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Free triterpenic acids (TTPs) present in plants are bioactive compounds exhibiting multiple nutriceutical
activities. The underlying molecular mechanisms have only been examined in part and mainly focused on
anti-inflammatory properties, cancer and cardiovascular diseases, in all of which TTPs frequently affect
membrane-related proteins. Based on the structural characteristics of TTPs, we assume that their effect on
biophysical properties of cell membranes could play a role for their biological activity. In this context, our
study is focused on the compounds, oleanolic (3β-hydroxy-12-oleanen-28-oic acid, OLA), maslinic (2α,3β-
dihydroxy-12-oleanen-28-oic acid, MSL) and ursolic ((3β)-3-hydroxyurs-12-en-28-oic acid, URL) as themost
important TTPs present in orujo olive oil. X-ray diffraction, differential scanning calorimetry, 31P nuclear
magnetic resonance and Laurdan fluorescence data provide experimental evidence that OLA, MSL and URL
altered the structural properties of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) and DPPC-
Cholesterol (Cho) rich membranes, being located into the polar-hydrophobic interphase. Specifically, in DPPC
membranes, TTPs altered the structural order of the Lβ′, phase without destabilizing the lipid bilayer. The
existence of a nonbilayer isotropic phase in coexistence with the liquid crystalline Lα phase, as observed in
DPPC:URL samples, indicated the presence of lipid structures with high curvature (probably inverted
micelles). In DPPC:Cho membranes, TTPs affected the membrane phase properties increasing the Laurdan GP
values above 40 °C. MSL and URL induced segregation of Cho within the bilayer, in contrast to OLA, that
reduced the structural organization of the membrane. These results strengthen the relevance of TTP
interactions with cell membranes as a molecular mechanism underlying their broad spectrum of biological
effects.
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1. Introduction

Pentacyclic triterpenes present in plants exist in the free acid form
or as aglycones in triterpenoid saponins. Among the free triterpenic
acids (TTPs), oleanolic (3β-hydroxy-12-oleanen-28-oic acid, OLA),
maslinic (2α,3β-dihydroxy-12-oleanen-28-oic acid, MSL) and ursolic
acid (3β-hydroxyurs-12-en-28-oic acid, URL) (Fig. 1) are interesting
secondary plant products with multiple nutriceutical activities [1,2].
These bioactive compounds constitute a component of the non-
glyceride fraction of pomace olive oil, also called orujo olive oil, which
is consumed in the humanmediterranean diet [3,4]. For these reasons
there is a growing interest to decipher the details of the molecular
mechanisms of the dietary plant triterpenes.

Previous studies have demonstrated that TTPs have anti-inflam-
matory and antioxidant properties [2,5–9], exert antihypertensive,
antihyperlipidemic and anti-diabetic effects in experimental animal
models [10–14], possess antiviral activity [15] and show remarkable
results in suppressing tumour genesis and inhibiting tumours [16–
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Fig. 1. Chemical structure of the pentacyclic triterpenic acids. Oleanoic (OLA), maslinic
(MSL) and ursolic (URL) acid.

753J. Prades et al. / Biochimica et Biophysica Acta 1808 (2011) 752–760
20]. Moreover, pentacyclic triterpenes have been reported to have
cytotoxic effects on distinct multidrug-resistant leukemic cell lines
[21]. However, the molecular mechanisms underlying the diverse TTP
activities have only been examined in part. The anti-inflammatory
action was related to their capacity to suppress inducible nitric oxide
synthethase gene enzyme expression that may occur through
suppressed production of pro-inflamatory cytokines [22]. Regarding
cardiovascular disease, it has been demonstrated that TTPs present in
olive oil and pomace olive oil have vasodilatory activity in isolated
artery of both normotensive and spontaneously hypertensive rats
[11,12]. In addition, the ingestion of pomace olive oil with a high
proportion of OLA attenuated the endothelial dysfunction associated
with hypertension [13]. The vasoprotective mechanism of TTPs seems
to involve endothelium-dependent release of nitric oxidemediated by
the signal transducer enzyme, phosphoinositide-3-kinase [7]. The TTP
effect on diet-induced hyperlipidemia has been related to their
capacity to inhibit ACAT gene expression that controls the key enzyme
regulating plasma fatty acid metabolism [14].

On the other hand, the antitumoral and pro-apoptotic properties
were related mainly to the regulating effect of the activity and/or
expression of enzymatic systems. These are involved in specific signal
transduction pathways that play a role in the extrinsic [23] as well as
intrinsic mitochondrial apoptotic pathway induced by ROS generation
[17]. A recent biological screening of several natural triterpenoids and
synthetic derivatives against G-protein coupled receptor TGR5 has
revealed that some TTPs, such as betulinic acid, OLA and URL,
presented selective TGR5 agonist activity [24]. Interestingly, the G-
protein coupled receptor TGR5 participates in the control of energy
metabolism, preventing obesity and insulin resistance, being a special
drug target for the treatment of metabolic diseases [25]. Thus, TGR5
agonist activity of TTPs might become a new nutriceutical perspective
for these diseases.

One important aspect of the above mentioned molecular mech-
anisms is the fact that membrane-related processes are frequently an
integral part of them [19,24], which is demonstrated by the following
examples: i) inflammation and lipid peroxidation are phenomena,
which to a large extent take place at the cell-surface, ii) membrane
proteins of organelles, such as endoplasmatic reticulum or lysosomes,
participate in pro-apoptotic signalling events [26], iii) permeabiliza-
tion of the mitochondrial membrane is a pivotal step in the apoptotic
pathway cascades [27] and iv) the differentiation process of some cell
types has been related to alterations in the plasma membrane fluidity
[28,29]. Based on these observations, onemay hypothesize that part of
the molecular mechanism to explain the distinct biological activities
of TTPs may be related to a direct effect of this compound class on the
cell membrane. Indeed, pentacyclic TTPs have structural similarities to
cholesterol, which convert them into good candidates to interact with
the biomembranes. It is probable that such interactions would
modulate the structural properties of the affected membranes and
this may provoke the functional changes of membrane-related
proteins. It might also be possible that the above mentioned TTP
binding to the G-protein coupled receptor TGR5 [25] could, at least to
some degree, be modulated by the structural properties of the lipid
bilayer and/or the TTP effects on the cell membrane.

It is rather surprising that only very few studies have explored the
effects of TTPs on the phospholipid (PL) membranes and the majority
of them deal with the triterpenoid saponins with haemolytic activity
[30–32]. Using physico-chemical techniques, the aim of this paper is
to analyse the effect of OLA, URL (a positional isomer) and MSL (a
hydroxyl-derivative of OLA), as the most important TTPs present in
the dietary orujo olive oil, on the structural properties of PC and PC-
cholesterol rich membranes, in order to provide the first detailed
molecular basis of the TTP–membrane interactions.

2. Materials and methods

2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dielai-
doyl-sn-glycero-3-phosphatidylethanolamine (DEPE) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, U.S.A.) and stored
under argon at−80 °C. 2α-hydroxyoleanoic acid (maslinic acid, MSL)
from olive oil was kindly provided by Dra. A. Guinda (Instituto de la
Grasa, CSIC-Sevilla, Spain). Oleanoic (OLA) and ursolic acid (URL), N-
(2-Hydroxy ethyl) piperazine-N′-(2-ethanesulfonic acid) sodium salt
(Hepes) and cholesterol (Cho) were obtained from Sigma-Aldrich
(Madrid, Spain). 2-dimethylamino-(6-lauroyl)-naphthalene (Laur-
dan), and 1,6-diphenyl-1,3,5-hexatriene (DPH) from Molecular
Probes (Invitrogen, Barcelona, Spain).

2.2. Model membranes and sample preparation

Multilamellar lipid vesicles (MLV; 15% (w/w) were prepared in
10 mMHepes, 100 mMNaCl, 1 mM EDTA, pH 7.4 (Hepes buffer) for X-
ray diffraction experiments, or in D2O for nuclear magnetic resonance
(NMR) analysis, according to established procedures [33]. Lipid
powder was hydrated in the presence or absence of the triterpenic
acid (TTP), oleanoic (OLA), maslinic (MSL) or ursolic (URL) at the
desired molar ratio, and the mixture was thoroughly homogenized
with a pestle-type minihomogenizer (Sigma) and by vortexing. The



Fig. 2. DSC heating thermograms of DPPC and DPPC-cholesterol rich membranes in
presence of triterpenic acids. Dispersions containing (A) DPPC:OLA and (B) DPPC:MSL
and DPPC:URL at the molar ratio indicated in each thermogram. Peak decomposition
analysis of the calorimetric peak of (C) DPPC:TTP and (D) DPPC:Cho:TTP (70:30:10,
lipid molar ratio) mixtures: experimental data (- - -) and individual components (–—).
Endothermic heat flow was normalised to phospholipid concentration. DSC scans were
performed at a scan rate of 5°C/min.
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suspensions were then submitted to five temperature cycles (heating
to 70 °C and cooling to −20 °C), stored at 4 °C until use and
equilibrated prior to data acquisition.

For DSC experiments, lipid mixtures (5 mg) were dissolved in
chloroform and the solvent was evaporated under argon and vacuum-
dried. A known weight of lipid sample (~3 mg) was transferred to an
aluminum pan and hydrated by adding Hepes buffer to a final
concentration of 15% (w/w). The pans were sealed and submitted to
ten heating and cooling cycles (70 °C to −20 °C), to ensure complete
homogenization before measurements. For fluorescence spectroscopy
experiments, lipids and the fluorescence probes Laurdan (lipid:probe,
250:1, mol:mol) or DPH (lipid:probe, 750:1, mol:mol) were dissolved
together in chloroform:methanol (2:1, v/v) and the solvent evapo-
rated under argon and vacuum-dried. The lipid film was hydrated
with Hepes buffer to a final lipid concentration of 50 μM and the
mixtures were submitted to five temperature cycles (70 °C and
−20 °C). Small unilamellar vesicles (SUV) were prepared from MLV
by sonication in an ice–water bath with a Branson 250 sonicator
equipped with a microtip until the solution became clear.

2.3. X-ray diffraction analysis

Small and Wide-Angle Synchrotron radiation X-ray scattering
(SAXS andWAXS) data were collected simultaneously, using standard
procedures on the Soft Condensed Matter beamline A2 at storage ring
Doris III of HASYLAB (DESY, Hamburg, Germany). The samples were
fixed in a temperature-controlled sample holder and heated from
25 °C to 50 °C and then cooled-down to 25 °C at a scan rate of 1 °C/
min. Samples containing DEPE were heated to 75 °C and then cooled
to 25 °C. The data collection conditions were the same as those
described previously [33].

2.4. Differential scanning calorimetry (DSC)

Experiments were conducted in a DSC 2920 scanning calorimeter
(TA instruments). Samples were run at a scan rate of 5 °C/min in a
temperature range of 25–50 °C for DPPC and −10–20 °C for POPC
mixtures. To ensure the reproducibility of the results, four scan cycles
were recorded for each sample and the fourth heating scan was used
to evaluate the thermotropic transitions. After the thermal measure-
ments, the phospholipid content of each sample was quantified by ICP
spectrophotometry (Perkin-Elmer Optima 5300 DV). DSC data were
analysed with the instrument's software package. The lipid phase
transition temperatures (Tp, Tm and TH) were determined from the
maximum of the excess heat flow vs the temperature curves and the
transition enthalpies were obtained from the area under the peaks.
Peak decomposition analysis of the calorimetric peaks was done using
mathematical fitting curves (PeakFit v4.12).

2.5. 31P nuclear magnetic resonance (NMR) spectroscopy

Measurements were conducted employing a Bruker Avance-300
multinuclear NMR spectrometer operating at 121.49 MHz using
broad-band proton decoupling and 4 mm thin-walled tubes. Free
induction decays were obtained from up to 200 transients employing
a 4.40 μs 90° radio-frequency pulse, 24.3-kHz spectral width and 64-K
data points. The relaxation delay time was 2 s. Data were analysed
using Bruker software. The 31P spectra were referenced relative to
pure lysophosphatidylcholine micelles (0 ppm). Samples were equil-
ibrated at the working temperatures for 15 min before data
acquisition.

2.6. Fluorescence spectroscopy

A Cary Eclipse (FL0902M009, Varian) and a MPF-66 (Perkin-Elmer
Ltd.) fluorescence spectrofluorometers were used to monitor the
steady-state Laurdan fluorescence emission and the DPH fluorescence
polarization, respectively. The temperature was controlled by a
circulating water bath. Samples were equilibrated for 5 min at each
temperature, prior to measurement. The fluorophore Laurdan was
excited at 350 nm and the fluorescence emission spectra were
recorded between 380 and 550 nm in the range temperature of 25–
50 °C. The interference of scattered light was negligible. Generalised
polarization (GP) was calculated from the emission intensities at 435
and 500 nm using the following equation [34]:

GP = I435–I500ð Þ= I435 + I500ð Þ

The fluorofore DPH was excited at 360 nm and the emission was
registered at 427 nm with a slit width of 2 nm. The scattered light
from the excitation source to the measured light at 427 nm was
determined using an unlabeled reference lipid solution of the same
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Table 1
Calorimetric data of the effect of triterpenic acids in DPPC and POPC membranes. DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolcholine; POPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine; Cho, cholesterol; OLA, oleanoic acid; MSL, maslinic acid; URL, ursolic acid. The enthalpy values of the Lβ′-to-Pβ′ and Pβ′-to-Lα phase transitions correspond
to the whole area of the curve. Calorimetric data are mean values of two independent experiments. The transition temperature represents the maximum of the excess heat flow vs
temperature curves. Tm1 and Tm2 are the transition temperatures of the two peaks obtained in the deconvolution analysis of the Lβ-to-Lα transition curve. Hm1 and Hm2 are the
relative areas of each peak.

Sample Molar ratio Tp (°C) Hp (kcal/mol) Tm(1) (°C) Tm(2) (°C) Hm(1+2) (kcal/mol) Hm(1) (%) Hm(2) (%)

DPPC 34.3 0.8 40.2 – 9.0 100 –

DPPC:OLA 100:1 32.8 0.5 – 39.9 9.0 – 100
DPPC:OLA 50:1 32.4 0.3 – 40.1 9.1 – 100
DPPC:OLA 25:1 32.6 0.2 38.9 39.9 9.2 17 83
DPPC:OLA 10:1 – – 38.9 39.9 9.3 21 79
DPPC:OLA 5:1 – – 40.0 40.9 9.1 32 68
DPPC:OLA 2.5:1 – – 39.1 41.0 8.6 31 69
DPPC:OLA 1.6:1 – – 39.1 41.4 7.0 48 52
DPPC:MSL 50:1 32.0 0.2 39.5 40.0 8.6 5 95
DPPC:MSL 25:1 31.7 0.1 39.8 40.2 8.5 23 77
DPPC:MSL 2.5:1 – – 39.8 41.8 5.6 35 65
DPPC:URL 25:1 32.8 0.3 40.1 40.7 8.7 75 25
DPPC:URL 5:1 33.5 0.2 40.3 41.4 10.5 50 50
DPPC:URL 2.5:1 33.7 0.1 40.3 41.7 8.7 36 64
DPPC:URL 1.6:1 – – 40.3 41.8 7.7 28 72
POPC – – −5.2 – 3.2 100 –

POPC:OLA 50:1 – – −6.0 −5.0 3.1 7 93
POPC:OLA 25:1 – – −6.4 −5.1 3.3 10 90
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composition. Its contribution was negligible (absorbance value at
360 nm–0.05) and no corrections were made to the polarization
values [35]. At the lipid sample concentration used, the inner filter
effect was not important. Fluorescence polarization was calculated
according to the equation [36]:

P = IVV–GIVHð Þ= IVV + GIVHð Þ

Ivv and Ivh are the fluorescence intensity values measured with the
excitation and emission polarizers in parallel and perpendicular,
respectively. G is the instrumental factor. All fluorescence data are
mean values from three independent experiments.

3. Results

3.1. Effect of TTPs on the lipid thermotropic phase behaviour

The thermotropic behaviour of pure DPPC and POPC bilayers in the
absence and presence of increasing concentrations of TTPs was
analysed by DSC (Fig. 2 and Table 1). DPPC showed a lamellar gel (Lβ′)
to rippled gel (Pβ′) phase transition (Tp=34.3 °C and ΔH=0.8 kcal/
mol) and to lamellar liquid crystalline (Lα) phase transition
(Tm=40.2 °C and ΔH=9.0 kcal/mol). The main effect of TTPs on
the DSC endotherm of the DPPC membranes was a broadening and a
concentration-dependent decrease in the enthalpy of the peak
associated with the Lβ′-to-Pβ′ phase transition, while the Tp value
was scarcely affected. In addition, the peak shape of Pβ′-to-Lα phase
transition was broadened revealing increased asymmetry. They
induced the splitting of the main calorimetric peak into two peaks
(Tm1 and Tm2) and decreased the total transition enthalpy (up to 30%)
at high TTP concentration. The peak decomposition analysis showed
that the three compounds had a light concentration effect on the Tm
Table 2
Calorimetric data of the effect of triterpenic acids in DPPC-Cholesterol membranes. DPPC, 1,2-
URL, ursolic acid; MSL, maslinic acid. Calorimetric data are mean values of two independe
obtained in the deconvolution analysis. Hm1, Hm2 and Hm3 are the relative areas of each pe

Sample Molar ratio Tm(1) (°C) Tm(2) (°C) Tm(3) (°C)

DPPC:Cho 70:30 39.5 40.1 –

DPPC:Cho:OLA 70:30:10 39.2 39.9 41.0
DPPC:Cho:MSL 70:30:10 39.1 40.3 –

DPPC:Cho:URL 70:30:10 38.7 39.9 41.2
values of the peak components (see Table 1). OLA and MSL, contrary
to URL, increased the relative contribution of the lower Tm1

component to the total ΔH at the expenses of the higher melting
component (Tm2) that closely resembled the DSC endotherm of DPPC
alone. TTP aggregation giving solid or crystalline precipitates was
checked by DSC and phase contrast microscopy. By scanning DPPC:
TTPmixtures containing differentmolar ratios of TTP in a temperature
range of 5–97 °C, we obtained repetitive scans in the DPPC phase
transitions range temperature. When we re-scanned old samples
stored at −20 °C for months, some of them showed two complex
endothermic peaks ~84 and 89 °C and the profile depended of the
history of the sample (data not shown). A marked hysteresis between
the heating and cooling polymorphic phase transitions was observed
in the range temperature of 60–90 °C. These endothermic peaks could
be assigned to TTP aggregates (or even crystals). In parallel with the
DSC study, the phase optical microscopy showed no presence of TTP
crystalline aggregate precipitation from lipid vesicles, as evidenced by
the absence of needle-like TTP crystals (data not shown). However,
we cannot discard the presence of micro-crystals on a scale much
smaller than 1 μm due to the limited magnification power of the light
microscope. Working with POPC:TTP mixtures, the Lβ-to-Lα phase
transition showed a profile similar to DPPC:TTP samples. Next, we
studied the effect of TTPs on the thermotropic behaviour of DPPC
membranes enriched with Cho. Based on experimental and simula-
tion studies, Cho has a big effect on the properties of the lipid bilayer
up to 30 mol% [37,38]. Therefore, our studywas focussed on DPPC:Cho
(70:30, molar ratio=30 mol%) mixtures (Fig. 2D and Table 2). Peak
decomposition analysis of DPPC:Cho melting curves indicated the
existence of two peaks with Tm values close to the main-phase
transition of pure DPPC. The presence of two phases could be in line
with the computed-phase diagram model reported for the water–
DMPC–Cho system [37], where a gel phase containing small Cho-rich
dipalmitoyl-sn-glycero-3-phosphoethanolcholine; Cho, cholesterol; OLA, oleanoic acid;
nt experiments. Tm1, Tm2 and Tm3 are the transition temperatures of the three peaks
ak.

Hm(1+2+3) (kcal/mol) Hm(1) (%) Hm(2) (%) Hm(3) (%)

4.2 61 39 –

4.3 25 41 34
4.5 41 59 –

4.0 16 47 37
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clusters, liquid ordered and liquid disordered Lα phases could be
developed at a concentration of Cho 30 mol% by increasing the
temperature. In the ternary mixtures DPPC:Cho plus OLA, URL or MSL,
three or two components were observed with defined phase
transitions and associated to the coexistence of several domains,
being limited to conclude about this point from the DSC data.

3.2. Effect of TTPs on the structural membrane properties

Information on the structural properties of phospholipid-TTP
mixtures was obtained by X-ray diffraction studies (Fig. 3A). DPPC
and DPPC:TTP samples showed a phase sequence from gel (Lβ) to
rippled (Pβ′) and then to liquid crystalline lamellar (Lα) phase as the
temperature increased. The diffraction pattern shown by the three
compounds was qualitatively similar. The phase transition of DPPC
membranes (Tp=37 °C and Tm=43 °C) and its structural properties
(dLβ′=6.5 nm, dPβ′=7.3 nm and dLα=6.7 nm) were hardly altered
(~1–2 Å) by TTPs (Table 3), except for the thermotropic recovery of
the bilayer stacking, which was a slow kinetic process. Comparatively,
DPPC:MSL samples had an Lα phase more organized. This can be seen
Fig. 3. Linear plots of the X-ray scattering patterns. (A) DPPC:TTP and (B) DPPC:Cho:TTP m
kinetic conditions with a scan rate of 1 °C/min. Successive diffraction patterns were collected
SAXS (s≈0.150 nm−1), accompanied by a clear reflection in the WAXS region. The Pβ′ phas
SAXS broad reflection (s≈0.135 nm−1). The Lα phase was known by the two peaks of reflect
transition was identified by the vanishing peak in the WAXS region of the pattern. Only th
by the smaller full width at half the maximum of the Bragg diffraction
maximum. However, DPPC:URL mixtures presented an Lβ phase
probably better stacked, with two diffraction orders seen relative to a
single one in DPPC:MSL and not much difference in theWAXS pattern.

The main structural effect of TTPs was on the Lβ′ and Pβ′ phases
(Fig. 4). The three compounds induced the disappearance of the Pβ′
phase in agreement with the calorimetric study. Focusing the analysis
on the thermotropic behaviour of the DPPC:OLA mixtures, OLA
decreased the area (and the intensity height) of the SAXS peak
associated with the Lβ′ phase in a concentration dependent manner
(Fig. 4A). However, the WAXS pattern that is associated to the lipid
hydrocarbon chain order remained unaffected at all sample composi-
tions (Fig. 4B). Noteworthy, the shape and the intensity of the peak at
s=2.44 nm−1 in theWAXSwas similar in all the samples over a wide
range of the DPPC:OLA ratios. These structural properties, taken
together, could indicate the occurrence of local domains with some
structural order (like micelles or domains with different thickness), in
the gel phase of the DPPC:TTP mixtures. A similar behaviour was
observed for the DPPC:URL and DPPC:MSL mixtures. In turn, the SAXS
pattern associated with the Lα phase showed a profile with the same
ixtures at the molar ratio specified. The sequence of the patterns was acquired under
for 15 s each minute. The Lβ′ phase was identified by the two peaks of reflections in the
e was recognized by the well-defined reflection in the WAXS region, accompanied by a
ion in the SAXS and the absence of the diffraction peak in theWAXS. The Pβ′-to-Lα phase
e heating sequence from 25 °C to 50 °C is shown.

image of Fig.�3


Table 3
Structural properties of DPPC-triterpene membranes. DPPC, 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolcholine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline; Cho, cholesterol; OLA, oleanolic acid; URL, ursolic acid; MSL, maslinic acid.
Repeat distance, dLβ′ at 30°C, dPβ′ at 40°C and dLα at 48°C and 40°C for DPPC and POPC
membranes, respectively.

Sample Molar ratio dLβ′ (nm) dPβ′ (nm) dLα (nm)

DPPC – 6.62 7.30 6.72
DPPC:OLA 100:1 6.45 6.85 6.66
DPPC:OLA 50:1 6.45 7.20 6.84
DPPC:OLA 40:1 6.45 – 6.90
DPPC:OLA 25:1 6.39 6.90 6.74
DPPC:OLA 20:1 6.37 – 6.95
DPPC:OLA 10:1 6.56 – 6.92
DPPC:OLA 2.5:1 6.43 – 6.87
DPPC:URL 50:1 6.49 7.26 6.74
DPPC:URL 25:1 6.61 7.32 6.83
DPPC:URL 2.5:1 6.52 – 7.17
DPPC:MSL 50:1 6.44 7.10 6.87
DPPC:MSL 25:1 6.43 – 6.87
DPPC:Cho 70:30 7.09 7.89 6.85
DPPC:Cho:OLA 70:30:5 6.84 6.86 6.90
DPPC:Cho:URL 70:30:5 6.82 7.22 6.91
DPPC:Cho:MSL 70:30:10 6.83 7.02 6.91
POPC – 6.46
POPC:OLA 50:1 6.46
POPC:OLA 25:1 6.54
POPC:OLA 5:1 6.86

Fig. 4. Analysis of the X-ray scattering pattern of DPPC:TTP samples. (A) SAXS peak area
associated with the Lβ′ phase in function of DPPC:TTP molar ratio. (B) X-ray diffraction
pattern of DPPC:TTP mixtures at the molar ratio indicated. The study was conducted at
26 °C.

Fig. 5. 31P NMR spectra of DPPC-triterpene membranes. Spectra for selected
temperatures of DPPC:OLA, DPPC:MSL and DPPC:URL mixtures at 25:1 M ratio. Samples
were equilibrated 15 min at each temperature before obtaining the spectra by scanning
from a lower to a higher temperature.
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characteristics regarding the changes of the TTP concentration (see
Fig. 3). TTPs affected the organization of the lamellar stacking of the
DPPC bilayers and reduced the SAXS peak area related to the Lα at high
concentrations. We also analysed the thermotropic behaviour of the
POPC:OLA and DEPE:OLAmixtures. OLA altered the diffraction pattern
of the POPC membranes (Lα phase with d=6.46 nm at 40 °C) in a
similar form as the DPPC bilayers in the Lα phase. On the other hand,
the phase transitions of DEPE from Lβ-to-Lα (Tm=38 °C) and then to
HII phases (TH=66 °C) and its structural properties (dLβ=6.59 nm,
dLα=5.55 nm and dHII=6.40 nm) were hardly changed by the
presence of TTPs (data not shown).

3.2.1. Lipid mixture DPPC:Cho
X-ray diffraction analysis of DPPC:Cho (70:30 M ratio) in the

presence and absence of TTPs were done (Fig. 3B). DPPC:Chomixtures
showed the coexistence of Lβ′ and Pβ′ phases from 25 °C until the Lα
phase transition (Tm=44 °C) was observed. Structural aggregates of
Cho were also detected (notice a constant peak at 3.5 nm and small
crystalline peaks in the WAXS region). MSL and URL altered the
diffraction pattern of the DPPC:Cho rich membranes inducing the
appearance of the defined peaks in the WAXS region indicating the
presence of domains with the structural order (possibly aggregates or
domainswith different thicknesses), and increasing the intensity peak
at 3.5 nm appointing to the segregation of Cho from the bilayer in its
presence. On the contrary, OLA showed a diffraction pattern
corresponding to a matrix poorly ordered accompanied by a decrease
in the intensity peak at 3.5 nm.

3.3. 31P-NMR data

The presence of the structural domains in the DPPC:TTP mixtures,
indicated by the X-ray diffraction analysis, was studied by 31P NMR
spectroscopy (Fig. 5). The DPPC spectra showed line shapes
characteristic of gel and Lα phases (data not shown) in agreement
with data published [39]. The 31P NMR spectra of DPPC:URL mixtures
(50:1 and 25:1 M ratio) proved the coexistence of different structures
in function of the temperature. At 30 °C, DPPC:URL samples showed
an asymmetric line shape with a low-field shoulder and a high-field
peak, indicative of a gel phase. At 42 °C, the spectra of an Lα phase was
superimposed by a symmetrical signal corresponding to a fast
isotropic motion of the lipid molecules, centered at around 0 ppm,
that became slightly more defined by increasing the temperature (up

image of Fig.�4
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to 55 °C). In contrast, the DPPC:OLA and DPPC:MSL samples showed
no isotropic signal and the 31P NMR spectra were similar to that
observed for the DPPC membranes. On the other hand, the 31P NMR
spectra of DPPC-Cho (30 mol%) in the absence and in the presence of
TTPs was virtually identical and exhibited the shape and basal
linewidth (~90 ppm) characteristic of a liquid crystalline phase and
the absence of any isotropic peak (data not shown).

3.4. Steady-state fluorescence study

We examined if TTPs affect the phase properties of DPPC and
DPPC-Cho membranes. For this purpose, we measured the fluores-
cence properties of Laurdan, a sensitive probe to changes in polarity at
the membrane–water interface [40,41]. The Laurdan emission
generalised polarization (GP) values as a function of temperature,
which were calculated in pure DPPC and DPPC-Cho (30 mol%)
membranes in the absence and in the presence of TTPs (Fig. 6). In
the DPPC membranes, the GP value decreased from ~0.5 in the gel
phase to ~−0.2 for the liquid crystalline phase. The melting
temperature was in the range of 40–45 °C, in agreement with the
DSC data. TTPs hardly changed the Laurdan emission shift ~2–3 nm at
25 and 50 °C, with no differences between them. GP values were
scarcely altered in both phases, suggesting a minor effect of TTPs on
Fig. 6. Effect of triterpenic acids on the temperature dependence of Laurdan emission
GP values in DPPC and DPPC:Chomembranes. (A) DPPC membranes in absence (■) and
in presence of TTPs at the molar ratio DPPC:TTP of OLA 100 (Δ) and 25 (▼), MSL 25 (◊)
and URL 25 (ο). Insert: Laurdan fluorescence spectra of DPPC membranes in absence
(a, c) and presence of OLA (25:1, molar ratio) (b, d) recorded at 25 (a, b) and 50 °C
(c, d). (B) DPPC:Cho 30 mol% membranes in absence (■) and presence of TTPs at the
molar ratio DPPC:TTP of OLA 50 (□), MSL 50 (▲), MSL 25 (◊), URL 50 (◆) and URL 25
(ο). Insert: Laurdan fluorescence spectra of DPPC:Cho membranes in absence (a, c) and
in presence of OLA (50:1, molar ratio) (b, d) recorded at 25 (a, b) and 50 °C (c, d).
the DPPC phase polarity. In the DPPC-Cho (30 mol%) membranes, the
Laurdan emission spectra had a blue shift in the presence of TTPs,
evident in the liquid crystalline phase. The spectra seem to indicate a
mixture of environments of Laurdan when TTPs are present. The
temperature interval of the phase transition was broader and shifted
at a higher temperature in the presence of TTPs. The three compounds
showed a similar GP/temperature profile, increasing the GP values at
temperatures above 40 °C.

The fluorescence polarization of the probe DPH was also used to
further investigate the effect of OLA, MSL and URL on the lipid
environment in deep regions of the DPPCmembranes. The hydrophobic
probe DPH is located into the membrane palisade [42] and its
fluorescence polarization changes are related to an altered molecular
order of the hydrophobic membrane region. The fluorescence polariza-
tion of DPH-labeled DPPC liposomes in the absence and presence of the
three TTPs had the same trendwith anapparent gel-to-liquid crystalline
transition temperature ~41–43 °C and a phase transition amplitude of
~73% for DPPC alone and ~65–69% in the presence of TTPs, in the range
of 80:1 to 20:1 DPPC:TTP molar ratio (data not shown). None of the
three compounds had an important effect on the polarization values
above the phospholipid phase transition.

4. Discussion

A clear understanding of the molecular mechanisms of action of
TTPs is crucial in the valuation of these molecules as nutriceutical
compounds with potential preventive and therapeutic properties. The
structural characteristics of OLA, MSL and URL suggest that the three
compounds should be able to interact with the cell membranes
thereby modulating the cell membrane structure. Thus, an important
part of the molecular mechanism underlying the diverse biological
activities of TTPs could be related to the TTP–membrane interaction.
Our study provides experimental evidence that OLA, MSL and URL
alter the structural properties of the PC and PC-Cho rich membranes
with subtle differences in themembrane effects depending on the TTP
chemical structure.

TTPs in lipid membranes form complex systems with nonideal
behaviour. The calorimetric study showed that the three compounds
abolished the DPPC pre-transition and did not affect significantly the
melting temperature and the enthalpy of the main phase transition.
These observations indicate that TTPs are located close to the lipid head
groups in the bilayer interface [43]. The thermotropic behaviour of the
DPPC:TTP samples was characteristic of a non-homogeneous mixture
with the TTP phase segregation and the formation of DPPC-TTP rich
and -TTP poor domains. TTPs showed subtle differences in the phase
segregation features related to their chemical structure. For example, in
the peak decomposition of the main phase transition, OLA and MSL (a
hydroxyl-derivative of OLA) increased the relative area of the low
melting peak in a concentration-dependentmanner, while URL acted in
the opposite way. The X-ray diffraction analysis allows us to conclude
that TTPs alter the structural order of the Lβ′ phasewithout destabilizing
the lipid bilayer to any significant extent. The transition Lβ′-to-Pβ′ phase
and the Pβ′ phase disappeared in function of the TTP concentration, due
to an effect of TTPs on the tilted all-trans conformation of the PL acyl-
chains, in agreement with the calorimetric data. The SAXS and WAXS
diffraction patterns in the gel phase showed the appearance of the
structural entities that could be due to the self-assembly of lipids in the
DPPC:TTP richdomains. Fromconsiderationsof theWAXSpattern, these
units seem to have a structure that looks like poorly organized micelles
(especially in the DPPC-OLA and -MSL systems). The presence of a
nonbilayer isotropic phase superimposed in the liquid crystalline Lα
phase in the DPPC:URL samples, observed in 31P NMR spectra,
demonstrated the existence of the lipid structures with high curvature
(probably inverted micelles) in the membrane.

It has been reported that the TTP compounds have limited
solubility in the DPPC membranes [31,44]. In particular, the
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concentration of the URL incorporation within the DPPC liposomes
has been quantified to be ~5%molar ratio working with the DPPC:URL
(10:1 M ratio) mixtures (~50% of the theoretical value) [44]. From the
consideration of the solubility data reported for several TTP
compounds, we could assume that the limit of TTPs miscibility in
the DPPC membranes might be around 20:1 lipid:TTP molar ratio. The
partial miscibility of TTPs in the phospholipid membrane could
support the appearance of the phase segregation features shown in
the DSC study. In particular, the isotropic peak observed in the NMR
experiments with the DPPC:URL mixtures that correlates with the
prominent double peak in the DSC thermogram could represent a
general property of the TTPs under study to induce phase segregation
and micellarization effects in the PC membranes. TTP exclusion from
the bilayer and its existence as a solid precipitate cannot be excluded
from considerations of the DSC assays. The DPPC:TTP systems seem to
be a multiphasic system including a TTP solid phase and a DPPC:TTP
phase. If and to what degree the TTP membrane effects take place will
depend on the pH, the structure of each particular TTP and the
phospholipid system. TTPs have pK values in solution around 5.0 [45].
However, the apparent pK values of the free fatty acids in a lipid
membrane environment are close to the physiological pH 7.4 used to
conduct the experiments [46]. Thus, the complex membrane effects
observed for each particular TTP would also be affected by the pH-
dependent combined effects of the protonated and deprotonated
forms with different tendencies to micellarize and/or associate with
the membrane lipids. OLA and URL are structurally similar congeners,
therefore some structural features like the methyl group position in
the E-ring in the pentacyclic backbone could influence the location of
the pentacyclic moiety within the lipid bilayer and its effect on the
phase segregation (or domains formation) features.

The membrane phase properties induced by Cho are sensitive to
the TTP-interaction as underlined by their differential effect on the
biophysical properties of the DPPC and DPPC:Cho rich membranes.
The X-ray diffraction study proved that MSL and URL caused the
appearance of domains with the structural order in the DPPC:Cho
membranes and the segregation of Cho from the bilayer. In contrast,
OLA reduced the structural organization of the Cho-rich membranes.
These results are in line with the DSC study proving the presence of
the membrane domains and a lack of specific TTP–Cho interactions.
The Laurdan fluorescence spectra in the presence of TTPs also
indicated the presence of the co-existing domains with diverse
polar environments. The increase in the Laurdan GP values above
40 °C, which is a general characteristic of TTPs, might be associated to
changes in the liquid-ordered phases in coexistence with the liquid
disordered phases. Differences in the TTP effects in the DPPC:Cho
membranes must be related to the structural properties of each
particular compound. OLA and URL are position isomers and MSL is
the 2-hydroxyderivative of OLA. The chemical arrangement of the 2β-
hydroxy group in the A-ring in MSL and the methyl groups in the E-
ring in URL, compared to OLA, could play a major role in determining
the local position of the TTP molecule in the interfacial region in the
lipid bilayer and its effect on the lateral organization of the Cho-rich
membrane domains. Possibly, URL and MSL would partition into
DPPC:Cho domains and compete with Cho for the hydrogen-bonded
ester carbonyl groups, disturbing the presence of the Cho-rich
domains. In turn, OLA could have a deeper penetration in the
membranes thereby influencing the membrane fluidity and disturb-
ing the presence of the liquid ordered Cho-rich domains. The degree of
permeation of each TTP molecule into the bilayer would be a
compromise between the number of hydrophobic contacts and the
cost of loosing some H-bonds with water. Therefore, the membrane
lipid composition would also influence the relative position of each
TTP in the bilayer. This point deserves to be scrutinized in a future
study.

TTPs share structural similarities with sterols, which are the major
building blocks of “raft-like” platforms or segregated membrane
domains that in turn play an important role in the cell signalling
processes. Our results with synthetic model membranes suggest that
the studied TTPs are able to perturb such Cho-enriched membrane
domains and therefore are likely to affect the lateral domain
heterogeneity of the cell membranes. This circumstance confers a
certain capacity to TTPs to influence also localization and, hence,
physiological function of themembrane-associated proteins related to
such domains. It is probable that some of the distinct biological effects
described for the TTPs may be partially attributable to their ability to
interact with the Cho-rich membrane domains and to induce changes
in membrane lateral heterogeneity thereby affecting pivotal cellular
signal transduction pathways. Although the present data were
obtained with model lipid systems and require further investigation
to link concrete TTP effects on the cell membrane structure to specific
cell biological results, they already strongly suggest a membrane-
related mechanism as a mode of action regarding their biological
activity. TTP interactions with the cell membrane must be considered
to understand the molecular basis underlying their biological effects.
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