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Abstract

:

The atherogenicity of low-density lipoprotein (LDL) and triglyceride-rich lipoproteins (TRLs) may be more significant than LDL cholesterol levels. Clinical trials which have led to increased high-density lipoprotein (HDL) cholesterol have not always seen reductions in cardiovascular disease (CVD). Furthermore, genetic variants predisposing individuals to high HDL cholesterol are not associated with a lower risk of suffering a coronary event, and therefore HDL functionality is considered to be the most relevant aspect. Virgin olive oil (VOO) is thought to play a protective role against CVD. This review describes the effects of VOO and phenol-enriched VOOs on lipoprotein atherogenicity and HDL atheroprotective properties. The studies have demonstrated a decrease in LDL atherogenicity and an increase in the HDL-mediated macrophage cholesterol efflux capacity, HDL antioxidant activity, and HDL anti-inflammatory characteristics after various VOO interventions. Moreover, the expression of cholesterol efflux-related genes was enhanced after exposure to phenol-enriched VOOs in both post-prandial and sustained trials. Improvements in HDL antioxidant properties were also observed after VOO and phenol-enriched VOO interventions. Furthermore, some studies have demonstrated improved characteristics of TRL atherogenicity under postprandial conditions after VOO intake. Large-scale, long-term randomized clinical trials, and Mendelian analyses which assess the lipoprotein state and properties, are required to confirm these results.
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1. Introduction


Large epidemiological studies in the 70th decade demonstrated a positive association between low-density lipoprotein (LDL) cholesterol (LDL-c) and cardiovascular disease (CVD), as well as a negative association with high-density lipoprotein (HDL) cholesterol (HDL-c) [1,2]. The association between LDL-c and CVD was first proved through a large number of randomized trials with statins, the more used cholesterol lowering drugs, and then validated by Mendelian randomization studies [3,4]. LDL is the main carrier of circulating cholesterol to the target vascular cells; hence, circulating LDL-c is a valuable indicator of the amount of lipid accumulation in the arterial wall. However, it has been found that not all LDL circulating in human blood is atherogenic; native LDL, the non-modified LDL, does not necessarily cause lipid accumulation in the arterial wall, rather it is caused by a build-up of LDL-heterogeneous modifications over time [5].



The first modification in LDL particles, conferring its atherogenic properties, is the loss of acid sialic residues (desialylation) in the apolipoprotein B (apoB), which is then followed by more LDL modifications [6]. These modifications include changes in LDL composition and particle size. The increase of triglyceride (TAG) content and the decrease in all forms of cholesterol content make the LDL particle less stable; it can no longer be recognized by classical LDL receptors, but by macrophage scavenger receptors, thereby enhancing foam cell formation [7]. These changes in the lipid content determine the LDL size, causing small high densityparticles, which are strongly correlated with an atherogenic profile and incidence of cardiovascular events based on prospective study populations [8,9]. In addition, electrochemical modifications of LDL contribute toatherosclerosis. The oxidation of LDL particles, which includes heterogeneous oxidative changes in lipids and apoB, is the most studied and well established cause of atherosclerosis by LDL (Scheme 1).



Other atherogenic lipoproteins are triglyceride-rich lipoprotein (TRL), being chylomicron (CM), and very-low density lipoprotein (VLDL), the most abundant. Dietary lipid components are absorbed by enterocytes and carried in CM, and are then secreted into lymph and pass into the bloodstream. CM is exposed to lipolysis by lipoprotein lipase (LPL), which removes a significant part of their triacylglycerol (TAG) and forms smaller CM remnants, which mostly deliver the remaining TAG, cholesterol, and other lipids to the liver. CM and VLDL are too large to penetrate into the arterial intima, and only their remnants penetrate into the arterial intima and accumulate in the atherosclerotic plaque [10]. It has been demonstrated that CM remnants can cross the endothelial barrier and enter the arterial wall.



The concentration of apoB-48, the main apolipoprotein of TRL, is increased in early atherosclerosis and correlates with carotid intima-media thickness [11,12]. In studies of atherosclerotic plaque content in humans and mice, high levels of apoB-48 and apoB-100 lipoproteins have been observed, supporting the potential atherogenic role of TRLs [10,13]. One of the main mechanism involved in TRL-mediated atherogenicity is the promotion of macrophage foam cells formation, which can be exacerbated by some metabolic diseases such diabetes [14].



Another lipoprotein is HDL; HDL-c has been reported to be a strong, independent, and inverse predictor of CVD risk in many epidemiologic studies. Nevertheless, the failure of cholesteryl ester transfer proteins (CETP) inhibitors in clinical trials has generated considerable speculation about the beneficial effects of HDL [15,16]. Current data indicate that increased HDL-c levels do not always correlate with enhanced HDL functions and, therefore, should not be considered a biomarker of HDL functionality [17,18]. In addition, Mendelian randomization studies have not shown any causal effect between genetic variants that cause high HDL-c levels and the risk of myocardial infarction [19]. HDL, and mainly apoA-I, has a direct anti-inflammatory action in vascular vessels. In general terms, HDL decreases pro-inflammatory cytokine levels such as tumor necrosis factor alpha (TNFα), interleukin 6 (IL-6), and IL-8, and also inhibits the cytokine-induced expression of adhesion molecules (vascular cell adhesion molecule 1 (VCAM-1) and intercellular cell adhesion molecule 1 (ICAM-1)) [20].



HDL also has a double antioxidant function: it protects LDL against oxidation and attenuates the biological activity of oxLDL. The protein content of HDL determines and modulates the antioxidant action. Three of the enzymes and apolipoproteins have relevant roles: apoA-I, paraoxonase type 1 (PON1), and platelet-activating factor acetylhydrolase (PAF-AH). ApoA-I has the ability to remove oxidant LDL molecules in circulation, decrease the activity of hydroperoxides, and transport and stabilize the antioxidant enzymes (PON1 and PAF-AH) included in HDL particles [21]. PON1 is an enzyme that reduces the levels of oxidized lipids and mostly maintains the antioxidant capacity of HDL inhibiting its oxidation [22]. In mice models, PAF-AH showed an antioxidant role, but in human studies it has been correlated more with anti-inflammatory than with antioxidant activities [23]. In addition, lecithin:cholesterolacyltransferase (LCAT) may prevent the accumulation of oxidized lipids in plasma lipoproteins [24].



In addition, HDL is an important vasoprotective agent. Endothelial dysfunction, with reduced NO production, is a key factor for the perpetuation of atherosclerosis [25]. This endothelium dysfunction can be counteracted by HDL, which stimulates the release of NO and prostacyclin in endothelial cells. Consequently, NO increases vasodilatory activity [26,27] through various mechanisms such as the inhibition of platelet aggregation and adhesion, the modulation of smooth muscle cell proliferation, and the reduction of leukocyte adhesion [28]. HDL particles also have other functions, such as anti-apoptosis, cytoprotective, and anti-thrombotic [29,30]. Furthermore, HDL can protect against infections and endotoxic shock, and can improve the glucose metabolism [31,32,33].



HDL functionality can be affected in a number of ways. The accumulation of oxidized phospholipids can cause a decrease in anti-inflammatory and antioxidant functions. The action of myeloperoxidase on apoA-I can lead to dysfunctional HDL [34]. Some pathological states can also disrupt the function of HDL; the acute-phase response of inflammation causes a decrease in the levels of both HDL and apoA-I, an enrichement of TAG, and it reduces the macrophage cholesterol efflux [35]. In inflammation states, HDL loses some of these anti-inflammatory functions as a consequence of content enrichment with serum amyloid A, an acute-phase reactant during both acute and chronic inflammation [36]. HDL remodelling during inflammation also leads to a loss of some antioxidant enzymes such as PON1 and PAF-AH, causing an increased peroxidation of LDL [37].



In addition, alterations in the metabolism of HDL, concrete HDL-remodeling enzymes, and lipid transfer proteins, can affect HDL functionality. Free cholesterol is converted into cholesteryl ester within the HDL particle by the action of LCAT and generates mature αHDL, while phospholipid transferprotein (PLTP) contributes to the maintenance of HDL levels in plasma and generates nascent preβ-HDLparticles. HDL-cholesteryl ester can be transferred to apoB-containing lipoproteins by CETP and is returned to the liver through their specific receptors. Therefore, changes in the activities of LCAT, PLTP, and CETP will alter the HDL composition and subclass distribution, both of them intimately related with HDL functions.



Several studies have explored the relationship between HDL subclass distribution and CVD. A number of population studies have observed that large particles (HDL2) may be more cardioprotective than small ones (HDL3) [38,39]. Low levels of HDL2 and/or high levels of HDL3 are described in CVD [40,41,42] and diabetes [43]. Although a number of in vitro experiments have shown similar effects with HDL3 and HDL2,, increased circulating HDL3 may indicate an aberration in the maturation of HDL and in the RCT or a pro-inflammatory state of the lipoprotein [44]. In this sense, the results also suggest that HDL2 is more effective in promoting cholesterol efflux via SR-B1 [45,46] and ABCG-1 transporters. The HDL composition and HDL monolayer fluidity are also related to the HDL functionality. It has been observed that an HDL rich in TAG has an apoA1 prone to be unbound from HDL and with less ability to promote cholesterol efflux [47]. A lower cholesterol/phospholipids ratio is also related to a higher cholesterol efflux via the aqueous diffusion pathway [48]. Regarding HDL monolayer fluidity, a number of studies have argued that HDL with a higher fluidity is able to enhance cholesterol efflux [49].



Virgin olive oil (VOO) is the primary source of fat in the Mediterranean diet (MD). This type of diet improves the lipid profile (with an increase in HDL-c), decreases LDL oxidation, and reduces the total mortality risk [50,51,52]. In addition, our group observed that VOO increased HDL-c and decreased in vivo lipid oxidative damage in a dose-dependent way with olive oil phenolic compounds (OOPCs) [50]. In this context, the beneficial effects on the lipid profile of functional OOs enriched with PCs are to be expected. Taking into account these lipid profile improvements, an increase of HDL functionality and a decrease of LDL and TRL atherogenicity are also to be expected with VOO/enriched-OO consumption. The aim of this review is to report evidence of the benefits of the consumption of VOO and PC-enriched olive oil on the LDL and TRL atherogenicity as well as on HDL atheroprotective functions.




2. Virgin Olive Oil (VOO) and Phenol-Enriched VOOs


The Mediterranean dietary pattern is a plant-based diet rich in unsaturated fat and in various antioxidants, and lower in saturated fats. It is characterized by the consumption of VOO, nuts, plant foods, poultry, fish, moderate quantities of wine at meals, and the restriction of red and processed meat, and sweets [53]. Although strong epidemiological evidence supports the beneficial health effects of the MD, clinical trials are scarce. The PREDIMED clinical trial, a large clinical trial of the MD, demonstrated MD-mediated improvements to: a) a number of cardiovascular risk factors (classical and emerging), including: blood pressure, insulin sensitivity, lipid profile (increased HDL-c and decreased oxLDL), inflammation, oxidative stress, and carotid atherosclerosis; and b) hard-point clinical events such as the cardiovascular and total mortality risk [50,51,52].



The major compounds of OO are fatty acids (98%), and the minor compounds include sterols, alcohols, hydrocarbons, volatile compounds, and phenolic compounds (PCs) (Table 1). The principal PCs of VOO are phenolic acids, flavonoids, lignans, phenolic alcohols, and seicoroids. VOO is obtained by direct pressing or centrifugation of the olives, and it is rich in PCs (around 150-400 ppm is typical of those currently on the market).Refined OO is the OO obtained after the refining process of VOO with more acidity than 3.3 grams for every 100 grams (2.0 in the EU). In this process, some OO compounds, principally PC but also squalene, are lost [54].



In 2011, the European Food Safety Authority (EFSA) released a health claim about the beneficial effects of an intake of 5 mg/day of PC hydroxytyrosol and its related-compounds on the oxidation of LDL [55]. However, the phenolic content of the majority of OOs in the market does not achieve this quantity of PC. In this sense, phenol-enriched VOOs and functional VOO are a strategy to increase the phenolic content of VOO without increasing the amount of fat. In addition, OOs enriched with complementary phenols can obtain more beneficial effects, according to their structure/activity relationship, and can avoid the reversion of antioxidants to pro-oxidants [56,57,58].




3. Effects of VOO and Phenol-Enriched VOOs on LDL Atherogenicity


The LDL particle size, degree of LDL oxidative modifications, LDL resistance against oxidation, and LDL cytotoxicity appear to be the main determinants of LDL atherogenicity. The LDL particle number (LDL-P)/HDL-P ratio has the strongest independent association with CVD, permitting significant net reclassification improvements in American Heart Association/American College and Cardiology CVD risk scores [59].



A traditional MD intervention enriched with VOO was tested in humans at a high-cardiovascular risk. The diet induced a reduction of oxLDL [51], LDL resistance against oxidation, a decrease in the degree of LDL oxidative modifications, an increase in the LDL particle size, and a reduction of the LDL particles cytotoxicity. However, in the same study, a traditional MD intervention enriched with nuts did not change these LDL traits [60].



In a long-term intervention, one natural VOO, rich in PCs (366 mg/Kg), produced a decrease in plasma apoB-100 concentrations and the number of total and small LDL particles, whereas VOO with a low phenolic content increased these parameters in healthy volunteers. This VOO also increased the resistance of LDL to oxidation [61]. The same study reported a linear decrease in oxLDL in line with the phenolic content of the OO [50]. In this regard, a three-week intervention of extra VOO decreased lipo-peroxides and conjugated dienes, increased LDL susceptibility to oxidation in the lag phase, and decreased LDL susceptibility to oxidation in the maximum diene conjugated production, in comparison with a virgin argan oil intervention [62]. In this sense, 50 mL of VOO during three weeks reduced oxLDL and lipid-peroxides levels in 40 males with cardiovascular heart disease [63]. Furthermore, the long-term consumption of a polyphenol-rich water extract of olives, which was generated during OO production, also reduced oxLDL in healthy young men [64]. Another long-term intervention of functional VOO enriched with PCs from thyme and OO (FVOOT; 500 ppm) reduced the LDL-P/HDL-P ratio. A further long-term intervention with OOPC-enriched VOO (500 ppm) also decreased the number of LDL-P and particles that contained apoB-100 compared with VOO and FVOOT. After this OOPC-enriched VOO intervention, a decrease in small LDL particles was observed when compared with FVOOT, and the LDL particle size decreased when compared with VOO and FVOOT [65], indicating that a PC source could lead to differential improvements in some LDL atherogenic parameters.



In addition, in a subsample of the same study, a decrease in oxLDL was also observed after the intervention of the FVOOT [66]. In this regard, various studies have observed a direct correlation between a VOO antioxidant present in LDL and its susceptibility to oxidation, suggesting a protector effect from these antioxidants within the LDL [50,63,67].



Regarding post-prandial studies, in an acute-intake study with pre-/hypertensive patients, oxLDL improved after 30 mL of VOO and OOPC-enriched VOO (961 ppm) [68]. In addition, a decrease in oxLDL was observed after an acute ingestion of phenol-enriched OO (25 g) [69]. Nevertheless, a single dose of VOO (50 mL) increased the oxLDL and lipid-peroxides at 6h post-prandial, in healthy volunteers [70]. In this respect, regarding functional OO, in a post-prandial study with healthy individuals, oxLDL increased after VOO interventions (30 mL) with low- (250 ppm) and high-phenolic (750 ppm) content. Therefore, the quantity ofPCsis a key factor regarding the improvement of the LDL oxidative state under post-prandial conditions in healthy humans. This could be because high doses of antioxidants might revert to pro-oxidants [56,57,58]. In this regard, VOO enriched with complementary phenols (according to their structure/activity relationship) could be a potential option to obtain more healthy effects.



In Table 2, we summarize the clinical trials which analysed the effects of VOO and phenol-enriched VOO on LDL atherogenicity. This research field deserves further investigation.



The three large long-term studies (n = 930, n = 210, and n = 200) demonstrated the decrease of LDL atherogenicity within and outsidethe context of a Mediterranean diet. In fact, in the Eurolive Study [50], the improvement of the LDL oxidation was achieved in a multicentre-project conducted in five European countries. In all the studies, a similar amount of VOO was employed, 25–30 mL of raw VOO/day or 1 L/week of total VOO for the family unit (50 mL of OO for raw and cooking purposes, approximately). In concordance with large studies, the other studies with smaller sample sizes observed similar results.




4. Effects of VOO and Phenol-Enriched OO on Post-Prandial Lipemia


Post-prandial trygliceridemia is a potential independent cardiovascular risk factor [72,73,74]. A postprandial accumulation of TRL indicates greater atherogenicity. Indeed, a delayed clearance of post-prandial TRL has been observed in humans with atherosclerosis [75]. A potential mechanism to explain this is that delayed clearance could give more time for the LPL actionand therefore enhance the production of small CMs that could be retained in the artery wall, enhancing their atherogenicity.



MD rich in OO improve post-prandial lipemia and remnant cholesterol concentrations primarily in patients with type 2 diabetes when compared with a low-fat diet in a large study with 557 subjects [76]. Several reports have evaluated the potential of OO to modulate post-prandial TAG accumulation, generally measured with the area under curve (AUC). Indeed, AUCs of plasma TAG and CMs rich in TAG were higher after a butter meal compared to an OO one in type 2 diabetes patients [77]. In contrast, another study shows that meals containing butter reduce post-prandial lipemia and CM accumulation in the circulation better when compared with meals containing OO or sunflower oil in healthy young men [78], indicating that OO health benefits may be more important in type 2 diabetic patients, possibly because of higher post-prandial lipemia. In this regard, a trend in the reduction of TG AUC was also observed after a high monounsaturated (MUFA) diet (supplemented with VOO) compared to a low fat diet in type 2 diabetes mellitus. However, no differences were observed between the two diets [79].



Interestingly, TAG AUC was higher after the consumption of high oleic sunflower oil in comparison to VOO in normolipemic subjects [80]. Another study also demonstrated that TAG AUC was higher after the consumption of high oleic sunflower oil in comparison to VOO or enriched-VOO in normolipemic subjects. However, no differences were observed between the two VOOs, suggesting that the unsaponifiable fraction does not have any effect on post-prandrial trygliceridemia [81]. In line with these findings, the consumption of pomace olive oil (POO), which is a sub-product of VOO elaboration and which is rich in PCs, did not show any difference from VOO in the TAG AUC [82].



Regarding the TAG composition of TRL particles and their size, large TAG-rich CMs are preferentially hydrolyzed by lipoprotein lipase and then rapidly converted into CM remnants. The fatty acid composition of CMs is an important determinant of CM size and, consequently, its metabolism. Polyunsaturated fatty acids (PUFAs) increase the CM size when compared to saturated fatty acids (SFAs) in humans [83,84]. Studies in experimental models have demonstrated that CMs enriched with n-6 PUFAs can be hydrolyzed more rapidly by lipoprotein lipase than CMs enriched with SFAs, MUFAs, and n-3 PUFAs [85]. Human data have shown that CM contains more TAGs two to four hours after OO (rich in MUFA) and sunflower oil (rich in n-6 PUFA) meals than after butter (rich in SFAs) intake, and that a butter meal induced higher VLDL TAGs than OO or sunflower oil meals in healthy young men [78]. Nevertheless, in post-menopausal women, the consumption of OO resulted in higher concentrations of apoB-48 and a lower TAG/apoB-48 ratio compared to other oils rich in SFAs and PUFAs (fish oil, safflower oil, and a mix of fish and safflower oils). Moreover, a tendency to increase retinyl ester in TRLs was observed after OO consumption [86]. These data indicate that OO MUFAs increase the production of CMs and that they are highly hydrolyzed by lipoprotein lipase. In this context, in overweight patients with type 2 diabetes, a meal supplemented with 80g of OO presented lower levels of plasma TAGs and TAGs in CMs compared to a meal supplemented with butter, indicating that OO could have a positive impact on patients diagnosed with type 2 diabetes [77].



It should be noted that after a VOO meal, CM phospholipids were enriched with oleic acid and n-3 PUFA, but with stearic and linoleic acids after a high-oleic sunflower oil meal [87]. This could indicate that the fatty acid composition of phospholipids can be important for the clearance of TRL in post-prandial conditions. The higher oleic acid levels in the phospholipids of TRL and the lower levels of stearic acid could explain the enhanced hydrolysis of phospholipids and probably the enhanced hydrolysis of VOO TRLs. Therefore, VOO-mediated changes to the composition of phospholipids in TRL may influence lipolysis and TRL uptake by hepatic receptors [87]. Importantly, in healthy young men, POO produced a lower number of TRL particles with a higher TAG concentration and a higher particle size in comparison with refined OO. In addition, after the consumption of POO, particles were rapidly depleted of triglycerides. These data suggest that OOPC could activate the hydrolysis of TAG by LPL [82].



A summary of the clinical trials which analysed the effects of OO, VOO, and phenol-enriched VOOs on post-prandial lipemia is shown in Table 3. The majority of these studies have a reduced sample size (from 8 to 12 subjects), indicating a need for more large studies in this field. Three clinical trials study the effects of natural VOO, while only one assessed the effects of phenol-enriched VOO. The ingestion of these VOOs promoted in general a decrease of TAG AUC.




5. Effects of VOO and Phenol-Enriched Olive Oils on TRLs Atherogenicity


A critical step in the process of circulating TRL removal is the hepatic uptake. As a result, several reports have evaluated the effects of fatty acid intake from different sources on TRL uptake by culture hepatocytes. Indeed, findings from experimental models clearly demonstrate that CM remnant binding and internalization are influenced by TRL fatty acid composition. However, only TRL particles enriched with 3-PUFA (derived from fish oil) appear to be taken up faster than those enriched with saturated fat (derived from palm oil), MUFA (derived from olive oil), or 6-PUFA (corn oil) [88]. Furthermore, the hepatocyte uptake of TRLs derived from human serum after the intake of meals with enriched-VOO was similar to that of VOO. Enriched-VOO affected the molecular species incorporated into chylomicrons in the intestine, but the unsaponifiable fraction of VOO did not affect the hepatic TRL uptake [89].



It should be noted that TRL-like particles enriched in saturated fatty acids or n-6 PUFAs (derived from palm and corn oil) up-regulate the hepatocyte VLDL secretion, whereas those enriched in MUFAs (derived from OO) were unaffected, indicating that MUFAs from TRLs have minor effects on VLDL secretion when they reach the liver [90]. Increasing the unsaponifiable content of VOO did not exert any further effects on lipid accumulation in primary hepatocytes or on the VLDL secretion when compared with the effects of VOO [89].



Previous reports have demonstrated that SFA-enriched meals (butter) usually enhance post-prandial lipid peroxide levels and the inflammatory status of peripheral blood mononuclear cells in the postprandial state compared with meals enriched with MUFA from OO [91,92]. Interestingly, when the potential of VOO and its natural antioxidants on the post-prandial inflammatory response was evaluated in obese subjects, both reduced NF-kB activation and increased IkBα in peripheral blood mononuclear cells, while also reducing the LPS plasma concentration [93].



Minor components from OO may also form part of TRL, thereby permitting interaction with the cells implicated in endothelial dysfunction and atherogenesis. The potential of VOO to alter the post-prandial TRL interaction with human vascular cells was investigated by determining the effects of VOO and high-oleic sunflower oil on the ability of TRL to interact with umbilical vein endothelial and aorta smooth muscle cells [94]. This report provided evidence of the interaction of VOO TRL with human vascular cells. In this context, the effects of the unsaponifiable fraction of VOO on the ability of TRL to modify the production of NO and vasoactive eicosanoids by human endothelial cells were also investigated [81]. TRLs derived from human serum after the intake of meals enriched in high-oleic sunflower oil, VOO, or enriched VOO did not differ in NO release, but enriched VOO TRLs reduced the production of pro-inflammatory and pro-thrombotic substances that play important roles in the dysregulation of vascular reactivity, such as PGE2 and TxB2, when compared with the other dietary oils. However, the authors could not conclude which components of the unsaponifiable fraction of VOO were involved in these effects.



Fatty acid composition may also affect the macrophage TRL uptake and induction of lipid accumulation in macrophage foam cells. SFA- or MUFA-enriched TRL-like particles were taken up more rapidly than those enriched in 3-or 6-PUFAS, and this change resulted in an enhanced lipid accumulation in the case of SFAs, but not for MUFA-rich TRL particles [95]. It should be noted that the exposure of human macrophage THP-1 cells to TRL-like particles enriched with fat from different VOOs induced intracellular lipid accumulation. In addition, linoleic acid-rich extra VOO enhanced lipid incorporation into THP-1 macrophages when compared to that induced by oleic acid-rich VOO [96]. However, the effects of VOO PCs remain unclear.




6. Effects of VOO and Phenol-Enriched VOOs on HDL Characteristics and Metabolism


VOO consumption induces changes in the HDL composition. Indeed, VOO consumption in humans produces a trygliceride-poor core [49] and a rise in the levels of apo-A1 [97] and apoA-IV [98]. This apoA-IV increment has also been reported in hypercholesterolemic apoE-deficient mice after a VOO-rich diet [99]. An increase of apo-A1 was observed after an MD supplemented with VOO when compared to MD supplemented with nuts [100]. In contrast, a decrease of apo-A1 after an MD has also been describedwhen compared to a saturated diet [101]. In this regard, it could indicate aparallel increase in the HDL particle count after the Mediterranean diet. Studies have shown that VOO improves the HDL monolayer fluidity in healthy humans [49,102]. In this regard, VOO interventions also modify the HDL subclass distribution and particle numbers. It has been reported that a three-weeks consumption of VOO in healthy individuals induces an increasing trend in HDL particle numbers [49]. In addition, a VOO [49] and MD with VOO [103] were observed to increase large HDL particles (HDL2) in humans. Similar results were also found in rats after supplementation with OOPCs [104]. Long-term VOO consumption also decreased small HDL particles (HDL3) and was able to incorporate OO metabolites into HDL in healthy humans [49]. A FVOOT (500 ppm) also increased levels of HDL2 and decreased HDL3 in hypercholesterolemic volunteers. It also improved the HDL composition, increasing the esterified cholesterol/free cholesterol and phospholipids/free cholesterol ratios in HDL [105]. Taken together, these findings indicate that VOO and phenol-enriched VOOs improved the HDL size and composition.



A number of studies have reported the effects of VOO on the main HDL-remodeling enzymes and lipid transfer proteins. CETP and LCAT did not change after a sustained VOO intervention in healthy humans [49]. Similarly, a sustained OO intervention of 60 ml/day in males with mild hypertension did not change these enzymes [106]. In line with these findings, dietary oleic acid had no effects on LCAT versus corn oil in hamsters [107]. Again, a nine-weeks intervention of a cholesterol-enriched diet with OO (200 g/kg) in hamsters showed no differences in LCAT, CETP, or PLTP [108]. After a post-prandial intervention of VOO (7 mL) in rats, PLTP hepatic gene expression increased, although LCAT gene expression did not change [109]. In contrast, squalene (1 g/kg) raised the LCAT hepatic expression in apoa1- and apoe-deficient mice [110]. Overall, these findings indicate that VOO and their PCs may alter the HDL size by increasing the number of large HDL particles. However, this effect seems associated with the apoA-1 composition rather than with any effects on the main HDL remodeling enzymes and lipid transfer protein activities.




7. Effects of VOO and Phenol-Enriched VOOs on HDL-Mediated Cholesterol Efflux Capacity


Macrophage cholesterol efflux capacity is considered the main clinically atheroprotective property of HDL. An altered cholesterol efflux could reflect the presence of subclinical CVD better than HDL-c levels [111,112].



Our group showed for the first time and provided the first level of evidence that the intake of a real-life VOO dose (366mg/kg) improved cholesterol efflux in humans [49]. Our group also demonstrated that FVOOT (500 ppm) increased cholesterol efflux compared with an OOPC-enriched VOO (500 ppm) in hypercholesterolemic patients. However, this increment was not observed when compared to the baseline or to a natural VOO. It was also observed that HDL fluidity, ApoA-I, and the oxidative status are the principal determinants for cholesterol efflux after consumption periods independently of the kind of VOO consumed [113].



An intervention with a traditional MD, in the frame of the PREDIMED study, also increased cholesterol efflux in humans at cardiovascular risk [114]. Specifically, the augmentation of the intake of VOO, whole grain, and fish (achievable through a regular diet) were associated with improvements in the HDL cholesterol efflux capacity in subjects at high cardiovascular risk [115]. PCs and fatty acids are potent ligands of the PPARs family and other nuclear factors involved in RCT. Additionally, in this regard, few studies have analyzed the direct effect of VOO on the cholesterol efflux-related gene expression profile. Hydroxytyrosol, the main PC from OO, has been demonstrated to enhance the peroxisome proliferator-activated receptors (PPARα and PPARγ) of gene expression in 3T3-L1 adipocytes [116]. In humans, a post-prandrial VOO intervention of 50 mL augmented the expression of MED1 and CD36 in peripheral blood mononuclear cells [70]. The ATP-binding cassette transporter A1 (ABCA1) and ABCG1 increased in a long-term non-controlled clinical trial with VOO in healthy individuals, whereas this intervention reduced the expression of SCARB1 in human macrophages [102]. However, a long-term diet intervention rich in VOO did not show any enhancement of ABCA1 in peripheral blood mononuclear cells in healthy volunteers [117].



An increase of cholesterol efflux-related gene expression in peripheral blood mononuclear cells was observed after an intervention with a FVOOT (500 ppm) in hypercholesterolemic individuals; concretely, FVOOT upregulated CYP27A1, CAV1, LXRβ, RXRα, and PPARβ/δ. In addition, gene expression in the white blood cells of the cholesterol efflux transporter genes ABCA1, scavenger receptor B1 (SCARB1), and some transcription factors related to the peroxisome proliferator-activated receptors (PPARα, PPARγ, PPARβ/δ, and MED1), also increased after an acute intervention of an OOPC-enriched VOO (961 mg/kg) in pre-/hypertensive patients when compared with a control VOO (289 mg/kg) [68]. Taken together, these findings indicate that VOO and phenol-enriched VOOs can up-regulate a number of genes involved in regulating macrophage cholesterol efflux.




8. Effects of VOO and Phenol-Enriched VOOs on HDL Antioxidant Activity


The potential of VOO to improve the ability of HDL particles to protect against LDL oxidation has been investigated in several reports. This capacity is important because oxLDLs are a key trigger for the onset of atherosclerotic plaque [118].



VOO (concretely, the OOPC) intake has been dose-dependently associated with a reduction in oxLDLs in vivo [50]. Part of this protection could be produced for an induction of the HDL antioxidant function. Indeed, it has been reported that a VOO-rich diet increased HDL antioxidant activity in hypercholesterolemic apoE-deficient mice with spontaneous atherosclerosis development [118]. In addition, a VOO-rich intervention augmented the main PON1 antioxidant activity in healthy men [62]. A FVOOT consumption also augmented the PON1 activity in hypercholesterolemic individuals [105]. In this context, the LCAT mass was found to be increased after this intervention in hypercholesterolemic individuals, but the PAFH activity did not show any increment after VOO or phenol-enriched VOOs [105]. It should be noted that VOO intake was able to improve the apoA-I functionality in HDL lipoproteins, preventing protein oxidation and leading to a more stable conformation of apoA-I in HDLs [49]. These characteristics may also improve HDLs’ capacity to pick up oxidized lipids [119].




9. Effects of VOO and Phenol-Enriched VOOs on HDL Anti-Inflammatory Capacity


HDL lipoproteins have anti-inflammatory activities which could reduce the chronic inflammatory response in the arterial wall, avoiding later LDL accumulation [120]. HDL particles also reduce monocyte enhancement and adhesion in the endothelium [121], decrease neutrophil activation [122], and also decrease neutrophil signaling via toll-like receptors [123]. VOO consumption has been shown to be highly protective for vascular response and endothelial integrity, as observed in a number of VOO-rich interventions in humans [124,125,126].



The consumption of VOO appears to improve the HDL anti-inflammatory capacity, mainly by increasing the ability of HDLs to block the secretion of ICAM-1 and the adhesion of monocytes to endothelial cells in healthy humans [127]. As reported above, the potential of VOO in regulating PON-1 activity could also improve its anti-inflammatory properties [127]. Inflammatory states increase the content of the acute phase bound to HDLs, transforming the lipoproteins into pro-inflammatory and dysfunctional ones [119]. It has been hypothesized that an antioxidant-rich intervention, such as a VOO one, could decrease the acute-phase protein levels onto the lipoprotein. The consumption of different VOOs [98] and a VOO rich MD [128] could also reduce the content of acute-phase proteins in HDLs, enhancing a less pro-inflammatory lipoprotein status.




10. Effects of VOO and Phenol-Enriched VOOs on HDL Vasoprotective Capacity


VOO consumption has been shown to be highly protective for vascular response and endothelial integrity, as observed in a number of VOO-rich interventions in humans [124,125,126]. HDLs can act as transporters of several derivatives of OOPCs to the endothelial cells where they may prevent oxidative damage in cell mitochondria and preserve the production of NO, as reported in in vitro studies [125,129]. In addition, in healthy individuals, an OOPC intervention activated the HDL capacity to reduce ICAM-1 secretion and monocyte adhesion to endothelial cells [127].



There are no studies reporting the effects of phenol-enriched VOO on the HDL-mediated vasoprotective function. Nevertheless, the acute consumption of an OOPC-enriched VOO in vivo in pre-/hypertensive humans improved the endothelial function, measured as ischemic reactive hyperemia (IRH) [124]. In line with these findings, an acute consumption of functional VOO enriched with its own PCs (500 ppm and 750 ppm) in vivo in healthy humans improved the IRH. In addition, a sustained intake of functional VOOs enriched with their own PC or combined with thyme PC also improved IRH in hypercholesterolemic patients [71].



In addition, systemic biomarkers related to the endothelial and vasoprotective functions have been studied after VOO and functional VOO interventions. The plasminogen activator inhibitor type 1 (PAI-1) and high sensitive C-reactive protein (hsCRP) improved after an acute intervention with VOO and with high-phenolic content VOO in pre-/hypertensive individuals. In these individuals, VCAM-1 was also reduced after a high-phenolic content VOO [124]. PAI-1 was also found to decrease after an acute intervention of low-, medium-, and high-phenolic content VOOs. Endothelin-1 increased and NO decreased after an acute consumption of low- and high-phenolic content VOO. However, a sustained study with phenol-enriched VOOs did not show significant changes in these parameters [71].



Table 4 shows the main clinical trials which analysed the effects of VOO and phenol-enriched VOO on HDL characteristics and functions reported in Section 6, Section 7, Section 8, Section 9 and Section 10. The largest studies (n = 551, n = 296, n = 169) tested VOO in the context of a Mediterranean diet and demonstrated increased HDL2, HDL ability to sterify cholesterol, HDL cholesterol efflux capacity, and HDL antioxidant and vasodilatory activities after VOO consumption in high-cardiovascular risk patients. Changes in HDL composition, HDL monolayer fluidity, and HDL cholesterol efflux-related gene expression were only demonstrated in clinical trials with less sample size (from 13 to 60 subjects). A similar amount of VOO, 25–30 mL of raw VOO/day or 1 L/week of total VOO for the family unit (50 mL of OO for raw and cooking purpose approximately), was used in all the studies described. The enrichment of VOO with OOPC or with complementary antioxidants (OOPC and thyme PC) showed more beneficial effects on HDL function than VOO in hypercholesterolemic and pre-/hypertensive patients, indicating a potential tool for these types of patients. There are no studies assessing the HDL functions on post-prandial state after the consumption of VOO or phenol-enriched VOO, only cholesterol efflux-related gene expression was tested in post-prandial state.




11. Conclusions


Phenol-enriched VOO is a strategy to increase VOO phenoliccontent without increasing its fat content and, therefore, enhances the potential of VOO to improve lipoprotein functions. VOO reduces oxLDL levels in long-term studies, while enhancing its resistance to oxidation. The improvement in lipo-peroxidation is closely associated with the OO phenolic content. VOO enriched with OOPC also reduces the number of LDL-P and atherogenic small LDL particles. OO improves postprandial lipemia, but only in patients with type 2 diabetes; however, OOPCs do not appear to regulate postprandial TAG response. In contrast, VOO and phenol-enriched OO may counteract several atherogenic characteristics of TRL under postprandial conditions, such as its ability to stimulate the production of pro-inflammatory and pro-thrombotic substances and its accumulation in macrophage foam cells. VOO and phenol-enriched VOO also enhance several HDL-mediated atheroprotective functions, including the ability to stimulate macrophage cholesterol efflux and HDL antioxidant and anti-inflammatory properties. Some of these changes are related to dietary VOO effects on HDL size, the up-regulation of several transporters involved in cholesterol efflux, and the increase in HDL antioxidant enzymes.



Strong evidence supports the positive effects of VOO and phenol-enriched VOO in counteracting lipoprotein atherogenicity. Nevertheless, more large-scale and long-term randomized clinical trials to assess the effects of VOO (within the frame of usual diet) on cardiovascular complications and mortality are required, in different populations and individuals with different pathologies.
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Scheme 1. Main LDL traits associated with atherogenic processes. 
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Table 1. Olive oil composition.
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	SAPONIFIABLE FRACTION (about 98%)
	UNSAPONIFIABLE FRACTION (about 2%)





	Monounsaturated fatty acids (55%–83%): oleic acid

 

Polyunsaturated fatty acids (11%–42.5%): linolenic acid, palmitoleic acid, linoleic acid

 

Saturated fatty acids (8%–25.1%): palmitic acid, myristic acid, stearic acid
	Lipophilic phenolics: tocopherols and tocotrienols

 

Hydrophilic phenolics: phenolic acids, phenolic alcohols, seicoroids, lignans, and flavones

 

Volatile compounds

 

Pigments: clorophylls

 

Hydrocarbons: squalene, β-carotene, lycopene

 

Sterols: β-sitosterol, campesterol, estigmasterol

Triterpene and aliphatic alcohols

 

Non-glyceride esters: alcoholic and sterol compounds, waxes
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Table 2. Clinical trials which analysed the effects of VOO and phenol-enriched VOO on LDL atherogenicity.
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Interventions

	
Duration

	
Trial Design

	
Participants

(n and Health Status)

	
Doses

	
OO Effects

	
Reference






	
- MD + VOO

- MD + nuts

- Low-fat control diet

	
1 year

	
Parallel

Randomized

Controlled

	
930,

subjects

	
1 L/week of VOO

210 g/week of nuts

	
MD+VOO:

↓ oxLDL

	
[51]




	
- MD + VOO

- MD + nuts

- Low-fat control diet

	
1 year

	
Parallel

Randomized

Controlled

	
210,

high-cardiovascular risk patients

	
1 L/week of VOO

210 g/week of nuts

	
MD+VOO:

↑ LDL resistance against oxidation

↓ degree of LDL oxidative modifications

↑ LDL particle size

↑ LDL-cholesterol rich particles

↓ LDL particles cytotoxicity

	
[60]




	
- Low-PC VOO (2.7 mg/kg)

- Medium-PC VOO (164 mg/kg)

- High-PC VOO (366 mg/kg)

	
3 weeks

	
Cross-over

Randomized

Controlled

	
200,

healthy men

	
25 mL/d

	
Low-PC VOO > Medium-PC VOO > High-PC VOO:

↓ oxLDL

	
[50]




	
- Virgin argan oil

- Extra VOO

	
21 days

	
Parallel

Randomized

Controlled

	
60,

healthy young men

	
25 mL/d

	
Extra-VOO:

↓ Lipo-peroxides and conjugated dienes

↑ LDL susceptibility to oxidation in the lag phase

↓ LDL susceptibility to oxidation in the maximum diene conjugated production

	
[62]




	
- ROO (14.7 mg/Kg)

- VOO (161 mg/Kg)

	
3 weeks

	
Cross-over

Randomized

Controlled

	
40,

males with stable cardiovascular heart disease

	
50 mL

	
VOO:

↓ oxLDL

↓ lipo-peroxides

	
[63]




	
- Polyphenol-rich water extract microencapsulated

	
4 weeks

	
-

	
35,

healthy young men

	
30 g

	
PC-rich water extract:

↓ oxLDL

	
[64]




	
- VOO (80 ppm)

- OOPC-enriched VOO (500 ppm)

- FVOOT (500 ppm)

	
3 weeks

	
Crossover

Randomized Double-blind

Controlled

	
33,

hypercholesterolemic volunteers

	
25 mL/d

	
FVOOT:

↓ LDL-P/HDL-P

↓ oxLDL (in a subsample)

OOPC-enriched VOO:

↓ LDL-P

↓ apoB100-containing lipoproteins

↓ small LDL particles

↓ LDL particle size

	
[65,66]




	
- Low-PC VOO

(2.7 mg/kg)

- High-PC VOO

(366 mg/kg)

	
3 weeks

	
Cross-over

Randomized

Controlled

	
25,

healthy men

	
25 mL/d

	
High-PC VOO:

↓ plasma apoB-100

↓ total LDL-P and small LDL-P

↑ resistance of LDL to being oxidized

	
[61]




	
- Phenol-enriched extra VOO

- Control oil

	
Acute ingestion

	
Randomized

Controlled

	
22,

healthy volunteers

	
25 g

	
PC-enriched extra VOO:

↓ oxLDL

	
[69]




	
- Moderate OOPC-enriched VOO (289 mg/kg)

- High OOPC-enriched VOO (961 mg/kg)

	
Acute ingestion

	
Crossover

Randomized

Double-blind

Controlled

	
13,

pre-/hypertensive patients

	
30 mL

	
Moderate OOPC-enriched VOO:

↓ oxLDL

High OOPC-enriched VOO:

↓ oxLDL

	
[68]




	
- Low OOPC-enriched VOO (250 ppm)

- Medium OOPC-enriched VOO (500 ppm)

- High OOPC-enriched VOO (750 ppm)

	
Acute ingestion

	
Crossover

Randomized

Double-blind

Controlled

	
12,

healthy subjects

	
30 mL

	
Low OOPC-enriched VOO:

↑ oxLDL

High OOPC-enriched FVOO:

↑ oxLDL

	
[71]




	
- VOO

	
Acute ingestion

	
-

	
11,

healthy volunteers

	
50 mL (44g)

	
VOO:

↑ oxLDL

↑ lipid peroxides

	
[70]








apo: apolipoprotein; AUC: area under curve; CH: carbohydrate; CM: chylomicrons; MUFA: monounsaturated fatty acids; OO: olive oil; P: number of particles; POO: pomace olive oil; PUFA: polyunsaturated fatty acids; ROO: refined olive oil; TAG: tryglicerides; TRL: trygliceride-rich lipoprotein; VOO: virgin olive oil.
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Table 3. Clinical trials which analysed the effects of OO, VOO and phenol-enriched VOO on post-prandial lipemia.
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	Interventions
	Duration
	Trial Design
	Participants (n and Health Status
	Dose
	OO Effects
	Reference





	- MD + OO

- Low fat diet
	3 year
	Parallel

Randomized

Controlled
	557,

type 2 diabetes mellitus patients
	-
	OO:

↓ post-prandial lipemia

↓ remnant cholesterol
	[76]



	- Control meal

- Control meal + butter

- Control meal + OO
	Post-prandial
	Cross-over

Randomized

Controlled
	12,

type 2 diabetes and overweight patients
	100 g of butter

80 g of OO
	OO:

↓ plasma TAG

↓ TAG in CM
	[77]



	- High CH diet

- High MUFA diet (with OO)
	6 weeks
	Cross-over

Randomized

Controlled
	12,

type 2 diabetes mellitus
	High CH diet: 16.3 ± 7.6 g OO/d

High MUFA diet: 55.6 ±4.2 g OO/d
	OO:

↓ TAG AUC
	[79]



	- Test meal + high oleic sunflower oil

- Test meal + VOO

- Test meal + enriched VOO

(oils were mixed with tomato sauce)
	Post-prandial
	Cross-over

Controlled
	10,

normolipidemic subjects
	70 g of OOs
	VOO:

↓ TAG AUC

Enriched-VOO:

↓ TAG AUC
	[81]



	- Control meal

- Control meal + butter

- Control meal + sunflower oil

- Control meal + OO
	Post-prandial
	Randomized

Cross-over

Controlled
	10,

healthy men
	40 g of oils

40 g of butter
	OO:

↑ TAG in CM (2–4h after intervention)

↓ TAG in VLDL
	[78]



	- Test meal + palm oil

- Test meal + safflower oil

- Test meal + mix of fish and safflower oils

- Test meal + OO
	Post-prandial
	Single-blind

Randomized

Cross-over

Controlled
	10,

Post-menopausal women
	40 g of oils
	OO:

↑ apoB-48

↓ TAG/apoB-48
	[86]



	- Test meal + ROO

- Test meal + POO

(oils were mixed with tomato sauce)
	1 week
	Cross-over

Randomized

Controlled
	9,

healthy young men
	70 g of oils
	POO:

No differences TAG AUC

↓ TRL particles

↑ TRL TAG after 2h intake

↓ TRL TAG after 4h intake

↑ particle size

↑ rapid depletion of TAG in particles
	[82]



	- Control meal

- Control meal + VOO

- Control meal + high oleic sunflower oil

(oils were mixed with tomato sauce)
	Post-prandial
	Randomized

Cross-over

Double-blind

Controlled
	8,

normolipidemic men
	70 g of OOs
	VOO

↓ TAG TRL AUC
	[80]



	- Control meal

- Control meal + VOO

- Control meal + high oleic sunflower oil

(oils were mixed with tomato sauce)
	Post-prandial
	Randomized

Controlled

Cross-over
	8,

normolipidemic men
	70 g of oils
	VOO:

↑ oleic acid and n-3 PUFA in CM phospholipid
	[87]







apo: apolipoprotein; AUC: area under curve; CH: carbohydrate; CM: chylomicrons; MUFA: monounsaturated fatty acids; OO: olive oil; POO: pomace olive oil; PUFA: polyunsaturated fatty acids; ROO: refined olive oil; TAG: tryglicerides; TRL: trygliceride-rich lipoprotein; VOO: virgin olive oil.
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Table 4. Clinical trials which analysed the effects of VOO and phenol-enriched VOO on HDL characteristics and functions.
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	Interventions
	Duration
	Trial Design
	Participants

(n and Health Status)
	Dose
	OO Effects
	Reference





	- MD + VOO

- MD + nuts

- Low-fat control diet
	3 months
	Parallel

Randomized

Controlled
	551,

highcardiovascular risk individuals
	1 L/week of VOO

210 g/week of nuts
	MD + VOO:

↑ apo-A1
	[100]



	- Control diet

- MD + nuts

- MD + VOO
	1 year
	Parallel

Randomized

Controlled
	296,

cardiovascular risk patients
	1 L/week of VOO

30g/day of nuts
	MD+VOO:

↑ cholesterol efflux

↓ CETP

↑ HDL ability to esterify cholesterol

↑ PON-1 arylesterase activity

↑ HDL vasodilatory capacity
	[114]



	- Control diet

- MD + nuts

- MD + VOO
	1 year
	Parallel

Randomized

Controlled
	169,

highcardiovascular risk patients
	1 L/week of VOO

30g/day of nuts
	MD + VOO:

↑ HDL2
	[103]



	- Virgin argan oil

- Extra VOO
	21 days
	Parallel

Randomized

Controlled
	60,

healthy young men
	25 mL/d
	Extra-VOO:

↑ PON-1 activities
	[62]



	- Extra VOO

- Argan oil
	3 weeks
	Randomized

Controlled
	60,

healthy volunteers
	25 mL/d
	Extra VOO:

↑ apo-A1
	[97]



	- Low-PC VOO (2.7 mg/kg)

- High-PC VOO (366 mg/kg)
	21 days
	Cross-over

Randomized

Controlled
	47,

healthy men
	25 mL/d (22g)
	High-PC VOO:

↓ TAG in HDL

↑ ApoA1 in HDL

↑ HDL monolayer fluidity

↓ HDL3

↑ OO metabolites in HDL

↑ cholesterol efflux
	[49]



	- Saturated fat-rich diet

- Low-fat diet

- MD diet + VOO
	4 weeks
	Controlled

Cross-over
	41,

normolipidemic men
	-
	MD + VOO:

↓ apo-A1
	[101]



	- VOO (80 ppm)

- OOPC-enriched VOO (500 ppm)

- FVOOT (500 ppm)
	3 weeks
	Cross-over

Randomized

Double-blind

Controlled
	33,

hypercholesterolemic volunteers
	25 mL/d
	FVOOT:

↑ apoA-IV

↑ PON1 activity

↑ HDL2

↓ HDL3

↑ HDL esterified/free cholesterol

↑ HDL phospholipids/free cholesterol

↑ LCAT

↑ cholesterol efflux

↓ acute-phase proteins in HDL

↓ total LDL-P/total HDL-P small

↓ HDL/large HDL

↓ HDL-cholesterol/HDL-P

↑ cholesterol efflux-related genes: CYP27A1, CAV1, LXRβ, RXRα, and PPARβ/δ
	[65]



	- Extra-VOO
	12 weeks
	Non-controlled trial
	26,

healthy volunteers
	25 mL/d
	Extra-VOO:

↑ HDL monolayer fluidity

↑ cholesterol efflux
	[102]



	- Extra-VOO
	12 weeks
	Non-controlled trial
	20,

heathy normolipemic non-smokers volunteers
	25 mL/d
	Extra-VOO:

↑ HDL capacity to reduce ICAM-1 secretion and monocyte adhesion to endothelial cells

↑ anti-inflammatory activity of PON1
	[127]



	- Moderate OOPC-enriched VOO (289 mg/kg)

- High OOPC-enriched VOO (961 mg/kg)
	Post-prandial
	Cross-over

Randomized

Double-blind

Controlled
	13,

pre-/hypertensive patients
	30 mL
	High OOPC-enriched VOO:

↑ cholesterol efflux-related genes: ABCA1, SCARB1, PPARα, PPARγ, PPARβ/δ, and MED1
	[68]







ABCA1: ATP-binding cassette transporter A1; ApoA1: apolipoprotein A1; CAV1: caveolin 1;CETP: cholesteryl ester transfer protein; CYP27A1: cytochrome P450 family 27 subfamily A member 1; ICAM-1: intercellular adhesion molecule 1; LCAT: lecithin:cholesterol acyltransferase; LXRβ: liver X receptor beta; MED1: peroxisome proliferator-activated receptor binding protein; MD: mediterranean diet; OO: olive oil; P: number of particles; PC: phenolic compounds; PPARα: peroxisome proliferator-activated receptor alpha;PPARβ/δ: peroxisome proliferator-activated receptor beta/delta; PPARγ: peroxisome proliferator-activated receptor gamma; PON: paraoxonase; RXRα: retinoid X receptor alpha, SCARB1: scavenger receptor class B member 1; TAG: tryglicerides; VOO: virgin olive oil.
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