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Abstract The phloretin-induced reduction in the dipole
potential of planar lipid bilayers containing cholesterol,
ergosterol, stigmasterol, 7-dehydrocholesterol and So-an-
drostan-3B-ol was investigated. It is shown that effects
depend on the type and concentration of membrane sterol.
It is supposed that the effectiveness of phloretin in reducing
the dipole potential of the bilayers that contain cholesterol,
ergosterol and 7-dehydrocholesterol correlates with the
ordering and condensing effects. The role of the concen-
tration-dependent ability of different sterols to promote
lateral heterogeneity in membranes is also discussed.
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Introduction

Sterols are ubiquitous in the plasma membranes of
eukaryotic cells, whereas they are universally absent from
the membranes of prokaryotes. Cholesterol is one of the
most important lipid species in eukaryotic cells and con-
stitutes 25-50 % of membrane lipids, depending on the cell
type (Sackmann 1995). Cholesterol is predicted to be
important for several plasma membrane-based properties,
including protein sorting and cell signaling; e.g., choles-
terol acts as precursor to mammalian steroid hormones.
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Any significant decrease in the concentration of cholesterol
in the body can result in severe health problems. For
example, this decrease occurs in Smith-Lemli-Opitz syn-
drome. It is due to a deficiency of the 3B-hydroxysterol A7-
reductase, which catalyzes the conversion of 7-dehydro-
cholesterol to cholesterol by removing one double bond
from the ring system between atoms C7 and C8. Smith-
Lemli-Opitz syndrome is characterized by a variety of
features, including microcephaly, mental retardation and
second and third toe syndactyly; the severity of these
symptoms depends on the magnitude of the decrease in
cholesterol concentration (Porter 2000). Ergosterol is the
main sterol in fungi as well as in some protozoa and
insects. Ergosterol differs from cholesterol by the presence
of two additional double bonds, the first of which is in the
ring system between C7 and C8 and the second of which is
in the tail between atoms C22 and C23. There is also an
additional methyl group, which is attached to C24 in the
tail. Phytosterols, such as sitosterol, campesterol and stig-
masterol, are found in plant plasma membranes. Ingested
phytosterols are recognized by the body and decomposed
in the liver. There is a disease, known as sitosterolemia
(Bhattacharyya and Connor 1974), in which these three
phytosterols are not decomposed. Under these circum-
stances, the phytosterols remain in the body and have been
shown to be detrimental to human health. If not treated,
sitosterolemia can lead to severe coronary problems,
resulting in premature death.

In the absence of sterols, the membrane is in a liquid
(fluid) state and is characterized by translational disorder,
rapid lateral diffusion and a significant degree of lipid
chain disorder. This bilayer phase is hence termed a
“liquid-disordered phase.” As the temperature decreases,
the lipid bilayer undergoes a phase transition in which the
bilayer enters a state with in-plane translational order (as in
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a crystal), slow lateral diffusion and a significant degree of
lipid-chain order. This phase is therefore termed the “solid-
ordered phase.” The presence of cholesterol complicates
this picture. In addition to its ability to increase lipid-chain
order in fluid membranes, cholesterol can promote a special
membrane phase, the liquid-ordered phase (Mouritsen and
Jorgensen 1994, 1997; Bergelson et al. 1995; Simons and
Ikonen 1997; Edidin 2003; McMullen et al. 2004; Maxfield
2002). These specialized lipid domains are known as
“rafts.” The liquid-ordered phase is a liquid due to trans-
lational disorder and rapid diffusion in the plane of the
bilayer, but at the same time, this phase has high lipid-
chain conformational order. Because of the high order in
the liquid-ordered phase, the bilayer is almost as thick as in
the solid-ordered phase and, hence, has many of the
desirable mechanical properties of a solid membrane
without actually being crystalline. The liquid-ordered
phase is unique to membranes containing cholesterol and
other higher sterols, such as ergosterol, and absent in
membranes containing cholesterol precursors, for example,
7-dehydrocholesterol (Aittoniemi et al. 2006). Xu et al.
(2001) showed that the extent of domain (raft) formation is
greatest for ergosterol, followed by stigmasterol, sitosterol
and cholesterol.

The presence of rafts in both model and cellular mem-
branes and their importance for biological activity have
received increasing attention in the past few years. Cell
membranes are now appreciated as exceedingly well-
organized structures containing localized “microdomains”;
these microdomains are deployed laterally along the plane
of the membrane and appear to confer added levels of
biological control. In the last few years, a hypothesis has
been developed in which rafts also modulate membrane
receptor activity by virtue of their elevated (or decreased)
membrane dipole potential (O’Shea 2005; O’Shea et al.
2008).

The membrane dipole potential originates from the spe-
cific orientations of lipid and water dipoles at the membrane—
solution interface. As a consequence, the membrane interior
is several hundred millivolts positive with respect to the
external aqueous phases. The adsorption of some electro-
neutral molecules, dipole modifiers, may lead to significant
changes in the magnitude of the potential drop (Tsybulskaya
et al. 1984; Malkov and Sokolov 1996). Some plant poly-
phenols, flavonoids, can cause a significant decrease in the
dipole potential of the membrane. The quantitative charac-
terization of the effects of flavonoids on the membrane
dipole potential of target cells is necessary for pharmaco-
logical applications because of the antioxidant, antibacterial
and anticancer activity of flavonoids (Cowan 1999; Havsteen
2002; Middleton et al. 2000). Recently, we showed that
chalcones (phloretin and phloridzin) and flavonols (querce-
tin and myricetin) significantly decrease the dipole potential
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of phospholipid- and sterol-containing membranes (Efimova
and Ostroumova 2012; Ostroumova et al. 2013). This article
focuses on how the sterol structure and its modifications
influence on phloretin—lipid bilayer interactions. The role of
sterols in the formation of special membrane domains and
the partitioning of dipole modifiers between different lipid
phases are discussed.

Materials and Methods

All chemicals were of reagent grade. Synthetic 1,2-diph-
ytanoyl-sn-glycero-3-phosphocholine (DPhPC), choles-
terol (Chol), ergosterol (Erg), stigmasterol (Stigm),
7-dehydrocholesterol (DhChol) and 5a-androstan-3f-ol
(Andr) were obtained from Avanti Polar Lipids (Pelham,
AL, USA). Phloretin (3-[4-hydroxyphenyl]-1-[2,4,6-tri-
hydroxyphenyl]-1-propanone), quercetin  (2-[3,4-dihy-
droxyphenyl]-3,5,7-trihydroxy-4H-1-benzopyran-4-one)
and DMSO were purchased from Sigma Chemical (St.
Louis, MO, USA). Water was distilled twice and deionized.
Solutions of 0.1 M KClI were buffered using 5 mM HEPES
at pH 7.4. The ionophore nonactin (NonA) was purchased
from Sigma Chemical. The chemical structures of the
sterols are shown in Fig. 1.

Virtually solvent-free planar lipid bilayers were pre-
pared using a monolayer-opposition technique (Montal and
Muller 1972) on a 50-um-diameter aperture in a 10-pm-
thick Teflon film that separated two (cis and trans) com-
partments of a Teflon chamber. The aperture was pretreated
with hexadecane. Lipid bilayers were made from DPhPC
and 5, 33 or 67 mol% sterol (Chol, Erg, DhChol, Stigm or
Andr). After the membrane was completely formed and
stabilized, NonA from a stock solution (7 pg/ml in ethanol)
was added to both compartments to obtain a final con-
centration ranging from 1077 to 107° M. Ag/AgCl elec-
trodes with agarose/2 M KCl bridges were used to apply
the transmembrane voltage (V) and measure the trans-
membrane current (/). “Positive voltage” refers to cases in
which the cis side compartment was positive with respect
to the trans side. All experiments were performed at room
temperature.

Ion currents were measured using an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA) in the
voltage-clamp mode. Data were digitized using a Digidata
1440A and analyzed using pCLAMP 10 (Axon Instru-
ments) and Origin 7.0 (OriginLab, Northampton, MA).
Current traces were filtered using an 8-pole Bessel filter at
30 kHz. The conductance (G) of the lipid bilayer was
determined from [ at a constant V = 50 mV.

The steady-state conductance of K*—NonA was modu-
lated via the two-sided addition of phloretin or quercetin
(from millimolar stock solutions in ethanol) to the
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Fig. 1 Chemical structures of
the following sterols: Chol, Erg,
DhChol, Stigm and Andr

Stigm

membrane-bathing solution at final concentrations ranging
from 2.5 to 100 pM. The final concentration of ethanol in
the chamber did not exceed 0.8 %. Changes in ¢4 (Agy)
were calculated by assuming that the membrane conduc-
tance was related to @4 by the Boltzmann distribution as
follows (Andersen et al. 1976):

Gm quq)d
G_f)n = €xp ( xr ) (1)

where G,, and GY, are the steady-state membrane conduc-
tance induced by NonA in the presence and absence of
phloretin (quercetin), respectively, and ¢., kK and T have
their usual meanings. The changes in ¢4 for defined
experimental conditions were averaged from three to five
bilayers (mean + SD). Applicability of Eq. 1 is deter-
mined by the fact that the shape of the I-V characteristic of
K*-NonA-treated membranes remains superlinear at all
flavonoid concentrations (Andersen et al. 1976; see Sup-
plementary Material, Fig. 1S). This means that transloca-
tion of the charged K*-NonA complex through the
membrane interior which is dependent on ¢4 retains the
rate-limiting step at all flavonoid concentrations.

A Langmuir adsorption isotherm was used to describe
the adsorption of flavonoids to lipid bilayers in a first-order
approximation as follows (De Levie et al. 1979; Reyes
et al. 1983; Cseh et al. 2000; Efimova and Ostroumova
2012; Ostroumova et al. 2013):

_ Agpq(o0)C

@)
where A@y(C) is the dipole potential change at the C
concentration of dipole modifiers, Ag4(oc) is the maxi-
mum potential change and K is the dissociation constant,
which provides a meaningful measure of the affinity
between the modifier and the lipid. The dissociation con-
stant can be determined as the slope of a linear dependence

Andr

of [A@q(00))/[A@yq(C)] on 1/C. The linear approximation of
indicated dependences was made using Origin 7.0.

Results and Discussion

Bilayers were made using DPhPC with various sterol
contents, and the reductions in dipole potential for these
bilayers at various phloretin concentrations are shown in
Fig. 2. Figure 2a shows the effect of phloretin on |[A¢@y| in
membranes with 0, 5, 33, and 67 mol% Chol. One can see
that the presence of 33 mol% Chol in the membrane leads
to significant inhibition of the phloretin effect on the
membrane dipole potential compared with 0, 5 and
67 mol% Chol in the membrane-forming solution. Fig-
ure 2b presents the dependences of the |Agy| of ergosterol-
containing bilayers on the dipole modifier concentration. It
is evident that the concentration of Erg in the membrane
determines the phloretin-induced |A@y|: the maximum is
observed at 5 mol% Erg, and the |A@y| value slows down
for lower (down to 0 mol%) as well as for higher (up to
67 mol%) Erg concentrations. For 7-DhChol, the presence
of large amounts of sterol in the membrane (67 mol%)
leads to a significant decrease in |Aqy| (Fig. 2¢). The
phloretin-induced |Agy| of stigmasterol- and 5o-androstan-
3B-ol-containing bilayers (Fig. 2d, e, respectively) weakly
depends on the sterol amount.

All the curves presented in Fig. 2 are practically linear
at low concentrations of phloretin and tend to saturate at
high ones. A Langmuir adsorption isotherm can be used to
describe the adsorption of flavonoids to lipid bilayers in a
first-order approximation (De Levie et al. 1979; Reyes
et al. 1983; Cseh et al. 2000; Efimova and Ostroumova
2012; Ostroumova et al. 2013). The applicability of
Langmuir adsorption isotherm for the description of
adsorption of phloretin to lipid bilayers was discussed in
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Fig. 2 Changes in the membrane dipole potential (A¢g) for various
concentrations of phloretin in solution bathing membranes containing
Chol (a), Erg (b), 7-DhChol (c), Stigm (d) and Andr (e). The
membranes were constructed using DPhPC (@), DPhPC:sterol
(95:5 mol%) (), DPhPC:sterol (67:33 mol%) (A) and DPhPC:sterol

(33:67 mol%) () and bathed in 0.1 M KCl at pH 7.4. V = 50 mV.
The results for the DPhPC, DPhPC:Chol (67:33 mol%) and
DPhPC:Erg (67:33 mol%) bilayers are from Efimova and Ostroum-
ova (2012)

Table 1 Characteristic parameters of the Langmuir isotherm for the adsorption of phloretin to DPhPC membranes of various sterol compositions

Sterol concentration (mol%) Parameter Sterol type
Chol Erg 7-DhChol Stigm Andr
0 —Ag@,(00) (mV) 147 £ 7°
K (uM) 2.0 + 0.5°
5 —A@y(00) (mV) 152 + 8% 188 + 12 106 + 6 122 + 34 140 + 10
K (uM) 2.1 + 0.4° 1.1 £0.2 43+ 14 7.7+ 38 34 +£05
33 —A@y(0) (mV) 95 + 4* 152 £ 9* 133 £ 20 120 £ 7 112 £ 8
K (uM) 5.0 +0.8* 0.7 £ 0.3* 24 £ 0.6 12+£02 22+£05
67 —A@y(0) (mV) 129 £+ 18 122 £5 65 + 27 125 £ 8 120 £ 5
K (uM) 3.0+ 0.7 52+14 43 £22 1.5+£03 33+0.1

? The results are from Efimova and Ostroumova (2012)

Cseh and Benz (1998) and Cseh et al. (2000). The authors
suggested that the concentration-dependent changes in
phloretin dipole moment due to dipole—dipole interactions
on the lipid surface may affect the phloretin-induced dipole
potential decrease. Also, phloretin might affect some
nonelectrostatic parameters of lipid bilayer, in particular its
mechanical properties (Andersen et al. 1976; Valenta et al.
2004; Auner et al. 2005; Tarahovsky et al. 2008). However,
the fact that the Langmuir adsorption isotherm is a good
approximation for the data obtained (see Supplementary
Material, Fig. 2S) indicates that the contributions of other
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components such as changes in phloretin dipole moment or
surface density may be neglected. Table 1 shows the fol-
lowing characteristic parameters of the Langmuir adsorp-
tion isotherm: the maximum potential change, A@y(c0),
and the dissociation constant, K, both of which were cal-
culated using approximations of the experimental data.
The present results allow the following conclusions: (1)
phloretin is most effective for ergosterol-containing bilay-
ers and least effective for 7-DhChol-containing bilayers,
(2) the dependence of Agp,(oo) on the Chol and Erg con-
centrations is nonmonotonic and (3) the dissociation
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constants, K, which characterize the inverse affinity of
phloretin for the membranes are within the same order of
magnitude.

Chol produces ordering and condensing effects in PC
membranes. Therefore, the area per lipid molecule
decreases as the Chol concentration increases and reaches a
plateau for concentrations above 35 mol% (Rég et al.
2009). The ordering effect of Erg is greater than that of
Chol (Cournia et al. 2007), whereas the effects of
7-DhChol on membrane order and condensation are
smaller than those of Chol (Serfis et al. 2001; Berring et al.
2005). One can suppose that the ordering effect of these
three sterols correlates with the effectiveness of phloretin
in reducing the dipole potential of the bilayers that contain
these sterols. Two facts might be useful to rationalize this
assumption. The first is that the dipole potential (¢q) is
directly proportional to the dipole surface density accord-
ing to the equation of a parallel plate capacitor (Flewelling
and Hubbell 1986; Simon et al. 1992; Starke-Peterkovic
and Clarke 2009). Thus, the dipole surface density should
be a function of membrane composition, especially due to
the different condensing effects of various sterols. The
second one might be a preference for defined conforma-
tions and orientations of the phloretin molecule, which
produces a larger projection of dipole moment to the nor-
mal to the plane of the membrane in more condensed and
ordered bilayers.

The dependences of |A@y| on the sterol concentrations
may be also related to the lateral organization of these
membranes, more precisely to the different partitioning of
phloretin or NonA between liquid-ordered and liquid-dis-
ordered domains. One feature of the Chol phase diagram is
the occurrence of a liquid-ordered phase for a wide tem-
perature range at bilayer concentrations >25 mol%
(Thewalt and Bloom 1992). According to the phase dia-
gram (Goiii et al. 2008) POPC membranes are in a liquid-
disordered state at 5 mol% Chol. The coexistence of liquid-
ordered and liquid-disordered domains is observed at
33 mol% Chol. Furthermore, at 67 mol% Chol, the mem-
brane is in a liquid-ordered state. Erg is the most efficient
relative to Chol at promoting the liquid-ordered phase
(Cournia et al. 2007). Gao et al. (2008) found that Andr is
less efficient at promoting the formation of an ordered
phase compared to Chol, Stigm and Erg. 7-DhChol does
not promote raft formation (Aittoniemi et al. 2006). The
formation of hydrogen bonds between one hydroxyl of a
dipole modifier and the P=O group of the phospholipids is
believed to cause the phloretin-induced changes in the
dipole potential of lipid bilayers (Tarahovsky et al. 2008).
One can assume that the possibility for hydrogen bond
formation depends on the lipid phase. Supporting this idea,
lipid P=0O groups are not available to phloretin in the gel
state (Disalvo et al. 2004).

Pure PC membranes and PC bilayers containing a small
amount of sterol are in a liquid-disordered state but are
characterized by various surface densities of lipid dipoles
due to the ordering and condensing effects of sterol (Ait-
toniemi et al. 2006). Therefore, the effect of phloretin on
membranes containing 5 mol% of Chol or Erg might be
greater than that on pure PC membranes. An increase in
sterol concentration led to the appearance and growth of
area of liquid-ordered domains. Differences in the parti-
tioning of phloretin and/or NonA between liquid-ordered
and liquid-disordered domains might decrease the mea-
sured |A@y4|. An independent confirmation of the assump-
tion might be the dependence of the changes in the dipole
potential of the cholesterol-containing membranes on the
concentration of a phloretin analogue, quercetin, which can
also alter the dipole potential (Fig. 3). Table 2 presents
characteristic parameters of the Langmuir adsorption iso-
therm for quercetin with cholesterol-containing bilayers.
One can see that the dependence is very similar to that
observed for phloretin-treated, Erg-containing bilayers.
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Fig. 3 Changes in the membrane dipole potential, [Agpgl, for various
concentrations of quercetin in the membrane bathing solution. The
membranes were constructed using DPhPC (@), DPhPC:Chol
(95:5 mol%) ([J), DPhPC:Chol (67:33 mol%) (A) and DPhPC:Chol
(33:67 mol%) () and bathed in 0.1 M KCI at pH 7.4. V = 50 mV.
The results for DPhPC and DPhPC:Chol (67:33 mol%) bilayers are
from Efimova and Ostroumova (2012)

Table 2 Characteristic parameters of the Langmuir isotherm for the
adsorption of quercetin to membranes of various cholesterol
concentrations

Parameter Cholesterol concentration (mol%)

0 5 33 67
-A@g(o0) (mV) 104 £ 7* 150 + 7 102 + 7* 90 + 9
K (uM) 33+05" 20+04 3.6+05" 6.1+2.1

# The results are from Efimova and Ostroumova (2012)
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The obtained results extend the understanding of the
mechanisms underlying the influence of various sterols on
flavonoid-induced changes in the membrane dipole poten-
tial. The effects might be attributed to the increase of
dipole surface density in the membrane at low concentra-
tion of sterols and a phase separation in the bilayer at high
concentration of sterols. Quantitative characterization of
the effects of flavonoids on the dipole potential of target
cell membranes should be taken into account when pre-
dicting and evaluating pharmacological activity.
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