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Atherosclerosis is a chronic low-grade inflammatory disease that affects large and medium-sized arteries and is considered to be a major underlying cause of cardiovascular disease (CVD). The high risk of mortality by atherosclerosis has led to the development of new strategies for disease prevention and management, including immunonutrition. Plant-based dietary patterns, functional foods, dietary supplements, and bioactive compounds such as the Mediterranean Diet, berries, polyunsaturated fatty acids, ω-3 and ω-6, vitamins E, A, C, and D, coenzyme Q10, as well as phytochemicals including isoflavones, stilbenes, and sterols have been associated with improvement in atheroma plaque at an inflammatory level. However, many of these correlations have been obtained in vitro and in experimental animals' models. On one hand, the present review focuses on the evidence obtained from epidemiological, dietary intervention and supplementation studies in humans supporting the role of immunonutrient supplementation and its effect on anti-inflammatory response in atherosclerotic disease. On the other hand, this review also analyzes the possible molecular mechanisms underlying the protective action of these supplements, which may lead a novel therapeutic approach to prevent or attenuate diet-related disease, such as atherosclerosis.
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INTRODUCTION

Globally, cardiovascular diseases (CVD) represent the most frequent cause of death worldwide. It has been estimated that in 2013 17.3 million people died from this disease (1), representing 31.5% of the total deaths worldwide (2). Key factors related to maintaining cardiovascular health are to not smoke, to perform physical activity, maintain a healthy body weight with a healthy diet, and control blood lipid, blood pressure (BP) and glycemia levels to within normal values (3, 4). In fact, adherence to these factors is correlated with lower cardiovascular mortality [relative risk (RR), 0.25; 95% confidence interval (CI) 0.10–0.63] (3). In this respect, diet plays a key role. Good cardiovascular health status is related to a balanced energy intake including whole-grain foods, legumes, seafood and fish, and high content in fruits and vegetables and low intake of processed food and red meat, sugar added foods or beverages and refined grains (4, 5).

Most CVDs are associated with the development of atherosclerosis (3), which is a chronic systemic inflammatory disease that affects artery walls due to altered inflammatory response. Cholesterol-rich lipoproteins with apolipoprotein B are susceptible to absorption and binding to the arterial subendothelial matrix. In this matrix, lipoproteins are altered by oxidation, enzymatic and non-enzymatic cleavage, and aggregation, producing pro-inflammatory particles and activating the overlying endothelium. Thereafter, the recruitment of monocyte-derived cells to the subendothelium activates immune response. These cells transform into mononuclear phagocytes that engulf normal and altered lipoproteins and transform into cholesterol foam cells which remain in the plaque, take up lipids, and engorge and stimulate disease progression by developing chronic inflammatory response (6, 7).

Lifestyle modifications and medical treatment are the most frequent approaches to prevent clinical manifestations of cardiovascular diseases such as myocardial infarction, stroke or renal failure (3). In this sense, plant-based dietary patterns, functional foods, dietary supplements, and bioactive compounds have been associated with improvement in atheroma plaque development at an inflammatory level. However, many of these correlations have been obtained in vitro and in experimental animal models. Therefore, the present review focuses on the evidence obtained from epidemiological, dietary intervention and supplementation studies in humans supporting the role of immunonutrient supplementation in atherosclerotic disease. This review also analyzes the possible molecular mechanisms underlying the protective action of these supplements, which may lead to the development of novel therapeutic approaches to prevent or attenuate diet-related disease such as atherosclerosis (Figure 1). Relevant studies, systematic reviews and meta-analysis were searched to obtain the reference lists. The Medical Subject Headings search terms included: inflammation, oxidative stress, inflammatory markers, IL-1, CRP, TNF-α, IL-6, atherosclerosis, flavonols, stilbenes, coenzyme Q10, vitamins, carotenoids, omega-3 fatty acids, omega-6 fatty acids, resveratrol, catechins, epigallocatechin gallate, flavonoids, flavonols, and phytosterols. We performed a search of the MEDLINE, PUBMED, and Cochrane Library databases, and reviewed the English language literature of humans with no time restriction.
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FIGURE 1. Potential protective effects of the different supplements on immune factors. CAT, catalase; CRP, C-reactive protein; d- ROMs, diacron-reactive oxygen metabolites; FGF21, Fibroblast growth factor 21; Foxp3, forkhead box protein-3; GPx, glutathione peroxidase; 8-OHDG, hydroxydeoxyguanosine; IFN-γ, Interferon gamma; IL-, interleukin; KTR, kynurenine-to-tryptophan ratio; LXA4, lipoxin A4; MDA, malondialdehyde; MCP-1, monocyte chemoattractant protein-1; MMP, metalloproteinases; NF-κβ, nuclear transcription factor signaling; NT-pro-BNP, N-terminal pro b-type natriuretic peptide; oxLDL, oxidized low-density lipoprotein; PAI-1, plasminogen activator inhibitor type 1; RORc, retinoid-related orphan receptor-c; sICAM-1, soluble intercellular adhesion molecule 1; SOD, superoxide dismutase; sVCAM-1, soluble vascular cell adhesion molecule-1; TAC, total antioxidant capacity; T-bet, T helper 1 cell lineage commitment; TGF-β, transforming growth factor-beta; TNF-α, tumor necrosis factor-alpha; WBC, white blood cell count.



OMEGA-3

Among polyunsaturated fatty acids (PUFAs), the most important classes are the omega-3 (ω-3) and omega-6 (ω-6) fatty acids (FA). PUFAs present two or more double bonds between carbons within the fatty acid chain. It is possible to distinguish several different ω-3 FA: α-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (8). The major ω-6 FA are linoleic and arachidonic acid (AA).

Essential FA, ALA and linoleic acid, are obtained from the diet (flaxseed, soybean, and canola oils) (9, 10). In the liver ALA is converted into EPA and then DHA (10). Both EPA and DHA can be directly obtained through diet (fish, fish oils, and krill oils) or dietary supplements and are also found in ω-3 fortified foods such as eggs, dairy products, pastas, cereals, breads and oils, among others (11).

Many chronic diseases such as CVD and cancer seem to be correlated with the ω-6/ω-3 ratio, although the optimal ratio has yet to be defined (12, 13).

There is currently a large amount of scientific evidence demonstrating the utility of marine-derived ω-3 FA supplements in the prevention of CVD. However, large studies on ω-3 FA have shown confounding results, probably because of the heterogeneous study designs (14, 15), the inclusion of mixed populations with or without coronary artery disease (CAD) (16, 17) and insufficient doses (< 1,000 mg) and duration (18) of supplementation. Indeed, a recent meta-analysis of 10 studies including 77,917 high-risk individuals (61.4% men with a mean age of 64 years) with a mean follow-up of 4.4 years did not find any significant association between ω-3 FA (226–1,800 mg of EPA acid/day) and a reduction in any major vascular events or fatal or nonfatal coronary heart disease (CHD) (19). The same results were observed in another meta-analysis performed by Rizos et al. (20). Still another meta-analysis provided insufficient evidence about the effect of ω-3 FA supplements (EPA and DHA) on the secondary prevention of CVD. The number of deaths by CVD was small (0.91; 95% confidence interval [95% CI] 0.84–0.99), and ω-3 FA did not reduce the risk of overall cardiovascular events (0.99; 95% CI 0.89–1.09) (15). On the other hand, a recent meta-analysis of 51 randomized controlled trials (RCTs) including 3,000 participants, showed a strong reduction in heart rate with ω-3 FA (DHA+EPA) supplementation. However, changes in heart rate were only observed after administering DHA alone but not after EPA alone (21).

In the last years, a great number of mechanisms have been related to the anti-inflammatory actions of ω-3 FA in atherosclerosis. Different mechanisms have been proposed in an attempt to explain the cardioprotective effects of ω-3 FA. On one hand, ω-3 FA may improve the lipid and lipoprotein profile, BP and endothelial function, and down-regulate the expression of leukocyte cells and the concentrations of various pro-inflammatory biomarkers related to the development of atherosclerosis such as chemokines, cytokines or soluble adhesion molecules as well as markers related to plaque stability such as metalloproteinases (MMP). On the other hand, mechanisms improving oxidation, thrombosis or aggregation platelet have been proposed (22–26). Thus, a recent meta-analysis including 45 RCTs and 2,674 individuals with type 2 diabetes mellitus (T2DM) linked ω-3 FA supplementation (ranging from 0.40 to 18.00 g, with duration of supplementation of 2 to 104 weeks) with a significant reduction in plasma levels of tumor necrosis factor-α (TNF-α, P = 0.045) and interleukin-6 (IL-6, P = 0.026) as well as low-density lipoprotein cholesterol (LDL-C), very low-density lipoprotein (VLDL), triglycerides (TG), and glycated hemoglobin concentrations (HbA1c)(P ≤ 0.044; all) (27). In addition, in another meta-analysis of 16 RCTs including 901 participants, endothelial function, measured by flow-mediated dilation (FMD), significantly improved after administering 0.45–4.5 g of ω-3 FA during 56 days (+2.30%, P = 0.001) (28). A systematic review of 26 RCTs (29) on ω-3 FA and inflammatory biomarkers in both healthy and ill individuals (CVD and other chronic and acute diseases) showed lower levels of inflammation [C-reactive protein (CRP), IL-6, plasminogen activator inhibitor type 1 (PAI-1), TNF-α, N-terminal pro b-type natriuretic peptide (NT-proBNP) and endothelial activation (both in healthy subjects and in those with chronic and acute diseases). Among all the ω-3 FA studied (different types and dosages), DHA showed the highest reduction in cytokine-induced endothelial leukocyte adhesion molecules (soluble intercellular adhesion molecule 1 (sICAM-1) and soluble vascular cell adhesion molecule-1 (sVCAM-1). In addition, a meta-analysis of 18 RCTs reported that ω-3 FA supplementation (0.272 to 6.6 g/d) may reduce plasma concentrations of sICAM-1 in healthy subjects (−8.87; 95% CI: −15.20, −2.53; P = 0.006) as well as in subjects with dyslipidemia (−15.31; 95% CI: −26.82, −3.81; P = 0.009) (30).

Observational studies have shown that ω-3 FA supplementation is associated with reduced markers of atherothrombotic risk. The Multi-Analyte, Thrombogenic, and Genetic Markers of Atherosclerosis study included 600 men with CVD (aged 64.4 ± 10.1 year) (31). The authors compared the use of fish oil supplementation in several subgroups: non lipid-lowering therapy vs. lipid-lowering therapy. The results showed that volunteers not receiving lipid-lowering therapy had a lower VLDL, intermediate-density lipoprotein cholesterol (IDLs), remnant lipoproteins, TG, LDL-C, oxidized low-density lipoprotein (LDL)-β2 glycoprotein complex (AtherOx) levels, collagen-induced platelet aggregation, thrombin-induced platelet-fibrin clot strength, and shear elasticity (P < 0.03; all).

Several mechanisms have been proposed to explain the anti-atherogenic effects of ω-3 FA on inhibiting atheroma plaque development (Table 1). In an interventional study of 275 healthy European subjects between 20 and 40 years of age, Paulo et al. (32) randomized the participants into one of four dietary groups: fish oil group (1,418 mg of ω-3 FA /day), lean fish (272 mg of ω-3 FA/day) or fatty fish (3,003 mg of ω-3 FA/day), and a control group (sunflower oil capsules). After 8-weeks of intervention sICAM-1 concentrations reduced by 5% in the lean fish group in contrast to the fatty fish and fish oil diets, in which these concentrations did not significantly change after intervention, although the latter two groups both showed a significant increase of 16.1% and 21.9%, respectively for sVCAM-1. In a randomized study (33) a significant decrease was found in sP-selectin after supplementation with 6.6 g of ω-3 FA, especially in men, while a significant reduction in sICAM-1 concentrations and an increase in sVCAM-1 concentrations were observed in women after administering 2.0 g and 6.6 g of ω-3 FA, respectively. Yusof et al. (34) also observed a slight decrease in plasma sICAM-1 concentrations after administering 1.8 g of EPA plus 0.3 g DHA daily for 8 weeks in 10 healthy middle-aged men.


Table 1. Nutrients and bioactive compounds can modulate the progression of atherosclerosis.
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On the other hand, there is a large amount of evidence showing that ω-3 FA can reduce the concentrations of several inflammatory markers related to atheroma development and plaque stability. Tousoulis et al. (35) performed a randomized, placebo-controlled, double-blind, cross-over study in 29 subjects with metabolic syndrome (MetS) in which the participants were supplemented with 2 g/ day of ω-3 FA for 12-weeks. The results showed a significant reduction in the plasma concentrations of IL-6 and a significant increase in PAI-1 levels after ω-3 FA treatment. A large number of studies have also reported an improvement in FMD as a measure of endothelial function after ω-3 FA supplementation (121–124). In contrast, in a population of 36 very high-risk participants with established atherosclerotic cardiovascular disease (ASCVD) and T2DM, Siniarski et al. (36) did not observe any significant changes in endothelial function indices (FMD and nitroglycerin-mediated dilation, NMD) after administering 2 g of ω-3 FA (1,000 mg of DHA + 1,000 mg of EPA) during 3 months. Cawood et al. (37) showed that a higher EPA content is associated with less inflammation, greater stability plaque and less T cell infiltration, as well as a smaller number of foam cells. Similar results were described by Thies et al. (38) in a randomized controlled trial including patients awaiting carotid endarterectomy. The participants were randomized to receive fish oil (ω-3), sunflower oil (ω-6) or placebo capsules during a median of 42 days before surgery. Those in the fish oil group showed higher plaque stability with the presence of thinner fibrous caps and fewer signs of inflammation, less lymphocyte infiltration, and greater inhibition of macrophages compared with the control and sunflower oil groups. In another study Nozue et al. (125) showed that progression of atherosclerosis was directly linked with an increase in the ω-6/ω-3 ratio. Thus, Zhao et al. (39) investigated the effect of ω-3 FA on circulating pro-inflammatory markers and NT-proBNP in volunteers with heart failure. They found that after 3 months with ω-3 FA treatment, plasma levels of TNF-α, IL-6, sICAM-1, and NT-proBNP significantly decreased in the participants allocated to the ω-3 FA intervention. Finally, Allaire et al. (40) compared, the effects of EPA vs. DHA supplementation on inflammatory markers and blood lipids in a population at high risk of CVD. They concluded that compared to EPA, DHA has a greater modulating effect, producing a larger reduction of CRP, IL-6, TNF-α, and TG levels, with a higher increase of adiponectin and high-density lipoprotein cholesterol (HDL-C) levels. In other double-blind trial (41), 111 healthy elderly subjects were randomly allocated to one of three dietary interventions: (1, 2) daily consumption of EPA+DHA at different doses (1.8 or 0.4 g), or (3) daily consumption of 4 g of high–oleic acid sunflower oil. A high consumption of EPA + DHA led to a change in the expression of 1,040 genes. In addition, the group receiving 1.8 g of EPA + DHA showed a significant reduction in the expression of peripheral blood mononuclear cells (PBMCs) genes involved in inflammatory- and atherogenic-related pathways, including eicosanoid synthesis, nuclear transcription factor signaling (NF-κβ), scavenger receptor activity, adipogenesis, and hypoxia signaling.

The heterogeneity of the results could be explained by various factors such as insufficient dose (< 1,000 mg/d), origin (lean fish, fish oil, fatty fish, etc.), the type of supplementation (EPA, ω-3 FA, DHA, EPA + DHA, etc.), whether ω-3 FA were given alone or in combination with other bioactive compounds, and thus, synergistic effects might explain some of effects observed. In addition, the target population (healthy, MetS, ASCVD, CAD, T2DM, etc.), sample size, the long follow-up period and high adherence to study supplementation differs among the trials. Therefore, ω-3 FA supplementation may be effective at an earlier stage of atherosclerosis disease, while in a very high-risk population with advanced atherosclerotic disease its effectiveness may be limited. Taking this into account, the additional benefits of ω-3 FA on endothelial function might have been reduced by optimal treatment such as concomitant cardioprotective therapies which the patients had already received.

OMEGA-6

There is evidence suggesting that a higher intake of ω-6 fats, together with a lower intake of saturated fat may reduce the incidence of CHD. On the other hand, a large body of literature has suggested that a higher intake of ω-6 may promote inflammation and contribute to the pathogenesis of many diseases, including CVD, because AA promotes the synthesis of a variety of pro-inflammatory eicosanoids (126). Therefore, a reduction of tissue AA content (reducing linoleic intake) should lead to a lower risk of CHD reduction since the production of inflammatory molecules would also be reduced (127). However, since dihomo-γ-linolenic acid (DGLA) can be metabolized into prostaglandin E1 (PGE1), a potent anti-atherogenic compound, it confers anti-atherogenic properties to ω-6 FA (128).

To date, there is not enough evidence related to the harm or the benefit of ω-6 on CVD, and more concretely, on atherosclerosis. In a recent systematic review (129) on the effects of ω-6 FA on cardiovascular health, mortality, lipids, and adiposity (19 RCTs including 6,461 participants followed for 1–8 years) found no evidence of effects of dose-response or duration for any primary outcome (all-cause mortality, CVD mortality, CHD events, CHD events, stroke or major adverse cardiac, and cerebrovascular events). However, the authors observed that participants with lower ω-6 FA intake at baseline seemed to have greater protection, and an increased intake of ω-6 FA may reduce the risk of myocardial infarction (MI) (RR 0.88, 95%CI 0.76 to 1.02). In addition, a meta-analysis (130) of 11 RCTs including 420 subjects showed that conjugated linoleic acid (CLA) supplementation increased blood levels of CRP by 0.89 mg/L (95% CI: 0.11, 1.68; P = 0.025) and TNF-α levels by 0.39 pg/mL (95% CI: 0.23, 0.55; P < 0.0001). Nonetheless, another meta-analysis (131) concluded that CLA supplements had a proinflammatory effect after observing an increase in plasma CRP concentrations and significant reductions in serum adiponectin concentrations independently of the dosage of CLA supplementation (0.63 mg/dL, 95% CI: 0.13, 1.13, heterogeneity P = 0.026; I2 = 52.3%). In contrast, after analyzing 15 RCTs, Johnson et al. (132) concluded that there is insufficient evidence to show that a diet supplemented with linoleic acid increases the concentrations of pro-inflammatory markers [adiponectin, complement, CRP, E-selectins, fibrinogen, interleukins, lipoprotein-associated phospholipase A2, lipoxins, monocyte chemoattractant protein-1 (MCP-1), PAI-1, platelet-derived growth factor-A, serum amyloid A protein (SAA), soluble CD-40 ligand, soluble IL-6 receptors, ICAM-1, soluble TNF receptor-1, soluble TNF receptor-2, sVCAM-1, thromboxane A2 (TXA2), thromboxane B2 (TXB2), transforming growth factor-β (TFG-β), TNF-α, among others].

Although ex-vivo studies (133) have shown that ω-6 FA-enriched diets seem to be linked to the formation of oxidized low-density lipoproteins (oxLDL), there is growing evidence that ω-6 FA could exert an anti-inflammatory effect, reducing the development of atherosclerosis (128).

Interventional studies with AA supplementation (840 mg/d for 4 weeks) showed no effect on any metabolic parameter or platelet function (42). Neither have studies on supplementation with linoleic acid found any effect related to the reduction of atherosclerosis or cardiovascular risk factors (43). Sluijs et al. (43) performed a RCT in 401 overweight subjects who were randomly assigned to receive 4 g of cis-9, trans-11 (c9,t11) CLA or placebo supplements for 6 months. They reported that c9, t11 CLA supplementation did not produce any effect on BP, body composition, lipid or glucose metabolism, insulin resistance or CRP levels. However, Hassan Eftekhari et al. (44) found that a diet supplemented with both CLA and ω-3 FA could have a beneficial effect on inflammatory markers of high sensitivity C-reactive protein (hs-CRP) and oxidative stress [malondialdehyde (MDA), and glutathione peroxidase, (GPx)] in atherosclerotic patients.

Again, the heterogeneity of the RCTs, the relatively short duration of some of these studies, the great variability in the concentration of ALA supplementation, as well as limited statistical power because of the small number of subjects included and a considerable intra- and inter-individual variability among the inflammatory markers studied might not allow the detection of subtle changes. In addition to diet, several authors have reported that genetics might influence circulating/tissue AA (134, 135). Indeed, most African Americans carry a genetic variant of the FA desaturase gene that enhances the ability to convert LA to AA, which is associated with greater circulating CRP and a higher risk of CVD. Overall, these different studies highlight the need for further human trials evaluating the role of ω-6 FA in the prevention of CVD.

COENZYME Q10

Coenzyme Q (CoQ) or ubiquinone is an effective natural antioxidant that is produced de novo in animals. Many food sources such as meat, fish, nuts, and some oils are CoQ-enriched, but this antioxidant is most frequently found in dairy products, vegetables, fruits, and cereals (136). Ubiquinone plays a key role in the electron transport chain within the mitochondria (137). CoQ10 and the cholesterol biosynthesis pathway share intermediate products such as mevalonate, which is key in the synthesis of cholesterol. Individuals receiving statin treatment may present by a reduction in CoQ10 levels (126, 137). Deficiencies in CoQ10 have been associated with CVD, and therefore, CoQ10 supplementation may be an effective tool in the primary prevention of CVD (138, 139).

Taking into account the difficulty in establishing a usual safe upper level of intake (UL), several studies have used the observed safe level (OSL) risk assessment method and reported strong evidence of safety at intakes up to 1,200 mg/day. Nevertheless, higher levels of CoQ10 (3,000 mg/day) have been tested without adverse effects and may be safe (137).

Several meta-analyses and systematic reviews have reported the benefits of CoQ10 on health. In a meta-analysis including 15 studies involving 765 individuals, Zhang et al. (140) reported an improvement in glycemic control, and TG and HDL-C levels in patients with T2DM supplemented with CoQ10. Jorat et al. (141) observed a reduction in total-cholesterol (standardized mean difference (SMD) −1.07; 95% CI, −1.94, −0.21, P = 0.01) and an increase in HDL-C levels (SMD 1.30; 95% CI, 0.20, 2.41, P = 0.02) in patients receiving CoQ10 supplementation, while no changes were observed in LDL-C, lipoprotein a [Lp(a)] or TG levels. On the other hand, in a meta-analysis including 6 RCTs and 218 participants at high risk of CVD, Flowers et al. (142) only observed significant reductions in systolic BP but no improvement in other risk factors such as diastolic BP, total-cholesterol, LDL-C, HDL-C or TG. In addition, Gao et al. (143) reported that CoQ10 supplementation was associated with a significant improvement in endothelial function assessed by FMD (SMD 1.70, 95% CI: 1.00, 2.4, P < 0.0001). In another meta-analysis (144) including 17 RCTs and 412 subjects allocated to a CoQ10 group and 399 subjects to a control group, a diet supplemented with CoQ10 (60 to 500 mg/day for 1–4 weeks of intervention) led to a decrease in CRP levels [weighted mean difference (WMD): −0.35 mg/L, 95% CI: −0.64 to −0.05, P = 0.022), IL-6 (WMD: −1.61 pg/mL, 95% CI: −2.64 to −0.58, P = 0.002) and TNF-α (WMD: −0.49 pg/mL, 95% CI: −0.93 to −0.06, P = 0.027). Finally, the meta-analysis performed by Zhai et al. (145) also showed that CoQ10 supplementation may partly improve inflammatory status. They found that CoQ10 supplementation improved CoQ10 plasma levels by 1.17 μg/mL and decreased TNF-α levels (−0.45 pg/mL). However, no changes were observed for CRP or IL-6. Finally, in patients with CVD with baseline serum hs-CRP levels > 3 mg/L, these levels improved after receiving CoQ10 supplementation for more than 12 weeks (146).

On the other hand, several interventional studies have provided large scientific body evidence on the possible benefits of CoQ10 supplementation. On one hand, Mohseni et al. (45) performed a randomized double-blinded controlled clinical trial to investigate if CoQ10 supplementation can improve BP and serum lipoprotein concentrations in Iranian individuals with hyperlipidemia and MI after 12 weeks of intervention. The group receiving CoQ10-supplementation showed significant reductions of total-cholesterol, LDL-C and fibrinogen concentrations, as well as an increase in HDL-C concentrations (P < 0.001). A significant increase in plasma HDL-C (1.44 ± 0.18 vs. 1.14 ± 0.18 mmol/L) levels and systolic BP and diastolic BP was also observed in the two groups. More recently, Pérez-Sánchez et al. (46) reported that CoQ10 supplementation (200 mg/d for 1 month) improved endothelial function and mitochondrial activity in patients with antiphospholipid syndrome. In addition, Lee et al. (47) investigated the effects of CoQ10 supplementation on inflammatory markers such as hs-CRP, IL-6 and homocysteine and oxidative stress markers including MDA and superoxide dismutase (SOD) in 51 patients with CAD. The participants were randomized into three groups: (1) placebo or control group, (2) Q10–60 group, which received 60 mg/d of CoQ10, and (3) Q10–150 group which received 150 mg/d of CoQ10 for 12 weeks. Significant reductions of IL-6 (−14%, P = 0.03) were observed after the Q10–150 group intervention. Nevertheless, CoQ10 supplementation (200 mg/d) in 51 obese subjects with a body mass index (BMI) ≥ 25 kg/m2 did not significantly improve the lipid profile, arterial stiffness, oxidative or inflammatory markers as Lp(a), serum levels of oxLDL, white blood cell count or CRP after 12 weeks of intervention (48). In 65 intermediate risk firefighters, the FAITH randomized clinical trial (49, 50) evaluated the combined effect of CoQ10 with aged garlic extract (AGE) on pro-inflammatory markers and progression of atherosclerotic disease. The authors reported a significant reduction in serum CRP levels and an improvement in both endothelium function and pulse wave velocity after 1 year of intervention.

Although the results of several meta-analyses and intervention studies have suggested that CoQ10 may significantly reduce CRP, IL-6, and TNF-α levels and improve oxidative stress markers, lipid profiles and BP, these results should be interpreted with caution because of their heterogeneity, the short intervention period in some of them, the different doses for intervention, the small number of subjects enrolled in the RCTs and the limited number of studies performed. All these factors might contribute to the null effect observed by CoQ10 on proinflammatory biomarkers. Therefore, at present, the lack of consistent studies demonstrating the potential benefit of CoQ10 supplementation in the prevention of atherosclerosis, limit the use of CoQ10 as a nutraceutical. Nevertheless, there is sufficient scientific evidence demonstrating that statin therapy combined with CoQ10 supplementation might be useful to further reduce the atherosclerotic process.

VITAMINS

There is a large body of scientific evidence showing that vitamin intake may be beneficial in the prevention of cardiovascular events (147, 148). Among the possible mechanisms proposed, vitamins can reduce endothelial cell (EC) damage, modulate immune system response, retain vascular smooth muscle cell (VSMC) proliferation and migration, improve nitric oxide (NO) production, and inhibit oxLDL formation (147–150). In fact, vitamin A, C, E, and K deficiency are associated with a higher risk of CVD (151–156). It should be taken into account that vitamin A, C, and E supplementation has shown to be effective in the prevention of atherosclerosis in experimental animal models, but this remains to be demonstrated in clinical trials in humans. These studies were mainly performed in young/adult animal models based on early stages of atherosclerosis or in vitro studies, while clinical trials would involve older participants in advanced stage atherosclerosis (157). In addition, several studies have reported that low dietary consumption of antioxidant vitamins are linked to greater progression of atherosclerosis (158).

Vitamin B Group

A large number of epidemiological studies have reported that high intake or circulatory concentrations of specific micronutrients such as vitamin B group (folate, vitamin B-6, and vitamin B-12, and homocysteine) may also be associated with reduced progression of carotid intima-media thickness (IMT) (158, 159).

To date, observational studies, RCTs and meta-analyses have failed to demonstrate that vitamin B supplementation can reduce cardiovascular risk factors or the morbidity and mortality associated with stroke, CHD and peripheral artery disease (160–163).

In the 2003–2004 NHANES study, consumption of vitamin B6 via diet or supplementation was inversely related to CRP levels after analyzing 2,686 eligible participants (164). Numerous interventional studies have investigated the role of vitamin B supplementation in the prevention of atherosclerosis. The results of the Women's Antioxidant and Folic Acid Cardiovascular Study (51) showed that the consumption of the combination of folic acid (2.5 mg), vitamin B6 (50 mg), vitamin B12 (1 mg) daily for 7.3 years led to a significant reduction of homocysteine concentrations without altering the concentrations of biomarkers of vascular inflammation (CRP, IL-6, ICAM-1, and fibrinogen). Peeters et al. (52) investigated the effects of 8 weeks of multivitamin supplementation (vitamin B6, B12, and folic acid) on plasma homocysteine concentrations and IL-6, IL-8, hs-CRP, and MCP-1. They only found a significant reduction in homocysteine concentration but not in the pro-inflammatory biomarkers. Similar results were found in another interventional study performed in 522 elderly patients with hyperhomocysteinemia, who were treated with vitamin B12 (500 μg) and folic acid (400 μg) or placebo daily for 2 years (53). In this case, the study failed to show improvement in endothelial function [sICAM-1, sVCAM-1, and vascular endothelial growth factor (VEGF)] or low-grade systemic inflammation (SAA and CRP) after the multivitamin treatment. On the other hand, supplementation with folic acid (0.8 mg/d) for 1 year led to a significant 28% reduction in homocysteine concentrations compared to the placebo group, but no changes were observed in the plasma concentrations of the inflammatory markers (54). In another study, patients with stable CAD were randomized into 3 groups: (A) folic acid plus vitamin B12 and B6, (B) folic acid plus vitamin B12, and (C) vitamin B6 alone, and it was found that vitamin B did not affect the levels of pro-inflammatory markers (soluble CD40 ligand, sCD40L, IL-6, CRP, and neopterin) related to atherosclerosis (55). Finally, according to the results of a study in which patients received pyridoxine treatment (40 mg) for 28 days, Ulvik et al. (56) suggested that pyridoxine preserved or increased the association between plasma vitamin B6 and inflammatory markers [CRP, white blood cell count (WBC), kynurenine-to-tryptophan ratio (KTR), and neopterin].

Although observational studies have shown a positive association between homocysteine concentrations and cardiovascular events, the findings of RCTs have currently shown no clear evidence of a protective effect of antioxidant B vitamin supplementation on the progression of atherosclerosis. The discordance among the different studies may be the result of different timing of B-vitamin supplementation according to the stage (early vs. advanced) of atherosclerosis. Nonetheless, the positive effect of vitamin B supplementation on the progression of atherosclerosis has only been studied in a few small and highly heterogeneous studies. Therefore, vitamin B supplementation should not as yet be used for the prevention of CVD until future research can demonstrate the real role of supplementation in the prevention of chronic disease.

Vitamin A

Vitamin A is a fat-soluble vitamin, constituted by 3 active forms (retinoids): retinol, retinal, and retinoic acid, the most important being beta-carotene (β-carotene) because of its high antioxidant effect (165). The cardioprotective effects of carotenoids in humans have been related, among others, to an improvement in BP, glucose metabolism and the lipid profile, the harmful effects of smoking and every step of atherosclerotic progression including endothelial dysfunction, LDL oxidation, leukocyte, and smooth muscle cell activity (166).

However, to date, the results of many clinical trials on vitamin A supplementation against CVD are contradictory. In fact, several meta-analyses do not support the benefits of antioxidant vitamins such as vitamin A or β-carotene supplementation in the prevention of CVD (158, 167–171). One meta-analysis which analyzed different antioxidants such as vitamins A, C, E, or selenium as well as folate, vitamin B6 or vitamin B12 separately to evaluate the progression of atherosclerosis disease using B-mode ultrasound, intravascular ultrasound, or angiography, found no evidence of a protective effect of antioxidants or B vitamin supplements on atherosclerotic disease (158). Neither could another meta-analysis including 179 RCTs demonstrate any benefit of the intake of dietary supplements on CVD outcomes and all-cause mortality (171).

Few interventional studies have been performed on vitamin A supplementation. However, one interventional study including 31 atherosclerotic patients and 15 healthy controls (57) found that 4 months of vitamin A supplementation reduced the production of inflammatory cytokine IL-17 and the gene expression of the main transcriptor factor that controls T-helper 17 (Th17) cell differentiation, and retinoid-related orphan receptor-c (RORc). In another study, Sezavar et al. (59) evaluated the efficacy of vitamin A supplementation (25,000 IU of retinyl palmitate/day) in reducing the gene expression of interferon γ (IFN-γ) and T helper 1 cell lineage commitment (T-bet) in 16 atherosclerotic patients and 15 healthy controls who received supplemental of vitamin A daily for 4 months. They found that vitamin A supplementation was able to suppress Th1 cell activity in both the atherosclerotic and healthy participants. Finally, Mottaghi et al. (58) analyzed the role of vitamin A (25,000 IU retinyl palmitate per day, for 4 months) in forkhead box protein-3 (Foxp3) and TGF-β gene expression 31 atherosclerotic patients. They found a significant increase in the gene expression of TGF-β and concluded that vitamin A supplementation may delay the progression of atherosclerosis.

The apparent discrepancy between the results of observational and interventional studies may depend on several factors. Inadequate doses or treatment duration (usually short study periods) in addition, to the nature of the different populations studied (e.g., atherosclerotic or healthy participants), age or the sample size might explain the null findings. Studies on the administration of β -carotene in apparently healthy participants showed no evidence of benefits or harm in patients with CVD. However, the results of the administration of β -carotene to subjects with atherosclerosis or CAD suggest that β -carotene might provide significant benefits in CVD, because of a reduction of pro-inflammatory markers related to atherosclerosis disease. Nevertheless, depending on the concentrations, vitamin A can work as either an antioxidant or pro-oxidant [at a dose ≥ 25,000 IU/Kg of body weight (172)] and lead to cases of hypervitaminosis and even to intoxication, while supplementation with provitamin A, (i.e., β-carotene) has shown to be safer (173). Nonetheless, the results of some interventional studies seem to be encouraging and justify further long-term studies to assess the clinical effects of vitamin A supplementation in a larger cohort of patients.

Vitamin C

The daily diet should include a high content of foods rich in vitamin C or ascorbic acid such as fruits (especially citrus fruits such as oranges or lemons) and vegetables such as green and red peppers, tomatoes, as well as broccoli or blackcurrants, among others. Cardiovascular risk can be reduced by vitamin C through different mechanisms such as inhibition of LDL oxidation, thereby reducing the development or progression of atherosclerosis. Additionally, vitamin C has been shown to reduce monocyte adhesion to the vascular endothelium (62, 174), which is an early step in the development of atheroma plaque. Furthermore, vitamin C is associated with an improvement in NO production, increasing vasodilation and lowering the BP (175, 176). Moreover, vitamin C seems to contribute to maintaining the stability of atheroma plaque (177, 178).

Many epidemiologic studies have investigated the role of vitamin C in CVD and have shown that increased vitamin C intake is linked to a lower prevalence of CHD (179–183) and cardiovascular risk factors (184, 185). Nevertheless, a recent meta-analysis suggested that vitamin C supplementation did not reduce major cardiovascular events [hazard ratio (HR) 0.99, 95% CI 0.89–1.10] (186). Neither have any major long-term clinical trials been able to demonstrate the positive benefits of vitamin C in heart disease (187–189) or related risk factors (61, 190). In relation to endothelial function, Ashor et al. (191) concluded that vitamin C supplementation improved endothelial function and this improvement was higher in individuals at higher cardiovascular risk such as those with atherosclerosis (SMD: 0.84, 95% CI: 0.41–1.26, P < 0.001), diabetics (SMD: 0.52, 95% CI: 0.21–0.82, P < 0.001) and patients with heart failure (HF) (SMD: 0.48, 95% CI: 0.08–0.88, P < 0.02).

In a 3-year observational study of 573 healthy individuals (50% women) from 40 to 60 years of age, Agarwal et al. (192) reported that contrary to vitamin C contained in natural food, vitamin C supplementation was linked with early accelerated progression of atherosclerosis measured by carotid IMT. Thus, subjects in the highest quartile showed a 3-fold higher progression than those in lowest quartile [20.3 ± 2.6 vs. 7.6 ± 1.8 μm/year (mean ± SD); P < 0.001]. Furthermore, carotid IMT progression increased according to the dose in individuals taking vitamin C supplements (P-trend = 0.0009). The consumption of dietary vitamin C and vitamin C supplementation was measured by different 24-h recalls.

Interventional studies have also shown mixed results. On one hand, the Antioxidant Supplementation in Atherosclerosis Prevention (ASAP) study (193) described a significant delay in the progression of atherosclerosis measured by a mean common carotid artery IMT of 74% (95% CI 36–89%, P = 0.003) in 520 hypercholesterolemic smoking and nonsmoking men after twice daily consumption of a combined supplementation of d-α-tocopherol (136 IU) and 250 mg of vitamin C during 3 years. These findings were later reproduced by Salonen et al. (60) who confirmed that combined supplementation of vitamin E and C delays atherosclerotic progression in hypercholesterolemic individuals. A RCT also reported significant improvement in serum levels of hs-CRP, IL-6, fasting blood glucose, and TG after 8 weeks of treatment with 500 mg vitamin C twice a day in hypertensive and/or diabetic obese patients (61). In addition, Woollard et al. (62) studied the effect of vitamin C supplementation on monocyte adhesion to ECs in healthy non-smokers. All individuals, with normal or below average (BA) plasma vitamin C concentrations at baseline received 250 mg of vitamin C daily during 6 weeks. The BA group showed greater monocyte adhesion to ECs (30%). After vitamin C supplementation, the BA group showed a great reduction in monocyte adhesion to ECs (−37%, P < 0.02), which were reduced to normal baseline levels. Despite numerous findings of the benefits of vitamin C supplementation, many other interventional studies have reported inconsistent results. The long-term results obtained by Bruunsgaard et al. (63) in the 3-year ASAP study did not show any anti-inflammatory effect in healthy men with slight hypercholesterolemia after combined daily intake of vitamin C (250 mg) and E (136 IU). After assessing different inflammatory markers, the authors did not observe any change in the circulating levels of TNF-α, IL-6, or CRP. In addition, Mullan et al. (64) found no short-term evidence (4 weeks) that consumption of a beverage with a high polyphenol content and supplementation with vitamin C provided any benefits in traditional or novel risk factors in overweight or obese subjects. Moreover, in a crossover study, Gutierrez et al. (65) did not find significant changes in the lipid profile, markers of oxidative stress (oxLDL, non-esterified fatty acids, NEFAs) inflammation (CRP, adiponectin, IL-6) or hypercoagulability (PAI-1 and fibrinogen) after treatment with different doses of vitamin C for 2-weeks. Finally, similar results were found in another interventional study performed by Dewell et al. (66) in which after 8-weeks of intervention with (1) usual diet with placebo; (2) usual diet and antioxidant supplements or (3) antioxidant-rich foods, there were no significant within-group changes or among-group differences in the inflammatory marker concentrations studied (IL-6, MCP-1, sICAM-1) (66).

Many studies (cohort and RCT) have suggested an inverse relationship between vitamin C intake and the risk of heart disease, while others have reported slight increases in the risk or have failed to show any effects. Although several studies have reported similar absorption of vitamin C supplementation and food sources, at present, the underlying mechanisms involved in the absorption of vitamin C from supplements remain unclear, and thus, more studies are needed. In addition, it should be noted that most of the evidence about the potential benefits of vitamin C supplementation is based on animal and observational studies. Nonetheless, continued investigation into the role of vitamin C in atherosclerosis progression and its relationship with anti- or- pro-inflammatory biomarkers related to disease is needed.

Vitamin D

Despite encouraging results from observational studies, RCTs on vitamin D supplementation have shown mixed results (194–198). A meta-analysis of 51 trials by Elamin et al. (199) analyzed the possible benefits of vitamin D supplementation on CVD. Dietary vitamin D supplementation (400 IU/d−500,000 IU/year) did not improve glucose levels, the lipid profile or BP. Neither was greater protection against MI or stroke observed. On the other hand, it is known that vitamin D deficiency is associated with a pro-inflammatory profile (IL-1, IL-2, IL-6, or TNF-α) which is modulated by calcitriol (200). A recent meta-analysis of 20 RCTs including 1,270 participants (201) reported that vitamin D supplementation (200 IU/d to a single bolus dose of 300,000 IU) may reduce chronic low-grade inflammation in patients with T2DM. The data showed reduced levels of CRP (SMD −0.23; 95% CI, −0.37 to −0.09; P = 0.002) and TNF-α (SMD −0.49; 95%CI, −0.84 to −0.15; P = 0.005), as well as a diminished erythrocyte sedimentation rate (SMD −0.47; 95%CI, −0.89 to −0.05; P = 0.03). In addition, the group receiving vitamin D supplementation showed higher leptin concentrations (SMD: 0.42; 95% CI, 0.04–0.81; P = 0.03) compared with control group. More modest results were obtained in another meta-analysis (202) that included 17 RCTs and 1,012 patients with HF receiving daily doses ranging from 1,000 to 2,000 IU. In this case, the data analyzed only showed significant reductions of TNF-α concentrations (P = 0.04). No changes were observed in the concentrations of CRP, IL-6 or IL-10. Another meta-analysis including 13 RCTs and 1,955 obese and overweight participants suggested that there were no changes in the levels of inflammatory markers such as CRP, TNF-α, and IL-6 (203) after supplementation with vitamin D (700 IU/d to 200,000 IU/d). Finally, Beveridge et al. (204) reported that vitamin D supplementation (ranging from 900 to 5,000 IU; for was 4 weeks to 12 months) had no significant effect on the markers of vascular function studied [brachial artery FMD; reactive hyperemia index measured using finger plethysmography; pulse wave velocity (PWV) and pulse wave analysis; central aortic BP derived from peripheral artery tonometry; microvascular function measured using acetylcholine iontophoresis; and laser Doppler perfusion imaging] after 4 weeks of intervention.

Several observational studies have reported that lower levels of vitamin D are associated with pro-inflammatory status in healthy individuals (205–207) and those with inflammatory diseases such as T2DM, arteriosclerosis and inflammatory polyarthritis (208). Vitamin D levels are also inversely correlated with leptin (209, 210) and positively with adiponectin (210, 211).

Interventional studies have also reported mixed results. One study performed by Beilfuss et al. (67) investigated the possible relationship between vitamin D status and pro-inflammatory biomarkers (IL-6, TNF-α, and hs-CRP) in 332 overweight and obese individuals. The participants were randomized into one of three groups: (1) 40,000 IU vitamin D (cholecalciferol) per week; (2) 20,000 IU vitamin D per week, or (3) placebo. After 1 year of intervention, supplementation with vitamin D led to significant reductions of IL-6 levels and a significant increase of hs-CRP concentrations. In 118 diabetics with vitamin D deficiency, Tabesh et al. (68) examined the effect of vitamin D-calcium co-supplementation on pro-inflammatory markers (IL-6, TNF-α, hs-CRP) and adipocytokines (leptin and adiponectin). The participants were randomized in one of four intervention groups: (1) vitamin D + calcium placebo; (2) calcium + vitamin D placebo; (3) vitamin D + calcium; and (4) vitamin D placebo+ calcium placebo. The results showed significant reductions of leptin (−75, −56, and −92 ng/mL, respectively), TNF-α (−3.1, −3.1, −3.4 pg/mL) and IL-6 (−2, −4, −4 pg/mL, respectively) concentrations for calcium and vitamin D alone, and combined calcium-vitamin D supplementation (P < 0.05; all). Only the group receiving vitamin D-calcium supplementation showed a reduction in hs-CRP levels (−1.14 ± 0.25 vs. 0.02 ± 0.24 ng/mL, P = 0.09) compared to the control group. In another study, Schleithoff et al. (69) reported significant reductions of serum TNF-α concentrations as well as an increase in IL-10 concentrations after daily treatment with 2,000 IU in patients with HF. In an interventional study, Mousa et al. (70) found no effect of vitamin D supplementation on inflammatory markers (TNF-α, MCP-1, IFN-α and IFN- γ, and IL-1β, IL-6, IL-8, IL-10, IL-12, IL-17A, IL-18, IL-23, and IL-33) or in vivo NF-κβ activity in humans. Similar results were described by Waterhouse et al. (71) who found no significant changes in any of the cytokines (IL-6, IL-10, and CRP) or adipokines (leptin, adiponectin) studied, except for IL-6 which showed levels 2.8 pg/mL higher in the 1,500 μg group compared to the placebo group (75th percentiles: 11.0 vs. 8.2 pg/mL).

The biological or sociological differences between population subgroups might explain the effects observed, or lack thereof on proinflammatory biomarkers related to atherosclerosis disease. Several RCTs included a small sample (< 100 participants) and only a few described factors that might influence their results such as smoking status, season or sunlight exposure, physical activity or dietary vitamin D consumption. The type of vitamin D used (cholecalciferol or ergocalciferol) and the dosing protocols may introduce some confounding variables in the results reported. Furthermore, the absorption of vitamin D differs according to the ethnicity, age or healthy status of the individual. At least 4,000 IU of vitamin D daily, during 2–3 months, are required to obtain optimal levels of this vitamin (212). Vitamin D supplementation seems to improve inflammatory marker concentrations in subjects with chronic disease such as heart failure (213), systemic lupus erythematosus (214), inflammatory bowel disease (215), and chronic obstructive pulmonary disease (216). Nevertheless, the lack of a biological effect of vitamin D on these markers could be explained by the health status of the study population (higher or lower grade of inflammation). In addition, many RCTs have used low doses (700–2,000 IU daily), which could be insufficient to observe any positive effect on inflammatory markers. Although vitamin D supplementation could be an effective treatment to improve inflammation or atherosclerosis, further, well-designed large-scale, long-term studies are needed.

Vitamin E

Although several animal studies have reported that vitamin E (α-tocopherol) supplementation is associated with an improvement in immune response in older animals following infection (217–219), previous interventional studies have yielded mixed results (75, 220, 221). Vitamin E is considered a potent antioxidant with anti-inflammatory properties against CVD. Supplemental vitamin E in animals models and human individuals exerts its benefits through several mechanisms that include a decrease in lipid peroxidation, and superoxide (O2-) production, as well as a reduction in the expression of scavenger receptors (SR-A and CD36), both of which are important in foam cell formation (222). High doses of vitamin E supplementation have been associated with a lower release of pro-inflammatory molecules such as IL-8, PAI-1, CRP, as well as a significant decrease in the adhesion of leukocytes to the endothelium (222).

Although many clinical trials in humans (223–225) have reported possible positive benefits of vitamin E intake in CVD, meta-analyses have not found any evidence of the atheroprotective effects of vitamin E (168, 226). Furthermore, some meta-analyses have suggested that high doses of vitamin E may increase all-cause mortality (227, 228).

A cross-sectional study examined association between the intake of vitamin E and other antioxidants such as vitamin C, carotenoids, Se, and Zn and hs-CRP levels in 2,924 participants from the region of Augsburg (Germany). Information regarding the intake of dietary supplements and medication in the last 7 days was collected in personal interviews. The authors reported that participants in the upper quartile (78 mg vitamin E/day) had 22% lower hs-CRP levels, when vitamin E was taken in combination with other antioxidants, compared with those without any vitamin E supplementation (229).

In a crossover study, Plantinga et al. (72) investigated the combined effect of vitamin C and E on endothelial function, arterial stiffness, and oxidative stress in 30 males with essential hypertension in the short term (8 weeks). After vitamin supplementation, FMD was significantly improved (P < 0.001) compared to placebo group, while arterial stiffness measured as central PWV was reduced (P < 0.01) and the augmentation index (AIx), measured as the ratio between augmented pressure (AP) and pulse pressure (PP), tended to decrease. In addition, serum vitamin concentrations and antioxidant capacity were significantly increased and levels of oxidative stress decreased. In a 4-year clinical study of 409 smokers, Magliano et al. (73) randomized the participants into one of two groups: those who received 500 IU per day of vitamin E or placebo. The results showed that vitamin E supplementation did not delay the advance of atherosclerotic disease measured by carotid IMT. However, vitamin E significantly reduced LDL oxidative susceptibility. Another RCT in 90 patients with CAD reported that high intake of α-tocopherol (1,200 IU of /d) for 2 years led to significant reductions of plasma biomarkers of inflammation and oxidative stress (74). Another study demonstrated the ability of tocopherols to reduce systemic oxidative stress, but not inflammatory markers such as hs-CRP, IL-6, TNF-α, or MCP-1 in patients with T2DM after a daily intake of 500 mg/day of α-tocopherol or mixed tocopherols rich in γ-tocopherol for 6 weeks (75). In addition, Gutiérrez et al. (76) attempted to clarify the effects of different doses of vitamin E [low-dose (200 IU/d), medium-dose (400 IU/d), and high-dose vitamins (800 IU/d)] combined with vitamin C for two weeks on the prevention of atherosclerosis in 11 diabetics. The primary outcomes studied were markers of oxidative stress including oxLDL and glutathione, inflammation (adiponectin and hs-CRP) and hypercoagulation (PAI-1 and fibrinogen). It was found that only low-dose vitamin intake reduced oxLDL production compared to the other study arms (P = 0.002).

It has been postulated that the mechanism by which vitamin E exerts its anti-inflammatory effects might be related to protein kinase C (PKC) dephosphorylation. In vitro studies have shown that the administration of RRR-α-tocopherol or d-α-tocopherol (natural) leads to a significant reduction of PKC activity and platelet aggregation compared to some types of rac-α-tocopherol (synthetic) (230). Some studies do not distinguish between the sources of the α-tocopherol, natural or synthetic, and this can induce important bias. The dose of vitamin E administered is also important. Previous studies have reported that supplementation with vitamin E at doses ≤ 400 IU/day does not lead to a decrease in inflammatory biomarkers (231). On the other hand, vitamin E doses between 600 and 1,200 IU/day can significantly reduce concentrations of IL-6 or TNF-α (232). It should be noted that doses of vitamin E > 400 IU/day are directly related to a significant increase in all-cause mortality (228).

In summary, studies should specify which isomers (α- or γ- tocopherol) are tested since different vitamin E isomers can have different biological effects on atherosclerosis. However, studies on isoforms other than α-tocopherol are limited. On the other hand, high doses of vitamin E might be linked to potential pro-oxidant effects and thus, consumption should be cautioned. Although α-tocopherol may have antiatherosclerotic effects in in vitro and animal studies, supplementation in humans continues to be controversial.

Vitamin K

Vitamin K is a fat soluble which can be found in two natural forms: phylloquinone (vitamin K1) and menaquinones (collectively known as vitamin K2). Phylloquinone is mainly found in dark green leafy vegetables and vegetable oils (olive oil and soybean oil), while fermented dairy products such as cheese and fermented soy beans (natto) and animal products (chicken, butter, egg yolks) contain menaquinones. These two natural forms differ in side-chain length and degree of saturation. Vitamin K2 is the most biologically active form (233, 234). Vitamin K as well as vitamin D have been implicated in CVD and the activity of proinflammatory cytokines. Thus, several in vitro and animal studies have reported that vitamin K seems to suppress the production of these cytokines. However, the role of this vitamin in humans remains unclear (235, 236).

There is a large body scientific evidence showing that high intake of vitamin K2 is associated with a lower risk of CHD such as coronary vascular disease and vascular calcification (234, 237–242). The case-control Multi-Ethnic Study of Atherosclerosis (MESA) showed that lower serum vitamin K1 concentrations were associated with greater progression of coronary artery calcification (CAC) in participants receiving anti-hypertensive medication [OR (95% CI): 2.37 (1.38, 4.09)] (243).

A recent meta-analysis (244) evaluated the possible effects of vitamin K on cardiometabolic risk factors. The authors concluded that there was insufficient evidence about any beneficial effect of vitamin K supplements on cardiometabolic risk factors because vitamin K showed no significant effect on the lipid profile, BP, or glucose metabolism. Vitamin K supplementation only led to an improvement in CRP levels (P = 0.01) and the insulin sensitivity index (P < 0.001). Neither did Suksomboon et al. (245) (8 RCTs and 1,077 participants) find any effect of vitamin K supplementation on insulin sensitivity after observing no changes in the parameters analyzed such as insulin resistance, fasting plasma glucose, fasting plasma insulin, CRP, adiponectin, leptin, or IL-6 levels. Similar results were described in the meta-analysis by Shahdadian et al. (246) in which vitamin K supplementation had no significant effect on glycemic control in healthy subjects.

Very few intervention trials on vitamin K supplementation have been carried out. One intervention trial by Knapen et al. (77) investigated if menaquinone supplementation (180 μg/ day) had any effect on arterial stiffness in 120 healthy post-menopausal women in the long term (3-years). They authors reported a significant reduction in the beta stiffness index as a measure of mechanical arterial properties in the group receiving vitamin K compared to the placebo group. Nevertheless, no changes were observed in the concentrations of markers related to endothelial dysfunction [VCAM, E-selectin, and advanced glycation endproducts (AGEs)] or inflammation (hs-CRP, IL-6, and TNF-α). Kristensen et al. (78) did not observe any improvement in any of the risk markers analyzed (sICAM-1, sVCAM-1, PAI-1, fibrinogen, and plasma factor VII c). Finally, another interventional study evaluated the effect of vitamin K supplementation on CAC progression in 388 healthy older men and women. Two hundred individuals received multivitamin supplementation with 500 μg of phylloquinone, and the control group received a multivitamin alone daily for 3 years. Compared to the control group, the participants receiving phylloquinone supplements showed less CAC progression (−6%, P = 0.04) (79).

Animal and in vitro studies have reported the role of vitamin K in vascular calcification, while the evidence in humans is less clear. The discrepancies between the results obtained may be explained by the heterogenic populations studied. Indeed, the populations studied usually include postmenopausal women without established CVD and therefore, the lack of effect of vitamin K supplementation on carotid IMT might only be manifested in individuals with well-established atherosclerosis. Furthermore, in order to observe substantial changes on IMT longer intervention periods may be necessary. On the other hand, observational (241, 247), in vitro (248) and animals studies (249) have shown an inverse association between vitamin K status and inflammatory biomarker (IL-6 and CRP) concentrations. The inclusion of healthy individuals free of chronic diseases or elderly subjects at high cardiovascular risk may explain why inflammatory cytokine values remained unchanged. Specific studies are needed to obtain more in depth understanding of the use of vitamin K supplementation on atherosclerosis progression.

CAROTENOIDS

Carotenoids are a wide family of natural pigments that can be classified as carotenes (α-carotene, β-carotene, lycopene) or xanthophylls (lutein, fucoxanthin, canthaxanthin, zeaxanthin, β-criptoxanthin, capsorubin, and astaxanthin) depending on their chemical structure. Although there are more than 500 carotenoids, humans can only absorb 20 (250). The main dietary source of carotenoids are fruits and vegetables (251). These compounds have been related to positive effects on health mainly due to their antioxidant proprieties but also because of their role in intracellular communication and the immune system (252, 253). In addition, carotenoids are associated with a slowdown of atherosclerosis progression (250, 254).

Cheng et al. (255) analyzed 21 clinical trials and observed that supplementation with tomatoes, a carotenoid-rich food, was related to significant improvement in LDL-C levels [−0.22 mmol/L (95% CI −0.37, −0.06), a reduction in IL-6 (−0.25, 95% CI −0.49, −0.02) and a 2.53% increase in FMD. On analysis of lycopene carotenoid supplementation trials, they observed a relevant reduction in systolic BP (−5.66 mmHg: P < 0.002). Nevertheless, no relevant changes were found in other inflammation markers such as oxLDL, CRP, IL-6, or ICAM-1 (P > 0.05; all) (255).

On the other hand, a meta-analysis of observational studies concluded that higher dietary lutein intake was correlated with cardiovascular health, probably in relation to an effect on atherosclerosis and inflammatory markers (256). Another observational meta-analysis reported that circulating lycopene levels were inversely associated with the risk of stroke (RR: 0.693, 95% CI 0.503, 0.954) (257). These results coincide with those of Song et al. (258) RR: 0.83 (95% CI 0.69, 0.96) who also described a lower risk of CHD with lycopene intake (RR: 0.87; 95%CI 0.76, 0.98).

A recent interventional study conducted by Colmán-Martínez et al. (80) showed that supplementation with tomato juice, which is rich in lycopene, significantly reduced ICAM-1 and VCAM-1 levels (P < 0.001, both). These reductions were mainly associated with the presence of trans-lycopene (r = − 0.625 and r = −0.697; P < 0.001, respectively). By contrast, 8 weeks of supplementation with palm carotene was not associated with similar observations (81). ICAM-1 and VCAM-1 concentrations remained unaltered (P > 0.05, both) along with other physiological, circulatory and inflammatory markers of vascular function. In a longer clinical trial in renal transplant recipients receiving astaxanthin supplementation, Coombes et al. (82) did not observe changes in physiological markers of vascular function (PWV, FMD, and carotid artery IMT; P > 0.05, all). Nevertheless, Zou et al. (83) found a reduction in carotid artery IMT after a 12-month intervention with a lutein supplement (0.035 mm, P = 0.042) or lutein plus lycopene supplementation (0.073 mm; P < 0.001). Moreover, modifications in carotid artery IMT were negatively associated with serum lycopene levels, and therefore, this response seems to be more related to this carotenoid.

The lack of effectiveness of carotenoids on inflammatory biomarkers and the atherosclerostic process might be explained by their low bioavailability (~10–40%) and low plasma concentrations [~2 μmol/L (259)]. Furthermore, interindividual differences related to carotenoid absorption, degradation, metabolism, and excretion, in addition to the type of carotenoid studied (lutein, lycopene or β-carotene) as well as dose, and health status of the study population could partly explain the differences observed among the studies carried out. The scientific evidence currently available on the role of carotenoids in atherosclerosis remains unclear, making further randomized controlled clinical trials necessary.

PHYTOSTEROLS

Although there are few differences in the chemical structure of phytosterol, phytostanol, and cholesterol, these differences have a distinct functionality (260). The human organism is not able to synthetize these bioactive compounds, and therefore, they can only be incorporated from vegetal dietary sources (261). Composition analysis has shown that the largest amounts of these compounds can be found in vegetables oils, followed by tubers, legumes, and nuts and the lowest amounts are found in cereals, vegetables and fruits (262). However, nuts have the highest free phytosterol content (262), which are more bioavailable (263). The average daily phytosterol intake in the Western diet is estimated to be 296 mg (264), with the main plant sterols in the human diet being campesterol, β-sitosterol, and stigmasterol (265, 266).

Phytosterol intake is associated with a dose-dependent decrease in total cholesterol and LDL-C (267), and the consumption of 2 g of phytosterols per day is related to significant changes in cholesterol absorption and LDL-C plasma levels of 8–10% (267). However, results regarding the ability of phytosterols to diminish low-grade inflammation are controversial.

A meta-analysis of 20 RCTs including mainly overweight and obese adults from 44.5 to 66 years of age with hypercholesterolemia found that after an intake mean of 2.24 g/day (1.4–4 g/day) of phytosterol-rich foods, the absolute changes in plasma CRP concentrations were not significant (−0.10 mg/dL: 95% CI −0.26, 0.05). Neither were HDL-C plasma levels significantly modified (0.5 mg/dL −0.2; 1.2). However, plasma LDL-C and total-cholesterol levels were significantly reduced [−14.3 mg/dL; 95%CI −17.3; −11.3 and −16.4 mL;95% CI −20.1; −12.8, respectively (268)], coinciding with the results of previous meta-analyses (269–271). Plasma TG levels showed a significant decrease (−7.9 mg/dL: 95% CI −12.7; −3.1).

Although there are no further meta-analyses regarding phytosterol intake and cholesterol levels, several intervention studies have been carried out. In 32 overweight or obese subjects, Lambert et al. (84) investigated the effect of the intake of milk supplemented with phytosterols (1.6 g of plant sterols/250 mL of milk) vs. milk supplemented with ω-3 in a 4-week crossover trial. At a proteomic level, determination of the lipoprotein-depleted-plasma (LPDP) fraction showed a decrease of pro-inflammatory serum amyloid P component (SAP) levels. A significant reduction of MCP-1 gene expression (P = 0.026) was also observed after phytosterol-milk intake as well as a trend to an increase in interleukin 10 receptor (IL-10R) expression levels (P = 0.06) (84). These results suggest a relationship between phytosterols and activation of anti-inflammatory response. Another study including 18 healthy participants (85) undergoing a milk supplemented with plant sterols intervention (2.0 g free phytosterols) during 4 weeks found results following a similar trend. Hs-CRP serum levels significantly diminished after the intervention −0.32 mg/L (P < 0.05), and plasma lipoxin A4 (LXA4) concentrations increased (0.12 nmol/L, P < 0.05) as did nitrite and nitrate levels (P < 0.05, both). However, no relevant changes were observed in TNF-α plasma levels or markers of oxidative damage after a 4-week intervention with phytosterol-enriched milk (85). Daily phytosterol intake of 3.0 g of phytosterol-supplemented margarine during 18 weeks showed no changes in inflammatory biomarkers (CRP, SAA, IL-6, IL-8, TNF-α, and soluble intercellular adhesion molecule-1) compared to placebo in patients with hypercholesterolemia (88). The z-scores for low-grade inflammation (−0.04; CI 95% −0.16; 0.07) and endothelial dysfunction (−0.2, CI95% −0.15, 0.11) were not significant (88). Likewise, Heggen et al. (87) performed a study including two phytosterol-enriched margarines to evaluate endothelial marker function and inflammation. E-selectin serum levels reduced −8.5% (P = 0.012) with rapeseed-sterol margarine vs. controls. The other inflammatory markers analyzed (VCAM-1, TNF-α, total PAI-1, and activated PAI-1) showed no significant changes after the intervention (87).

At present, the data available on effects of the use of plant sterols alone or combined with statins to reduce cardiovascular risk is limited. On the other hand, while in vitro and experimental animal studies have reported anti-inflammatory effects derived from sterols, the current knowledge on the anti-inflammatory and anti-atherogenic effects of phytosterols/stanols derived from RCTs is scarce and inconsistent. It should be noted that when phytosterols are incorporated into high-fat spreads, their absorption produces higher reductions of cholesterol concentrations than those absorbed as free phytosterols (272). In addition, in order to avoid possible bias, it is important to consider the type of sterols administered (phytosterols or phytostanols), the study sample size, the ethnicity or health status of the individuals included in the study, follow-up duration, as well as the optimal dosage of phytosterol supplementation. Thus, although phytosterol supplementation has been consistently related to a reduction in blood lipid levels, especially total-cholesterol and LDL-C, there is currently insufficient evidence to identify any solid modulation in inflammation markers, making further studies necessary.

STILBENES

Stilbenes are a polyphenol group characterized by a 1,2-diphenylethylene nucleus (273), which can be obtained in the diet mainly from red wine, grapes, peanuts and berries (274). The anti-inflammatory and anti-oxidative effects of these compounds, especially resveratrol, have frequently been related to health benefits, including in atherosclerosis (275). Numerous in vitro and animal studies have been carried out with promising results, but these must be corroborated by clinical trials.

The results of one recently published meta-analysis show that high doses of resveratrol supplementation (≥150 mg/day) were associated with a significant reduction of systolic BP by −11.90 mmHg (95% CI −20.99, −2.81) (276). Similar results were found by Hausenbas et al. (277) and Harm et al. (278). The latter evaluated 9 intervention trials with resveratrol-enriched grape extract supplementation and found that systolic BP was reduced by−1.54 mmHg (P = 0.02), and the heart rate also diminished (−1.42 bpm, P = 0.01). Nevertheless, diastolic BP, blood lipid, and CRP levels were not modified (278), coinciding in part with the report by Sahebkar et al. (279). The results of the analysis of 10 RCTs showed that supplementation with resveratrol did not significantly modify plasma CRP levels [−0.144 mg/dL (95% CI −0.968, 0.680)], diastolic BP and systolic BP, or total-cholesterol, LDL-C, TG and glycemia, (P ≥ 0.05, all). Nonetheless, HDL-C showed a negative response with a significant reduction in these levels [−4.18 mg/dL; 95% CI−6.54; −1.82) (279)]. An large meta-analysis by Haghighatdoost and Hariri (280) studied the response of blood lipid levels to resveratrol supplementation. These authors analyzed 21 randomized clinical trials in which no significant reduction was observed in total cholesterol or LDL-C levels (−0.08 mmol/L; 95%CI: −0.23; 0.08 and −0.04 mmol/L; 95% CI: −0.21; 0.12, respectively), and HDL concentration were not modified (P = 0.269). Only TG showed a significant reduction after the intervention, but these were not robust (280).

Adipokine levels have also been related to atherosclerosis and cardiovascular risk, mainly in the leptin and adiponectin ratio (281). Several studies have also associated resveratrol with changes in these cytokines. In a recent meta-analysis of 9 RCTs, Mohammadi-Sartang et al. (282) observed that a high intake of a resveratrol supplement (≥100 mg/day) was associated with a significant increase of adiponectin levels [1.11 μg/mL (95% CI 0.88, 1.34)]. However, plasma leptin levels were not significantly modulated by resveratrol supplementation, independently of the dose (282).

In the last years, numerous RCTs have been carried out to study the effects of stilbene supplementation (mainly resveratrol). However, the supplementation doses and intervention periods ranged from 40 to 1,500 mg/day and from hours up to 3 months. Moreover, the responses observed varied among the different studies.

In a study including healthy adults, Macedo et al. (90) observed the effect of 100 mg trans-resveratrol supplementation daily over 3 months, but they found no significant changes in the metabolic parameters and inflammatory and oxidative markers analyzed vs. controls. Only GPx activity, a biomarker of oxidative stress, was significantly reduced compared with placebo (P < 0.05), but the meaning of this change was not clear. After a physical fitness test, GPx activity and TNF-α concentration were also reduced, while plasma glucose levels increased. The authors thereby concluded that the physical fitness test applied may have been insufficient to determine whether resveratrol had any relevant effect on the antioxidant systems of the participants. On the other hand, one small study (N = 9) with a higher resveratrol dose (1 g/day) and longer intervention period conducted by Espinoza et al. (91) found a significant, albeit small, reduction in TNF-α and MCP-1 (P < 0.05) after 4 weeks of intervention; however, these changes did not continue over time. Contrary to Macedo et al. (90) they found an increase in the total antioxidant capacity (91). Response to resveratrol supplementation has also been studied by Van der Made et al. (92, 93) in overweight and obese subjects (28.3 ± 3.2 kg/m2). As in healthy adults, no relevant significant metabolic changes were found in inflammatory and/or endothelial function markers after 4 weeks of 150 mg of trans-resveratrol supplementation and only diastolic BP and heart rate increased (P < 0.05). The results of subgroup analysis by gender or body mass index (≥ or < 30 kg/m2) did not differ (92, 93). Similar findings were obtained when Kitada et al. (94) used piceatannol (hydroxylated analog of resveratrol), instead of resveratrol, as a supplement. Only insulin sensitivity improved after the intervention in overweight men: plasma insulin levels were reduced by −18.8 ± 11.2% (P = 0.02) and HOMA-IR by −17.2 ± 11.5% (P = 0.02) (94). Neither have studies carried out in T2DM patients found changes in this regard (96–98). Bo et al. (96, 97) analyzed the effects of resveratrol (500 and 40 mg/day) in T2DM patients over 6 months, but failed to identify significant differences at a metabolic or inflammatory level. They did, however, observe that pentraxin 3, an acute phase protein related to the CRP in humans, increased 4.7–26.3% (P < 0.05) and the total antioxidant status also increased (28.5–44.8; P < 0.05). In addition, in participants receiving high doses of resveratrol supplementation total-cholesterol levels significantly increased (11.94 mg/dL; 95% CI 2.55; 21.33) (96, 97). This coincides with the results of Kjær et al. (95), who also observed an increase in total cholesterol, LDL-C and fructosamine levels in patients with MetS after supplementation with 1 g/day of resveratrol during 16 weeks. With respect to antioxidant capacity, the results of a study by Bo et al. (96) were in concordance with those of Seyyedebrahimi et al. (98) who observed an antioxidant effect in PBMCs and an increase in the expression of Nrf2 and SOD (P = 0.047 and P = 0.005, respectively) in patients with T2DM after resveratrol supplementation. These results also agree with those of Imamura et al. (99), who identified a reduction in oxidative stress and arterial stiffness (P < 0.01) in patients with T2DM supplemented with resveratrol during 12 weeks (99). At an inflammatory level, resveratrol supplementation (300–500 mg/day) showed a reduction in TNF-α vs. placebo (100, 102), but an intervention with 1.5 g/day did not show the same pattern in this inflammatory biomarker (101).

One reason for the lack of impact of resveratrol on inflammatory biomarkers may be the significant heterogeneity among the trials (size sample, type of sample, inflammatory status, dose of resveratrol, length of treatment, etc.), which can potentially lead to bias. A relatively small number of participants might not provide sufficient statistical power to estimate the effects of resveratrol on proinflammatory markers. In addition, plasma resveratrol levels which are too low might explain the lack of impact of resveratrol on atherosclerotic markers. Moreover, the different sources of resveratrol (trans-resveratrol or extracts containing resveratrol) with different compositions may be another limitation and may also induce bias. Therefore, larger studies and studies focusing on pro-inflammatory markers or improvement of BP or lipid profile are needed to evaluate the different anti-inflammatory effects of resveratrol in humans. Moreover, prospective studies including higher doses of resveratrol and longer duration of supplementation are necessary to determine the effect of resveratrol supplementation on biomarkers of inflammation and oxidative stress.

FLAVONOIDS

Flavonoids are a wide family of compounds characterized by a diphenylpropane skeleton (C6-C3-C6). These compounds are obtained from plant foods (283), and numerous studies have related flavonoids to healthy effects (284), and a reduction in the risk of mortality (285–287). However, the results of several meta-analyses have not clarified whether there is a linear dose-response relationship (285, 286). Regarding CVD, a meta-analysis of 4 prospective cohort studies by Grosso et al. (285), Kim and Je (286), Liu et al. (287), and Wang et al. (288) has shown that high flavonoid intake is associated with a reduction in cardiovascular mortality. In addition, a meta-analysis of other prospective studies found a significant reduction in the risk of mortality by CHD (287, 289), and a significant reduction in the risk of stroke (290). These evidences support the recommendation of plant-based diets. Future studies should be aimed at analyzing the main subgroups of flavonoids and evaluating the latest studies on flavonoid supplementation and its effect on health.

Isoflavones

Isoflavones, an estrogen-like compound structurally similar to 17β-estradiol (104), are basically made up of daidzein, genistein, and glycitein. They are mainly found in soy, in which the most notable types of phyto-estrogen present are genistein and daidzein (291). Although the main source of isoflavones is soy bean, other products such as soy dairy substitutes, soy meat substitutes, soy paste and soy traditional foods are also a good source of isoflavones (291).

During the last years, many studies have reported that isoflavones, or one of their compounds, may have an important role in our health. In particular, studies have been aimed at determining whether isoflavones have a direct or indirect effect on protecting against atherosclerosis by improving the levels of some inflammatory molecules as well as improving body weight and the lipid profile. For example, the meta-analysis by Zhang et al. (292) studied the effects of soy isoflavone supplementation in non-Asian postmenopausal women. They found significant reductions in body weight (WMD: −0.515; 95% CI: −0.895 to −0.134; P = 0.008), glucose levels (WMD, −0.189; 95% CI: −0.344 to −0.033), and fasting insulin levels (WMD, −0.940; 95% CI: −1.721 to −0.159) with soy isoflavone supplementation. Thus, soy isoflavone supplementation could be beneficial for reducing body weight, and plasma glucose, and controlling insulin levels (293). However, the recent meta-analysis by Simental-Mendía et al. (294) did not find any significant alteration in circulating Lp(a) (SMD: 0.08, 95% CI: −0.05, 0.20, P = 0.228) plasma concentrations on investigating the impact of supplementation with soy isoflavones on plasma Lp(a) levels (294). This finding is in contrast with the findings of previous meta-analyses reporting that soy reduced total cholesterol and LDL-C and increased HDL-C; however, it must be highlighted that previous meta-analyses were not specifically performed on placebo-controlled trials that may have reduced their robustness (294). On the other hand, interventional studies have also investigated the relationship between soy supplementation and its benefits on human health. Sathyapalan et al. (103) recently evaluated the possible influence of soy isoflavone supplementation on cardiovascular risk markers. The study involved 200 women (mean age 55 y) with early menopause. At the end of the intervention, it was found that soy isoflavone supplementation significantly reduced metabolic parameters and systolic BP (P < 0.01), thereby significantly improving cardiovascular risk markers and calculated cardiovascular risk during early menopause compared to soy protein without isoflavones (103). Byun et al. (105) described the effect of Chungkookjang supplementation, a Korean fermented soybean food with approximately 50 mg/g of isoflavones, on body composition, dyslipemia, and risk factors for atherosclerosis in overweight/obese subjects. After the intervention, apolipoprotein A1 (Apo A1) was significantly increased in the male Chungkookjang group (P < 0.05) alone. In contrast, the women in Chungkookjang group showed a significant decrease in the percentage of body fat (PBF), and the lean body mass (LBM) was significantly increased (P < 0.05). Apo A1 was also significantly increased in both the placebo and the Chungkookjang group, whereas apolipoprotein B (Apo B) was significantly decreased in the Chungkookjang group (P < 0.05). In addition, in the Chungkookjang group, hs-CRP showed a tendency to decreasing and significantly differed between the two groups (P < 0.05) (105). These results suggest that supplementation with Chungkookjang may improve body composition and risk factors for CVD in overweight and obese adults. Additionally, in a similar study with Chungkookjang, Back et al. obtained results suggesting that with this fermented soybean food had potential anti-atherosclerotic effects that might be more pronounced when combined with a modification in lifestyle (106). Apart from the beneficial effects on the improvement of CRP concentrations (104, 291) and a reduction in subclinical atherosclerosis reported by Hodis et al. (104) isoflavones have also been described as an anti-inflammatory and immunomodulatory compound. Moreover, these authors reported an average reduction of 16% (P = 0.36) in carotid artery IMT progression in American postmenopausal women of 45–92 years of age who were given daily doses of 25 g soy protein containing 911 mg aglycon isoflavone equivalents or placebo for 2.7 years. On average, this group also showed a 68% lower carotid IMT progression rate than the placebo group (P = 0.05) (104). On the other hand, while prevention of the onset of the disease, known as primary prevention, is important for health, secondary prevention is also very valuable. Indeed, Chan et al. (107) investigated the effect of an oral isoflavone supplement on vascular endothelial function in patients with established CVD. They performed a randomized, double-blinded, placebo-controlled trial to determine the effects of isoflavone supplementation vs. placebo for 12 weeks on brachial FMD in patients with prior ischemic stroke. Isoflavone treatment resulted in a significant decrease in serum hs-CRP levels (treatment effect −1.7 mg/L, 95% CI −3.3 to −0.1, P = 0.033) and a significant increase of FMD (treatment effect 1.0%, 95% CI 0.1–2.0, P = 0.035). In addition, it was suggested that the vasoprotective effect of isoflavones was more pronounced in patients with more severe endothelial dysfunction. In conclusion, this study demonstrated that 12 weeks of isoflavone treatment reduced serum hs-CRP and improved brachial FMD in patients with clinically manifest atherosclerosis, thereby reversing their endothelial dysfunction status. These findings may have important implications for the use of isoflavones in secondary prevention in patients with CVD, in addition to conventional interventions (107).

It should also be highlighted that another important compound related to isoflavones is considered to have anti-atherogenic effects which seems to improve arterial stiffness and may also prevent CHD. This compound is S-equol, a metabolite that comes from the dietary soy isoflavone daidzein, and it has been suggested that the production of equol from daidzein by intestinal bacteria may produce the benefits obtained with isoflavones (103, 295). Nonetheless, the metabolism of daidzein differs depending on the study population. For example, in Western countries, only 30–50% of individuals are equol producers (103). Törmälä et al. (108) studied the effects of equol production and soy supplementation on vascular function in postmenopausal women under long-term use of tibolone. This synthetic steroid is an alternative treatment for postmenopausal symptoms, which induces a different estrogenic milieu than estrogen and may affect vascular health. What these authors found was that in postmenopausal tibolone users, the capacity to produce endogenous equol was associated with favorable vascular function. Thus, women who produce equol have better arterial compliance and endothelial function compared to women who do not produce equol (108).

Moreover, during the last years, many biomarkers associated with isoflavone intake have been identified by proteome analysis. Fuchs et al. (109) identified in vivo markers that responded to an 8-week dietary intervention with isoflavone-enriched soy extract in postmenopausal women who consumed 50 mg of isoflavones/day. After the intervention, the subjects showed a selected set of proteins responding to treatment that could be closely linked to the genesis and progression of atherosclerotic processes. The nature of the proteins identified suggests that soy isoflavones may increase anti-inflammatory response in blood mononuclear cells that might contribute to the atherosclerosis-preventive activities of a soy-rich diet. In addition, the changes observed in the marker proteins suggest that soy extract may protect the fibrinolytic system (109).

Several studies including animals, cell cultures, and clinical trials have addressed the anti-inflammatory properties of isoflavones. Nevertheless, the mechanisms by which isoflavones exert their potential anti-inflammatory effects still remain unclear. A large number of meta-analyses and interventional studies indicate that isoflavones or soy protein have no impact on plasma lipids or proinflammatory biomarkers. On one hand, it has been highlighted that most of these studies were not placebo-controlled trials, thereby reducing their robustness. In addition, the isoflavone content, the type of soy product used (soy protein), race, genetic background, environment, lifestyle, number of cases studied, and menopausal status are other confounding factors that might explain the discrepancies observed in the efficacy of isoflavones on the lipid profile or anti-inflammatory markers. Studies in postmenopausal women have reported a weaker effect of isoflavones because of the inability of healthy late postmenopausal women to produce equol, which is an active metabolite of the soy isoflavone with higher biological and pharmacological effects than isoflavones own (296). Equol is able to bind to estrogen receptors, lowering lipid concentrations, and reducing atherosclerosis (297). Therefore, although isoflavones may be used in a range of inflammatory diseases in addition to atherosclerosis, more extensive studies are still warranted to determine the underlying mechanisms and the potential adverse effects of isoflavone consumption (carcinogenic and immunosuppressive effects).

Flavonols

Several groups have reviewed the scientific evidence available on total flavonol intake and the risk of mortality by CVD. In 2014 a meta-analysis of 13 prospective studies published by Wang et al. (288) observed a significant inverse relationship (RR = 0.89, 95% CI 0.84; 0.94), and dose-response analysis concluded that an increment of 10 mg of flavonol intake daily was associated with a 5% reduction in CVD risk (288). This agrees with the recently published meta-analysis by Grosso et al. (285) (RR = 0.87, 95% CI 0.76, 0.99) who also found a reduction in CVD risk with flavonol supplementation. These results, however, were not consistent with those of the meta-analysis by Kim et al. (286) who did not find any significant associations. On the other hand, a meta-analysis of 18 RCTs found relevant changes in cardiovascular biomarkers after flavonol supplementation: total-cholesterol, LDL-C and TG were reduced, HDL-C was increased, and fasting plasma glucose and blood pressure were also significantly reduced (P < 0.05, all). Moreover, these modifications seemed to be especially relevant in participants with blood lipid alterations and studies in Asian populations (298).

Quercetin is an ubiquitous dietary flavonol (299), which has been linked to numerous effects on health [antioxidant, antidiabetic, anti-obesity, anticarcinogenic, anti-atherosclerotic, antithrombotic, anti-allergic, and immune, inflammation, and cell signaling modulating activities (300)], thereby making it one of the most promising bioactive compounds for atherosclerosis therapy.

Meta-analyses of RCTs involving quercetin supplementation have shown a significant reduction of systolic and diastolic BP (300). Moreover, a reduction in circulating CRP levels of −0.33 m/L (95% CI −0.50, −0.15) was found in a meta-analysis of 7 RCT published by Mohammadi-Sartang et al. (301). These authors related significant effects to quercetin doses > 500 mg/day in subjects with normal levels of CRP (< 3 mg/L) (301). However, other meta-analyses did not observe any significant effects of quercetin supplementation on IL-6 or TNF-α concentrations (302) and plasma lipids (total-cholesterol, LDL-C, HDL-C, TG) (303).

In the last years, different RCTs have been carried out of quercetin supplementation and its possible effects on health. Brüll et al. (110) analyzed how supplementation with 162 mg of quercetin daily affects inflammatory biomarkers in patients with a high BMI and pre-hypertension, but they did not find any significant changes in CRP, TNFα, leptin or adiponectin levels. These authors also tested the acute effect 54 mg of quercetin supplementation on endothelial function and blood pressure after 4 h and again did not observe any significant changes in these values (304). Neither did Dower et al. (111) observe any significant changes in vascular function biomarkers, such as endothelin-1 and FMD. Pfeuffer et al. (112) investigated whether the effects of quercetin supplementation on atherosclerosis risk factors, inflammation biomarkers and oxidative stress depend on the apolipoprotein E (APOE) genotype. They found no association between the genotype and the effects of quercetin but did observe a significant reduction in waist circumference and an increase of HDL-C and TNF-α levels after supplementation compared to placebo, P < 0.05 (112). Another flavonol, dihydromyricetin, showed effects on glucose and lipid metabolism in patients with non-alcoholic fatty liver disease.

On one hand, flavonols might exert their cardioprotective effects by lowering BP, circulating LDL concentrations and reducing intracellular reactive oxidative species (ROS), as well as inhibiting the endothelial expression of adhesion molecules, the expression of which is related to the inhibition of NF-κβ and Activator protein 1 (AP-1) activation. The differences observed among the different studies may be attributed to the small number of participants and lack of effect of quercetin on endothelial function (antioxidant activity). All factors are key in the development of atherosclerosis. In addition, in vitro and animal studies have demonstrated the anti-inflammatory effects of quercetin at high plasma quercetin concentrations (>1 μM) (305), although some studies probably used quercetin concentrations which were insufficient to improve biomarkers of inflammation. Another limitation is the profile of the subjects studied. Although the study subjects were overweight-to-obese and had hypertension or MetS, they were metabolically healthy (excluding T2DM), limiting a further reduction of parameters such as glucose, hs-CRP, and hs-TNFα which were already low at baseline. Another possible limitation is the supplementation period (< 3 weeks), which may be insufficient to observe changes in markers of systemic inflammation and adiposity, both associated with inflammation. The collection of blood 8–12 h after quercentin intake may exert an acute effect at different sites of action and at a cellular level, might being able to twek and may have influenced its real effect on proinflammatory markers. Quercetin might not exert any effect on endothelial function because of a lack of antioxidant activity and oxidative stress. Finally, the different physiology of the species studied (humans and animals), as well as the different levels of inflammatory status might explain the different results obtained in the studies carried out. In addition, many RCTs use an enriched mixture of flavonols and a possible interaction with other phytochemicals and nutrients may explain the effects observed. Nonetheless, potential interactions with other phytochemicals and nutrients might be resolved using pure flavonols. Therefore, more RCTs are necessary to know the role of quercetin in atherosclerosis, and more specifically, its effects on inflammatory biomarkers.

Other Flavonoids

The main dietary sources of flavan-3-ols (flavanols) are green tea, cocoa and berries. Flavan-3-ols have been associated with a reduction in the risk of all-cause mortality (285) and a lower mortality by CVD (285, 286, 288). A recently published Cochrane meta-analysis reported an association between flavan-3-ols from chocolate or cocoa products and a slight reduction in BP of 2 mmHg in healthy adults (-systolic BP: −1.76 mmHg, 95% CI: −3.09, −0.43 and diastolic BP: −1.76 mmHg, 95% CI: −2.57, −0.94). However, the authors highlighted the relevance of baseline BP, since pre-hypertensive participants seemed to present a higher response to cocoa flavan-3-ols than normotensive subjects (306). Another meta-analysis of 19 RCTs on cocoa flavan-3-ols found significant effects on inflammation and oxidative stress biomarkers: CRP (WMD: −0.83 mg/dL, 95% CI: −0.88, −0.77), VCAM-1 (WMD: 85.6 mg/mL, 95% CI: 16.0, 155), lipid metabolism (TG, HDL-C), and insulin resistance modulation (fasting insulin, HOMA-IR, QUICKI, quantitative insulin sensitivity check index, and the insulin sensitivity index, ISI) (307). A previous meta-analysis also found a modulation in HOMA-IR, and moreover, reported an improvement in FMD (1.43%; 95% CI: 1.00%, 1.68%) (308).

Catechins are the main flavan-3-ol present in green tea. A meta-analysis published by Khalesi et al. (309) found that green tea catechin intake was significantly associated with a reduction in BP (systolic BP −2.05 mmHg, 95% CI −3.06, −1.05 and diastolic BP −1.71 mmHg, 95% CI −2.86, −0.56) and plasma lipid modulation (total-cholesterol −0.15 mmol/L, 95 % CI −0.27, −0.02, LDL-C −0.16 mmol/L, 95 % CI −0.2, −0.09). Moreover, analysis by subgroups indicated that higher BP reductions were associated with green tea catechin intake < 500 mg/day.

On the other hand, a recent RCT published by Huang et al. (113) found that supplementation of 856.8 mg of epigallocatechin gallate (EGCG) to daily green tea extract intake over 6 weeks was associated with a significant increase of leptin levels of +25.7% (P < 0.048) and with decrease of LDL-C levels of 4.8% (113). Venkatakrishnan et al. (114) also observed significant reductions in LDL-C after 12 weeks of daily intake of catechin-enriched green tea or catechin-enriched oolong tea in mildly hypercholesterolemic subjects. Along with a reduction in total-cholesterol and TG, improvements were observed in antioxidant capacity [increased LDL oxidation lag time, SOD, GPx and catalase activity (CAT)] and oxidative indices (trolox equivalent antioxidant capacity, TEAC, glutathione, GSH and lipid peroxidation products reduction) as well as a significant reduction in weight, BMI and body fat (P < 0.05, all). In contrast, Saarenhovi et al. (115) did not observe significant changes in FMD, NMD, biochemical parameters (plasma fasting glucose and plasma lipids) or inflammatory biomarkers, adhesion molecules or coagulation markers [asymmetric dimethylarginine, ADMA, CRP, sE-selectin, von Willebrand factor (vWf), sICAM-1, sVCAM-1, PAI-1, CRP] after 4-weeks of supplementation with an apple polyphenol extract rich in epicatechin and flavan-3-ol oligomers. However, in a 1-year intervention RCT with green tea extract supplementation (including 843 mg of EGCG), Samavat et al. (116) observed that serum lipids were significantly modified in postmenopausal women: total-cholesterol decreased 2.1%, LDL-C 4.1% and non-HDL cholesterol 3.1% (P < 0.05, all). Nonetheless, HDL-C did not change after supplementation and TG concentrations increased (P = 0.046). Moreover, sub-analysis of the data found that the reduction in total cholesterol was especially relevant in women with high baseline total cholesterol levels (P-interaction = 0.01) (116), and fasting insulin concentrations also showed the same pattern, with the levels being significantly reduced in supplemented women with high baseline fasting glucose concentrations (117).

Flavanone intake has also been inversely related to a lower risk of all-cause mortality and to mortality by CVD (285, 288). One of the most relevant flavonones is hesperidin, an antioxidant compound that can be obtained from citrus fruit such as oranges or lemons. It has been related to effects over inflammatory biomarkers and blood pressure.

Recently, Homayouni et al. (118) observed that 500 mg/day of hesperidin supplementation in T2DM patients was related to anti-inflammatory effects in the short term (IL-6, TNF-α, hs-CRP reductions, P < 0.05) as well as a significant increase in the total antioxidant capacity in serum (13.4% ± 19.2) and a reduction in mean arterial BP of 2.5% ± 4.6. These authors also found a reduction in froctosamine (−10.10% ± 16.84), a constant biomarker of glucose level, and in hydroxydeoxyguanosine (8-OHDG) levels, a biomarker of DNA damage (P < 0.05, both). However, another similar study evaluating the effect of hesperidin supplementation (450 mg/day for 6-weeks) in volunteers with overweight or obesity found no significant improvement at an endothelial level. Only the adhesion molecules, VCAM-1 and sICAM-1, showed a tendency to diminish (P = 0.052 and P = 0.056, respectively). Moreover, no significant changes were observed in BP, plasma lipids, glucose parameters or FMD (120). However, it was observed that participants with FMD ≥ 3% showed better response to hesperidin supplementation with a reduction in VCAM-1 and sICAM-1 levels (P < 0.05) (120).

The lack of a significant effect of other flavonoids on atherosclerosis progression is unclear. Pharmacokinetic studies on different types of flavonoids are necessary to evaluate their possible acute biological effects and to obtain information on the best timing of FMD measurements after the administration of flavonoids. In addition, the discrepancies observed might be due to the different doses or composition of the flavonoids studied. New studies are needed to determine the most adequate dose, and studies on acute and long-term effects are also of interest. Other parameters such as age, sex, possible associated pathologies or grade of absorption of these flavonoids should also be considered in futures studies.

CONCLUSIONS

The prevention of CVD is currently one of the greatest medical challenges at a global level. These diseases are associated with important morbidity and mortality, and thus, tools to aid in the prevention of CVD are key for the future. In this sense, there is growing evidence that a wide range of supplemental compounds have been related to the prevention of atherosclerosis or a slowing of further deterioration. Some of these compounds have been widely studied, such as vitamins, while others are new potential candidates which need to be investigated. Their mechanisms of action are diverse, producing effects at different levels, modulating inflammatory response, controlling oxidative stress, and stimulating or repressing key gene expression, among others. Nevertheless, to the date, several of these compounds lack scientific evidence to support their possible benefits in cardiovascular health (vitamin C, CoQ10, omega 6, stilbenes, flavonoids, among others).

Food supplements may be a good alternative for the prevention and treatment of atherosclerosis. Nevertheless, the lack of conclusive results about effectiveness of supplements on CVD, make more research in this field necessary.

One of the major challenges of immunonutrient supplementation is to identify the possible cardioprotective effects associated with the intake of a specific supplement with determined properties or in combination with other phytochemicals, or even in combination with other pharmaceutical therapies, in order to study the possible additional or synergistic benefits incurred and potential greater effectiveness. Therefore, robust, well-designed RCTs are needed to achieve greater evidence and to evaluate the effectiveness of supplementation and avoid bias, since the studies available have several limitations. Several strategies should be followed. On one hand, the study population should be well defined, focusing on the prevention of atherosclerosis and the participants should be individuals at high risk, albeit free, of CVD or should be diagnosed with previously established atherosclerosis in order to study secondary prevention. In both cases, the search for new biomarkers able to predict atherosclerosis linked to atherosclerosis regression or the use of new imaging techniques could be key in the design of these clinical trials. In addition, other parameters which should be controlled include the identification of more accurate oxidative biomarkers, and interindividual variation in the response to antioxidants (smoking, obesity, hypercholesterolemia, diabetes, elderly individuals, etc.) should be considered.

On the other hand, in many clinical trials the dose of the supplements studied is a clear limitation. The supplements administered often show no beneficial effect because the dose used is insufficient to observe any effect, and therefore, the dose administered should be physiologically relevant to humans (very high doses). In addition, it is essential that the composition and dose of the supplement studied as well as the length of supplementation, and interference or competition between phytochemicals be consistent to reduce the significant level of discrepancies among studies. More in depth knowledge of the absorption and bioavailability process, pharmacokinetic activity and the mechanisms underlying supplement absorption is required.

Further long-term RCTs are needed to fully evaluate the role of immunonutrient supplementation and its effect on anti-inflammatory response in atherosclerotic disease and determine the possible molecular mechanisms involved in the protective action of these supplements to develop new therapeutic approaches in the prevention of atherosclerosis.
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CLA) or placebo supplements for
6 months.

Daily intake of 3g CLA, 1,920
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12-weeks.

300 mg/day resveratrol for
3-months.

60 patients with

BMI 25.7 kg/m?.

1,500 mg resveratrolday for
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140-165/90-95 mmHg)
Aged between 40 and 65
years, average BMI 25.5

kg/m?2.

Green tea extract: containing 936 healthy
1,315 mg catechins (843mg

EGCG) for 12 months.

kg/m?.

500 mg/day of hesperidin for
6-weeks.

450 mg/day of hesperidin 25 for
6-weeks.

275 healthy subjects aged
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34 patients with established
ASCVD and T2DM (mean
age 65.6 = 6.8).

Patients awaiting carotid
endarterectomy (0= 121),
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carotid endarterectomy
(mean age 70 £ 8).

76 patients with heart failure

abdominal obesity and
low-grade systemic

111 healthy Dutch elderly
subjects (aged > 65 years).

24 healthy Japanese men,
> 18y, and BMI: 19-27

401 subjects, aged 40-70
years and with a BMI > 25

90 atherosclerotic patients

52 Iranian patients with
hyperlipidemia and M, aged
35 to 70 years old.

antiphospholpid syndrome
(mean age 51.89  10.56).

51 patients with CAD:
placebo (n = 14), Q10-60
group (n = 19), Q10-150

group (n = 18). Mean age

51 obese subjects: CoQ10
group (0 = 26, BMI = 27.9
+23kg/m? age = 42.7 £
11.3 years) and placebo
group (1 = 25, BMI = 26.8
+28kg/m? ,age =413+

65 firefighters considered to
have a high GVD risk (age

pre-existing CVD or 3 or
more coronary risk factors.

230 healthy volunteers from
the general population.

522 participants elderly
patients (55% were men)

postmenopausal women
(aged 50 to 70 years) with

90 patients (21 female) with
CAD, aged 38-80 years.

3,090 healthy participants
(81.4% was men), the mean

31 atherosclerotic patients
(16 men and 15 women,
aged 38-69 years; mean
age 56 years) and 15
healthy controls (8 men and
7 women, aged 39-62
years; mean age 56.5

31 patients and 15 healthy

520 hypercholesterolemia
smoking and nonsmoking
men and postmenopausal

40 healthy non-smokers
male volunteers, between
20 and 45 years (mean age

520 hypercholesterolemia
smoking and nonsmoking

men and postmenopausal
women aged 45-69 years.

39 healthy overweight or
obese subjects (BMI > 25
kg/m?) and mean age 61.3

8 volunteers (4 males, 4
females) noninsulin-requiring
type 2 diabetes. Mean age
was 49 6 years.

88 healthy adults with = 1
elevated risk factor for
cardiovascular disease.
Mean age 51 10 years.

332 healthy males and
females 21-70 years old,
with BMI between 28.0 and

118 Iranian patients with

123 congestive heart failure
(CHF) patients (102 men

65 Australian overweight or
obese, vitamin D-deficient
(25-hydroxyvitamin D < 50
nmol/L) aduts. Aged 18-60

615 participants aged

30 never-treated, male,
essential hypertensive
patients (mean age, 50

409 Australian male and

CAD. Age of 40-70 y.

55 patients with type 2
diabetes. Mean age: 61.3.

6 males and 5 females with

postmenopausal women
aged between 55 and 65

48 healthy postmenopausal

postmenopausal). Mean

388 healthy men and
postmenopausal women

cardiovascular risk (mean
age = 69.7 years, BMI 31.5

90 participants with type 2
diabetes. Aged between 18
and 70 years, and BMI
between 20 and 45 kg/m?2.

61 renal transplant
recipients. Mean age 49.9
and BMI 26.9 kg/m?.

144 participants with
subclinical atherosclerosis.
Aged between 45 and 68
years and average BMI 24.7

32 participants with
overweight or obesity (BMI
25-35 kg/m?). Aged
between 25 and 70 years.

18 healthy adults (67%
female). Mean age 35.3

58 volunteers with
hypercholesterolernia. Aged
between 25 and 75 years.

240 participants with
hypercholesterolemia. Aged
between 40 and 65 years.
BMI: 18-30 kg/m?.

45 participants with obesity
or overweight. Mean age 61
years. BMI 28.3 kg/m?.

39 participants with obesity
or overweight. Aged
between 20 and 70 years
and BMI > 25 kg/m2.

74 men with MetS. Mean
age 49.5 and BMI 33.8

192 participants with type 2
diabetes. Mean age 66
years, BMI < 35 kg/m2.

48 Participants with type 2
diabetes. Aged between 30
and 70 years and average
BMI 28.94 kg/m?.

50 participants with type 2
diabetes. Mean age 57.8
years and BMI 25.1 kg/m?.

non-alcoholic fatty liver
disease. Mean age 44.3 and

non-alcoholic fatty liver
disease. Aged between 18
and 70 years and BMI > 25

50 patients with alcoholic
fatty iver disease, > 18
years and mean BMI 28.55

200 women within two
years of the onset of
menopause (FSH > 20
mU/L and amenorhea for 1
year). Non-smokers and

350 postmenopausal
wormen (>1 year) and serum

55 overweight/obese male
and female subjects not
diagnosed with any disease.

102 patients with primary or
recurrent ischemic stroke

40 healthy non-smoking
postmenopausal women on
tibolone treatment (=3

27 healthy postmenopausal
‘woman between 45 and 70

37 healthy participants.
Aged between 40 and 80
years and average BMI 26.7

49 healthy men with

73 women with overweight
or obesity and high LDL-C
levels. Aged between 18

60 participants with
borderline hypertension (8P
130-139/85-89 mmHg) or
unmedicated mild

postmenopausal women.
Aged between 50 and 70
years, and BMI 18.5-40

64 participants with T2DM
aged between 30-65 years
and BMI <30 kg/m2.

68 participants with
overweight or obesity, aged
between 18 and 65 years
and BMI 25-35 kg/m?.

Double-blind, randomized,
controlled trial.

Double-blind, randomized,
controlled trial.

Randomized,
double-blinded,
placebo-controlled

Randormized,
placebo-controlled,
double-blind, cross-over
design.

Two-center, prospective
randomized double-biind,
placebo-controlled study.

Randomized,
double-blinded,
placebo-controlled.

Randomized,
double-blinded,
placebo-controlled

Prospective, randomized,
placebo controlled study.

Double-blind, randomized,
crossover, controlled study.

Double-biind, randomized,
crossover, controlled study.

Double-biind, randomized,
placebo-controlled studly.

Double-blind, randomized,
placebo-controlled,
parallel-group trial

Double-blind, randomized,
placebo-controlled,
parallel-group trial,

Randomized double-blinded
controlled clinical trial.

Prospective, randomized,
double-masked crossover,
placebo-controlled study.

Randomized parallel,
placebo-controlled study.

Randomized, double-blind,
placebo-controlled, single
center study.

Placebo-controlled,
double-blind, randomized
trial.

Randomized, double-blind,
placebo-controlled trial.

Randomized, double-blind,
placebo-controlled trial.

Randomized, double-blind,
placebo-controlled trial.

Randomized, double-blind,
placebo-controlled trial.

Prospective randomized
double-blind study.

Randomized, double-blind,
placebo-controlied trial.

Double-blind,
placebo-controlled trial,

Double-blind,
placebo-controlled trial.

Clinical placebo-controlied
two-by-two factorial trial.

Open-label, parallel,
randomized controlled trial.

Arandomized double-blind
crossover study.

Ginical placebo-controlled
two-by-two factorial tral.

Randomized, double blind,
placebo- controlled design.

Randormized, crossover,
dose-response trial.

Single-blind
(diets)/double-blind
(supplements),
parallel-group study.

Placebo-controlled,
double-blind, randomized
trial.

Double-blind, parallel,
randomized
placebo-controlied clinical
trial.

Double-blind, parallel,
randomized
placebo-controlled clinical
trial.

Parallel-group, double-blind,
randomized,
placebo-controled tral.

Randomized,
placebo-controlled,
double-blind trial.

Randornized, double-blind,
placebo-controlled,
crossover study design.

Randomized, double-blind,
placebo-controled trial.

Randomized, controlled,
double-biind trial.

Double-blind,
placebo-controlled trial

Randomized
placebo-controlled,
crossover trial.

Randomized, double- blind,
placebo-controlled

Randomized double-blind
crossover study.

Double-blind, randomized
controlled trial.

Prospective, randomized,
cross-over, and controlled
dlinical trial.

Double-blind, randornized,
placebo-controlled trial.

Double-blind, randomized,
placebo-controlled trial.

Double-blind, randomized,
placebo-controlled trial.

Double-blind, randomized,
crossover longitudinal trial.

Double blind, randomized,
placebo-controlled
crossover study.

Double-biind, randorized,
placebo-controlled
crossover trial.

Double-blind, randomized,
placebo-controlled,
parallel-group study.

Double -blind, randomized,
placebo-controlled trial

9 healthy participants. Aged  Randomized clinical tral.
between 30 and 50 years
and BMI 20 kg/m?2.

Double-blind, randomized,
placebo-controlled tral.

Double-blind, randomized,
placebo-controlied trial.

Double-blind, randomized,
placebo-controled trial.

Double-blind, randomized,
placebo-controlled tral.

Double-blind, randomized,
placebo-controlled trial.

Double-blind, randormized,
placebo-controlled trial.

Double-blind, randomized,
placebo-controlled trial.

Double -blind, randomized,
placebo-controlled trial.

Double-blind, randomized,
placebo-controlled trial

Double-blind, randomized
parallel study.

Double-blind,
placebo-controlled trial.

Double-blind, randomized,
controlled crossover trial.

Randomized, double-blind,
placebo-controlled clinical
trial.

Randomized, double-blind,
placebo-controlled trial.

Randomized,
placebo-controlled
cross-over trial.

Placebo-controlled
sequential design.

Double-blinded,
randomized,
placebo-controlled
crossover trial.

Double-blinded,
randomized,
placebo-controlled
crossover trial.

Double-blinded,
randomized,
placebo-controlled
crossover trial.

Double-blinded,
randomized,
placebo-controlled
crossover trial.

Double-blinded,
randomized,
placebo-controlled trial.

Double-blinded,
randomized,
placebo-controlled
crossover trial.

Double-blinded,
randomized,
placebo-controlied trial.

Double-blinded,
randomized,
placebo-controlled trial.

Double-blinded,
randomized,
placebo-controlled trial.

1 SICAM-1 inlean fish group (P < 0.05)
1SVCAM-1 in fish o and fatty fish groups
(P < 0.05; both)

Gender analysis and dietary supplementation:
Men 6.6g: | sP-selectin (89 £ 21 vs. 78 & 20,
P <001)

Wornen: | ICAM-1 (263 + 38 vs. 227 34,
P <0.05,2.0g) and 1 SVCAM-1 (802 198
vs. 860 + 232, P < 0,05, 6.69).

-8 FA group: 9.5 & 6.9ng/mL of SICAM-1
SICAM-1 concentration was inversely related to
levels of DHA in plasma ( = —0.675;

P <0.001).

-3 FA: $ FMD and PWV (P < 0.001 for all).
116 (P =0.003);

1PAI-1 (P = 0.003)

1 TG and total cholesterol levels (P < 0.001).
-3 FA did not improve endothelial function
indices (FMD and NMD).

-3 FA group:
1 fewer foam cells (P =
1 MRNA for MMP-7 (P = O
—9(P= 0.0048), —12 (P= 0.0044), and for
IL-6 (P = 0.0395) and SICAM-1 (P = 0.0142).
+EPA content | plaque instability (P = 0.0209),
plague inflammation (P = 0.0108), the number
of T cells in the plaque (P = 0.0007).

-3 FA group:

| inflammation

+ thin fibrous caps

1 infitation of T cells

‘tinhibition of macrophages.

w-3 FA:

1TNF-a (P = 0.002), IL-6 (P = 0.015), SICAM-1
(P =0.026), and NT-proBNP (P = 0.024)

DHA supplementation higher:

1 CRRIL-6, TNF-a.

+ Adiponectin

1.8 EPA + DHA group changed in 1,040
genes, and changes ininflammatory pathways
including eicosanoid synthess, interleukin
signaling, and MAP kinase signaling. There
were also changes in the expression of genes
related to atherosclerotic processes, such as
cell achesion, scavenger receptor activity, and
adipogenesis, and changes in inflammatory
signaling, such as eicosanoid metabolism and
IL-6 and MAP kinase signaling, NF-kB and
Toll-ike receptor signaling.

No changes on any metabolic parameter or
platelet function.

No changes in concentrations of fasting ipid,
glucose, insuiin, and CRP.

-3 and CLA group:
1 hsCRP

1GPx

MDA

3

1IL-6.

CoQ10:

 total cholesterol, LDL-c, fibrinogen, TG
tHDLc

1 SBP and DBP.

CoQ10 attenuated the elevated expression of
inflammatory and thrombolic risk markers in
monocytes.

Q10-150 group:
1 IL-6 and MAD

Q10-60 and Q10-150 groups:
+S0D.

No evidence that coenzyme Q10 affects fatigue
index, arterial stiffness, metabolic parameters,
or inflammatory markers.

Gompared to placebo, extract+CoQ10:
Improved coronary artery calcium (CAC)
scanning (32 6 vs. 68 £ 8, P = 0.01)
Improved levels of CRP (~0.12 & 0.24 vs. 0.91
£0.56 mg/L, P < 0.05). PWV and endothelial
function measured by DTM.

B-vitamin group:
Homocysteine concentrations (~18%).

No changes in CRP (P = 0.77), IL-6 (P = 0.91),
ICAM-1 (P = 0.38), or fibrinogen (P = 0.68).
B-vitamin group:

Homocysteine concentrations (~18%).

No changes in CRP, IL-6, IL-8, or MCP-1.

B-vitamins group did not change compared to
placebo:

ICAM-1 (P = 0.72), VCAM-1 (P = 0.39), VEGF
(P = 0.40), SAA (P = 0.85) or CRP levels

(P =0.70,

28% decrease in homocysteine concentrations
No changes in CRP, SICAM-1, oxLDL, IgG and
1gM against oxLDL.

Homocysteine-lowering therapy with
B-vitamins did not change concentrations of:
SCDA0L, IL-6, CRP or neopterin.

Vitamin B6 was negatively associated with
GRP, WBC, KTR, and neopterin at baseline and
with CRP and KTR at day 28.

Patients with vitamin A-supplemented
+Fox-p3 expression (P = 0.0001)

1TGF-p gene expression (P = 0.001)

JIL-17 (P < 0.05) and RORc gene expression
(P=0.0001).

Vitamin A intake:

LIFN-y gene expression in healthy control
subjects (P = 0.0001) and atherosclerotic
patients (P = 0.001).

Individual supplementation with vitamin E or G
had no effect on the atherosclerosis
progression in either men or women.
Combined supplementation led a delay in the
atherosclerosis progression (0.011 mm/ year).

Vitamin C group:
J hs-CRP, IL-6, fasting blood glucose and TG
(overall: P < 0.001).

Significant reduction in adhesion monocytes to
ECs was observed from 0.88 + 0.09 FU to
0.65:+ 0.11 FU after 6 weeks of
supplementation with 250mg vitamin C in the
group with below average plasma vitamin G
concentrations at baseline (P < 0.02).

No changes in circulating levels of TNF-a, IL-6
or CRP.

No changes in markers assessed: leptin,
apolipoproteins, cystatin C, insulin,
adiponectin, CRP, ICAM-1, E-Selectin or t-PA.
Compared to placebo IL-6 was increased in
intervention group (0.32 vs. —0.18 pg/ml;

P = 0010).

No differences between intervention group and
placebo in PWV, SNP, and Ach.

No changes on lipid profile, markers of
oxidative stress, inflammation or
hypercoagulabilty for any dosage of vitamin C.

There were no significant changes in MCP-1,
IL-6, or SICAM-1 among the 3 ams of the
study.

Compared with placebo vitamin D
supplementation:

416 and t hs-CRP

No changes in TNF-a and insulin resistance.

Calcium, vitamin D, vitamin D+calcium:
IL-6, TNF-g, leptin

vitamin D-+calcium:

1 hs-CRP.

D) group:
1 TNFa
1110

No differences were observed between groups
(vitamin D and placebo) in any inflammatory
markers or NF-xf activity (all P > 0.05).

No differences were observed between groups
(vitamin D and placebo) in any inflammatory
markers or adipokines studied.

Combined antioxidants:
+ FMD

1 PWV and Aix

1 MDA, LOOH, FRAP

+ Antioxidant capacity.

Vitamin E:

JLDL oxidative susceptibility

Not reduction the progression of carotid
atherosclerosis.

Vitarnin E:

1 F(2)-isoprostanes (P < 0.001)

1TNF-a, IL-6 (P < 0.005) and monocyte
superoxide anion (P < 0.001)

1 hs-CRP (~32%) vs. placebo; P < 0.001.

Tocopherol groups:
1 F(2)-isoprostanes (P < 0.001)

‘Neutrophil alphaT and gammaT increased
(both P < 0.001)

INeutrophil leukotriene B(4) production
decreased significantly in the mixed tocopherol
group (P = 0.02)

No changes in hs-CRP, IL-6, TNF-a or MCP-1.
Low-dose of vitamin E

No changes in glutathione, CRP, adiponectin,
PAI-1, and fibrinogen levels.

1 oxLDL production.

Menaquinone group:

| Stiffness Index p

No effect on hsCRP, IL-6 and TNF-a or on
VCAM, E-selectin and AGE.

Menaginone group:
HDL-c decreased by 5% (P = 0.006) and
triacylglycerols by 15% (P = 0.015).

No changes in SICAM-1, SVCAM-1, PAI-1,
fibrinogen and plasma factor Vilc.
Phylloguinone supplements reduced CAC
progression by 6% (P = 0.04).

Both tomato juices: | ICAM-1, VCAM-1 (these

changes were corrslated with trans-lycopene

levels).

No significant changes: CRP, IL-8, eotaxin,

IFN-y and CXCL10.

No significant changes were observed:

- Physiological markers of vascular function:
FMD, PW, and Al

- Girculatory markers of vascular function:
serum IGAMI, VCAM-1, E-selectin, plasma
tPA and PAI-1

- Inflammatory markers: serum hsCRP, TNFa,
IL-6, adiponectin.

No significant changes were observed
- PWY, CIMT, FMD, GTN, F2-isoprostanes,
pentraxio-3, CRP.

| carotid artery IMT (lutein+ lycopene > lutein
alone).

Phytosterol-milk: | expression of inflammatory
molecules (MCP-1, IL-10R).

Plant sterols treatment: | ipid peroxidation,
and inflammation: | plasma hsCRP, 1 LXA4,
nitrite and nitrate.

Rapeseed-sterol margarine: | E-selectin.

Biomarkers of endothelial dysfunction and
low-grade inflammation were not modified
(CRP, serum amyloid A, IL-6, IL-8, TNF-a, and
soluble intercellular adhesion molecule-1) and
neither was FMD.

Before physical finess test: | GPx
After physical fitness test: 1 plasma glucose,
TG, | TNF-a, GPx

No significant changes vs. placebo group:

- TG, LDL-C, HDL-C, AST, ALT, GGT plasma
activities, LDH, serum iron, creatinine, uric
acid, total plasma antioxidant activity (FRAP)

- Plasma oxidative stress biomarkers: thiol,
8-isoprostane, BOHAG

- Pro-inflammatory cytokines: IL-1, IL-6

- Antioxidant enzyme activities: SOD, catalase,
glutathione reductase.

1 total antioxidant capacity

Cirulating immune cells: 1 circulating Treg

cells (at 4 weeks), y8+T cells (at 4 and 6 week).

1 TNF-a, MCP-1 (at 4 weeks, both)

No significant changes: bitem(-] CXCL-10,

IL-1Ra.

1 DBP, heart rate

No significant changes:

- FMD, DBP, mean arterial pressure.

- Fasting arterial diameters, arterial stifiness
after test meal

- TG, LDL-G, HDL-C, TCHDL ratio, TG,
apoA-l, apoB100

- BMI, plasma glucose, insulin, HOMA-IR

- Markers of inflammation and endothelial
function: hsCRP, IL-6, TNFa, E-Selectin,
thrombomodulin, P-Selectin, ICAM-3,
SICAM-1, SVCAM-1.

Meale participants with overweight: | serum

insuin, HOMA-IR

No significant changes:

- Body weight, BMI, body composition

- Fasting glucose, insuin, HOMA-IR, HbAfc,
glycated albumin

- AST, ALT and GGT, serum creatinine,
glomerular fitration rate, and serum uric acid,
TC, LOL-C, HDL-C, TG and free fatty acid
levels

- FMD, asymmetric dimethylarginine

- Serum hs-CRP, IL-6, diacron reactive oxygen
metabolite (GROM) and biological antioxidant
potential

- Sirt1 and P-AMPK expression.

High dose resveratrol:

1 TC, LDL-G, fructosamine

No significant changes (both doses):

- hs-CRP

- IL-6, soluble urokinase plasminogen
activator receptor.

1 dose-dependent PTX3

1 total antioxidant status

High dose: 1 TC

No significant changes (both doses):

- CRP, IL-6, C-peptide

- fasting glucose glycated hemoglobin, insuln,
free fatty acids, liver transaminases, uric acid.

1 plasma protein carbonyl content and PBMCs.

02-

1 plasma total antioxidant capacity and total

thiol content

1 Nif2, SOD expressions

| SBP, DBP, weight, BMI.

1 Cardio-ankle vascular index (CAVI)

| diacron-reactive oxygen metabolites (d-

ROMs)

No significant changes:

- Fasting plasma glucose, HoAlc, TC, TG,
HDL-C and LDL-C

- Weight, BMI, DBP, SBP.

1 TNF-a, adiponectin, FGF21, cytokeratin 18

17C, LDL-C

J ALT, AST

1 glucose, HOMA-R

No significant changes:

- Weight, BMI, waist and hip circumference,
waist:hip ratio, SBP, DBP

- Red blood cells, WBC, hemoglobin, platelet,
blood urea nitrogen, creatinine, GGT, insulin,
C-peptide, TG, HDL-C, Apo B, Apo A-l.

| GGT, DBP, TG

No significant changes:

- ALT, AST, alkaline phosphatase, CD163,
TNFa

- weight, BMI or waist-hip ratio, SBP, heart
rate, fasting glucose, insulin, HOMA-IR, TG,
LDL-C, HDL-C.

AT

1 hs-CRP, TNF, IL-6, and NF-B,

cytokeratin-18

No significant changes:

- Weight, BMI, waist circumference, hip
circumference, waist-to-hip ratio.

- AST, GGT, bilirubin direct, bilirubin total.

18P
1 GHD, MI CVD and GVD death risk

No significant changes in DBP and lipid profie,
hs-CRP.

ISP supplementation over 2,7-year period did
not significantly rediuce the progression of
sublinical atherosclerosis in postmenopausal
women.

Wormen: § % body fat, lean body mass, waist
circumference, waist-to-hip ratio. Improved
lipid profile.

Men: Apo B/Apo Al ratio improvement.

No significant changes in abdorminal fat and
plasma liids.

1 serum hs-CRP.
4 FMD in patients with diinically marifest
atherosclerosis

No changes on NMD, BP, heart rate, glucose
and insulin levels, HbA1c, SOD, 8-isoprostane,
and MDA.

Soy supplementation did not improve vascular
function in either equol producers or non-equol
producers. The capacity to produce equol
seems to be an independent determinant of
vascular health in tibolone users.

Soy isoflavones may increase anti-inflammatory
response in blood mononuclear cells that might
contribute to the atherosclerosis-preventive
activities of a soy-rich diet.

No significant changes:

- Leptin, adiponectin, HOMA-AD, ratio
leptin/adiponectin and ratio
adiponectin/leptin

- CRP, TNF«

- Plasma glucose, insulin, HOMA-IR,
biomarkers of liver and renal function.

(-)-epicatechin: | insuiin resistance

No significant changes, both:

- FMD

- Plasma glucose, (insuii resistance
quercetio-3-glucoside), HOMA-IR, niric
oxide chronic and acute, TC, LDL-C, HDL-C,
TG

- Endothelin-1.

1 waist circumference
Fasting parameters: 1HDL-C, TNF-«
Postprandial parameters: |SBP, TG, 1 HDL-C
No significant changes:

- BMI, body weight, endoPAT, fasting SBP,
DBR, glucose, insulin, HOMA-IR, TG, TC,
LoL-C

- SE-selectin, SVCAM, SICAM, oxLDL, GSH,
CPR, 8-is0-PGF2a.

1 leptin 4 LDL-C

No significant changes:

- BMI, fasting blood sugar, total cholesterol,
triglyceride, high density lipoprotein,
adiponectin and ghrelin.

Both teas:

- 1 weight, body fat and BMI, TG, LDL-C, TG

- 1 Trolox equivalent antioxidant capacity
(TEAC), glutathione, ipid peroxication
products

- JoxDL

- 1:SOD, CAT, and GPx activity
No significant changes:

- HDL-C, glutathione reductase, AST, ALT.

No significant changes:

- FMD, NMD, SBP, and DBP, plasma lipids
(TC, LDL-C, HDL-C, TG), ALA, ASA, GGT,
and other biochemical parameters.

- sICAM-1, sSVCAM-1, PAI-1, CRP, ADMA,
VW, and sE-selectin.

17C,LDL-C

176

No significant changes:

- TGHDL-C ratio, Non-HDL cholesterol

- energy intake, body weight, BMI, or waist
circumference

- circulating leptin, ghrelin, adiponectin, or
glucose concentrations.

1 SBP, mean BP

1 total antioxidant capacity

1 TNF-g, IL-6, hs-CRP

| froctosamine

No significant changes:

- DBP, fasting blood glucose,
HOMA-IR, BOHDG.

No significant changes:
- FMD, SBP, DBP, heart rate

- sVCAM, sICAM, sE-selectin, sP-selectin
- TC, LDL-C, HDL-C, TG

- Glucose, insulin, QUICKI.

Strengths/ Limitations

Relatively large sample size. Dietary and
physical activity assessment. Comparison of
foods vs. supplements/ Relatively short
intervention period.

Small sample size and low

female representation. Vague description of
inclusion criteria and no description of
randomization method. P-selectin baseline
levels were lower than 2.0g -3 FA group. No
information about dropout, compliance rate
and dietary habits.

High compliance rate. Analysis of fatty acids
composition, blood lipids levels and
supplements concentration/ Small sample size
and no specific imitations reported. Lower
HDL-C levels at bassline in placebo group. No
dietary habits assessment.

Dietary assessment/ Small sample size.

-3 FA levels were measured during
intervention/ Small sample size. Baseline
differences in angiotensin-converting enzyme
inhibitor levels. No dietary assessment.

Relatively large sample size. Plasma FA
composition was analyzed/ Short intervertion
period.

Large sample size and long intervention period.
Low dropout rate. Dietary assessment/
Observed resuits depend on variable
intervention time.

Results can be only extrapolated to elder
people./ Limited information about placebo
characteristics. No dietary assessment.
Large sample size. High compliance. Dietary
assessment/ No baseline levels of EPA and
DHA in plasma phospholipids were only
measured posttreatment.

Large sample size. Plasma FA levels were
analyzed. Gene expression analysis/ Results
can be only extrapolated to elder people.
Sample was not characterized.

Accurate description of supplement
composition. Dietary assessment/ Small
sample size and short intervention period.

Large sample size and long intervention period.
High compliance rate/ No dietary assessment.

High retention and compliance rate/ No distary
assessment.

Dietary assessment. High retention rate/ Small
female representation (15%).

High retention rate. MicroRNA analysis/ Short
intervention period, small sample size. No
dietary assessment

Compliance was ensured/ Small sample size
and female representation (8%). No information
about dietary habits during intervention period

Low retention rate. No information about
dietary habits during intervention period.

Large intervention period/ The conclusions
might not assess which components of garlic
extract-CoQ10 capsule were responsible for
the observed effects. No information about
dietary habits during intervention period.

Participants were supplemented with folic acid.
No information about dietary habits during
intervention period.

Short intervention period. No information about
dietary habits during intervention period.

Large sample size and long intervention period.
High retention rate/ Limited information about
vitamin B12 levels post-intervention. No dietary
assessment.

Large sample size and long intervention period.
Dietary assessment. High compliance. Low
dropout rate. Plasma folate analysis.

Small sample size. Low dropout rate. Baseline
analysis of vitamin B6 levels/ Small female
representation.

Large sample size. High compliance/ Short
intervention period. High cropout. No dietary
assessment.

Vitamins A intake was determined at baseline.
Gene expression analysis/ Small sample size.

Small sample size. No characterization of
disease stage in patients group.

Large sample size and intervention period.
Relatively high retention and adherence rate./
Plasma vitamins levels were not determined.
No dietary assessment.

Compliance was ensured/ No dietary
assessment. Plasma vitamin G levels were not
determined.

Plasma vitamin C levels were determined/
Small sample size and short intervention
period. No dietary assessment. No information
about adherence and retention rate.

Large sample size and long intervention period/
No dietary assessment. No information about
retention rate and supplementation adherence.

Dietary assessment. High compliance/ Small
sample size and short intervention period.

Plasma vitamin C levels were measured/ Small
sample size and short intervention period.
Intervention was not blinded.

Comparing food intake vs. supplements. High
retention rate and adherence. Dietary
assessment/ Relatively small sample size and
shortintervention period. Only diet group was
biindled,

Large sample size and long intervention period.
High compliance. Quantification of serum
25(0H)D levels/ Study groups received also
calcium supplements. No information about
dietary and exercise habits.

Quantification of serum
25(0H)D levels. High compliance. Dietary and
exercise assessment/ The study was
conducted in summer. Relatively short
intervention period.

Relatively large sample size. Dietary
assessment/ Optimal plasma vitamin D levels
were not reached. High dropout rate. Calcium
supplementation might have influenced cardiac
function in both study groups.

Detailed confounders description and analysis.
High compliance. Dietary assessment/ Insulin
sensitivity was caloulated through sample size.
Optimal plasma vitamin D levels were not
reached (80-100 nmol/L). High dropout.

Large sample size and long intervention period.
Two supplement doses. Good compliance rate.
Baseline dietary vitamin D intake analysis/ No
comparably to other populations. No fasting
biood sampled were used. No ditary
assessment during intervention period.
Combined vitamins supplements. Ditary
habits and physical activity assessment.
Vitaming plasrma level analysis/ Small sample
size. No dropout information.

Large sample size and long intervention period.
Compliance was ensured/ Baseline vitarmin
group showed higher BMI and different
treatment. No dietary habits assessment.
Relatively long intervention period. High
compliance. Plasma tocopherol levels analysis/
No dietary habits assessment.

In vitro analyses were performed. High
compliance/ Small sample size and short
intervention period. A mixed tocopherols
supplement was used. No dietary habits
assessment.

Small sample size and short intervention
period/ Different dosage analysis.

Large sample size and long intervention period.
Low dropout rate/ Bone strength was used to
caloulate the sample size. No dietary habits
assessment. Phyloguinone blood
concentrations were not analyzed.

Small sample size. Dietary habits assessment.
Blood phylloquinone levels were analyzed/
Dietary phylloquinone intake was not estimated
during intervention period. High dropout rate.

Large sample size and intervention period/
Results are not comparably to others
populations.

Dietary assessment. Analysis of plasma
carotencid levels/ Small sample size and short
intervention period. High cropout rate.

High compliance. Plasma carotene and
tocotrienol analysis. Relatively short
intervention period. Sample diversity. Baseline
differences (BP, liid lowering drugs).

Relatively long intervention period. High
compliance and subject retention. Astaxanthin
blood level analysis. No dietary habit
assessment.

Relatively large sample size and long
intervention period. Lutein serum levels
analysis. Dietary habit assessment. High
compliance.

Compliance was checked. Small sample size
and short intervention period.

Complemented with in vitro analysis. Small
sample size and short intervention period. No
information about FMD.

Food intervention. Small sample size and short
intervention period. Limited information about
double-blind process.

Relatively large sample size. High compliance.
Phytosterol plasma level analysis. No dietary
habit assessment. FMD significantly ifferent
among groups at baseline.

Homogeneous sample group. No withdrawal.
Healthy group population. No dietary habit
assessment.

Complementation with cell culture analysis.
Small sample size, not biinded, control group
did not take placebo, dietary habits during
intervention were not reported.

Dietary assessment. High compliance. Small
sample size and short intervention period.

PBMC gene expression analysis. Small sample
size (sub-group analysis) and small intervention
period. No dietary assessment.

Two intervention dosages. Compliance was.
checked/ Small sample size, no information on
plasma resveratrol levels.

Two intervention dosages. Dietary habits
assessment. Higher female representation in
40mg intervention group. No plasma
resveratrol levels analyzed.

Compliance was checked/ Small sample size.
No dietary habit assessment during
intervention period.

No dropouts. Small sample size and relatively
short intervention period. No previously
established reference CAVI cut-off value.
Limited information about dietary habits
modification.

Compliance was checked/ Utrasound
diagnosis. Not enough distary habits control
during intervention period.

mRNA expression analysis in hepatic tissue/
Small sample size, minimunm target size was
not met.

High compliance, dietary habit assessment/
Small sample size.

Relatively large sample size. High compliance/
High dropout rate and no dietary habit
assessment.

Long intervention period and large sample size.
High compliance/ Exclusion criteria do not
specifically include taking soy supplementation.
No withdrawal reason reported.

Relatively high sample size. Dietary habit and
exercise assessment/ Young sample (low
inflammation).

Small sample size. No dietary habit or exercise
assessment

Relatively large sample size. Dietary habit
assessment. Limited information about
similarities between two groups at baseline.

Difference between equol producers and
non-equol producers. Compliance was
checked and genistein levels were analyzed/
Small sample size. No dietary habits
assessment. Only generalizable to tibolone
treated women.

Proteomic approach/ Small sample size. Low
inflammatory levels in healthy women. No
dietary habit assessment.

Relatively large sample size. Males and females
Were equitably represented. Plasma flavonol
concentrations were analyzed, high
compliance. No dietary habit assessment
during intervention periods. High inflammation
biomarkers variance.

Pure quercetin-3-glucoside and (-)-epicatechin
were used. Compliance and urine and plasma
flavonoid concentrations were checked. 24-h
BP was assessed. Small sample size and short
intervention period. There were two major
adverse events (during washout periods).

Compliance was checked. Postprandial
response analyzed. Showed genotype
interaction effect. Small sample size. No dietary
habit assignment. Baseline CRP group
differences.

Precise description of extract characteristics./
Short intervention period, exclusion criteria did
not specifically include cholesterol treatment
drugs, supplementation intake or excessive
dietary intake such as tea, coffee, and no
dietary habit assessment

High compliance. Total phenolic blood levels
measured during the study. Small sample size
(3 groups). Limited information on beverage
composition (placebo included). No dietary
intake assessment.

Precise description of extract characteristics.
Dietary intake assessment. Predose
epicatechin blood levels measure. Short
intervention period. No ambulatory BP data.
Sequence of administration had effect on FMD.

Large sample size and relatively long
intervention period, high compliance. Limited
generalizability (predominantly non-Hispanic
white and educated), long blood samples
storage (1-3 y), significant differences in
supplement intake at baseline.

Dietary intake assessment and high participant
compliance. Lost follow-up prevented
intention-to-treat analysis.

Relatively large sample size. Males and females
were equitably represented. Plasma flavonol
concentrations were analyzed, high
compliance. No dietary habit assessment
during intervention periods. High inflammation
biomarkers variance.

AA, arachidonic acid; Ach, acetyl choline; ADMA, asymmetric dimethylarginine; AGEs, advanced glycation endproducts; Aix, augmentation index; ALA, a-linolenic acid; AP, augmented pressure; ASCVD, atherosclerotic cardiovascular
disease; BA, below average; BMI, body mass index; BF, blood pressure; CAD, coronary artery disease; CHD, coronary heart disease; Ci, confidence interval; CLA, conjugated linoleic acid; CRR, C-reactive protein; CVD, Cardiovascular

diseases; DGLA, dihomo-

-linolenic acid; DHA, docosahexaenoic acid; DTM, digital thermal monitoring; EC: endothelial cells; EPA, eicosapentaenoic acid; FA, fatty acids; FMD, flow-mediated dilation; Foxp3, forkhead box protein-

3; FRAR, ferric-reclucing antioxidant power; GPx, glutathione peroxidase; HbATc, giycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HF, Heart failure; HR, Hazard ratio; hs-CRR high sensitiity C-reactive protein;
IDLs, intermeciate-censity lipoprotein cholesterol; IFN-, Interferon alpha; IFN-y, Interferon gamma; IL-6, interleukin-6; IMT, intima-media thickness; KTR, kynurenine-to-tryptophan ratio; LDL-C, low-density lipoprotein cholestero;

LOOH, plasma lipoperoxides; Lp(a), lipoprotein a; LPDR, lipoprotein-depleted-plasma; LXA4, lipoxin Ad; MDA, malondialdehyde; MCP-1, monocyte chemoattractant protein-1; MetS, metabolic syndrome; MI, myocardial infarction;

MMP metaloproteinases; NDM, nitroglycerin-mediated dilation; NEFA: non-esterified fatty acids; NF-x: nuclear transcription factor signaling; NMD: nitroglycerin-mediated dilation; NO, nitric oxide; NT-pro-BNR N-teminal pro b-type
natruretic peptide; oxLDL, oxidized low-density lipoprotein; PAI-1, plasminogen activator inhibitor type 1; PBMCs, peripheral blood mononuclear ells; PGET, prostaglandin E1; PV, pulse wave velocity; RCT, randomized controlled
trials; ROR, refinoid-related omphan receptor-c ; RR, relative risk: SAA, serum amyloid A; SAR, serum amyloid P component; sCDA0L, soluble CD40 ligands: SICAM-1, soluble intercelular chesion molecule 1; SMD, standerdized mean
difference; SNR, sodium nitroprusside; SOD, superoxide dismutase; sVCAM-1, soluble vascular cell adhesion molecule-1; T2DM, diabetes melltus type 2T-bet, T helper 1 cell lneage commitment; t-PA, tissue plasminogen activator;
TC, Total cholesterol; TG, triglycerides; TGF-, transforming growth factor-beta; Th7, T-helper 17;TNF-a, tumor necross factor-alpha; TXAZ2, thromboxane; TXB2, thromboxane B2; VEGF, vascular endothelial growth factor; VLDL, very
low-density lipoprotein; WBC, white blood cell count; VSMC, vascular smooth muscle cells; WMD, weighted mean difference; VW, Von Willebrand factor.
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