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ABSTRACT Here, we evaluated stereoselectivity in monoterpenes (MTs) ability to disturb
membrane dynamics. Correlations between molecular structure and physicochemical properties
of pinenes, menthols, and carvones enantiomers were investigated through cluster and principal
component analysis. Therefore, MTs’ concentration-dependent changes in light scattering and
diphenylhexatriene (DPH) fluorescence polarization induced by MTs were measured on large
unilamellar vesicles (LUVs) of dipalmitoylphosphatidylcholine. The behavior of the less polar
compounds (hydrocarbons) was characterized by a membrane expansion (increase in light scat-
tering), detectable within the low-concentration range. They remained in the membrane up to
the highest concentrations tested exhibiting a concentration-dependent anisotropy decrease.
Within the more polar terpenes (alcohols) prevailed a budding phenomenon with the produc-
tion of small LUVs with roughly constant curvature (more evident at medium and high concen-
trations), which explains the slight change in microviscosity (DPH fluorescence anisotropy).
These behaviors were compatible with the deeper localization within the membrane core of the
formers compared with the latters as predicted from the corresponding polar charge distribu-
tion in their molecular structures. The enantioselectivity was expressed by neomenthol at low
concentration and carvone at medium concentration. Inhibition and potentiation were evi-
denced, within the low-concentration range, by the racemic mixtures in neomenthol and b-pine-
nes, respectively. Chirality 23:867–877, 2011. VVC 2011 Wiley-Liss, Inc.

KEY WORDS: terpenes; stereoisomers; racemic mixtures; DPH fluorescence anisotropy;
membrane organization; membrane disruption

INTRODUCTION

Terpenes are plant-based organic compounds formed by
isoprene units. They are the major components of plant
‘‘essential oils.’’ Terpenes are usually synthesized by plants
in response to stress conditions and they result effective
against infectious or parasitic agents.1 These natural prod-
ucts are also used as raw materials in many fields, including
perfumes, cosmetics, aromatherapy and phytotherapy,
spices, and nutrition. Although numerous reports have been
published on the bioactivity of essential oils and pure ter-
penes,2 knowledge of the mode of action is limited.3 Among
them, antimicrobial activity induced by a great number of ter-
penes has been studied and correlated with their molecular
properties and lipophilic characteristics.4,5 In addition, mono-
terpenes (MTs) are known to affect sterol and fatty acid com-
position in plants.6,7

Lipophilic compounds such as MTs can be accumulated at
varying depths in the membrane bilayer depending on their
hydrophobicity and the presence of functional groups such
as hydroxyl-, carboxyl-, or phenyl groups in their molecular
structure. Depending on their location at the membrane,
intermolecular interactions within either the head group or
the acyl chains region may be disturbed8–10 and membrane
function may be affected.11–15

Many terpenes contain one or more asymmetric carbon
atoms that exhibit optical activity. These chiral compounds

of natural origin (monoterpenes and sesquiterpenes) are
generally found in characteristic enantiomeric distributions
because they have evolved via enzymatically controlled bio-
synthetic pathways.16 Enantiomeners may exhibit differential
properties. This may be ascribed to the stereoselectivity of
the binding mechanism of bioactive chemicals with biologi-
cal receptors. This enantioselectivity has been studied in the
insect communication systems,17,18 in the absorption rate of
an enantiomeric pair of fragrance compounds,19 and in the
activity of GABAA receptor3,20 among others. Each stereoiso-
mer contributes to the beneficial or adverse effects of these
compounds. Moreover, synergistic and antagonistic actions
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are observed with MTs and their enantiomers in bacteria,
seedlings, and insects.2,21

The understanding of the action mechanism of drugs,
including MTs, at a molecular level is simplified with the use
of model membranes such as liposomes,22 which allow sens-
ing and hopefully interpreting the origin of subtle changes in
particular membrane properties upon drug binding and can
also be used as a screening tool. Up to our knowledge, differ-
ential behavior of enantiomers in model membranes has not
been investigated. This is important because it is often over-
looked that enantioselectivity in the activity of enantiomers
as determined in vitro cannot be extrapolated to the in vivo
situation because enantioselective drug disposition can lead
to an enantiomer ratio in vivo, which differs substantially
from that in the dosage form administered.23 Enantioselectiv-
ity in drug disposition seems to be the rule rather than the
exception, and depending on whether the active or less
active enantiomer is preferentially affected, there may be
amplifications of attenuations in drug potency in vivo when
compared with that observed in vitro.24 In addition, to extrap-
olate the predictions derived from analysis in vitro, another
factor that should be taken into account is drug effect on the
molecular environment. One may feel tempt to think that
action mechanisms exerted through the drug binding to rec-
ognition sites in receptor proteins would assure a particular
specific effect. However, in view of the dynamic organization
of membrane, stereospecificity becomes a relative concept
because of the coupling between conformation of protein
receptors and the organizational dynamics of their molecular
surroundings in the membrane.25,26 The relevance of the
stereochemistry in defining partitioning, location, penetra-
tion, and permeability of MTs across membranes may help
understanding how disposition and effects on the molecular
environment modulates final estereoselectivity of MTs
observed in in vivo.

Previous work on model membranes showed that several
MTs penetrated in monomolecular layers of dipalmitoyl-
phosphatidylcholine (dpPC) at the air–water interface, even
at surface pressures above the equilibrium lateral pressure
of bilayers. They affected the self-aggregation of Triton X-
100, increasing its critic micellar concentration, and
increased the surface curvature of soybean phosphatidylcho-
line vesicles, suggesting their location at the polar head
group region of the membrane.10 The latter was supported
by their ability to increase differentially the polarity of the
membrane environment sensed by two electrochromic
dyes.9 The location of MTs at the polar head group region
of membranes precludes their ability to increase the surface
curvature upon their incorporation in bilayers. In vesicles,
this phenomenon may lead to a decrease in particle diame-
ter27 and could be assessed by a decrease in the scattering
of light.

Fluorescence anisotropy is a widely applied technique to
estimate microviscosity and/or molecular organization of
bilayer model membranes, and diphenylhexatriene (DPH) is
often the probe of choice for this kind of studies.28–31 DPH is
an environmentally sensitive fluorescent probe known to be
located within the hydrocarbon chain region of the mem-
brane core,32 exhibits a strong fluorescence increase upon
binding to lipids, and has sensitive polarization (anisotropy)
responses to phospholipid orientational order.

This article was aimed at trying to disclose a stereoselec-
tivity in the ability of MTs to disturb the membrane dynam-

ics and the extent at which this could be correlated with the
expression of the bioactivities of these natural products.
Hence, possible correlations between the structure and mo-
lecular properties of the enantiomers within three groups of
MTs (pinenes, menthols, and carvones) were investigated by
monitoring changes in light scattering and in the fluores-
cence polarization of DPH induced by MTs on large unila-
mellar vesicles (LUVs) of dpPC. The results were interpreted
in terms of changes in membrane curvature, order, and dy-
namics.

MATERIALS AND METHODS
Materials

All reagents and solvents used were of analytical grade. Monoter-
penes (MTs): (1R,2S,5R)(2)-5-methyl-2-(1-methylethyl)-cyclohexanol
[(2)-menthol]; (1S,2R,5S)(1)-5-methyl-2-(1-methylethyl)-cyclohexan-
ol [(1)-menthol]; (1S,2R,5R)(1)-5-methyl-2-(1-methylethyl)-cyclohexa-
nol [(1)-isomenthol]; (1S,2S,5R)(1)-5-methyl-2-(1-methylethyl)-cyclo-
hexanol [(1)-neomenthol]; and (1R,2R,5S)(2)-5-methyl-2-(1-methyl-
ethyl)-cyclohexanol [(2)-neomenthol]; (1S,5S)-6,6-dimethyl-2-methyli
denebicyclo[3.1.1]heptane [(2)-b-pinene]; (1R,5R)-6,6-dimethyl-2-meth-
ylidenebicyclo[3.1.1]heptane [(1)-b-pinene]; (1S,5S)-4,7,7-trimethylbi-
cyclo[3.1.1]hept-3-ene [(2)-a-pinene]; (1R,5R)-4,7,7-trimethylbicyclo
[3.1.1]hept-3-ene [(1)-a-pinene]; (5R)-2-methyl-5-(prop-1-en-2-yl)cyclo-
hex-2-enone [R-carvone]; and (5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-
2-enone [S-carvone] were obtained from ICN Pharmaceuticals (Costa
Mesa, CA), Aldrich Chemical company, or Fluka Chemicals; DPH from
Sigma-Aldrich Chem (St. Louis, MO), and lipids (dipalmitoylphosphati-
dylcholine, dpPC) were purchased from Avanti Polar Lipids (Alabaster,
Alabama) and were used without further purification.

Preparation of Large Unilamellar Vesicles

MLVs were prepared as described elsewhere.33 The appropriate
amount of dpPC dissolved in chloroform was placed in a glass tube and
evaporated under a stream of nitrogen with constant rotation of a test
tube so as to deposit a uniform film over the bottom third of a tube;
traces of solvent were removed under vacuum. The dried lipid was sus-
pended in water at a final concentration of 41 lM (0.03 mg/ml) by
repeating seven consecutive cycles of heating at 658C for 1 min plus vor-
texing for 30 sec, and MLVs were formed. LUVs were obtained by
extruding 19 times the MLVs suspension trough 100-nm pore size What-
man polycarbonate filters using a miniextruder Liposofast (Avestin,
Canada).

Steady-State Fluorescence

The fluorescent probe DPH (4 lM) was added to the dpPC LUV sus-
pension (prepared as described above) and incubated for 1 h at room
temperature. The effect of MTs (0–2 mM) on DPH steady-state fluores-
cence anisotropy was studied. Anisotropy values were calculated from
the emission fluorescence intensities at kem 5 430 nm (kex 5 356 nm)
measured with the excitation, and the sample polarizer filters oriented
parallel and perpendicularly one with respect to the other, in a L-format
FluoroMax-3 spectrofluorometer (Jovin Yvon, Horiba). Slits width and
integration time were set at 2 nm and 1 sec, respectively.

Because of their low water solubility, stock solutions of MTs were pre-
pared in ethanol. The final ethanol concentration did not exceed 1.5% v/
v. Control samples containing ethanol were tested to rule out the effect
of this solvent.

Steady-state fluorescence anisotropy (A) was calculated as follows:

A ¼ IVV � IVH:G

IVV þ 2:IVH:G
G ¼ IHV

IHH
;

where IVV, IHH, IVH, and IHV are the values of the different measure-
ments of fluorescence intensity taken with both polarizers in vertical
(VV) and horizontal (HH) orientations or with the excitation polarizer
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vertical and the emission polarizer horizontal (VH) or vice versa (HV). G
is a correction factor for differences in sensitivity of the detection system
for vertically and horizontally polarized light.33

With the purpose of evaluating the vesicles size change, the intensity
of the light scattered by the vesicles suspension was recorded in a direc-
tion perpendicular to that of the incident light and both at the same
wavelength (k 5 356 nm).

Anisotropy of DPH fluorescence at 430 nm (%DA) as well as the inten-
sity of the 356-nm light dispersed (%DLI356) were measured within a 0–2
mM concentration range of each of the MTs studied.

The values were expressed on a percent basis relatively to the control
with ethanol, according to the following equation:

%Effect ¼ ðparameterÞsample � ðparameterÞcontrol
ðparameterÞcontrol

3100:

Molecular Modeling and Calculation of Molecular
Parameters

Molecular structures of the studied compounds were drawn using the
molecular modeling program CS Chem3D 3.5.1. A modified version of
Allinger’s and the lowest energy 3D conformations of the molecules
were determined using the energy minimization function of the program.

Cosmo-solvation and semiempirical quantum mechanics calculation of
molecular parameters was done with the MOPAC 3.5.1 module with
MNDO potential function (Cambridge Soft Corporation, MA).

After energy minimization, the following molecular parameters were
calculated for each molecule: hydrogen bond donor, hydrogen bond
acceptor, surface tension, and dipole (it measures the asymmetry in the
molecular charge distribution and is reported as a vector in three dimen-
sions). In the same manner, dihedral angles (D ang constituted by car-
bon atoms indicated in Figure 1 and the electrostatic potential charges
(EPChs) of these atoms were calculated.

The following molecular parameters were calculated with Marvin 5.3,
2010, ChemAxon software (http://www.chemaxon/marvfin/sketch/
index.jsp): pKa, polarizability, VDW (calculates the van der Waals sur-
face of the molecule, in Å2), chiral center, rotatable bound count
(number of rotatable bonds in the molecule), polar surface area 2D at
pH 7.4 (formed by polar atoms of a molecule), isoelectric point, refractiv-
ity (is strongly related to the volume of the molecules and to London dis-
persive forces that has important effect in drug–receptor interaction),
and solvent-accessible surface area (SASA) (2D, pH 7.4, radii 1.4). While
molar volume was calculated with PC model software.

On the other hand, log P (logarithm of the octanol/water partition
coefficient) values were taken from Griffin et al.,34 except those for neo-
menthols and menthols which were from Dambolena et al.35

All these molecular parameters are shown in Table 1.

Fig. 1. Chemical structures of the monoterpenes studied in this work. Orthogonal views of the chemical structures of terpenes in the conformations of minimal
energy in the vacuum. Numbers refer to C atoms equivalent within whole set of compounds studied. C, carvone; NM, neomenthol; AP, alpha-pinene; BP, beta-pi-
nene; M, menthol; IM, isomenthol.
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Statistical Analysis

All data were statistically analyzed using statistical InfoStat software.36

Hierarchical cluster analysis was carried out based on the anisotropy
and light scattering data of all the MTs and their racemic mixtures. For
this study, we used the ‘‘average linkage’’ clustering algorithm and
‘‘Standar Euclidean distance.’’

Principal component analysis (PCA) was then performed on the mo-
lecular property data to determine which parameters most contributed to
the conformation of the groups (based on the prior classification
obtained by the hierarchical cluster analysis, but without the control and
racemic mixtures).

Pearson correlation coefficients (r) were calculated to find relation-
ships among the different molecular parameters and used to reduce the
number of variables in the data matrix of PCA. Therefore, those molecu-
lar parameters exhibiting high r (�0.95), when compared with ‘‘log P’’
value or other parameters, were not included in the PCA.

RESULTS

Chemical structures of MTs used are shown in Figure 1.
Equivalent carbon atoms among all the MTs in Figure 1
were identified with arbitrary arabic numbers. According to
their characteristic functional groups, the molecules studied
were classified as hydrocarbons (a- and b-pinenes), alcohols
(menthols), or ketones (carvone).

As the effects of the terpenes could be traced to functions
localized at the membranes of organisms,5,28,37–39 this gen-
eral interaction might be evidenced by the measurement of
fluorescence polarization of DPH as an indicator of possible
changes in membrane microviscosity.

Effect of Monoterpenes on DPH Fluorescence Anisotropy
in Bilayer Membranes

Figure 2 (left panels) shows the variation in the percentual
change in the fluorescence anisotropy at 430 nm with respect
to the control (at the same ethanol concentration) (%DA),
taken as a measure of change in membrane order and dy-
namics. The variation in the percentual change in light inten-
sity (LI) at 356 nm with respect to the control sample
(%DLI356) (Fig. 2, right panel) was the light scattered and
reflected changes in the dpPC vesicles size.

In the absence of MTs, the DPH fluorescence anisotropy
values obtained (ADPH % 0.33) corresponded to that of a
bilayer organized in a gel phase in which the hydrocarbon
chain region imposed constraints to changes in the probe’s
order and mobility.32,40 Upon increasing the MTs concentra-
tion, the anisotropy values decreased up to A % 0.210,
reflecting a membrane disorganizing process through a tran-
sition from the gel to liquid crystalline phase of dpPC, which
was not completed in the membrane model used (LUVs) and
within the MTs concentration range assayed. The latter
phase organization measured in MLVs was characterized by
an ADPH 5 0.125, and these values could be reached in the
presence of �1.3 mM ortho-nitrophenol, which is known to
locate at the polar head group region of the bilayers.30 It was
shown that MTs bearing different functional groups exhib-
ited a concentration-dependent decreasing trend in %DA with
the following sensitivity sequence: hydrocarbons >> alco-
hols (except IM) > ketones. Moreover, %DA values showed
a high positive correlation with octanol/water partition coeffi-
cients (Table 1).

In general, the (2) stereoisomers of NM, C, and AP were
less effective at decreasing A than their (1) isomers (Figs.
2b, 2d, and 2e). The opposite was observed with b-pinenes,

being (2)-BP more active than (1)-BP (Fig. 2f), whereas
(1)-M and (2)-M exhibited a similar potency (Fig. 2a).

(6)-M showed a potentiated effect with respect to (1)-M
and (2)-M alone. The racemic mixture of NM was less
potent than the individual stereoisomers at decreasing A,
which suggested a clear antagonistic effect between (2)-NM
and (1)-NM. In the case of C and BP, the activities of race-
mates were lower than that of (1) or that of (2), respec-
tively. Hence, the activities in the mixture deviated toward
that of the (2)-C or (1)-BP. In the case of AP, the relative in-
tensity of the racemate compared with that of the individual
stereoisomers was bimodal, with an enhancement in the dis-
organizing effect below and an antagonistic effect above 1.35
mM, respectively.

Fig. 2. Enantioselectivity of DPH anisotropy and light scattering changes
in dpPC bilayers induced by monoterpenes enantiomers and their racemic
mixtures. %DA, variation of the percent change in anisotropy (a–f) and
%LI356, percent change in the intensity of the 356-nm light scattered (g–l)
with respect to the corresponding control, as a function of the monoterpene
concentration. Control sample was prepared in the absence of MT and con-
tained ethanol at the same concentration used as a vehicle of MT in the cor-
responding experimental sample. Points represent the mean of at least four
determinations.
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Effect of Monoterpenes on the Intensity of Light Scattered
by Phospholipid Vesicles Size

To investigate if the disordering effects induced by MTs
could proceed toward a disruption of the vesicles structure,
the intensity of light scattering induced by the samples was
measured at the same wavelength (356 nm) but at a perpen-
dicular direction with respect to the incident light. The effect
of MTs on %DLI356 is depicted in Figure 2 (right panels).

The general trend observed was a decreasing intensity of
the light scattered as a function of MT concentration at a
maximum %DLI356 of 220 and 212% in the case of menthols
(Fig. 2g) and (1)-BP (Fig. 2l), respectively, whereas (2)-C
(Fig. 2j) increased the light scattering within the whole
range of concentrations assayed, being an exception to this
rule.

Two types of biphasic behaviors were observed: in the
case of (2)-NM, (1)-AP, and (6)-AP, which showed an
increase in the light scattered at the lowest concentrations
previous to acquire the decreasing trend, and (1)-NM, (2)-
AP, and (6)-BP which after reaching a minimum in the light
scattering at 0.9–1.2 mM (the two first) or at 0.3 mM (the lat-
ter) started increasing at higher MT concentrations (Figs. 2k
and 2l).

Following a similar rational applied to the interpretation of
MTs effect on fluorescence anisotropy, the effect of race-
mates on the intensity of light scattering can be compared
with that of individual enantiomers. An antagonism was
observed in the cases of NM, C, and also with AP at low con-
centration, showing a deviation of the effect toward that of
the (1)-enantiomer behavior, which in the two first MTs had
a higher disorganizing effect than the (2)-enantiomer and
the contrary occurred with the latter. A potentiation was
observed with the (6)-BP if compared with the single enan-
tiomers, enhancing the disordering effect or leading to an
ordering effect at low and high concentrations, respectively.

Cluster Analysis

Hierarchical cluster analysis was based on anisotropy and
light scattering data and was carried out at low, medium, and
high MTs concentrations (0.3, 1.2, and 2 mM). This analysis
showed that at low MT concentrations (Fig. 3a) all the MTs
and their racemic mixtures arranged into three groups,
whereas at medium (Fig. 3c) and high (Fig. 3e) MT concen-
trations, samples distributed within five and six different
groups, respectively.

At low MT concentration (Fig. 3a), in Gr. 2, the racemic
mixture of BP had the highest light scattering change
(211%) and (1)-NM (Gr. 1) showed the highest %DA
(26.5%) (see Fig. 4a). Gr. 3 included the rest of the terpenes
that did not differed from the control. However, (2)-NM and
(6)-AP as well as (2)-C and (1)-AP, which were included
into two subgroups of Gr. 3, were characterized by a high
and positive light scattering change (between 4.3 and 7.2%)
(Fig. 4a).

At medium MT concentration (Fig. 3c), (2)-C (Gr. 2) is
the only terpene that had a high positive light scattering
change (7.5%) and did not affect the anisotropy (Fig. 4b). Gr.
1 [(1)-AP and (6)-AP] contained the terpenes with the high-
est effect on %DA (217.8 and 214.5%, respectively). Gr. 4
[menthols], included the MTs with the highest values in
%DLI356 (218 to 220%), and Gr. 5 [(2)-BP, (1)-NM, and
(2)-AP] were characterized by a %DA % 210% (Fig. 4b).

The behavior of the rest of the MT in the Gr. 3 was closed to
that of the control; hence, they exhibited the lowest changes.

At the highest MT concentration studied (2 mM, Fig. 3e),
(2)-C (Gr. 3) was characterized by a high and positive light
scattering change (%DLI356 5 9.5%) and had no effect on the
anisotropy. Menthols were in Gr. 1 and showed the highest
change in light scattering data (218 to 219.6%). (6)-BP,
included in Gr. 5, and both the enantioisomers of AP in Gr. 6
showed a high change in both anisotropy and light scattering
data (%19 and %29%, respectively) (Fig. 4c).

Pearson Correlation Analysis and Principal Component
Analysis

PCA was then applied to ascertain which molecular prop-
erty (Table 1) or combination of molecular properties of the
MTs were associated with these different activity patterns
showed in the groups formed previously (see letter Groups
in Figs. 3a, 3c, and 3e). Before doing the PCA, Pearson cor-
relation coefficients (r) were calculated both to find relation-
ships between the different molecular parameters and to
reduce the number of variables in the data matrix of PCA.
Therefore, those molecular parameters that resulted highly
correlated (high r � |0.90|) with ‘‘log P’’ value or with other
parameters (high r � |0.95|) were not used for PCA. Hence,
the following molecular properties were not used in the PCA:
surface tension, rotatable bound count, isoelectric point,
hydrogen bond donor, EPCh 3, 4, and 7, pKa, polarizability,
VDW, polar surface area, and D ang 1-2-3-4 and 3-4-5-6.

PCA was applied to each of the three MT concentration
used in the previous cluster analysis. The contribution of the
molecular parameter to a specific component is reflected by
the loading value derived from PCA analysis. Those molecu-
lar parameters with the highest loading values were consid-
ered to have the strongest influence on the value of the re-
spective principal component.

In the PCA for 0.3 mM MT concentration (Fig. 3b) the
first two PCs explained 100% of total variance. The first com-
ponent, which explains 87% of total variance, was mainly
influenced (loading values > |0.26|) by variables log P (Ko/

w), hydrogen bond acceptor, dipole, EPCh 6, chiral center,
molar volume, refractivity, SASA, and D ang 6-1-2-3, 2-1-6-5,
and 2-3-4-5. PC1 separated Gr. A and B (NM enantioisomers)
from Gr. C (the rest of the MTs). NM enantioisomers were
characterized by the highest D ang 2-3-4-5 of 588. PC2 di-
vided Gr. A [(1)-NM] from Gr. B [(2)-NM] mainly and is
influenced by variables D ang 7-1-2-3 and D ang 7-1-6-5,
which have values of dissimilar in magnitude and opposite
signs between one another (Table 1).

The first two components of PCA for 1.2 mM encom-
passed 77% of the total variance from this data set (Fig. 3d).
The first component accounted for 48% of the variance and
allowed distinction of Gr. A [(1)-AP] and B [(2)-C], mainly
from the other groups. It was influenced by the followed vari-
ables: EPCh1 (the lowest and negative values), EPCh5 (the
highest and negative), molar volume, and D ang 6-1-2-3
(lower value % |1.7|). Gr. C and Gr. E, which included
mainly pinenes, IM, and NM, were characterized by high val-
ues of log P. The PC2 allowed distinction of Gr. B [(2)-C]
from the rest and was separated by log P (the lowest value)
and dipole (the highest value).

At the maximum MT concentration studied (2 mM), exam-
ination of the scores and loading plots for PC1 versus PC2
(96% of the variance) showed that Gr. B [(2)-C] was clearly
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separated from the rest of the other groups (Fig. 3f). The
molecular parameters that made the highest contribution to
such separation in the PC2 were log P, dipole, and chiral cen-
ter (the lowest value).

The hydrocarbons AP (Gr. C) were mostly separated from
menthols (Gr. A) by the principal component 1 of PCA,
which accounted for 60% of the total variance (Fig. 3f). The
variables that characterized this component were hydrogen
bond acceptor character (absent in pinenes), EPCh5 (higher

for pinenes than for menthols), and molar volume (pinenes
presented the lowest values).

DISCUSSION

A representative phospholipid dpPC has been widely used
to formulate model biomembranes. This zwitterionic amphi-
pathic phospholipid spontaneously aggregates into bilayers
forming multilamellar (MLVs) upon dispersing in water

Fig. 3. Hierarchical clustering and principal component analysis based on experimental and theoretical properties of monoterpenes and their racemic mixtures.
(a, c, and e) Hierarchical cluster analysis based on anisotropy and light scattering data. Racemic mixtures and controls were not included in Groups A, B, C, and
D. Names marked with bold and italic letters refer to the compounds left for PCA analysis. (b, d, and f) PCA on Groups A–D and the variables shown in Table 1.
Score plots of molecular parameters and Groups A–D of MTs enantiomers derived from the cluster analysis into the plane defined by the first two principal com-
ponents (PC1 against PC2) for different MTs. Each analysis was performed at three different MT concentrations (a, b: 0.3 mM; c, d: 1.2 mM; e, f: 2 mM).
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above a critical micellar concentration. In turn, MLVs,
depending on the subsequent treatment they receive, can
give rise to unilamellar vesicles of different sizes. LUVs are
usually preferred to be used with spectroscopy techniques
instead of MLVs because of their lower light scattering
effect. Below 418C, the main phase transition temperature,
the dpPC bilayer consists in a gel phase. The phase behavior
of dpPC bilayer membrane has been studied in the presence
of some molecules that partition therein. For example, etha-
nol-induced effects have been attributed to a transition from
the bilayer phase to a kind of gel phase in which the lipid
acyl chains from opposing leaflets are fully interdigitated.41

Changes in the molecular organization at the polar head
group level of bilayers (e.g., hydration) may be transmitted
to the hydrocarbon chain core region42 affecting general

membrane properties such as molecular order and dynamics
reflected through the microviscosity.

The hydrophobicity of MTs allows the prediction of their
action at the level of the membrane and membrane-embed-
ded proteins.43,44

A direct relationship can be found between the amount of
a particular partitioned compound and its effect on the struc-
tural integrity and functional properties of membranes. How-
ever, the type of hydrophobic interaction and the depth
within the membrane where the lipophilic compound resides
will determine the extent to which the membrane will be
expanded,45,46 the correlation between the extent of expan-
sion and the molar volume of the compound,47 as well as the
extraction of phospholipids through budding transforma-
tion.48 The latter depends on the interplay of spontaneous

Fig. 4. Effect of MTs at three concentrations (a: 0.3 mM; b: 1.2 mM, and c: 2 mM) on DPH fluorescence anisotropy and light scattering of dpPC self-aggregat-
ing structures. Letters denote significant difference between treatment and control for each variable. Bars having different capital letters (light scattering) or small
letters (anisotropy) are significantly different between one another according to Duncan’s multiple range test at P < 0.05 (n 5 4).
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curvature, bending rigidity, and line tension within a fluid
membrane domain that may be induced by drug accumula-
tion.45–48

It is noteworthy that at low concentrations NMs showed
enantioselectivity, whereas the rest of the MTs tested did
not. At low concentration, NMs affected mainly the anisot-
ropy and showed a different behavior between them with
regard to light scattering, while the (2)-NM induced an
increase and (1)-NM decrease it (Fig. 4a). The molecular
characteristics that allowed separate them were mainly
EPCh5, EPCh2, D ang 7-1-2-3, and D ang 7-1-6-5 (the latters
exhibit values that are very different from each other and
had opposite signs). This enantioselectivity was lost at the
highest concentrations probably because the bilayer mem-
brane structure may have been affected at a high extent.

On the other hand, it should be noted that Ms did not
show that enantioselectivity, though remained together in
clustered groups at all concentrations studied. However,
they also showed large differences in the D ang 7-1-2-3 and
7-1-6-5, which could separate NMs. The most prominent mo-
lecular differences between menthols and neomenthols were
the log P (higher in the formers) and the SASA (somewhat
lower in the latter). The main structural difference among
menthols is the orientation of substituent in the quiral carbon
atoms C1, C4, and C5, which are all equatorial in M, axial in
C1, and equatorial in C4 and C5 in the case of IM, and axial
in C1 and C4 and an equatorial orientation at C5 in NM. This
would explain the lowest value for SASA in the later. At low
concentration, the behavior of (2)NM differs from other
menthols; moreover, (1)-NM and (2)-NM also differ in the
values for EPCh 1and EPCh 4.

Another feature to note is the unique effect of (2)-C
regarding the increase of particles size (high positive values
of dispersion) over all concentrations. This could be because
this terpene had a partial flat configuration compared with the
other terpenes studied and could be ‘‘stacked’’ and fit better
within the membrane core inducing a membrane expansion
without breaking the bilayers structure. It is not clear why
(1)-C, having molecular characteristics similar to those of its
isomer, did not show the same trend. The stronger differen-
ces between (2)-C and (1)-C can be that (2)-C has in the

quiral C4 carbon, whereas the isopropyl is in the axial orienta-
tion in (2)-C, in (1)-C it is equatorial which confers a more
planar conformation. This is also supported by the dihedral
angles D ang 6,5,4,8 (being C6 the carbonyl carbon atom),
which is 74.768 for (2)-C and 21778 for (1)-C and D ang
2,3,4,8, which is 2848 and 1728 for (2)-C and (1)-C, respec-
tively. Hence, (1)-C exhibits nearly planar surfaces (angles
close to 1808) characteristic of equatorially oriented substitu-
ents or due to conjugated double bonds such as in the car-
bonylic oxygen (O) 6,1,2 with D ang 173.58. Moreover, D ang
6-1-2-3 and 7-1-2-3 with opposite directions and the largest dif-
ference in EPCh values in atoms 1, 2, 3, and 5 force it to pres-
ent a more external localization within the membrane depth.
Phospholipids composing the model membrane are also chi-
ral molecules and were present as a racemic mixture. Hence,
carvones may have the ability of distinguishing between chi-
ral mesoscopic structures (membrane domains) depending
on the structural nature of the stereoisomer. This hypothesis
is currently under investigation in our laboratory.

The membrane expansion induced by C did not lead to a
membrane stiffering as evidenced by the decrease in anisot-
ropy. This behavior, which may be rationalized as a disrup-
tion of the crystalline structure, resembles the effect of cho-
lesterol in disordering bilayers originally organized in the
gel phase (note that cholesterol, as well as (1)-C, possesses
a planar molecular structure, and its dual effect on bilayers
organization, disordering the gel phase and ordering the
fluid phase, is widely accepted49).

On the other hand, menthols showed the highest effect on
decreasing the dispersion levels. This could be associated to
their higher molar volume and their more globular (not flat)
molecular structure, which leaded to a disruption of the
membrane structure through a budding transformation upon
their accumulation within the membrane polar head group
region leading to a lowering of the particles’ size.

Pinenes, mainly alpha rather than beta, with the smaller
molar volume, had the greatest effect on the anisotropy at
higher concentrations. This would allow the accumulation of
a higher amount of molecules inside the membrane without
reaching to a disruption reflecting at the same time their
high lipophilicity (high partition coefficient).

Fig. 5. Localization-dependent changes induced by monoterpenes on the membrane bilayer organization. Monoterpenes belonging to the group of hydrocar-
bons localized within the hydrocarbon membrane core inducing a membrane expansion and stiffening, evidenced by the increase in light scattering and decrease
in anisotropy at the highest concentrations. Alcohols localized within the polar head group membrane region inducing a curvature increase, which in turn leaded
to the production of low-size LUVs through a budding process, evidenced by a decrease in light scattering and a slight change in fluorescence anisotropy.
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As a generalization, schematized in Figure 5, it can be con-
cluded that the behavior of the less polar compounds (hydro-
carbons) was characterized by a membrane expansion
(increase in light scattering) detectable within the low con-
centration range and by their permanence in the membrane
up to the highest concentrations tested that allowed they
exhibiting a concentration-dependent anisotropy decrease. In
turn, with the more polar terpenes (alcohols) it prevailed the
production of higher amounts of low-size LUVs (more evi-
dent at the medium and high concentration ranges) with
roughly constant curvature, which explains the slight change
in microviscosity (ADPH anisotropy). These behaviors can be
rationalized according to the deeper localization within the
membrane core of the formers compared with the latters,
which can be predicted from the corresponding polar charge
distribution in their molecular structures. Consistently, men-
thols, which have the biggest molar volume among the stud-
ied monoterpenos and are good hydrogen bond donors and
acceptors (Table 1), are expected to be trapped at the polar
head group membrane region and resulted more effective
than other compounds with smaller molar volumes at induc-
ing a decrease in light scattering.

The enantioselectivity was expressed by NM at low con-
centration and by C and pinenes at medium concentration.
Inhibition and potentiation were evidenced, within the low
concentration range, by the racemic mixtures in NM and BP,
respectively. These effects might be related with a nonideal
behavior of the racemic mixtures, which might exhibit con-
densation due to electrostatic interaction in the case of NM
or expansion due to steric hindrance in the case of BP.

Usually, in the field of drug–membrane interactions, most
studies were mainly focused on ligand–receptor interactions
and docking leading to define the pharmacological and bio-
logical stereoselective effects and predictions of structure–ac-
tivity relationships. It is interesting to recall that menthol
within a concentration range 0–1 mM exhibited enantioselec-
tivity at stimulating a benzodiazepine (BZD) binding to
GABAA receptor ((1)-M was active but (2)-M was not).20

Analyzing this behavior in conjunction with the results
obtained in this work, it is possible to hypothesize the resolu-
tion of two action levels of menthol. One of them partitioning
at the polar head group region and inducing the production
of small vesicles through a budding process. This provides
the scaffold for a GABAA-receptor conformation with higher
activity for BZDs than lower curvature environments and
which expressed the enantioselectivity for (1)-M. (1)-NM
also tended to show a stronger effect than its (2)-NM isomer
at activating BZD binding but at concentrations so high that
the enantioselectivity for the structural effects reported here
would have already been lost.

CONCLUSION

Consequently, in view of the dynamic organization of
membrane, stereospecificity becomes a relative concept
because of its environmental dependence; thus, the reduc-
tionist perspective that considers the receptor activity and
binding capacity dependent only on the interaction between
two molecular entities (drug and receptor) is not enough to
describe structure–activity relationships.22 In this context,
the importance of the chirality of the terpenes on its interac-
tion with a chiral membrane environment remains to be elu-
cidated.
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