Oleic acid content is responsible for the reduction
in blood pressure induced by olive oil
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drenergic receptors (␣- and ␤-adrenoceptors) are key elements in the central and peripheral control of blood pressure (BP). Recent studies showed that the activity of the
adrenoreceptor signaling pathway can be regulated by oleic acid
(OA) (cis-18:1n-9) (1), specifically because of the effect of this
fatty acid on the structure of cell membranes (1, 2). However,
similar modulation of G protein-coupled receptor signaling is
not induced by structurally different but closely related fatty
acids with identical or similar chemical composition, such as
elaidic acid (trans-18:1n-9) or stearic acid (18:0). Nevertheless, a
structural analogue of OA, 2-hydroxyoleic acid, can regulate
membrane lipid structure and cell signaling in a similar manner
as OA, evidence of the high structural specificity (3–5).
Mediterranean areas have a significantly lower incidence of
cardiovascular heart disease when compared with other European
countries. This phenomenon has been associated with dietary
habits (6, 7), which improve parameters associated with major risk
factors for cardiovascular disease, such as the lipoprotein profile (8,
9), BP (10), endothelial function (11), and inflammation and
oxidative stress (12). Virgin olive oil (VOO) is one of the main
components of the Mediterranean diet, and it contains high levels
of monounsaturated fatty acids (MUFAs), mainly OA (70–80%)
that is incorporated into triacylglycerides (TGs). Long-term intake
of high doses of VOO reduces BP and the risk of developing
hypertension (13–16). At the molecular level, OA and VOO
regulate G protein-associated signaling both in vivo (in humans)
and in cell culture (1, 17). Interestingly, the hypotensive effect of
2-hydroxyoleic acid involves changes in the same signaling pathways
as those affected by OA (18, 19). However, some studies associate
the cardioprotective activity of VOO with minor components
characteristic of olive oil, such as ␣-tocopherol, polyphenols, and
other phenolic compounds (16, 20–23). In this study, we demon-
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Fig. 1. Chronic effects of soybean oil, VOO, or TO treatments on systolic BP.
Sprague–Dawley rats received vehicle (V), soybean oil (SO; 2 g䡠kg⫺1), VOO (2
g䡠kg⫺1), and TO (1 g䡠kg⫺1), p.o. every 12 h for 14 days. Each value represents
the mean ⫾ SEM (n ⫽ 10). *, P ⬍ 0.05 and **, P ⬍ 0.01 vs. vehicle-treated rats
(ANOVA).

strate that the high OA content is responsible for the normotensive
effects of olive oil consumption.
We have recently shown that OA, but not its structural
analogues elaidic and stearic acid, regulates the activity of the
␣2A/D-adrenoreceptor/G protein/adenylyl cyclase-cAMP/PKA
system by modulating the structure of plasma membrane lipids
(1). Free or esterified, OA can modify the biophysical properties
of membranes, specifically increasing the nonlamellar (HII)
phase propensity of the membrane (2, 3). In turn, this modification affects the docking of important membrane-associated
signal transduction proteins involved in controlling BP, such as
G proteins (1, 24, 25). In fact, altered levels and function of G
proteins have been reported in both hypertensive humans (26,
27) and experimental models of hypertension (28, 29).
The present study was designed to investigate the molecular
bases of the hypotensive effect of VOO. For this purpose, we
compared the effects of VOO, triolein (TO; the main constituent
of VOO, consisting of a TG with three OA moieties) and OA
(the main fatty acid present in VOO) on BP. All of these
treatments induced similar hypotensive effects in rats. In contrast, elaidic acid, stearic acid, and soybean oil (with low OA
content) had little effect on BP.
Results
Effects of Soybean Oil, VOO, and TO on BP. The effects of soybean

oil, VOO, and TO treatments on BP were investigated in
Sprague–Dawley rats. Chronic administration of VOO and TO
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Numerous studies have shown that high olive oil intake reduces
blood pressure (BP). These positive effects of olive oil have frequently been ascribed to its minor components, such as ␣-tocopherol, polyphenols, and other phenolic compounds that are not
present in other oils. However, in this study we demonstrate that
the hypotensive effect of olive oil is caused by its high oleic acid
(OA) content (⬇70 – 80%). We propose that olive oil intake increases OA levels in membranes, which regulates membrane lipid
structure (HII phase propensity) in such a way as to control G
protein-mediated signaling, causing a reduction in BP. This effect
is in part caused by its regulatory action on G protein-associated
cascades that regulate adenylyl cyclase and phospholipase C. In
turn, the OA analogues, elaidic and stearic acids, had no hypotensive activity, indicating that the molecular mechanisms that link
membrane lipid structure and BP regulation are very specific.
Similarly, soybean oil (with low OA content) did not reduce BP. This
study demonstrates that olive oil induces its hypotensive effects
through the action of OA.

Table 2. Effect of acute VOO, TO, and OA administration
on diastolic BP and heart rate values in rats

Fig. 2. Acute effects of VOO, TO, and OA on systolic BP. Sprague–Dawley rats
received one p.o. dose of vehicle (V), VOO (2 g䡠kg⫺1), TO (1 g䡠kg⫺1), or OA (1
g䡠kg⫺1). Systolic BP (expressed in mm Hg) was measured 2 h after administration (acute treatment). Each value represents mean ⫾ SEM (n ⫽ 10). *, P ⬍ 0.05
and ***, P ⬍ 0.001 vs. vehicle-treated rats (ANOVA).

over 14 days significantly reduced the BP in treated rats when
compared with rats that received vehicle alone (26 ⫾ 4.0 and
21 ⫾ 3.4 mm Hg, respectively, P ⬍ 0.001; Fig. 1). Similarly, acute
(2 h) exposure to both VOO and TO also reduced systolic BP
(20 ⫾ 0.3 mm Hg, P ⬍ 0.001, and 14 ⫾ 1.7 mm Hg, P ⬍ 0.05,
respectively; Fig. 2). Although diastolic BP changed in a similar
manner to systolic BP, these reductions were not significant. In
contrast, soybean oil, which contains little OA, did not induce a
reduction in BP after chronic administration (Fig. 1). Furthermore, heart rate was not significantly affected by chronic or
acute administration of these products when compared with
vehicle-treated rats (Tables 1 and 2).
Effects of OA, Elaidic Acid, and Stearic Acid on BP. Whereas TGs

constitute the major component of VOO, OA is the main
metabolite of this oil in the body. Therefore, we studied the
effect of this cis-MUFA on BP in rats. Like VOO and TO,
chronic oral administration of OA induced a marked reduction
in systolic BP in Sprague–Dawley rats (Fig. 3), which was 17 ⫾
1.9 mm Hg lower than in vehicle-treated rats after 14-day
treatment (Fig. 3; P ⬍ 0.05). The hypotensive effect of OA was
also observed after acute treatments, which reduced systolic BP
by 13.0 ⫾ 0.3 mm Hg (Fig. 2; P ⬍ 0.001). In contrast, treatment
with the trans-MUFAs elaidic or stearic acid (saturated fatty
acid) did not significantly affect BP (Fig. 3 and Table 2).
Effects of VOO on BP in Spontaneously Hypertensive Rats (SHRs).

VOO (2 g䡠kg⫺1) was also able to reduce the elevated BP in an
animal model of hypertension (Fig. 4A), inducing a significant
and progressive sustained reduction in systolic BP from as soon
as 4 days after the onset of the treatment. Thus, there was a
26-mm Hg reduction (P ⬍ 0.001, Student’s t test) in the BP of
SHRs after 14 days of treatment when compared with the

BP/heart rate

Vehicle

VOO

TO

OA

Diastolic BP,
mm Hg
Heart rate,
beats per
min

99.4 ⫾ 3.6

91.0 ⫾ 2.6

97.1 ⫾ 3.1

91.4 ⫾ 4.6

348 ⫾ 9

347 ⫾ 1

341 ⫾ 8

327 ⫾ 8

Sprague–Dawley rats received a single dose (p.o.) of vehicle, VOO (2
g䡠kg⫺1), TO (1 g䡠kg⫺1) ,and OA (1 g䡠kg⫺1). Diastolic BP and heart rate values
were measured as described in Materials and Methods. Each value represents
the mean ⫾ SEM (n ⫽ 10).

animals that received the vehicle alone (Fig. 4A). Similarly, OA
induced marked and significant reductions of BP in these
hypertensive animals (P ⬍ 0.001), whereas stearic acid and
elaidic acid did not significantly change the BP of SHRs
(Fig. 4B).
Effects of VOO, TO, and OA on Signaling Proteins in the Aorta.

Because OA regulates G protein-mediated signaling in 3T3 cells
in vitro (1), we investigated whether this molecular mechanism
was also involved in the in vivo activity of OA, TO, and VOO.
Hence, we measured the levels of important signaling proteins
involved in the control of BP in the aorta. The concentrations of
G proteins and phospholipase C ␤1 (PLC␤1␣/␤) were determined by quantitative immunoblotting in aorta tissue from
Sprague–Dawley rats treated with OA, TO, VOO, or the vehicle
alone for 14 days. After treatment with these lipids, there was a
down-regulaton of the aortic G proteins that inhibit adenylyl
cyclase (AC), G␣i2 (Fig. 5A) and G␣i3 (Fig. 5B), when compared
with vehicle-treated rats (note that G␣i1 is not expressed in rat
aorta) (30). When compared with vehicle-treated rats, the
overall levels of G␣i2 and G␣i3 proteins in the aorta fell by 28%
and 34% after OA administration, by 40% and 28% after
exposure to TO, and by 34% and 34% after VOO treatment (Fig.
5 A and B). Similarly, the amounts of aortic G␣q/11 decreased
significantly by 26%, 35%, and 31% after OA, TO, and VOO
treatments, respectively (Fig. 5C). Thus, we investigated whether
proteins downstream G␣q/11 might also be affected by the
administration of these lipids. Like G␣q/11, chronic OA, TO,
and VOO induced significant decreases in the total PLC␤1 levels
in the aorta (52%, 33%, and 24%, respectively; Fig. 5D).
Effects of VOO and Soybean Oil on Membrane Structure. We have
studied the effects of OA and TGs on model membrane structure, specifically on the lamellar-to-hexagonal (L-to-HII) transition temperature of 1,2-eladyl phosphatidylethanolamine

Table 1. Effects of chronic administration of soybean oil, VOO,
and TO on diastolic BP and heart rate values in rats
BP/heart rate

Vehicle

Soybean oil

VOO

TO

Diastolic BP,
mm Hg
Heart rate,
beats per
min

102.4 ⫾ 3.1

108.6 ⫾ 6.8

94.0 ⫾ 2.0

100.2 ⫾ 2.7

356 ⫾ 9

376 ⫾ 5

354 ⫾ 3

377 ⫾ 14

Sprague–Dawley rats received vehicle, soybean oil (2 g䡠kg⫺1), VOO (2
g䡠kg⫺1), and TO (1 g䡠kg⫺1) p.o. every 12 h for 14 days. Diastolic BP and heart
rate values were measured as described in Materials and Methods. Each value
represents the mean ⫾ SEM (n ⫽ 10).
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Fig. 3. Chronic effects of OA, elaidic acid and stearic acid on systolic BP.
Sprague–Dawley rats received vehicle (V), OA (1 g䡠kg⫺1), elaidic acid (EA; 1
g䡠kg⫺1), or stearic acid (SA; 1 g䡠kg⫺1) p.o. every 12 h for 14 days. Each value
represents the mean ⫾ SEM (n ⫽ 10). *, P ⬍ 0.05 vs. vehicle-treated rats
(ANOVA).
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Table 3. Effect of chronic administration of OA, elaidic acid, and stearic acid on diastolic BP
and heart rate values in rats
BP/heart rate
Diastolic BP, mm Hg
Heart rate, beats per min

Vehicle

OA

Elaidic acid

Stearic acid

102.4 ⫾ 3.1
358 ⫾ 9

96.2 ⫾ 1.7
388 ⫾ 13

106.4 ⫾ 6.5
348 ⫾ 13

109.6 ⫾ 0.9
378 ⫾ 1

Sprague–Dawley rats received vehicle, OA (1 g䡠kg⫺1), elaidic acid (1 g䡠kg⫺1), and stearic acid (1 g䡠kg⫺1) p.o. every
12 h for 14 days. Diastolic BP and heart rate values were measured as described in Materials and Methods. Each
value represents the mean ⫾ SEM (n ⫽ 10).

Fig. 4. Effects of VOO treatment on BP in SHRs. (A) Rats received vehicle or
VOO (2 g䡠kg⫺1) p.o. every 12 h for 14 days. Time course of systolic BP (expressed
in mm Hg) in vehicle-treated SHRs (Control) and VOO-treated SHRs (olive oil).
(B) Chronic (14-day) effects of vehicle (Control), OA, stearic acid (SA), and
elaidic acid (EA) on systolic BP of SHR. *, P ⬍ 0.05; **, P ⬍ 0.01; and ***, P ⬍
0.001 versus vehicle-treated SHRs (Student’s t test in A and ANOVA in B).
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Discussion
The interest in the potential cardiovascular health benefits of
VOO has increased since Mediterranean diets with high olive oil
intake were shown to improve the serum lipoprotein profile
(HDL-to-LDL ratio) and reduce BP, insulin resistance, and
systemic markers of inflammation in cardiovascular-risk patients
(14, 16, 31, 32). Most of these studies have involved months of
VOO intake or other oils (13, 16), on the hypothesis that
metabolic molecular mechanisms are associated with long adaptive cellular and physiologic processes. However, we demonstrated here that short (2 h and 2 wk) treatments can also lower
systolic BP, through a mechanism of action based on the rapid
regulation of membrane lipid structure and cell signaling (2–4 h)
and rather quick (3–4 days) adaptive processes.
OA Is Responsible for the Hypotensive Effects of Olive Oil. In a study
of a human population with controlled diets, which only varied
in the type of oil used, VOO induced marked and significant
reductions in BP with respect to sunflower seed oil (17).
Numerous studies suggest that this and other beneficial effects
of VOO on cardiovascular health are caused by minor components present in this oil (23). However, we demonstrate here that
OA is responsible for the hypotensive effects of olive oil. In this
context, VOO induced marked and significant reductions of BP
after both acute (2 h) and chronic, yet short (2 wk), administration, unlike soybean oil. Although the hypotensive effects of
acute (single dose) olive oil were transient (with a peak at 2–4
h after treatment), reductions in BP were not only marked but
they were also stable after 3 or 4 days of high olive oil intake. This
rather rapid effect after acute intake of free fatty acids and
related lipids is most likely caused by their easy transfer from the
small intestine to blood vessels, where they can regulate cell
signaling in vascular cells. VOO is composed of TGs, mainly TO
(with three OA moieties), which comprises ⬎50% of all TGs in
VOO, followed in abundance by TGs with two OA moieties.
Indeed, TO itself also induced marked and significant reductions
in BP, although it is unlikely that TGs alone are responsible for
the hypotensive effects of olive oil. Indeed, these lipids are the
substrates of lipases that readily digest TGs to release the free
fatty acid moieties and hence, cells receive mainly the processed
lipids. Furthermore, although soybean oil has a high TGs content
it has little OA and it was unable to reduce BP in rats. Finally,
the MUFA OA (the main component in both VOO and TO) also
induced a marked and significant decrease in systolic BP, and the
dose of MUFA administered to animals was closely correlated
with the reduction in BP. Accordingly, it appears that the major
fatty acid found in olive oil, OA, would account for the hypotensive effects of this nutrient.
By contrast, elaidic acid (trans 18:1n-9 isomer of OA) and
stearic acid (18:0) do not induce significant changes in BP despite
their chemical similarity with OA, which would argue against the
involvement of other metabolic factors. It indicates that the fatty
acid structure is critical to produce hypotension. Moreover,
elaidic and stearic acids appeared to be ineffective to lower BP
in SHRs, whereas both OA and VOO exerted normontensive
(hypotensive) effects in these hypertensive animals, further
PNAS 兩 September 16, 2008 兩 vol. 105 兩 no. 37 兩 13813
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(DEPE) by differential scanning calorimetry (2–4). We assessed
the effect of VOO and soybean oil on membrane lipid structure,
and we found that, in agreement with the effect exerted by their
major TGs constituents, both oils induced marked reductions in
the L-to-HII phase transition (3). The outcome of these measurements was compared with results obtained for a series of
structurally and chemically related fatty acids and TO (Fig. 6) (3,
4). We found that there was a tendency for the reduction induced
by these lipids on BP to be correlated with the in vitro effect on
the L-to-HII phase transition (r ⫽ 0.67; P ⫽ 0.07; n ⫽ 8) (Fig. 6A).
The failure to identify a significant relationship was mainly
caused by the anomalous behavior of soybean oil, which did not
reduce BP to the same extent as it regulated the membrane
structure. However, the digestion by lipases of both olive and
soybean oils results in the release of free fatty acids. Therefore,
the differences in the hypotensive effects of olive and soybean oil
were most likely caused by their different OA content. In
agreement with this hypothesis, the correlation between the
reduction in BP and the dose of cis-MUFAs administered to
animals was highly significant (r ⫽ 0.94; P ⬍ 0.001; n ⫽ 8; Fig.
6B). Moreover, we also found significant correlation between the
dose of cis-MUFA fatty acids received and the in vitro effect on
the L-to-HII phase transition (r ⫽ 0.83; P ⬍ 0.01; n ⫽ 8; result
not shown).

Fig. 5. Effects of VOO, TO, and OA treatments on total G protein ␣i2, ␣i3 and ␣q/11 subunits and PKC␤1 levels in aorta. Sprague–Dawley rats received vehicle
(V), VOO (2 g䡠kg⫺1), TO (1 g䡠kg⫺1), or OA (1 g䡠kg⫺1) p.o. every 12 h for 14 days. Insets show representative immunoblots of aortic G protein ␣i2 (A), G protein subunit
␣i3 (B), G protein subunit ␣q/11 subunit (C), and PLC␤1 (PLC␤1a ⫹ PLC␤1b) (D) after vehicle, VOO, TO, or OA administration. The amount of total protein loaded
was 24 g for G␣i2, ␣i3, and ␣q/11 subunits and 80 g for PLC␤1. The columns represent the mean ⫾ SEM (n ⫽ 5) of total protein levels quantified against standard
curves and normalized to the protein content from vehicle-treated rats (taken as 100%). *, P ⬍ 0.05 and **, P ⬍ 0.01 vs. vehicle-treated rats (ANOVA).

supporting the beneficial action of high-OA-containing diets on
human health (Fig. 4).
Molecular Mechanisms Involved in the Hypotensive Effects of Olive
Oil. The intensive intake of VOO increases the cis-MUFA levels

in cell membranes (16, 17), which augments the nonlamellarphase propensity of the membranes (2, 3). By contrast, transMUFA and saturated fatty acids do not significantly change the
membrane curvature strain. The ‘‘molecular shape’’ of lipids (33)
in part explains their different effects on membrane structure
and cell physiology. The presence of the nonlamellar-prone lipid,
OA, in the lipid bilayer induces a decrease in the surface packing
of phospholipid headgroups (34, 35). In turn, this favours the
docking of certain peripheral signaling proteins involved in the
control of BP (e.g., G proteins and PKC) (5, 25). In this scenario,
bulky isoprenyl moieties, such as those found through the
posttranslational modification of the G␥ subunits of trimeric G
proteins, can be inserted into membrane microdomains with a
loose surface packing (i.e., high nonlamellar-phase propensity),
whereas they are excluded from microdomains with tight packing
such as lipid rafts. G protein heterotrimers prefer HII-prone
regions, whereas G␣i monomers prefer lamellar-prone structures (e.g., lipid rafts) where myristic and palmitic acids (saturated fatty acids) can be readily inserted (25). These preferences
may account for the reduction in G␣ proteins observed in
membranes of animals that have a high OA intake. Thus,
membrane microdomains with different lipid structures probably act as cell signaling platforms with specific and divergent
functions.
Unlike its analogues, elaidic and stearic acid, OA regulates
membrane lipid structure in 3T3-cells and the ␣2-adrenergic
receptor system involved in the control of BP ( ␣ 2A/D adrenoreceptor/G protein/adenylyl cyclase-cAMP/PKA) (1).
13814 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0807500105

Moreover, we have shown that this signaling pathway can also be
regulated in vivo, because the structural analogue of OA (2hydroxyoleic acid) reduces BP. Indeed, this hypotensive effect
can be reversed in rats by administration of the PKA blocker
Rp-8-BrcAMP, which affects the last protein in this canonical
signaling cassette (19). Together, these results indicate a direct
relationship between the composition and structure of lipid
membranes and BP regulation, which is supported by the relationships we have shown here. In addition, the results provide a
rational bases for the positive (in the case of cis-MUFA) or
negative effects (in the case of trans-MUFA and saturated fatty
acids) that diets enriched in different lipids might have on
cardiovascular health.
It was previously shown that human hypertensive subjects have
altered levels of membrane lipids and G proteins (27), and that
long-term olive oil intake reduces the membrane concentrations
of G proteins (17). In the present study, we observed a similar
effect in rats treated with VOO, TO, and OA, indicating that the
adaptive mechanism is ultimately triggered by OA. All of these
lipids induced reductions in the levels of G␣i2, G␣i3, G␣q/11, and
PLC␤. Moreover, this down-regulation of vascular smooth muscle of vasoconstrictory proteins, G␣q/11 and PLC␤, is associated
with a decrease in the levels of the second messengers, inositol
phosphate, diacylglycerol, and Ca2⫹ (36). Interestingly, OA
inhibits inositol-(1, 4, 5)-triphosphate and diacylglycerol production, with a concomitant blockage of Ca2⫹-mediated cell signaling (37). These second messengers are produced from phosphatidylinositol by PLC␤, and their reduced concentration in cells
would be in agreement with a decrease in the levels of the
enzyme, as shown in this work. Similarly, rats treated with OA,
TO, and VOO express significantly less inhibitory G␣i proteins
(Gi2 and Gi3) in the aorta. The net result is an enhancement of
the vasodilator pathway ␣2-adrenoreceptor/G protein/adenylyl
Terés et al.

a hypotensive effect. For this reason the correlation between the
reduction of BP and L-to-HII phase transition temperature was
not significant. If the effect of soybean oil is disregarded, we can
indeed demonstrate a statistically significant correlation between BP and the L-to-HII phase transition temperature (r ⫽
0.89; P ⬍ 0.01; data not shown). Moreover, the correlation
between the reduction of BP and the dose of cis-MUFA administered (considering also soybean oil) was also highly significant
(r ⫽ 0.94; P ⬍ 0.001; n ⫽ 8), strongly supporting the hypothesis
presented.
Thus, the present work partially unravels the molecular mechanisms involved in the beneficial effects of olive oil in the control
of BP and the molecular basis of its favorable effects on human
health. Although other minor component of VOO could also
have some positive action on cardiovascular health, we have
demonstrated that the beneficial effects of OA-enriched diets
can be explained by the principles of ‘‘membrane-lipid therapy’’
(43). These principles would not only apply to cis-MUFA but also
to the beneficial effects of -3 fatty acids and the detrimental
action of excessive intake of saturated and transunsaturated fats.

Fig. 6. Correlations between BP reductions (mmHg) and decrease of L-to-HII
phase transition temperature (°C; A) or the dose of cis-MUFA (g/kg) administered to animals (B). Each numbered point represents the treatment: treatment 1, VOO; treatment 2, 2-hydroxyoleic acid; treatment 3, TO; treatment 4;
OA; treatment 5, stearic acid; treatment 6; vehicle; treatment 7, elaidic acid;
treatment 8, soybean oil. Solid lines represent the regression of the correlations, whose correlation coefficients (r) and statistical significance (P) are
shown in both cases.

cyclase-cAMP/PKA that provokes a lowering of the BP and
limits the effects of other vasoconstriction pathways (18, 19).
Accordingly, deficient AC activity in vascular cells, caused by
altered G protein levels and function, diminishes intracellular
cAMP levels, a hallmark of hypertension in humans (38, 39) and
in experimental animal models (30). Indeed, a rise in the
expression of inhibitory Gi proteins in the aorta of hypertensive
animals precedes the development of high BP, which is probably
a major contributory factor in the pathogenesis of hypertension
(29, 30, 40, 41). In addition, 2-hydroxyoleic acid regulates
transient outward K⫹ current in cardiomyocytes, which might be
associated with the cardioprotective effects of cis-MUFA (42).
Furthermore, these studies all support a relationship between
lipid structure, cell signaling, and BP.
Concluding Remarks: Membrane-Lipid Structure in the Regulation of
BP. High intake of the nonlamellar prone fatty acid, OA (and

structurally related analogues or precursors, such as 2-hydroxyoleic acid, VOO, and TO), increases the concentration of cisMUFA in membranes. This concentration regulates the localization, activity, and expression of important signaling molecules
in the adrenergic receptor pathway, enhancing the production of
vasodilatory stimuli (e.g., cAMP and PKA) and restricting
vasoconstriction pathways (inositol-triphosphate, Ca2⫹, diacylglycerol, and Rho kinase) (19).
Like TGs, soybean oil increases the in vitro HII propensity in
model membranes and thus, it could a priori have hypotensive
properties. However, oils are readily degraded by lipases, so that
the amounts of OA received by cells are insufficient to produce
Terés et al.

Preparation of Aortic Homogenates. Frozen aortas were ground in a glass
mortar by using liquid nitrogen. The resulting powder was homogenized
(1:10, wt/vol) by using a tissue blender (Ultra-Turrax; Janke & Kunkel) in
ice-cold 10 mmol/liter Tris䡠HCl buffer, pH 7.5, containing 1 mmol/liter EDTA,
1% SDS, 1 mmol/liter PMSF, and 5 mmol/liter iodoacetamide. The homogenate
was incubated for 30 min at room temperature and then submitted to
ultrasound in a Branson Sonifier (W/450D) for 10 s at 50 W. Samples were then
centrifuged for 15 min at 1,000 ⫻ g and 4°C, and 30-l aliquots were removed
from the resulting supernatant to assess the total protein present. The remaining supernatant was mixed with electrophoresis loading buffer [120
mmol/liter Tris䡠HCl (pH 6.8), 4% SDS, 50% glycerol, 0.1% bromophenol blue,
and 10% ␤-mercaptoethanol], boiled for 5 min, and used for immunoblotting
experiments.
Immunoblots and the Quantification of Membrane-Associated Signaling Proteins. Quantitative immunoblotting of G proteins (G␣i2, G␣i3, and G␣q/11) and
PLC␤1 in aorta homogenates from Sprague–Dawley rats was performed after
PNAS 兩 September 16, 2008 兩 vol. 105 兩 no. 37 兩 13815
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Materials and Methods
Animals, Treatments, and BP Measurements. Female Sprague–Dawley rats or
SHRs weighing 230 –250 g (Charles River Laboratories) were kept at a constant
temperature (24 ⫾ 1°C) with a 12-h dark/light cycle. All rats were fed during
the experiments with chow A04 purchased from Panlab, which contains 0.04%
palmitic acid, 0.13% palmitoleic acid, 0.65% OA, 1.39% linoleic acid, and
0.13% linolenic acid. Animals were randomly divided into seven groups (n ⫽
10 animals per group), and they received per oral (p.o.) administration every
12 h for 14 days of soybean oil (2 g䡠kg⫺1; R.P. Sol Natural), VOO (2 g䡠kg⫺1; Batlle
Hermanos), TO (1 g䡠kg⫺1), OA (1 g䡠kg⫺1), elaidic acid (1 g䡠kg⫺1), stearic acid (1
g䡠kg⫺1; Sigma), or vehicle (water). In another series of experiments, male SHRs
(250 –300 g; Charles River Laboratories) were treated with VOO (2 g䡠kg⫺1) or
vehicle, and BP was measured before treatment (day 0, basal values) and on
days 4, 6, 8, 11 and 14 of the treatments. In a different series of experiments,
SHRs were treated with OA, stearic acid, elaidic acid (1 g䡠kg⫺1), or vehicle
(control), and BP was measured before treatment (basal BP) and at the end of
14-day treatments. We always used 10 SHRs per group.
Sprague–Dowley rats were used because they constitute a valuable model
with little variability, appropriate to study the regulatory effects of fatty acids
on BP (18). On the other hand, SHR is a well known model of hypertension (19),
used in the present work to determine whether VOO might be useful to
control high BP in human hypertensive subjects. The animals’ body weight, BP,
and heart rate were measured 2 h after each administration. BP and heart rate
were measured by using a tail-cuff device connected to a computerized
oscillometer (Nyprem system 645; Cibertec). This noninvasive method allows
repeated measurements throughout the treatment period (44). In one series
of experiments, Sprague–Dawley rats received a single p.o. administration of
compound at the doses indicated above (acute treatments), and BP and heart
rate were measured 2 h after administration. After the final measurement, the
rats were killed by decapitation, and their aortas were dissected out and
immediately frozen in liquid nitrogen before being stored at ⫺80°C. All
experiments were carried out in accordance with the guidelines laid down by
the European Union and the Institutional Committee for Animal Research.

chronic treatments as described (18). The polyclonal antisera against G␣i3 and
G␣q/11 were obtained from Santa Cruz Biotecnology and that against G␣i2
was from PerkinElmer, and the anti-PLC␤1 antiserum was from BD Biosciences/
Transduction Laboratories. Quantification of the immunoblots was performed by image analysis, using standard curves with four points of different
protein content loaded on the same gels (i.e., total protein loaded vs. integrated optical density) as described (45). The quantification procedure was
repeated at least three times for each sample on different gels. Values were
normalized to the protein content of vehicle-treated rats (control, 100%).
Differential Scanning Calorimetry. Differential scanning calorimetry was performed on an MCS-DSC microcalorimeter (OriginLab) at a scan rate of 0.5
K/min as described (46). In brief, DEPE (5 mM) was dissolved in chloroform in
the presence or absence of different concentrations of soybean oil and olive
oil in a proportion of 20:1 (DEPE/oil, mole/mole assuming that the oils had the
molecular weight of TO). The solvent was removed under an argon flux and
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4. Barceló, F, et al. (2004) The hypotensive drug 2-hydroxyoleic acid modifies the structural properties of model membranes. Mol Membr Biol 21:261–268.
5. Martı́nez J, et al. (2005) Membrane structure modulation, protein kinase C ␣ activation,
and anticancer activity of minerval. Mol Pharmacol 67:531–540.
6. Menotti A, et al. (1990) Twenty-five-year mortality from coronary heart disease and its
prediction in five cohorts of middle-aged men in Finland, The Netherlands, and Italy.
Prev Med 19:270 –278.
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