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Effects of 2-hydroxyoleic acid on the structural properties of biological
and model plasma membranes
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Mallorca, Instituto de la Grasa, Consejo Superior de Investigaciones Cientificas (CSIC), Sevilla, Spain, and > HASYLAB,
Notkestrasse 85, Hamburg, Germany

(Recerved 10 April 2007; and in revised form 29 May 2007)

Abstract

Genetic hypertension is associated with alterations in lipid metabolism, membrane lipid composition and membrane-
protein function. 2-Hydroxyoleic acid (20HOA) is a new antihypertensive molecule that regulates the structure of model
membranes and their interaction with certain peripheral signalling proteins i vitzro. While the effect of 20HOA on elevated
blood pressure is thought to arise through its influence on signalling proteins, its effects on membrane lipid composition
remain to be assessed. 20HOA administration altered the lipid membrane composition of hypertensive and normotensive
rat plasma membranes, and increased the fluidity of reconstituted liver membranes from hypertensive rats. In spontaneously
hypertensive rats (SHR), treatment with 20HOA increased the cholesterol and sphingomyelin content while decreasing that
of phosphatidylserine-phosphatidylinositol lipids. In addition, monounsaturated fatty acid levels increased as well as the
propensity of reconstituted membranes to form Hy-phases. These data suggest that 20HOA regulates lipid metabolism that
is altered in hypertensive animals, and that it affects the structural properties of liver plasma membranes in SHR. These
changes in the structural properties of the plasma membrane may modulate the activity of signalling proteins that associate
with the cell membrane such as the Gag/11 protein and hence, signal transduction.

Keywords: Hypertensive rats, normotensive rats, liver plasma membrane, membrane structure, membrane fluidity

Abbreviations: SHR, spontaneously hypertensive rats; WKY, Wistar Kyoto normotensive rats; 20HOA, 2-
hydroxyoleic acid; CHO, cholesterol; SM, sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PS, phosphatidylserine; PI, phosphatidylinositol; PL, phospholipid; FA, fatty acid; SFA, saturated fatty acid; UFA,
unsaturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; DPH, 1,6-
diphenyl-1,3,5-hexatriene; BP, blood pressure.

Introduction influences the localization and activity of G proteins
and PKC, pivotal cell signaling elements that
participate in important physiological activities in-
cluding the control of blood pressure [7,9,10]. On
the other hand, the nonlamelar Hy; phase propensity

of membranes, induced by high concentrations of

The properties and function of cell membranes
appear to be altered in hypertensive humans and
animal models of hypertension [1]. Structural
changes in membrane lipids that affect membrane
fluidity and/or specific lipid domains have been

described in hypertension [2-4] and consequently,
a number of membrane functions are affected [4-7].
However, how the changes in membrane lipid
composition influence cell function is a complex
issue [8]. The nature and proportion of lipids in the
membrane defines its structural properties, and

cis-monounsaturated fatty acids and PE lipids,
affects the binding of the heterotrimeric Gi proteins
and their Go and Gy subunits [11]. Moreover, fatty
acids like oleic acid (18:1Ac9), but not its chemical
analogs, elaidic (18:1At9) and stearic (18:0) acid,
not only modulate membrane lipid structure but also
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regulate the activity of G proteins and related
signaling proteins [12,13]. Other unsaturated fatty
acids, such as linoleic (18:2, n-6) and a-linolenic
acid (18:3, n-3), can also regulate the structural
properties of membranes [14]. Therefore, mem-
brane composition and structure influences G pro-
tein-membrane interactions and consequently, cell
signalling.

Dietary fat intake regulates the abundance of
different membrane lipid species and has an effect
on the biochemical status of tissues [15-17]. The
Mediterranean diet is characterized by high olive oil
consumption, which contains a high proportion of
oleic acid (~80%) with minor percentages of linoleic
and linolenic acids. High olive oil intake, as a rich
source of natural unsaturated fatty acids, has been
shown to have beneficial effects on cardiovascular
health [18]. However, the molecular mechanisms
underlying the beneficial effects of olive oil are not
fully understood. Fatty acids are important compo-
nents of the hydrophobic part of biological mem-
branes, where they are mainly found as phospholipid
moieties. The synthetic fatty acid 2-hydroxyoleic is a
structural derivative of oleic acid (OA) that has
antihypertensive pharmacological properties and is
able to modulate the Hy; phase propensity in model
membranes [19-21]. 20HOA was able to decrease
systolic BP in normotensive rats, while displaying no
histological toxicity in several rat organs [19].
Furthermore, administration of 20HOA to adult
spontaneously hypertensive SHR rats with estab-
lished hypertension decreased high blood pressure,
whereas their normotensive counterpart, i.e., WKY
rats, remained unaffected [21]. If membrane lipid
structure is involved in the cell signalling pathway,
then structural alterations of cell membranes will
influence such pathways, and may be implicated in
pathological situations in which such signalling is
involved. Thus, modulating the behaviour of the cell
membrane may be a means to reverse human
pathologies [22]. While the pharmacological activity
of 20HOA is thought to arise through this mechan-
ism, the effect of this drug on membrane lipid
composition 7z vivo has yet to be described. There-
fore, the aim of this study was to analyse the effect of
20HOA administration on the structural properties
of the plasma membrane isolated from adult SHR,
an animal model with established hypertension, as
well as from its normotensive counterpart, Wistar
Kyoto (WKY) rats. Accordingly, we examined the
plasma membrane composition and structure in liver
tissue from these two rat models. Although liver
tissue is not implicated in the direct regulation of
blood pressure, it represents an important organ
functionally involved in lipid metabolism, it is
exposed to the drug after oral administration and
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its relative amount facilitates the types of studies
undertaken here.

Materials and methods
Materials

1,6-diphenyl-1,3,5-hexatriene (DPH) was obtained
from Molecular Probes (Leiden, The Netherlands)
while the N-(2-Hydroxy ethyl) piperazine-N’'-(2-
ethanesulfonic acid) sodium salt (Hepes) and
Tris(hydroxymethyl)aminomethane hydrochloride
(Tris) were obtained from Sigma Chem. Co. (Ma-
drid, Spain). The primary polyclonal antibodies
raised against Na /K" ATPase, Gog/l and poly
(ADP ribose) polymerase (PARP) were purchased
from Santa Cruz Biotechnology (California, USA),
the primary monoclonal antibody against calnexin
was from BD Biosciences Transduction Labora-
tories (Heidelberg, Germany), the horseradish per-
oxidase-linked donkey anti-rabbit Ig secondary
antibody, the enhanced chemiluminescense Wes-
tern-blot detection system and ECL hyperfilm
were all obtained from Amersham Biosciences
(UK, Ltd), whereas nitrocellulose membranes were
from Schleicher & Schill (Dassel, Germany).
The bicinchoninic (BCA) protein assay kit was
manufactured by Pierce (Rockford, IL, USA).
Lipid standards, cholesterol, 1,2-dipalmitoyl-sn-gly-
cero-3-phosphatidylethanolamine,  1,2-Diacyl-sn-
glycero-3-phosphocholine, 1,2-Diacyl-sn-glycero-3
-phospho-L-serine and N-Acyl-4-sphingenyl-1-O
-phosphorylcholine were purchased from Sigma-
Aldrich (Madrid, Spain). HPLC-grade solvents for
lipid analysis were from Carlo Erba (Val de Reuil,
France).

Amnimals, trearments and blood pressure measurements

Male SHR and age-matched normotensive WKY
rats (16-week-old, 250-300 g) were obtained from
Charles River Laboratories (Barcelona, Spain). The
rats were kept at a constant temperature (24 +1°C)
with a 12 h dark/light cycle fed with the same rodent
diet containing 2.9% fat (reference SAFE A04:
0.40% stearic acid, 0.70% oleic/palmitoleic acid,
1.25% linoleic/linolenic acid; daily consumption
~20 g). Twelve SHR and WKY rats were randomly
assigned to a control group that was administered
the vehicle alone (m=6) or a group that was
administered 20HOA (600 mg-kg !, resuspended
in water, n =6). Rats were treated orally by gavage
every 12 h for 7 days. Systolic blood pressure (BP)
was measured in warmed, restrained conscious rats,
6 h after drug administration at least in triplicate
using the tail-cuff method with a computerized
oscillometric system recorder (Nyprem system
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from Cibertec, Barcelona, Spain) [21]. Eighteen
hours after the last treatment the rats were sacrificed
by decapitation, their liver was removed, immedi-
ately frozen in liquid nitrogen and stored at —80°C.
All experiments were carried out according to the
guidelines laid down by the Institutional Committee
of Ethics in Animal Research (Comissié de Bioética
de la Universitat de les Illes Balears).

Preparation of liver plasma membranes

Plasma membrane preparations were isolated from 6
livers from each rat strain, SHR and WKY that did
or did not receive 20HOA, by a procedure adapted
from Neville [23]. Briefly, the livers were homo-
genized in 50 mm Tris-HCIl, 1 mM EDTA, 2 mm
MgCl,, 1 mM PMSF, pH 7.4 (Tris buffer) with a
blade-type homogenizer and the samples were cen-
trifuged at 800 g for 10 min at 4°C. The pellets were
discarded and the supernatants were then centri-
fuged twice at 40,000 g for 20 min at 4°C. The pellet
was resuspended in the homogenization buffer and
the plasma membrane fraction was purified on a
discontinuous sucrose gradient (42.3% and 44% (w/
w) sucrose) and centrifugated at 90,000 g for 2 h,
according to the method described [23]. Finally, the
membranes floating at the top of each tube were
removed, resuspended in Tris buffer and sedimented
at 100,000 g for 90 min at 4°C. The final pellet was
stored in Tris buffer. Aliquots of these preparations
were used for electron microscopy characterization,
Western-blot analysis and to determine the mem-
brane lipid and protein contents.

Immunoblotr analysis

Protein determination and quantitative immuno-
blotting of Na"/K* ATPase, G protein og/11,
PARP and calnexin in purified liver plasma mem-
branes was performed as described elsewhere [21].
Proteins (around 10 pg) were separated on 8-10%
SDS-PAGE electrophoresis, transferred to nitrocel-
lulose membranes and probed overnight at 4°C with
the primary antibodies against Nat/K* ATPase
(1:2.000), Gag/11 (1:5.000), PARP (1:1.000) and
calnexin (1:1.000). After removing the primary
antibodies, membranes were incubated with the
horseradish peroxidase-linked donkey anti-rabbit
(1:5.000) or anti-mouse Ig secondary antibody
(1:2.000) for 2 h at room temperature. Immuno-
reactivity was detected using enhanced chemilumi-
nescence (ECL) Western-blot detection system
followed by exposure to ECL hyperfilm. Quantifica-
tion was performed by image analysis, using stan-
dard four point curves of different protein contents
loaded on the same gels. The relative protein

concentration was determined from the standard
linear plot of total protein loaded vs. integrated
optical density. This quantification procedure was
repeated at least 3 times for each sample on different
gels. Values were normalized to the protein content
of the vehicle-treated rats (taken as 100%).

Electron microscopy observation

A small pellet of the isolated plasma membranes was
fixed with 1.6% glutaraldehyde and 1% osmium
tetroxide in 0.1 M phosphate buffer, pH 7.4
according to the protocols of the laboratory (Labor-
atorio Cientifico — Técnico, University of Balearic
Islands, Spain). Electron micrographs were taken
with a TEM Hitachi H-600 (TEM-STEM) and
used for morphological criteria of membrane iso-
lated.

Sample lipid preparation

Total lipids from rat liver plasma membranes iso-
lated from SHR and WKY rats that did or not
receive 20HOA treatment were extracted with
chloroform/methanol (2:1, v:v) and quantified by
methods previously described [24,25]. For X-ray
diffraction analysis, multilamellar lipid vesicles
(MLV) 15% (w/w) of total membrane lipid extracts
were prepared in 10 mM Hepes, 100 mM NaCl, 1
mM EDTA, pH 7.4 (Hepes buffer). Lipid mixtures
were hydrated, thoroughly homogenized with a
pestle-type minihomogenizer (Sigma) and vortexed
until a homogeneous mixture was obtained. Then,
the suspensions were submitted to five temperature
cycles (heating to 70°C and cooling to 4°C).
Samples were stored at —80°C under argon and
allowed to equilibrate at 4°C for 48 h before taking
the measurements [12].

For fluorescence spectroscopy experiments, mem-
brane lipid extracts and the fluorescence probe DPH
(PL:probe, 200:1 mol:mol) were dissolved in chloro-
form-metanol (2:1, v:v), evaporated under argon
and vacuum-dried for at least 3 h. The lipid film was
resuspended in Hepes buffer by vortex shaking at
about 45°C. The lipid suspension was submitted to
five freeze/thaw cycles to ensure the complete
hydration of the lipid vesicles. To obtain large
unilamellar vesicles (LUV), the resulting multila-
mellar suspension was passed 11 times through
polycarbonate membranes (0.1 pm) in an extruder
(Avanti Polar Lipids, Inc.).

Analysis of lipid classes and fatry acid methyl esters

Lipid classes were analysed by HPLC as described
previously [26]. Briefly, lipid extracts were dissolved
in chloroform:methanol (2:1, v:v), passed through
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0.2 um filters and subsequently analysed by liquid
chromatography (2690 Alliance, Waters, Co, Mil-
ford, MA, USA), using a Lichrosphere column
(250 x 4.6 mm, 5-pm particle size, Merck) and an
evaporative  light-scattering  detector (ELSD,
DDL31 Eurosep, Ins., Cergy-Pontoise). A ternary
gradient of hexane, 2-propanol and methanol was
applied with a flow rate of 0.8 ml/min. Commercial
purchased lipid standards were used to identify and
quantify the lipid classes. Cholesterol and each
phospholipid mass were determined using calibra-
tion curves from lipid standards. The quantification
was based on regression analyses of curves with
correlation coefficients higher than 0.999. Each lipid
mass was converted from grams to moles using the
molecular weight of the commercial lipid standard.

Fatty acid methyl esters were analysed by gas
chromatography as described previously [2], using a
Hewlett-Packard 5890 series II gas chromatograph
equipped with a flame ionisation detector (Hewlett-
Packard Co, Avondale, USA) and a Supelcowax 10
capillary silica column (60 m and 0.25 mm internal
diameter: Sulpelco Co, Bellefonte, USA). Fatty acid
methyl esters were identified by comparison of their
retention time against those of standards and they
were quantified by internal standardization (tricosa-
noic methyl ester, 23:0), using peak area integration.

X-ray diffraction analysis

Small and Wide-Angle (SAXS and WAXS) Syn-
chrotron radiation X-ray scattering data were col-
lected simultaneously, using standard procedures on
the Soft Condensed Matter beamline A2 of HASY-
LAB at the Deutsches Elektronen Synchrotron
(DESY). In the kinetic study, samples were heated
from 5-70°C, kept at this temperature for 5 min, and
then cooled to 5°C at a scan rate of 1°C/min. To
work in quasiequilibrium conditions, the systems
were allowed to equilibrate for 15 min at each
temperature before taking measurements. The data
collection conditions were as described previously
[12].

Fluorescence measurements

Membrane fluidity was studied by steady-state
fluorescence polarization, using a DPH fluorescent
probe. Experiments were carried out on a MPF-66
fluorescence spectrophotometer (Perkin-Elmer), in
which the cell-holder was temperature regulated.
Large unilamellar vesicle (LUV) membrane lipid
extracts and the fluorophore DPH (lipid:probe,
200:1 mol:mol) were excited at 360 nm and emis-
sion was registered at 428 nm. The band width was 4
nm for excitation and emission. Samples were
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equilibrated for 5 min at each temperature prior to
measurement. All fluorescence studies were done
immediately after sample preparation. In our experi-
mental conditions, the inner filter effect was critical.
Therefore, samples were diluted until the optical
density of the membrane lipid suspension was
adjusted to 0.08 at the maximum excitation wave-
length of the DPH probe (360 nm). Light scattering
was checked by a control experiment with unlabeled
liposomes. Both parameters, fluorescence intensity
and polarization, were affected by the scattered light,
so the scattered light intensity and polarization were
determined by measuring unlabeled control samples
in the same conditions as the labeled mixtures.
Corrections for the scattered light contribution
were carried out as described previously [27].
Fluorescence polarization was calculated according
to the equation:

where Iy and Iyy are fluorescence intensity values
measured with the excitation and emission polarizers
in parallel and perpendicular, respectively. G is the
instrumental factor. All fluorescence polarization
data are mean values of two independent experi-
ments.

Statistical analysis

Data are reported as the mean +SEM. The statis-
tical significance of the differences between SHR or
WKY rats treated with 20HOA or vehicle was
analysed by the unpaired z-test. Values were con-
sidered significantly different, if the p value was
<0.05.

Results

SHR and WKY rat treated with 2-OHOA or vehicle
showed the following systolic blood pressure values
at the end of the treatment (Table I). Liver plasma
membranes from these rats were isolated as indi-
cated in Materials and Methods and subsequently

Table I. Effect of 2-hydroxyoleic acid (20HOA) treatment on
systolic blood pressure in spontaneously hypertensive rats (SHR)
and Wistar Kyoto (WKY) rats.

Day of treatment SHR-c SHR-t WKY-c  WKY-t

0 192+3 193+6 132+4 133+4
7 205+8 136+14** 12446 134+4

Systolic blood pressure values were measured at the beginning
(day 0) and end of treatment (7 days) with vehicle (SHR-c and
WKY-c) or 20HOA (600 mg/kg every 12 h) (SHR-t and WKY-t).
Values are expressed in mm Hg and represent means +SEM of 6
animals per group. **p <0.01 vs. vehicle-treated (SHR-c).
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characterized by electron microscopy (Figure 1)
and the presence of plasma membrane marker
Nat/K* ATPase and membrane-associated Gog/
11 (Figure 2). Plasma membrane fractions showed
the presence of bile canaliculi (BC) and opaque
regions that correspond to junctional complexes

Figure 1. Electron micrographs of plasma membranes isolated
from SHR control rats (SHR-c), SHR rats treated with 20HOA
(SHR-t) and WKY rats treated with 20HOA (WKY-t). No
differences between control and treated WKY membranes were
observed. Several bile canaliculi (BC) and regions of higher
opacity (indicated by arrows) are shown.

350

300- (A) |_!' .-

SHR-t SHR-c WKY-t WKY-c

*kk

Na*/K*-ATPase Immunoreactivity
(% of control)

SHR-c  WKY-t

300

250+ SHR-t SHR-c WKY-t WKY-c

Gaq/11 Protein Immunoreactivity
(% of control)

7//)

SHRt SHRc  WKYt  WKY-c

Figure 2. Effects of 20HOA treatment on Na " /K" ATPase and
G protein aqg/11 levels in liver plasma membranes from SHR and
WKY rats. The upper panel shows a representative immunoblot of
3 animals per group (around 10 pg total protein). Columns show
the levels of liver plasma membrane Nat/K* ATPase and G
protein aq/11 quantified against standard curves and normalized
to the protein content of vehicle-treated rats (taken as 100%).
***p <0.001 and *p <0.05 vs. vehicle-treated rats.

(indicated by arrows). Nat/K* ATPase and Gog/
11 protein immunoreactivities were about 2-fold
greater in SHR membranes after exposure to
20HOA than in control SHR cells, the latter
displaying low (61%) or similar (117%) levels to
cell membranes from WKY rats that were adminis-
tered 20HOA or vehicle (100%). No microsomal
and nuclear membranes were present in any of these
preparations (data not shown).

Lipid composition

The effect of 20HOA treatment on the lipid and fatty
acid composition of SHR and WKY membranes was
evaluated (Tables II and III). Notice that control
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Table II. Lipid composition of liver plasma membrane from SHR and WKY rats treated with 2-hydroxyoleic acid or vehicle.

Lipid profile (mol%) SHR-c SHR-t WKY-c WKY-t

PC 26.4340.36 28.16%*+0.25 29.2140.08 26.27%%*% 40.17
PE 16.74+2.88 16.43+1.02 15.33+0.06 7.13%%%40.01
PS-PI 30.98+1.91 17.31%** +0.46 27.3642.45 27.5740.01
SM 22.3342.20 27.45%+1.33 25.35+3.07 32.12%40.18
CHO 3.53+0.05 10.65%** 2.75+1.03 6.91*+2.23
CHO/PL 0.04 0.12 0.03 0.07

The abbreviations represent: SHR-c and WKY-c, vehicle-treated SHR and WKY; SHR-t and WKY-t, 20HOA-treated SHR and WKY;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS-PI, phosphatidylserine plus phosphatidylinositol; SM, sphingomyelin; CHO,
cholesterol; CHO/PL, cholesterol to total phospholipid ratio. Data are the mean values + SEM from three independent analyses. *p <0.05;
**p <0.01, ***p <0.001, groups that are significantly different from the corresponding control.

membranes of both strains (SHR-c¢ and WKY-c)
differ significantly in the phospholipid composition.
Comparison between SHR and WKY rats indicated
that the main effect of 20HOA on lipid composition
was an increase in SM content and in the CHO/PL
molar ratio on both strains. 20HOA treated SHR
membranes showed a marked decrease in PS/PI
content and an increase in CHO, SM and PC when
compared to control SHR membranes (Table IT). On
the other hand, the differential effect of 20HOA
treatment on normotensive WKY rats was a decrease
in PE and PC content without affecting PS/PI.

The main fatty acids (FAs) in SHR plasma
membranes exposed to 20HOA or not were palmitic
(16:0), stearic (18:0), oleic (18:1, n-9), linoleic
(18:2, n-6) and arachidonic (20:4, n-6) acids (Table
III). 20HOA treatment induced changes in the
levels of certain FAs species that were particularly
reflected by a decrease in saturated fatty acids (SFA:

palmitic and stearic) and polyunsaturated arachido-
nic acid. These changes were coupled with an
increase in the unsaturated C-18 FAs, oleic and
linoleic acid. It is noteworthy that the low oleic acid
content in control SHR membranes (7% of total
FAs) increased to 22% following exposure to
20HOA and total polyunsaturated fatty acid
(PUFA) content was not altered, although the levels
of the fatty acids 18:2 and 20:4 changed in opposite
directions. In contrast, 20HOA treated WKY rats
showed increased levels of stearic acid (without
affecting oleic acid content) and linoleic acid and
decreased levels of arachidonic acid with no marked
differences in UFA/SFA ratio.

Polarization of DPH fluorescence

Plasma membrane lipid extracts from SHR and
WXKY rats were reconstituted in liposomes and the

Table III. Fatty acid composition of liver plasma membrane from SHR and WKY rats treated with 2-hydroxyoleic acid or vehicle.

Fatty acid profile (mol%) SHR-c SHR-t WKY-c WKY-t
14:1 (n-5) — 0.1140.01 0.20+0.00 0.3240.05
16:0 21.42+1.31 17.47*40.59 19.52+0.43 19.27+0.80
16:1 (n-9) 0.59+0.03 0.23***40.03 0.26+0.03 0.32+0.08
16:1 (n-7) 1.81+0.08 1.11*40.13 0.76 £0.04 0.51**+0.00
16:1 (n-5) 0.40+0.06 0.15%+0.06 0.47+0.01 0.47 +0.07
18:0 18.23+0.21 12.50*4+1.30 19.22+0.09 22.01***40.05
18:1 (n-9) 7.314+0.16 22.15%**4+0.23 5.58+0.32 5.4140.04
18:1 (n-7) 4.13+0.03 3.99+0.29 3.87+0.00 3.01***+0.01
18:2 (n-6) 14.4540.05 23.06*+2.02 11.9940.00 15.09***+0.03
20:2 (n-6) 0.63+0.17 0.28+0.07 0.53+0.01 0.47+0.00
20:4 (n-6) 25.96+0.20 14.58***4+0.69 30.03+0.12 23.72***+0.08
22:5 (n-6) 0.634+0.08 0.68+0.18 0.97+0.05 1.41**+0.13
22:6 (n-6) 0.44+0.09 0.45+0.14 0.60+0.07 1.44*%4+0.14
22:5 (n-3) 1.1140.12 0.85+0.26 1.46+0.09 1.884+0.20
22:6 (n-3) 2.88+0.41 2.4140.47 4.53+0.18 4.67+0.32
SFA 39.65+1.53 29.97*+1.89 38.74+0.52 41.29+0.85
MUFA 14.244+0.36 27.73%**4+0.74 11.15+0.41 10.03+0.25
PUFA 46.11+1.12 42.30+3.84 50.11+0.53 48.68 +0.90
UFA/SFA 1.51 2.32 1.58 1.42

The abbreviations represent: SHR-c and WKY-c, vehicle-treated SHR and WKY; SHR-t and WKY-t, 20HOA-treated SHR and WKY;
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; UFA/SFA, unsaturated to total
saturated fatty acids molar ratio. Data are the mean values +SEM from three independent analyses. *p <0.05; **p <0.01, ***p <0.001,

groups that are significantly different from the corresponding control.
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polarisation of the fluorescent DPH probe em-
bedded in reconstituted membranes was analysed
(Figure 3). Exposure to 20HOA reduced the
fluorescence polarisation in reconstituted SHR
membranes, indicating a higher degree of fluidity.
While similar differences were observed in mem-
branes from WKY rats, these differences were
considerably smaller.

Lipid phase behaviour

Membranes reconstituted from lipids isolated from
SHR and WKY animals were analysed by X-ray
diffraction (Figure 4). All membrane preparations
showed complex X-ray diffraction patterns in the
kinetic study (panels A-E), that were further ana-
lysed in quasi-equilibrium conditions (panels F-]).
All four types of reconstituted membranes displayed
a non-lamellar Hy structure that was indexed by at
least three orders of diffraction peaks. Moreover,
liposomes from untreated SHR membranes and
those from WXKY animals either exposed to
20HOA or not demonstrated broad diffraction
peaks in the SAXS region and no sharp peaks in
the WAXS region at lower temperatures. Therefore,
these structures were assigned to lamellar L, phases.
All samples exhibited reversible thermotropic beha-
viour on cooling.

Reconstituted membranes from control SHR
formed a Hj phase at ca. 20°C and displayed a
continuous increase in the peak intensity up to 70°C
(the highest temperature measured), whereas those
from 20HOA-treated SHR already adopted a Hp
phase at 5°C with smaller cylinder diameters (d =
9.0 and 6.2 nm at 40°C in control and 20HOA-
treated SHR, respectively; Figure 5). Indeed, lipo-
somes from 20HOA-treated SHR showed weaker
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Figure 3. Temperature dependency of the polarity of the DPH
probe in reconstituted membranes with total lipid extract from
SHR-c (O), SHR-t (W), WKY-c (O) and WKY-t (@) liver
plasma membranes. Fluorescence polarization data are mean
values from three independent experiments.

structural organisation, as deduced from the com-
pressibility factor (—0.05 and —0.01 nm/°C for
control and SHR membranes exposed to 20HOA,
respectively) and broader peaks. Finally, we also
observed some very weak diffraction peaks in SHR
membranes in the s range 0.07-0.14 nm ~ !, which
could not be unambiguously assigned to common
structures formed by model lipid membranes. These
peaks seemed to follow the thermal behaviour of a
Hy phase and therefore, although a more complete
exploration of them was beyond the scope of this
study, they were somehow associated to this organi-
zation. Additionally, we analysed the effect of
exposure to 20HOA on the structural properties of
the reconstituted membranes obtained from SHR
animals treated with 20HOA (lipid extract:20-
HOA, 10:1 molar ratio). The X-ray diffraction
patterns did not change significantly, although the
peaks were broader reflecting more poorly defined
structures (Figure 4, panels C and H). The main
effect of this additional 20HOA was a slight
decrease in the d parameter from 6.2-6.0 nm at
40°C, and an increase in the compressibility factor of
the Hy phase from —0.012 and —0.025 nm/°C
(Figure 5).

Liposomes reconstituted with membrane lipid
extract of vehicle- and 20HOA-treated WKY
(Figure 4, panels D, E, I, J) showed a L, phase
(d=9.1 and 8.0 nm at 10°C for control and 20HOA
treated animals, respectively) that transformed into
Hy phase with similar cylinder diameters (d =8.8
and 8.7 nm at 40°C for control and 20HOA treated
animals, respectively, Figure 5), although the com-
pressibility factors differed (—0.044 and —0.032
nm/°C for control and 20HOA treated animals,
respectively). Like SHR membranes, model WKY
membranes also showed diffraction peaks that could
not be assigned to specific phases but that also
followed the thermal behaviour of the Hy; phase.

In summary, the structural effects of 20HOA on
membranes reconstituted from lipid extracts of SHR
and WKY rats treated with 20HOA were: (i) More
compact but less organized structures; (ii) Hpy
phases at lower temperatures; and (iii) diffraction
peaks from unidentified structures or phases with a d
parameter larger but related to the Hp structure.
Notably, the main effect of 20HOA was to promote
greater curvature and some degree of disorder on the
reconstituted membrane.

Discussion

We recently showed that 20HOA is an effective
antihypertensive agent, normalizing high BP in adult
spontaneously hypertensive rats (SHR) [21]. Due to
the potential importance of 20HOA in membrane
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Figure 4. Sequence of X-ray diffraction scattering patterns from reconstituted membranes of total lipid extracts from SHR-c (A, F), SHR-t
(B, G), SHR-t plus extra added 20HOA (C, H), WKY-c (D, I) and WKY-t liver plasma membranes (E, ]J). The sequence of patterns were
acquired in kinetic conditions (A-E) with a scan rate of 1°C/min and quasi-equilibrium conditions (F-J) after equilibrating the sample for
15 min at each temperature. Successive diffraction patterns were collected for 15 s each min. The Hy phase was identified by 34 diffraction
peaks indicated (panels F-J). The L, phase was identified by the first order reflection peak on the SAXS and the absence of peak on the
WAXS region.
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Figure 5. Dependency of the repeat distance with temperature for
the reconstituted membranes from total lipid extract from SHR-c
(O0), SHR-t (M), SHR-t plus extra added 20HOA (¢), WKY-c
(O) and WKY-t (@) liver plasma membranes. Phases represented
are L, (dotted lines) and Hy (continuous lines). Non-identified
phases have been omitted. The heating sequence is only shown.

lipid therapy, we set out to obtain information about
structural effects of 20HOA treatment on plasma
membranes of these animals, considering those of
normotensive Wistar Kyoto (WKY) rats as mem-
branes within healthy physiogical parameters. It is
noteworthy that control membranes of both strains
differed in lipid composition. In addition, the effects
of 20HOA on membrane lipid composition and
structure followed a different pattern in hypertensive
SHR and normotensive WKY rats. These structural
differences could be related to a different phenotype
of SHR and WKY rats, since large genetic abnorm-
alities have been described associated to the geno-
type of both strains [28]. Therefore, WKY rat strains
must be carefully evaluated as ‘healthy controls’ for
structural studies. Given the potential interest of
these studies for human health, we will mainly focus
the discussion on SHR rats. First, 20HOA changed
the lipid composition and increased the monounsa-
turated fatty acids (MUFAs) in phospholipids of
liver plasma membranes in SHR when compared to
their respective controls. The significantly higher
CHO/PL and SM/PC content in SHR liver plasma
membranes exposed to 20HOA could reflect an
effect of 20HOA on CHO metabolism, CHO liver
uptake and/or secretion, and SM metabolism. CHO
and SM are structural components of cell mem-
branes that interact strongly with each other (e.g.,
lipid rafts), and it has been reported that each one
influences the metabolism of the other [29-31].
However, the physiological significance of their
association is unclear. On the other hand, hydrolysis
of membrane SM results in generation of ceramide.
Recently, ceramide signalling has been considered a
novel cell regulatory pathway implicated in the

mechanisms for blood pressure control [32]. Thus,
if sphingolipid metabolism is enhanced by 20HOA,
then our data will suggest that the net result would
be the formation of second messengers and conse-
quently an increased sphingolipid signalling process.
This idea is in agreement with the observed anti-
hypertensive effect of 20HOA treatment in SHR
rats.

Previous studies of cell membranes from SHR rats
and humans with hypertension reported altered
membrane fluidity [4,6,33]. 20HOA treatment
was accompanied by an increase in the fluidity of
liposomes reconstituted from liver plasma mem-
branes from SHR rats that was in agreement with
data previously reported [6] but not explainable with
the lipid composition found. The increase in fluidity
should diminish restrictions to the lateral diffusion of
components within the membrane, and possibly
favour the formation of microdomains. Although
our model system (reconstituted membranes) does
not provide direct information about the local
environment of a biological membrane, these data
indicate that variations in the lipid components
determine a complex effect on the overall fluid
properties. Therefore, the reductions in blood pres-
sure provoked/caused by 20HOA administration to
SHR rats [21] could be supported by the regulatory
effects on membrane lipid composition reported in
the present study.

The organization of biological membranes into
microdomains seems to play a key role in the
regulation of membrane-protein interactions [34]
and lipids of a given type (e.g., CHO, SM) are able
to cluster to form microdomains, such as lipid rafts.
Some proteins (e.g. G proteins) that associate with
lipid rafts have important biological functions re-
lated to signal transduction, and are involved in
physiological processes such as the control of blood
pressure [35]. Lipid rafts with CHO, SM and PC
saturated lipids have been observed in model lipid
bilayers and membrane systems isolated from nat-
ural membranes [36]. Considering our experimental
data, the increase in the SM and CHO/PL ratio
observed in 20HOA treated SHR membranes could
be associated with the increased presence of orga-
nized domains. The lateral partitioning of CHO and
SM could favour association of membrane proteins
to specific domains. This possibility would be
consistent with the increase in the membrane levels
of Gog/11 proteins and Na*/K™* ATPase observed
here in 20HOA-treated rats. Gag/11 proteins are
involved in the regulation of the phospholipase C
(PLC)/inositol phosphate (IP) signalling pathway.
Accordingly, several abnormalities in receptor-
mediated vasodilation, G-protein expression, and
PLC activity, have been reported in hypertensive
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subjects [7,37] and in animal models of hyperten-
sion [38,39]. Recent studies have demonstrated that
lipids rafts isolated from basolateral plasma mem-
branes of rat hepatocytes were also enriched for
Nat/K* ATPase activity [40]. The increase in the
Nat/K* ATPase immunoreactivity observed in this
study would be in line with these observations.
Therefore, the structural change induced by
20HOA, possibly associated with an increase in
the density of specific domains, may have functional
implication favouring the localization of signalling
and other proteins to membranes.

Alterations in phosphoinositide metabolism have
been related to the pathogenesis of hypertension
[41,42]. The decrease observed in the content of PS-
PI in SHR membranes could be related to the effect
of 20HOA on phosphoinositide turnover and/or
membrane polar lipid synthesis or membrane lipid
incorporation. From the structural point of view, an
increase in the molar percentage of any of these PL.
would alter the negative charge of the plasma
membrane and as a consequence, could favour G
protein-membrane interactions. Indeed, it has re-
cently been shown that some specific PLs, such as
PS, may play an important role in the interaction of
these signalling proteins [43].

Alterations in the phospholipid fatty acid profile
have also been associated with genetic hypertension
[2,3,44,45]. Comparing FA composition in SHR
animals (control and 20HOA-treated), we conclude
that an important effect of 20HOA treatment was:
(i) An increase of A9-desaturase, and (ii) depletion
of A6-and A5-desaturase activities, giving high con-
tent in oleic acid and reduced proportion of arachi-
donic acid. It is noteworthy that 20HOA treatment
had a similar effect on PUFA profile in SHR and
WKY strains, increasing 18:2 and decreasing 20:4
fatty acid levels while maintaining total PUFA
content constant. However, 20HOA treatment in
WKY rats also produced some alteration in PUFA
metabolism concerning the conversion of linoleic
into arachidonic acid when compared to its control
rats, although with minor decreases in enzyme
activities than it was the case in SHR. It has been
reported that PUFA biogenesis is impaired in SHR
compared to WKY rats in liver microsomal total
lipids [46]. Working with plasma membranes, our
data indicate that: (i) PUFA metabolism is sensitive
to 20HOA treatment and its control might be
important in the regulation of SHR blood pressure
disease, and (ii) a specific effect of 20HOA treat-
ment is the increase in oleic acid ( ~300%), prob-
ably due to an activation of A9-desaturase activity.
The latter data could explain in part the healthy
effects of the Mediterranean diet in cardiovascular
diseases.

Effect of 2-hydroxyoleic acid on membrane structure 55

It has been demonstrated that specific FAs such as
C18:1 and C18:2 induce Hp-phase in model PE
membranes at lower temperature [12,14]. Reconsti-
tuted membrane lipids from SHR animals treated
with 20HOA showed a greater tendency to form
non-lamellar Hyy structures. In model membranes
with different lipid compositions, it has been shown
that a Hy-phase propensity influences the localiza-
tion and activity of some membrane proteins such as
G and PKC proteins [9,11,13]. This experimental
correlation between the non-lamellar phase propen-
sity and an increase in G protein localization [11] or
PKC activation [47] demonstrates the influence of
membrane structure on the activity of membrane-
associated proteins. Many functional responses are
probably caused by structural membrane changes
that affect bulk lipid fluidity, hexagonal phase
propensity and/or specific lipid domains.

In summary, the changes observed in the struc-
tural properties of plasma membranes from SHR
rats suggest that the lipid metabolism in hypertensive
animals was modulated by the antihypertensive
molecule 20HOA, altering the structural properties
of liver plasma membrane. Therefore, protein-mem-
brane interactions and/or altered expression of
proteins such as those observed here for Gag/11
protein, could be modulated by exposure to 20HOA
through changes in the structural properties of the
plasma membrane.
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