0—4°C, the transport is carrier-medi-
ated, but when the compound is taken up at both
temperatures then transport is thought to be passive.

(ii) Cis-inhibition experiments in which unlabelled RSV
exerts an inhibition of the total tracer uptake [6].

This last result agrees with the involvement of a process
more specific than passive diffusion in the transport of one
part of RSV. By using a pan inhibitor of endocytosis, which
disrupts the membrane electropotential and the pH [17], we
show that intracellular accumulation of RSV is decreased.
Interestingly, among the specific inhibitors of clathrin-
mediated endocytosis, of macropinocytosis [18], of dynamin-
dependent endocytosis and of lipid rafts-mediated endocy-
tosis, only lipid raft inhibitors decrease the RSV uptake in
colon carcinoma cell lines (submitted for publication). A
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Figure 1. RSV uptake and

binding to extracellular and

intracellular  receptors. The

uptake of RSV could be due to

passive diffusion (1), endocy-
Nucleus tosis via lipid rafts (2) or by
binding to receptors such as
integrin avp3 into rafts (3). HSA
and LDL are important carriers
(4) for RSV and are very likely
to play essential role in its
distribution. Consequently, both
passive diffusion and carrier—
mediated transport (2-4) occur
in RSV uptake. RSV can also
gyl bind to intracellular target such
b as AhR or ERs.

Lipid Rafts

variety of endocytic pathways that do not utilize clathrin are
responsible for taking up either large particles or small
solutes, together with membranes into cells. One clathrin-
independent way of endocytosis depends on lipids rafts and
caveolae [19]. These lipid microdomains result from prefer-
ential packing of complex sphingolipids and cholesterol in
ordered plasma membrane structures and contain a variety of
lipid-anchored and transmembrane proteins. They are resis-
tant to cold lysis using nonionic detergents, and they are
currently designated as detergent-resistant microdomains,
lipid rafts or simply microdomains. Various molecules such
as the B subunit of cholera toxin, after binding to a typical raft
lipid, GM1, is internalized in part directly via these micro-
domains in a dynamin-mediated manner [20]. Additional
non-clathrin pathways have been described for the endocy-
tosis of glycosylphosphatidylinositol(GPI)-anchored proteins
[21] and interleukin-2 by its receptors [22] and for several
other lipids [23] occurs via lipid rafts. Based on their detergent
insolubility property, we have isolated lipid rafts into fractions
by ultracentrifugation on a sucrose gradient and we have
demonstrated an accumulation of RSV into lipid rafts in
colon cancer cell lines (submitted for publication). It is
therefore likely that RSV, after initial insertion in the outer
leaflet of the plasma membrane lipid bilayer, accumulates in
lipid rafts and from there, is taken up by raft-mediated
endocytosis (Fig. 1). Lipid raft involvement in RSV uptake is
reinforced by another study conducted by Yang et al. which
focuses on caveolin-1 (Cav-1) involvement [24]. Indeed, Cav-1
protein is a principal component of caveolae, which are
plasma membrane invaginations and that are implicated in
various functions including endocytosis, transcytosis and
potocytosis [25]. Yang et al. show that RSV increases Cav-1
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expression and a fluorescent RSV derivative (dansyl-chloride-
derived RSV) colocalizes with Cav-1 [24]. In addition, RSV
endocytosis is not mediated by estrogen receptor (ER) o and
B, as suggested by lack of competitive inhibition by estrogen
or Tamoxifen [24]. Recently, results from our group also
indicate that RSV and ceramide uptake by ovarian cancer
cells is via endocytosis, the former is integrin avp3-dependent
and the latter is integrin avp3-independent (submitted for
publication).

2.4 Integrin oVp3 bears a receptor for RSV

Integrins are a family of transmembrane glycoproteins that
form noncovalent heterodimers. Extracellular domains of
the integrins interact with a variety of ligands [26], including
extracellular matrix glycoproteins and the intracellular
domain that is linked to the cytoskeleton [27]. The intracel-
lular domain of certain integrins, such as integrin avp3 may
activate extracellular signal-regulated kinase (ERK1/2) [28].
A structural protein of the plasma membrane that is
essential to the interactions of cancer cells and blood vessel
cells with specific extracellular matrix proteins, integrin
avP3, has been shown by us to be a receptor for several
small molecules, such as thyroid hormone analogues [28]
and dihydrotestosterone [29] as well as RSV [30]. Identifi-
cation of a putative receptor site for RSV in cancer cells, one
that initiates transduction via ERK1/2 of the RSV signal
downstream into p53-dependent apoptosis, supports the
credibility and specificity of the compound as a potential
therapeutic agent. The receptor may also be a vehicle for in
vitro structure-activity studies of RSV analogues. Dysregu-
lation of the B3 integrins has been implicated in cancer
pathogenesis. Tumour growth and associated angiogenesis,
particularly as mediated by vascular endothelial growth
factor, are enhanced in B3-null mice. Integrin B3 over-
expression, in contrast, can suppress tumour growth of a
human glioma model in rats. Such results suggest that
promotion of integrin B3 expression in cancer cells may be a
therapeutic goal in the setting of cancer, but this topic is
beyond the scope of the current review. Using radio-labelled
RSV, we recently determined that the stilbene binds disso-
ciably to integrin avp; [30], leading to activation of the
mitogen-activated protein kinase (ERK1/2) signal transduc-
tion cascade. Blocking the integrin avf3-binding site by
either an integrin antagonist peptide arginine—glycine-as-
partate or anti-integrin avf; antibody, we are able to inhibit
RSV-induced apoptosis in different cancer cell lines [30-32].
Recently, we have shown the importance of integrin avf3 in
RSV uptake and consequently in early biological events
leads by the polyphenol. Indeed, it appears that RSV induces
the redistribution of integrin o3 into lipid rafts as well as
signalling molecules of the complex membrane (e.g. focal
adhesion kinase, Fyn, Grb2, Ras, SOS) and various mitogen-
activated protein kinase such as ERK1/2, c-Jun NH2-
terminal Kinases involved in RSV-induced apoptosis. RSV
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treatment favours the formation of the integrin complex and
it appears that occlusion of the arginine—glycine-aspartate-
binding site in the integrin extracellular domain diminishes
RSV uptake (submitted for publication). Analysis by
computer modelling (DOCK6.3 program) shows that RSV
forms hydrogen bonds to the Arg248 on the av-subunit [33].
It is noteworthy that the 4-OH group of RSV found to be
required for its antioxidant activity and inhibition of cell
proliferation [34] also binds to the Glu220 residue on the 3-
subunit by hydrogen bonding [33].

2.5 Potential role of intracellular receptors in RSV
transport

Transmembrane receptors cannot explain the pleiotropic
RSV effects since a part of polyphenol uptake involves a
passive process that could precede intracellular specific
interaction. Little is known about the intracellular targets of
RSV. Aryl hydrocarbon receptor (AhR) could be a good
candidate for RSV intracellular transport. RSV is shown to be
a competitive antagonist of dioxin binding to AhR, and
promotes the AhR translocation to the nucleus [35], but
RSV’s ability to bind AhR remains controversial. Further-
more, due to its structural resemblance with human estro-
gens, RSV is able to bind ER-o and B with comparable affinity
but with a 7000-fold lower affinity than estradiol [36]. Mole-
cular dynamics studies have shown that the binding of RSV
to ER-a is stereoselective, with a weaker binding of the cis
form as compared with the trans isomer [37]. Furthermore, it
has been revealed that ER-a is a positive regulator of GLUT4
(@ glucose transporter) expression, whereas ER-f has a
suppressive role [38]. RSV increases interaction between ER-
o, Cav-1 and c-Src, and increased phosphorylation of Cav-1,
¢-Src and endothelial nitric oxide synthase (eNOS). Depletion
of endogenous ER-o, not ER-B, by siRNA attenuates RSV-
and Ej-induced ERK1/2, Src and eNOS phosphorylation.
Nanomolar RSV induces ER-o—Cav-1-c-Src interaction,
resulting in NO production through a Ga-protein-coupled
mechanism in endothelial cells [39].

2.6 RSV efflux, a carrier-mediated process

In RSV uptake studies, observations reveal that the steady
state is reached in a few minutes in hepatocytes such as
HepG2 cells, indicating that RSV efflux occurs rapidly after
the beginning of the uptake [6]. At 4°C, the initial rate of the
incorporation of tritiated RSV is about four times lower than
that estimated at 37°C, suggesting a carrier-mediated
process involving transporters. Among transporters, ABC
transporters translocate across cellular membranes diverse
substrates ranging from chemotherapeutic drugs to natu-
rally occurring biological compounds [40]. Various studies
show that RSV efflux involves these transporters, such as
multidrug resistance-associated protein (MRP) and the
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breast cancer resistance protein (BCRP or ABCG?2), playing
an important role in the export of conjugated molecules
(glucuronides or sulphates). Both in animal and human
models, the main RSV metabolites are glucuronidated and
sulphated [41-44]. Based on the known characteristics of
MRP2 (ABCC2), this transporter is the candidate for
intestinal and hepatic excretion of glucuronidated and
sulphated conjugates of various polyphenols. Studies of RSV
efflux across CaCo?2 cells, which is a monolayer-forming cell
line widely used in intestinal transport, reveal that RSV-
sulphate is found to be exported to the apical side in Caco-2
cells, presumably by MRP2 [45-47]. Recently, hepatic MRP2
was shown to mediate the canalicular efflux of RSV-
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glucuronides and only partly of sulphates in the rat liver
[48, 49]. In the rat enterocytes, the two apical transporters,
MRP2 and BCRP, are involved in the efflux of RSV
glucuronide and RSV sulphate (Fig. 2) [7]. Recently, MRP3
(ABCC3), which is located in the basolateral membrane of
enterocytes, has been found to transport RSV-glucuronide
[50]. The absence of MRP3 in mice results in an altered
disposition of this glucuronide and RSV, leading to a
reduced percentage of RSV being excreted via the urine in
Mrp3~/~ mice. Conversely, BCRP transports RSV-gucur-
onides and RSV-sulphates and its absence in mice results in
high plasma levels of RSV-disulphate and in an increased
disposal of RSV via the urine [50, 51].
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Figure 2. Bioavailability and efflux of RSV. RSV is absorbed upon oral administration and the hepatic metabolism produce RSV sulphate
and glucuronide (RSV-S, RSV-G). RSV and metabolites can be release in intestinal lumen by various transporters present in the apical
membrane of enterocytes or RS-G in blood by MRP3 at the basolateral membrane. In hepatocytes, MRP2 plays a role in excretion of
glucuronidated and sulphated conjugates. Moreover enterohepatic recirculation releases compounds into the systemic circulation where
RSV may be complexed with HSA molecular docking simulations of HSA-RSV show that RSV is located in the hydrophobic cavity between
subdomain IB and IIA of HSA. In the kidney, RSV is present mainly in its native form, whereas in urine its conjugated forms are present.
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3 Influence of exogenous molecules in
RSV transport

Numerous events at multiple stages can be implicated in the
decrease of RSV accessibility to cells, notably its binding
with extracellular molecules, such as (i) serum proteins, (ii)
fatty acids and (iii) lipoproteins.

3.1 Albumin

The efficiency of a therapeutic substance is related to its
capacity (selectivity and affinity) to bind to protein trans-
porters [52]. Among serum proteins that could play a plas-
matic carrier’s role, albumin is well known to bind and carry
out a large number of amphiphilic molecules and could
constitute as RSV’s plasmatic carrier. The albumin invol-
vement in RSV uptake was underlined by the alteration of
RSV uptake by HepG2 cells. Indeed, as previously shown,
we studied the tritiated-RSV uptake with BSA, and we show
that the rate of passive transport of RSV is two-fold lower in
serum-containing cell culture medium, compared with that
obtained in serum-free medium [6]. Moreover, RSV uptake
decreased with the increase of BSA concentration in the
serum-free medium, suggesting a role of this major serum
protein in its trapping ability of RVS. Various methods such
as Fourier transform infrared spectroscopy, CD spectro-
scopy, ultrafiltration and fluorescence spectroscopic meth-
ods have been used to analyze the ligand binding mode, the
binding constant, and the effects of complexation on BSA
stability and conformation of the complexation of BSA with
RSV, genistein and curcumin, at physiological conditions
[53-55]. At a low polyphenol concentration (0.125mM), an
increase in intensity is observed for the protein amide I at
1656 cm ™' and amide IT at 1545 cm ™", in the difference CD
spectra of the RSV-BSA. As the polyphenol concentration
increased to 0.5mM, a decrease in intensity of the amide I
band is observed with features at 1658 cm™" in the differ-
ence spectra of RSV-BSA complexes. Polyphenol binding
alters BSA conformation with a major reduction in a-helices
from 63% (free BSA) to 50% (RSV-BSA) and an increase in
B-sheet and turn structures, indicating a partial protein
unfolding at high polyphenol concentrations (0.5 mM) [53].
These results are consistent with the decrease in the
intensity of the protein amide I band. Structural analysis
shows that polyphenols bind BSA via hydrophilic and
hydrophobic interactions with a different number of bound
polyphenols (1.30 for RSV) and with a binding constant K
(RSV-BSA) of 2.52 (+0.5) x 10*mol/L [53]. The affinity and
the binding of RSV with BSA suggest that the polyphenol
binds to HSA, the major plasma protein in humans [56].
Indeed, HSA is able to bind RSV and to maintain a high
concentration in human serum [57]. First results obtained
by N’soukpoe-Kossi et al. indicated a partial stabilization of
protein secondary structure at high RSV content and show
no major alterations at low RSV concentrations (0.125 mM),
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whereas at high pigment content (1 mM), major increases of
a-helices from 57% (free HSA) to 62% and a decrease of
B-sheets from 10% (free HSA) to 7% occurred in the
RSV-HSA complexes [58]. On the contrary, Lu et al. show,
as similar to the results obtained with BSA, a decrease in the
o-helical structure of HSA (2uM) with a range of RSV
concentration (0.8-3.2 uM) [57]. In this study, it seems that
HSA has only one binding site for RSV as similar to
haemoglobin (Hb) [57]. The binding constant of RSV to
HSA is greater than that of RSV to Hb indicating that the
affinity of HSA toward the polyphenol is higher than that of
Hb. [57]. Furthermore, thermodynamic analyses suggest
that hydrophobic interactions play a major role in the
binding of RSV to HSA with hydrogen binding being the
main force allowing the binding of RSV to Hb [57].

3.2 Fatty acids

The role of fatty acids should be to ensure a lipophilic
environment favourable to the binding of RSV. Indeed,
during RSV association with BSA, fatty acids have a positive
effect on the binding of RSV to BSA [54]. Fatty acids are
usually used as vectors because they present a high affinity
for the liver and have an efficient cellular uptake as a result
of a specific interaction with the transmembrane transpor-
ter. As underlined by Bhattacharya et al., it is difficult to
predict the effects of fatty acids on drug binding because
both cooperative and competitive interactions are reported
[59]. The drug-binding site named Sudlow’s site [ appears to
be a primary site for medium-chain fatty acids, while
Sudlow’s drug site II is likely to have a high affinity for long-
chain fatty acids [59]. Therefore, these two binding sites are
not equally affected by plasmatic fatty acids that are essen-
tially long-chain fatty acids. Recent studies show that the
binding of fatty acids, the primary physiological ligand for
the HSA protein, is shown to alter the polarity and increase
the volume of drug site 1 [60]. In fact, upon binding of fatty
acids, Y150 from subdomain IB moves to interact with the
carboxylate moiety of the lipid bound to the site that strad-
dles domains I and II (fatty acid site FA2) [61]. Interestingly,
the synthesis of RSV derivatives such as RSV aliphatic acids
can enhance the binding to albumin. For example, RSV
hexanoic acid is found to be a much better ligand for BSA
and HSA than RSV, and its solubility is improved in water,
which consequently enhances its biological effect [62, 63].

3.3 Lipoproteins

Proteins other than albumin may also be implicated in high-
affinity fixation for RSV. Indeed, the main function of
lipoprotein particles is to transport lipids around the body in
the blood, but these proteins have been also proposed as
potential carriers for drugs, particularly chemotherapeutic
agents. For example, LDLs are used to incorporate anti-
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neoplastic lipophilic drugs, and consequently the resultant
drug-LDL complex has been shown to have a better uptake
of therapeutic drugs [64, 65] and a better cytotoxic effect
towards tumour cells via a LDL receptor (LDL-R)-dependent
pathway [66]. Indeed, the receptor-mediated assimilation of
LDL by many cancer cells is much higher than that of
normal cells [67]. This fact suggests that lipoproteins with
incorporated xenobiotics or natural compounds such as
polyphenols may be used as a carrier to cells and by exten-
sion to neoplastic cells.

In general, red wine antioxidants including RSV bind to
human LDL and HDL and protect them from metal ion-
dependent and -independent oxidation [68]. This protective
effect of wine polyphenols might involve RSV, which might
exert this effect by removing copper from LDL particles and
arterial tissue and, thereby, delaying the consumption of
flavonoids and endogenous antioxidants. Similar to other
red wine antioxidants, RSV can interact with lipoproteins
[69, 70]. In vitro assays show that the concentrations of trans-
RSV added to plasma increase with the order of their lipid
content, i.e. HDL<LDL<VLDL, and that RSV is more
associated with lipoproteins than with lipoprotein-free
proteins [69], mainly due to its lipophilic character. Burkon
and Somoza reported that, in vitro, more than 90% of free
trans-RSV is bound to human plasma lipoproteins in a non-
covalent manner [71]. The RSV association could involve
ionic interactions with charged residues on the surface of
the particles, and the LDL complex binding to LDL-R could
favour RSV uptake by endocytosis via LDL-R. Interestingly,
RSV is able to increase the LDL-R in HepG2 cells [72], and
primary observation in these cells and other tumour cell
lines are in accordance with the involvement of lipoproteins
in RSV transport. Moreover, the RSV-LDL binding also
occurs in vivo since the presence of dietary polyphenolic
compounds is detected in human LDL isolated from blood
samples of healthy volunteers [73]. The involvement of LDL
has been recently shown in 11 healthy male volunteers
(aged 1850), non-smokers who have been consuming
250mL of red wine [73]. The LDL samples obtained after
24h reveal three metabolites (trans-RSV-3-O-glucuronide,
cis-RSV-3-O-glucuronide, cis-RSV-3-O-glucoside) and free
trans-RSV [73]. In a similar manner, when the piceid is
administrated to healthy volunteers, the metabolites (trans-
RSV-3-sulphate, trans-RSV-3,4'-disulphate, trans-RSV-3,
S5-disulphate and trans-RSV-C/O-diglucuronides) were
bound non-covalently to plasma protein [71].

4 Impact of RSV transport on its
bioavailability and its biological
activities

The different mechanisms of RSV transport (influx, efflux)
and RSV binding to various molecules can modify its bioa-
vailability and its biological activity. Pharmacokinetics
studies show that oral absorption of RSV in humans is about
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75% and is thought to occur mainly by transepithelial
diffusion. Extensive metabolism in the intestine and liver
results in an oral bioavailability considerably less than 1%
[74-77]. These low levels in circulation could be explained by
a rapid and extensive phase II metabolism, which generates
conjugates and five distinct metabolites that are present in
the urine: RSV monosulphate, two isomeric forms of RSV
monoglucuronide, dihydroRSV monosulphate and dihy-
droRSV monoglucuronide [41-44]. The nature and quantity
of metabolites may differ among subjects due to inter-indi-
vidual variability [44, 74, 75]. Once in the bloodstream,
metabolites can be subjected to phase II metabolism with
further conversions occurring in the liver, where enter-
ohepatic transport in the bile may result in some recycling
back to the small intestine [78]. We have already shown in
hepatic cells that RSV is highly conjugated after 4h of
incubation into mono- (3-sulphate-RSV and 4'-sulphate-
RSV) and disulphate (3,4-disulphate- RSV and 3,5-disul-
phate- RSV) derivatives but no glucuronide conjugates could
be found [41]. RSV is also able to induce its own metabolism
by increasing the activity of hepatic detoxifying enzymes of
phase II [41]. Several Phase I/II clinical trials are currently
underway for orally administrated RSV in humans, and
these studies reveal that after RSV administration daily for
29 days in 40 healthy volunteers, no significant adverse
effects were observed, only mild to moderate gastrointestinal
symptoms with 2.5 and 5.0 g of RSV [77]. Other reports on
trials of RSV in humans after single [44, 74] or multiple
daily doses of up to 600 mg/day administered over 2-3 days
[79, 80], show that RSV is safe under the tested conditions.
In this study, circulating levels of major RSV metabolites,
RSV-3-O-sulphate, RSV-4'-O-glucuronide and RSV-3-O-
glucuronide, were much higher, particularly in the case of
the sulphate. Interestingly, Patel et al. show that patients
with confirmed colorectal cancer and who received RSV 0.5
and 1.0 g daily for 8 days before surgery, present high levels
of RSV conjugates in the colorectum [76], and can generate
levels in the human gastrointestinal tract that are suffi-
ciently high for the polyphenol to exert its antiproliferative
properties [76]. Enterohepatic recirculation, which releases
the parent drug into the systemic circulation, may be asso-
ciated with a delayed elimination of the drug from the body
and a prolongation of its effect. Considering the concen-
tration of HSA (40g/L) and Hb (140g/L) in plasma, both
play important roles in drug transport. In general circula-
tion, molecules can bind to plasmatic proteins to form
complexes with a reversible connection. This interaction has
an important physiological significance, because the
concentration of the free form conditions the importance of
the effect and the elimination kinetic. We can then put forth
the assumption that the complex formed by HSA with RSV
could constitute, in vivo, a plasmatic reserve allowing a
prolonged release of the molecule towards its cellular targets
and an enhancement of its stability (Fig. 2). It may be also
hypothesized that RSV-albumin complexes should be
retained by albumin membrane receptors and that RSV
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should be then delivered to the cell membranes, as descri-
bed for fatty acid transport. Furthermore, the accumulation
of albumin in solid tumours forms the rationale for devel-
oping albumin-based drug delivery systems for tumour
targeting. Recent studies show antitumour activity of
RSV-BSA nanoparticles in different tumour models [81, 82].
Albumin nanoparticles constitute a promising drug carrier
system for the transport of drugs and for specific target
delivery [83-86]. Other incorporations of RSV into nano-
particles show a higher cell death compared with an
equivalent dose of free RSV and an enhancement of RSV
stability [87-89]. In these experiments, lipophilic RSV could
be incorporated into the hydrophobic core of the nano-
sphere, while its hydrophilic outer shell still exists as a
stabilizer for the system.

LDL can also influence RSV transport and its activity,
since recent evidences suggest that LDL-associated photo-
sensitizers are taken up by tumour cells largely via a
receptor-mediated endocytotic process. RSV is able to
increase LDL-Rs in HepG2 cells [72]. A consequence of RSV
and RSV metabolites binding non covalently to plasma
protein LDL [71, 73, 90] is a greater accessibility to lipid
peroxyl radicals within LDL particles, which would likely
exert their peroxyl scavenging activity in the arterial intima,
where oxidation of LDL commonly occurs in microdomains
sequestered from plasmatic antioxidants [91]. RSV effi-
ciently decreases the accumulation of hydroperoxides in
LDL promoted by ferrylmyoglobin, another potent oxidant
formed by the reaction of metmyoglobin with hydrogen
peroxide, promptly reducing the oxoferryl complex to
metmyoglobin [92], and consequently preventing coronary
heart diseases. Another possible contributory mechanism
toward their antioxidant activities is their ability to stabilize
membranes by decreasing membrane fluidity. RSV, through
modifications in membrane fluidity, could control protein
expression, receptor exposure on the cell surface and could
thereby alter functional properties of cells including their
susceptibility to apoptosis by clustering of death receptors
[16, 93]. Moreover, the events at the surface of plasma
membrane seem very important, particularly RSV accumu-
lation into lipid rafts and its colocalization with caveolae,
since a disturbance of these microdomains affect RSV-
induced MAPK activation and apoptosis. In phamacodeliv-
ery, caveolae might constitute a useful transport pathway by
improving tissue-directed drug and gene delivery in vivo
[94]; this method could improve RSV access to solid tumour
cells. Another way to achieve selective targeting to solid
tumours is the use of polymeric micelles [95].

Finally, various RSV derivatives have been synthesized to
improve their solubility, stability and/or intestinal absorp-
tion. For example, the methoxylation of RSV could enhance
its activity since methylation increases lipophilicity and may
enhance cell membrane permeability [96]. In a similar
manner, we have produced a triacetyl-RSV that does not
change the target compared with RSV [97, 98] but this
esterification could improve RSV’s intestinal absorption and
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cell permeability [99]. In this context, a recent series of
patents have covered industrial production and new galenic
forms to increase solubility, stability and/or intestinal
absorption of RSV in the form of vectors. For example,
Longevinex™ is a RSV form that is micro-encapsulated in
cyclodextrins to preserve it from degradation by light, heat
and oxygen and it appeared that this formulation exerts a
significant cardioprotection against ischaemia/reperfusion
injury in a manner similar to RSV [100].

5 Concluding remarks

There are compelling evidences that RSV can act as a
chemopreventive agent or a chemotherapeutic drug against
atherosclerosis, neurodegenerative process and various
cancers through the regulation of multiple therapeutic targets.
The use of this polyphenol requires several important para-
meters such as pharmacokinetics, metabolism drug uptake,
distribution and the identification of targets. This report
highlights the mechanisms of RSV uptake, which involve
several processes known for drugs transport such as diffusion,
carrier-mediated transport, in particular, lipid rafts endocy-
tosis, which seems a determinant process for the biological
activities of RSV. This uptake pathway is associated with the
involvement of integrin avBf3 MAPK activation and p53-
dependent apoptosis in a variety of cancer cells. However, cells
that present less integrin ovp3 may take up RSV through
different routes. In the different uptake processes, various
molecules can modify the transport and the bioavailability of
the polyphenol. Consequently, if spatial targeting (drug
targeting: active and passive targeting) is combined with
temporally controlled release (controlled release of a drug
such as sustained release, self-regulating release), an
improved therapeutic index of RSV could be obtained. Actu-
ally, various RSV derivatives and delivery complexes are in the
process of development to optimize RSV uptake and its
delivery. Nevertheless, correct RSV localization within the
membrane, how the biophysical properties of the membrane
lipid bilayer are affected by RSV and what the activities/targets
of RSV metabolites are remain aspects that need to be clarified
and require further investigations.
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