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Cardiovascular diseases are among the leading causes of mortality worldwide, with dietary factors being the main risk contributors. Diets rich in bioactive compounds, such as (poly)phenols, have been shown to potentially exert positive effects on vascular health. Among them, resveratrol has gained particular attention due to its potential antioxidant and anti-inflammatory action. Nevertheless, the results in humans are conflicting possibly due to interindividual different responses. The gut microbiota, a complex microbial community that inhabits the gastrointestinal tract, has been called out as potentially responsible for modulating the biological activities of phenolic metabolites in humans. The present review aims to summarize the main findings from clinical trials on the effects of resveratrol interventions on endothelial and vascular outcomes and review potential mechanisms interesting the role of gut microbiota on the metabolism of this molecule and its cardioprotective metabolites. The findings from randomized controlled trials show contrasting results on the effects of resveratrol supplementation and vascular biomarkers without dose-dependent effect. In particular, studies in which resveratrol was integrated using food sources, i.e., red wine, reported significant effects although the resveratrol content was, on average, much lower compared to tablet supplementation, while other studies with often extreme resveratrol supplementation resulted in null findings. The results from experimental studies suggest that resveratrol exerts cardioprotective effects through the modulation of various antioxidant, anti-inflammatory, and anti-hypertensive pathways, and microbiota composition. Recent studies on resveratrol-derived metabolites, such as piceatannol, have demonstrated its effects on biomarkers of vascular health. Moreover, resveratrol itself has been shown to improve the gut microbiota composition toward an anti-inflammatory profile. Considering the contrasting findings from clinical studies, future research exploring the bidirectional link between resveratrol metabolism and gut microbiota as well as the mediating effect of gut microbiota in resveratrol effect on cardiovascular health is warranted.
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1 INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of death in the world and it has been estimated to cause more than 23.6 million deaths by 2030 (GBD, 2019 Diseases and Injuries Collaborators, 2020). Hypertension is one of the strongest risk factors for most cardiovascular outcomes alongside obesity and other metabolic abnormalities (Oliveras and de la Sierra, 2014). Thus, it is important to understand the pathogenic mechanisms as well as the effective strategy to prevent and manage cardiovascular-related disorders (Golia et al., 2014). Vascular and systemic inflammation seems to represent the culprit for the establishment of endothelial dysfunction (Goswami et al., 2021). Several inflammatory pathways, such as protein kinase B (PKB/Akt), transcription factor nuclear factor-kappa B (NF-κB), mitogen-activated protein kinase p38, and extracellular signal-regulated kinases (ERK)1/2 may alter the functionality of nitric oxide synthase (NOS) and lead to abnormal expression of adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion protein-1 (VCAM-1) (Figueiredo et al., 2023).
Several risk factors, such as genetics, environmental and dietary factors may play a role as immune modulators and be involved in CVD onset (GBD, 2019 Risk Factors Collaborators, 2020). Concerning dietary factors, plant-based dietary patterns have been shown to be associated with a lower risk of CVD (Angelino et al., 2019; Tieri et al., 2020; Martini et al., 2021). Among the many components of plant-based dietary patterns, fruits and vegetables are rich in bioactive compounds, such as (poly)phenols, that have been demonstrated to potentially exert health benefits on the cardiovascular system (Micek et al., 2021; Laudani et al., 2023). (Poly)phenols are characterized by a great variety of chemical structures, some of them responsible for their putative effects in humans (Tsao, 2010), through the regulation of oxidative stress (Arrigoni et al., 2023), inflammation (Jantan et al., 2021), and gut microbiota (Iqbal et al., 2022). Extensive epidemiological data support the notion that a diet rich in (poly)phenol-containing fruits, vegetables, cocoa, and beverages offers protection against the onset of CVD and type 2 diabetes (Grosso et al., 2017; Angelino et al., 2019; Veronese et al., 2019).
Among the most studied compounds, resveratrol has gained great interest in research over the last few decades (Pyo et al., 2020; Repossi et al., 2020). Resveratrol is a low-molecular-weight polyphenolic compound belonging to the stilbenoid family, which consists of hydroxylated derivatives of stilbene present in a variety of plant sources like grapes and berries, as well as in peanuts and red wine (Tian and Liu, 2020). This molecule has been widely studied because of its antioxidant and anti-inflammatory activities as well as potential protective effects against different diseases, such as cancer, cardiovascular, metabolic and neurodegenerative diseases (Baur and Sinclair, 2006; Li et al., 2012; Springer and Moco, 2019). Although extensively studied in both in vitro and in vivo models, the evidence on its potential effects in humans is not univocal (Khorshidi et al., 2021). Due to its hydrophobic properties and low plasma bioavailability, there is some skepticism concerning its real efficacy in humans, while studies focusing on the role of gut microbiota in its transformation, absorption, and more bioavailable metabolites production may provide the rationale to explain the interindividual responses and the consequent heterogeneity of results from clinical trials (Man et al., 2020). The aim of this study was to review the evidence concerning the effects of resveratrol on vascular outcomes: specifically, the article provides (i) an overview of existing RCTs on resveratrol supplementation and vascular and endothelial outcomes; (ii) a summary of potential molecular mechanisms through which resveratrol may exert its effects; and (iii) a discussion the effects of resveratrol-gut microbiota derived metabolites on the such outcomes as new potential mechanisms related to gut microbiota.
2 CLINICAL STUDIES ON RESVERATROL AND VASCULAR OUTCOMES
A summary of randomized controlled trials (RCTs) with resveratrol supplementation for vascular outcomes is presented in Table 1. Among clinical intervention studies administering higher doses of resveratrol through tablets or capsules, an open-label, controlled, RCT involving 57 patients with type 2 diabetes mellitus (aged between 30 and 70 years) treated with oral hypoglycemic agents and 250 mg/day of resveratrol (intervention group) or only with oral hypoglycemic agents (control group) for 6 months, revealed a significant reduction in SBP after resveratrol supplementation compared to baseline (139.71 ± 16.10 vs. 131.14 ± 9.86 mmHg; p = 0.01) and a significant reduction of SBP (4.31 ± 12.26 mmHg vs −8.57 ± 17.29 mmHg, p = 0.008) and DBP (6.20 ± 8.90 mmHg vs 0.85 ± 9.71 mmHg, p = 0.02) comparing treatment group to control (Bhatt and Nanjan, 2013). Similarly, another double-blind, parallel RCT investigated the effects of 1 g/day of resveratrol capsules compared with placebo in 66 patients with type 2 diabetes mellitus (mean age of 52 years). After 45 days of treatment, the intervention group showed a significant reduction in SBP compared to the baseline values (from 129.03 ± 14.91 mmHg to 121.45 ± 10.26 mmHg; p < 0.0001), as well as a significant reduction compared to control group (1.37 ± 4.98 mmHg vs −7.58 ± 8.04 mmHg, p < 0.0001) (Movahed et al., 2013). In a double-blind, crossover RCT, 11 healthy obese men (mean age of 52 years) were supplement for 30 days with 150 mg/day of resveratrol: at the end of the treatment, results revealed a significant reduction in mean arterial pressure (94.9 ± 2.9 v. s 97.9 ± 2.7 mmHg; p = 0.02) and in SBP (124.7 ± 3.1 vs. 130.5 ± 2.7 mmHg; p = 0.006) after resveratrol supplementation compared to placebo (Timmers et al., 2011), while no significant changes in DBP were observed. Another 12-week double-blind crossover RCT compared the effects of resveratrol capsules (providing 75 mg trans-resveratrol) or placebo on 28 healthy obese adults aged between 40 and 75 years: at the end of the study, a relative increase of 23% in FMD was reported compared to baseline levels (95% CI: 0.22, 2.54; p = 0.021) but no significant changes in BP after daily resveratrol treatment (p > 0.05) were observed (Wong et al., 2013). A double-blind, crossover RCT included 45 overweight and obese subjects (mean age 61 years) supplemented with 150 mg of resveratrol or a placebo for 4 weeks, spaced by a 4-week washout period: at the end of the trial, DBP (84 ± 9 mmHg vs. 86 ± 9 mmHg; p = 0.044) and heart rate (64 ± 8 BPM vs. 67 ± 8 BPM; p = 0.025) increased significantly in the resveratrol supplementation group but no significant changes were reported in SBP when comparing to baseline values, also no changes in other endothelial markers were observed between the groups (van der Made et al., 2015). Another double-blind, crossover RCT tested the effects of 150 mg/day of resveratrol in 17 patients with type-2 diabetes mellitus (40–70 years) leading to a significant reduction in left ventricular end systolic diameter (p = 0.04). Although a tendency in SBP reduction (p = 0.09) was observed after resveratrol supplementation, no changes in DBP were noted (Timmers et al., 2016). A double-blind, placebo-controlled RCT including 50 patients with type-2 diabetes mellitus (mean age 58 years) supplemented with 100 mg/day of resveratrol for 12 weeks, reported a decrease in SBP (−5.5 ± 13.0 mmHg; p < 0.05) and in cardio-ankle vascular index (CAVI) (−0.4 ± 0.7; p < 0.05) in the intervention group when compared end of trial to baseline values. Although a significant decrease in CAVI (p < 0.01) was observed comparing intervention group with control was observed, no significant differences between the groups were noted for SBP and DBP (Imamura et al., 2017). A double-blind placebo-controlled RCT was conducted on 45 subjects with type-2 diabetes mellitus to investigate the daily intake of 800 mg of resveratrol or placebo capsules for 8 weeks showed a significant decrease in SBP (−10.42 ± 8.40 mmHg vs. −1.475 ± 8.72 mmHg; p = 0.002) and DBP (−5.6 ± 6.50 mmHg vs. 1.50 ± 8.75 mmHg; p = 0.006) in the resveratrol group compared to the placebo group (Khodabandehloo et al., 2018). In a double-blind, placebo-controlled, RCT 46 patients with type-2 diabetes mellitus (aged between 30 and 70 years) were recruited to evaluate the effects of 2-month supplementation of 800 mg/day of resveratrol reporting a significant reduction in SBP (p = 0.000) and DBP (p = 0.000) in the intervention group when comparing end of trial results to baseline. Also, a significant reduction in SBP (−10.2 ± 8.5 vs. −1.3 ± 10.8 mmHg, p = 0.002) and DBP (−7.3 ± 6.8 vs. 1.1 ± 9.0 mmHg, p = 0.000) when comparing intervention group to placebo was observed (Seyyedebrahimi et al., 2018). Another double-blind, RCT recruited 50 patients with non-alcoholic fatty liver disease (18 years and older) to test resveratrol supplementation (a capsule a day of 500 mg of pure trans-resveratrol) for 12 weeks on BP leading to no significant changes in BP, although changes in SBP significantly differed between the intervention and the control group (Faghihzadeh et al., 2015).
TABLE 1 | Main characteristics of the randomized controlled trials evaluating the effects of resveratrol supplementation on cardiovascular risk factors.
[image: Table 1]However, another group of studies with similar investigation design led to null results. A 90-day double-blind, placebo-controlled, RCT investigated the effects of resveratrol in a group of 32 overweight older adults (65 years or older) randomized into three groups: (i) 1,000 mg/day of resveratrol (high dose), (ii) 300 mg/day of resveratrol (moderate dose), or (iii) placebo: after the treatment period, no significant results were reported in terms of SBP and DBP either for end of trial versus baseline value comparison or between the groups comparison (Anton et al., 2014). A 6-month double-blind, RCT 192 patients with type 2 diabetes mellitus (mean age about 65 years) were involved and supplemented with capsules containing different doses of resveratrol (500 mg/day or 40 mg/day) or with a placebo: at the end of the study, no significant results were reported in terms of BP improvement (Bo et al., 2016). Finally, a double-blind, parallel RCT investigated the effects of resveratrol supplementation (1,000 mg of resveratrol, 150 mg of resveratrol, or placebo tablets) in 66 middle-aged community-dwelling men (mean age 49 years) for 16 weeks: at the end of the trial, the results showed no significant differences in SBP and DBP after resveratrol treatment (Kjær et al., 2017).
3 MOLECULAR MECHANISMS IN VASCULAR HEALTH AND DISEASE
The endothelium is a cellular monolayer covering the blood vessel wall which is important in maintaining organ health and homeostasis. Endothelium exerts numerous functions spacing from the maintenance of vascular tone to the supply of antioxidant, antithrombotic, and anti-inflammatory interfaces (Xu et al., 2021). Nitric oxide (NO) is the endothelium-relaxing derived factor produced by L-arginine from the endothelium nitric oxide synthase (eNOS) that uses tetrahydrobiopterin (BH4) as a cofactor (Förstermann and Münzel, 2006). The production of NO is regulated by different mechanisms that respond to mechanosensors/mechanosensitive complexes on the surface of endothelial cells (Chatterjee, 2018). The endothelium produces also vasoconstrictor molecules such as endothelin-1 (ET-1), angiotensin II (Ang-II), thromboxane A2 (TxA2), thrombin, and other molecules involved in many other functions such as coagulation, and platelet activity (Miller, 2006; Sharma et al., 2018). Endothelium integrity is essential to maintain the semipermeable barrier between the vascular smooth muscle and the vascular lumen (Abdelsalam et al., 2019). Different microstructures have been identified as essential for endothelial cell integrity that together are known as endothelial glycocalyx (Harding et al., 2019) that is important in regulating endothelial function such as the flow-dependent NO synthesis (Ebong et al., 2014; Harding et al., 2018), and regulate endothelial permeability (Singh et al., 2007). Different studies demonstrate that glycocalyx alteration led to increased permeability (Puerta-Guardo et al., 2019; Biering et al., 2021) and a reduction in NO synthesis (Kang et al., 2020).
Endothelial dysfunction linked to oxidative stress, inflammation, and correlated damages is the main cause of CVD onset (Figure 1). Oxidative stress can be induced by exposure to different factors such as oxLDL (Gradinaru et al., 2015), high plasma glucose, free fatty acids (Sun et al., 2019), trimethylamine-N-oxide (TMAO) (Piotrowska et al., 2018; Brunt et al., 2020), and other agents (Yan et al., 2017; Mongiardi et al., 2019). Reactive oxygen species (ROS) are produced by different enzymes like xanthine oxidase, NADPH oxidases, dysfunctional mitochondria, and uncoupled eNOS (Schulz et al., 2014). eNOS is well known for its role in the production of NO from L-arginine. However, uncoupled eNOS switch to the production of superoxide anion (O2-) (Karbach et al., 2014) that not only causes a reduction of NO production but also superoxide anion can react with NO forming peroxynitrite anion which further reduces the bioavailability of NO contributing to endothelial dysfunction (Xu et al., 2016; Daiber and Chlopicki, 2020). Different factors can contribute to eNOS uncoupling including L-arginine and BH4 deficiency, oxidative disruption of the zinc-sulfur complex (ZnCys4) of the eNOS dimer, S-glutathionylation of eNOS, and phosphorylation of eNOS at Thr495 and Tyr657 (Daiber et al., 2019; Wu et al., 2021). Another factor involved in endothelial dysfunction is inflammation. Endothelial inflammation plays a pivotal role in the progression of atherosclerosis and CVD (Haybar et al., 2019) leading to the production of proinflammatory mediators such as interleukin (IL)-8, chemokines, monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1), P-selectin, E-selectin, vascular adhesion molecule-1 (VCAM-1), and other inflammatory factors that attract monocyte and neutrophils which penetrate the arterial wall initiating the inflammatory process of atherogenesis (Chistiakov et al., 2018). The transcriptional factor NF-kB is strongly implicated in vascular inflammation by increasing proinflammatory factors such as TNF-a, IL-6, MCP-1, and IL-1b (Zhang et al., 2016). Endothelial-to-mesenchymal transition (EndoMT) is another factor implicated in endothelial dysfunction. It is characterized by the loss of endothelial morphology and the acquisition of a mesenchymal-like morphology accompanied by gene expression patterns (Chen and Simons, 2016) that involve TGF-beta. TGF-beta activation leads to the expression of transcription factors such as zinc finger E-box homeobox 1, Smads, Snail, and Slug promoting the expression of mesenchymal markers like smooth muscle protein 22a, a-SMA, collagen 1A1, vimentin, fibronectin, matrix metalloproteinase (MMP)-2, MMP-9, and FSP1 (Gonzalez and Medici, 2014; Pérez et al., 2017). EndoMT is driven by different factors such as hypoxia, chronic inflammation, oxidized lipids, hyperglycemia, and ROS production (Evrard et al., 2016) and could be considered as a link between atherosclerosis initiating factors and disturbed blood flow and plaque formation (Chen and Simons, 2016).
[image: Figure 1]FIGURE 1 | An overview of endothelial dysfunction. Different oxidative factors can contribute to eNOS uncoupling leading to the production of ROS and the reduction of NO bioavailability. Abbreviations; Ang-II, Angiotensin II; AT1, angiotensin one receptor; BH4, tetrahydrobiopterin; ET1, endothelin-1; ETA, endothelin A receptor; NO, nitric oxide; NOX, nicotinamide adenine dinucleotide phosphate oxidase; O2-, superoxide anion; ONOO-, peroxynitrite; ROS, reactive oxygen species.
4 POTENTIAL PHARMACOLOGICAL EFFECTS OF RESVERATROL AND MECHANISMS OF ACTION
Resveratrol is largely known for its antioxidant activity. In vitro studies demonstrated that this (poly)phenol can directly scavenge a variety of oxidants, including hydroxyl radical, superoxide, and hydrogen peroxide (Xia et al., 2017). Resveratrol treatment showed to improve the levels of glutathione (GSH), glutathione reductase (GR), superoxide dismutase (SOD), catalase (CAT), and acetylcholinesterase (AchE) (Ibrahim et al., 2022) as well as a 14-fold increase of SOD function that, by reducing superoxide, restores mitochondrial function (Diaz-Gerevini et al., 2016) (Figure 2). Due to the hydrophobic properties of resveratrol, it is likely that its activity is mediated by binding to hydrophobic pockets in proteins. There are around 20 proteins that have been identified to interact directly with resveratrol (Britton et al., 2015). Among them, an important target of resveratrol is a particular subpopulation of estrogen receptor alpha (ER-α) associated with caveolae in the endothelial plasma membrane and coupled with eNOS via G protein (Wyckoff et al., 2001). Another important target of resveratrol is the protein sirtuin 1 (SIRT1). The cardioprotective effects of resveratrol have been historically attributed, as for many other (poly)phenol compounds, to its reactive oxygen species (ROS) scavenger activity (Xia et al., 2017). Resveratrol can increase nitric oxide (NO) bioavailability through direct ROS scavenging via Akt/endothelial NOS (eNOS) signaling which increases NO production or cellular-enzymatic antioxidant defense (Meng et al., 2009; Park et al., 2015; Li T. et al., 2017). Furthermore, resveratrol can downregulate the expression of different enzyme-generating ROS products such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 1 (NOX1), NOX2, NOX4, p22phox, and p47phox as well the NOX complex activity (Csiszar et al., 2006; Addabbo et al., 2009). Moreover, in vitro studies demonstrated that resveratrol also reduces the oxidative stress in endothelial progenitor cells (EPCs) and prevents their apoptosis through peroxisome proliferator-activated receptor (PPAR)-gamma/heme oxygenase-1 (HO-1) pathways (Shen et al., 2016). Similar results demonstrated that resveratrol can inhibit ROS-induced cell death by stimulating AMP-activated protein kinase (AMPK)/sirtuin 1 (SIRT1)/peroxisome proliferator-activated receptor-gamma coactivator-1 (PGC-1) alpha pathway (Li et al., 2017a; Huang et al., 2021). Recent studies have demonstrated that resveratrol can exert its cardioprotective role through the modulation of the SIRT1/c-Jun N-terminal kinase (c-JNK)/p53 pathway (Ibrahim et al., 2022) or through the indirect activation of SIRT1 modulating different pathways such as the inhibition of phosphodiesterase (PDE) and subsequent elevation of cellular nicotinamide adenine dinucleotide (NAD+) (Park et al., 2012), by enhancing the binding of SIRT1 to lamin A (Liu et al., 2012) or by the upregulation of SIRT1 expression (Csiszar et al., 2009; Xia et al., 2013). Resveratrol can directly interact with SIRT1 (Howitz et al., 2003; Hubbard et al., 2013) as well as increase its activity by rising the intracellular NAD + concentration, which is dependent on phosphodiesterase (PDE) inhibition, leading to the phosphorylation of AMPK (Park et al., 2012), or enhancing the binding of SIRT1 to lamin A (Liu et al., 2012; Park et al., 2012; Alexander et al., 2015). AMPK can also be activated by resveratrol and other polyphenols likely through the inhibition of mitochondrial ATP generation (Zheng and Ramirez, 2000). AMPK leads also to an increase in cellular NAD levels indirectly stimulating SIRT1, which utilizes NAD as a substrate (Cantó et al., 2009). Furthermore, SIRT1 activation can protect cells against oxidative stress through its deacetylating activity on different transcription factors that control the expression of many genes, such as superoxide dismutase 2 (SOD2) (Milne and Denu, 2008). SIRT1 activation led also to the downregulation of thrombosis-related markers P-selectin, P-selectin glycoprotein ligand 1 (PSGL-1), and Von Willebrand factor (vWF) (Lou et al., 2017). Another target of resveratrol is Nrf2 that, after nucleus translocation, binds to the promoter sequence of antioxidant response element (ARE) and controls the expression of different antioxidant enzymes including glutathione reductase and HO-1 (Ungvari et al., 2010; Kweider et al., 2014; Xia et al., 2014). At the endothelial level, resveratrol can increase NO production through different mechanisms that can include the prevention of NO degradation (Morrison and Pollock, 1990), the upregulation of endothelial NO synthase (eNOS), the enhancement of eNOS activity or the prevention of eNOS uncoupling (Xia et al., 2014). The interaction between resveratrol and SIRT1 leads to the activation of Forkhead box O (FOXO) factors, downstream targets of SIRT1, which in turn can upregulate the expression of eNOS (Xia et al., 2013). The activation of SIRT1 induces an upregulation of GTP cyclohydrolase 1 (GCH1) increasing the biosynthesis of tetrahydrobiopterin (BH4) (Li et al., 2019) which is a eNOS cofactor that prevents eNOS uncoupling (Förstermann and Münzel, 2006; Li and Förstermann, 2013; Förstermann et al., 2017). Furthermore, resveratrol seems to increase eNOS phosphorylation in vitro (Klinge et al., 2005; 2008) leading to an increased activity of this enzyme with consequently increased NO production (Fleming, 2010; Heiss and Dirsch, 2014). Additionally, resveratrol increases eNOS activity by inducing SIRT1-mediated deacetylation of eNOS and by upregulating the enzyme dimethylarginine dimethylaminohydrolase (DDAH) that is involved in the degradation of the eNOS inhibitor asymmetric dimethylarginine (ADMA) (Maas et al., 2009; Frombaum et al., 2011). Resveratrol also exhibits anti-inflammatory properties. Endothelial cells acquire two activated phenotypes during the inflammatory process. Type 1 phenotype is a rapid and transitory response while type 2 phenotype is a steady response that promotes the expression of inflammatory cytokines and adhesion molecules (Gimbrone and García-Cardeña, 2016). Lysophosphatidylcholine (LPC) is thought to be associated with coronary artery inflammation and the increase of pro-inflammatory cytokines (Strowig et al., 2012) that could be inhibited by resveratrol through Toll-like receptor-4 (TLR-4)/Myeloid differentiation primary response 88 (MyD88)/NF-kB signaling pathways (Sheldon et al., 2014; Yanez et al., 2019). Resveratrol could increase the expression of Krüppel-like factor-2 (KLF2), involved in the prevention of atherosclerosis, which led to a reduction in pro-inflammatory cytokines (Chu et al., 2018) and various adhesion molecules including vascular cellular adhesion molecule-1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), E selectin, and monocyte chemoattractant protein-1 (MCP-1) (SenBanerjee et al., 2004; Chu et al., 2018). Another mechanism mediated by resveratrol on endothelial cells is the downregulation of endothelin-1 (ET-1), a potent vasoconstrictor (Nicholson et al., 2008) implicated in the development of vascular disease and atherosclerosis (Corder et al., 2001). Furthermore, different studies have demonstrated the effects of resveratrol on vascular remodeling. Smooth muscle cell (SMC) proliferation is essential for the maintenance and repair of the vasculature, on the other hand, excessive proliferation due to vascular injury promotes the development of atherosclerosis, restenosis, and pulmonary hypertension (Thompson et al., 2014; Wang et al., 2018). In vitro studies have shown that resveratrol treatment can inhibit SMC proliferation likely through the inhibition of the phosphoinositide 3-kinases (PI3K)/Akt/mTOR pathway (Mnjoyan and Fujise, 2003; Poussier et al., 2005; Brito et al., 2009). Furthermore, resveratrol treatment also prevents arterial stiffness likely by the activation of SIRT1 which exerts anti-inflammatory properties through the inhibition of NF-kB and the downregulation of VCAM-1 and p47phox (Fry et al., 2016).
[image: Figure 2]FIGURE 2 | Main mechanisms by which resveratrol exerts its cardioprotective effects. Resveratrol activates AMPK/Sirt1/PGC-1 pathway resulting in the deacetylation/phosphorylation of PGC-1. As a coactivator, PGC-1 results in the activation of downstream genes, comprising multiple genes involved in regulation of mitochondrial function. AMPK and SIRT1 activation results in the nuclear translocation of FOXO and upregulation of eNOS. Resveratrol modulates the Nrf2/KEAP1 pathway through Nrf2 dissociation from KEAP1 and its translocation into nucleus that in turn activates ARE, which modulates the transcription of antioxidant enzymes. AMPK, AMP kinase; ARE, antioxidant response element; CAT, catalase; eNOS, endothelial nitric oxide synthase; FOXO, Forkhead box O; Keap1, Kelch-like ECH-associated protein 1; NAD, nicotinamide adenine dinucleotide; Nrf2, nuclear factor (erythroid-derived 2)-like 2; PGC-1, peroxisome proliferator-activated receptor gamma coactivator 1; SIRT1, sirtuin 1; SOD2, superoxide dismutase 2.
5 ROLE OF RESVERATROL GUT-MICROBIOTA DERIVED METABOLITES ON CVD
The human microbiome is the term used for the trillions of microorganisms that cohabit in and on us (Ursell et al., 2012). Microbiome research has surged with remarkable speed in the last 20 years, unveiling the numerous ways in which these tiny inhabitants influence our everyday existence. It has become evident that the microbiota plays a pivotal role in shaping human health, affecting disease outcomes, and governing host physiology (Cryan et al., 2019). The most representative phyla are Firmicutes and Bacteroidetes, followed by Proteobacteria and Actinobacteria (Jin et al., 2019). Among factors influencing microbiota composition, diet plays a pivotal role as it provides the substrates that facilitate the proliferation of specific taxa over others. Clearly, variations in microbiota composition also impact the metabolites produced, which can either positively or negatively influence the host’s health status (Gentile and Weir, 2018; Fan and Pedersen, 2021). Many studies demonstrated that alteration in the gut microbiota composition and relative metabolites are associated with different conditions, such as neurodegenerative disease (Cryan et al., 2019), diabetes (Patterson et al., 2016), cancer (Park et al., 2022) and CVD (Rahman et al., 2022). One of the main metabolites correlated with increased cardiovascular disease was trimethylamine-N-oxide (TMAO). This metabolite is produced in the liver from the microbial-derived trimethylamine (TMA), metabolized by nutrients abundant in the Western diet such as lecithin, choline, and carnitine (Witkowski et al., 2020). Furthermore, the Western diet leads to the proliferation of bacterial species characterized as pro-inflammatory. The establishment of a pro-inflammatory state also results in alterations to the intestinal barrier (leaky gut), promoting the translocation of harmful molecules (Christovich and Luo, 2022) and the establishment of a low-grade chronic inflammatory state (van den Munckhof et al., 2018), one of the main risk factors for different pathologies, including CVD (Munger et al., 1996; Rauchhaus et al., 2000). Various studies have investigated the possible interaction between gut microbiota dysbiosis and CVD. An increase of Prevotella and Klebsiella genera and a reduction of Faecalibacterium, Oscillibacter, Roseburia, Bifidobacterium, Coprococcus, and Butyrivibrio have been observed in hypertensive and pre-hypertensive participants (Li et al., 2017b). Similarly, decreased abundance of Faecalibacterium prausnitzii and Lachnospiraceae family and increased levels of Ruminococcus, Prevotella, Hungatella, and Succinclasticum genera were reported for participants with heart failure (Oniszczuk et al., 2021).
In food products, resveratrol is primarily present in its glycosylated form, known as piceid and polydatin (Chaplin et al., 2018). Once ingested, resveratrol travels through the gastrointestinal tract, with an estimated 70% absorption rate (Gambini et al., 2015). Within the intestine, resveratrol binds different nutrients which influence its absorption capacity (Gambini et al., 2015). However, the free form of resveratrol reaches low concentration in the blood as it is metabolized mainly in the liver through processes of glucuronidation and sulfation (Walle, 2011). Resveratrol-3-sulfate and resveratrol-3-glucuronide have been detected in different organs and tissues such as the liver, adipose tissue, and heart (Andres-Lacueva et al., 2012; Bresciani et al., 2014). Moreover, resveratrol could be metabolized in other derivatives, such as piceatannol and dihydroresveratrol (Potter et al., 2002; Menet et al., 2017). Piceatannol is produced through hydroxylation of resveratrol in the liver (Potter et al., 2002), while dihydroresveratrol through the gut bacteria metabolism (Menet et al., 2017). The importance of the gut microbiota in resveratrol metabolism is becoming increasingly evident. In particular, it was observed that gut bacteria can hydrolyze the glucoside form of resveratrol, piceid, producing resveratrol and vice versa (Chaplin et al., 2018). Bifidobacteria infantis and Lactobacillus acidophilus have been identified as bacteria involved in the synthesis of resveratrol from piceid (Wang et al., 2011; Basholli-Salihu et al., 2016; Theilmann et al., 2017). Resveratrol and its precursors could be metabolized by gut microbiota producing resveratrol metabolites. The first resveratrol-derived metabolite identified was dihydroresveratrol, which is produced by Slackia equolifaciens and Adlercreutzia equolifaciens, followed by 3,4′-dihydroxy-trans-stilbene and 3,4′-dihydroxybibenzyl (lunularin) (Bode et al., 2013). Furthermore, additional studies demonstrated that other bacteria, such as Bacillus cereus, B. infantis, and L. acidophilus, are responsible for piceid production (Cichewicz and Kouzi, 1998; Wang et al., 2011; Basholli-Salihu et al., 2016). Gut bacteria could also metabolize piceid to produce dihydropiceid and dihydroresveratrol (Wang et al., 2011).
Various studies have investigated the role of resveratrol-derived metabolites on cardiovascular outcomes. In an in vitro study conducted on isolated rat thoracic aorta, it was evaluated the effects of different metabolites extracted from the rhizome Rheum undulatum (Yoo et al., 2007). The extract included seven hydroxystilbene components as active principles (piceatannol, resveratrol, desoxyrhapontigenin, rhapontigenin, piceid, rhaponticin, and ε-viniferin) (Yoo et al., 2007). Of these, piceatannol (a resveratrol metabolite) exhibited the most potent vascular relaxation effect, which was diminished after the removal of functional endothelium or by pretreatment of the aortic tissues with NG-nitro-L-arginine methyl ester (L-NAME), a well known non-selective nitric oxide synthase inhibitor (Yoo et al., 2007). Furthermore, in vivo piceatannol administration, in a rat model of obesity, tended to reduce the heart/body weight ratio, generally used as a parameter for heart hypertrophy (Hijona et al., 2016). Furthermore, it was observed that the piceatannol at the dose of 45 mg/kg can increase significantly ephrin-B1 protein level, a structural protein essential for cardiac tissue architecture (Hijona et al., 2016). In another in vivo study, it was evaluated the effects of resveratrol treatment on atherosclerosis (Chen et al., 2016). Resveratrol supplementation effectively reduced TMA production, and consequently, derived metabolite (TMAO), and regulated bile acid metabolism in both C57BL6J and ApoE −/− mice (Chen et al., 2016) as well as reduced atherosclerotic lesion size, alleviated hyperlipidemia, ameliorated hepatic lipid accumulation, and promoted lipid metabolism in ApoE −/− mice (Cheng et al., 2023). The positive effects of resveratrol supplementation were associated with changes in the microbiota composition with a significant increase in the abundance of Bacteroides, Lactobacillus, Bifidobacterium, Verrucomicrobia and Akkermansia genus (Chen et al., 2016; Cheng et al., 2023). In line, another experimental study demonstrated that resveratrol supplementation may influence not only gut microbiome but also intestinal integrity biomarkers (Chen et al., 2020). Moreover, resveratrol intake was associated with increased total physical activity and exercise capacity with enhanced skeletal muscle metabolism and function in an animal model of heart failure (Sung et al., 2017). In another study, fecal transplantation from resveratrol-fed mice donor to recipient mice was associated with improved glucose homeostasis and decreased colon inflammation which was also associated with reduced blood pressure after angiotensin-II infusion (Kim et al., 2018). Furthermore, it was demonstrated that sterile fecal filtered from resveratrol-fed mice was sufficient to improve glucose homeostasis in obese mice (Kim et al., 2018). Animal models of high-fructose diet during pregnancy and lactation are used to study the hypertension development in offspring (Tain et al., 2018). Many studies investigated the effects of resveratrol administration during pregnancy and lactation on offspring outcomes. Maternal resveratrol supplementation during pregnancy and post-weaning was shown to exert beneficial effects on offspring reducing renal oxidative stress, restoring mRNA levels of genes involved in the nutrient-sensing pathways Prkaa2, Prkag2, Ppara, Pparb, Ppargc1a, and Sirt4 and prevent hypertension associated with high-fructose intake modulating the gut microbiota composition and restoring the Firmicutes to Proteobacteria ratio (Tain et al., 2018). Similar results demonstrated that resveratrol administration can protect male offspring from hypertension accompanied by a significant downregulation of angiotensinogen, renin, prorenin receptor, angiotensin-converting enzyme (ACE), angiotensin II type 1 receptor (AT1R), but increased ACE2, angiotensin II type 2 receptor (AT2R) and angiotensin (1–7) receptor MAS (Hsu et al., 2021). The beneficial effects of resveratrol supplementation were associated with changes in the microbiota composition with increased abundance of butyrate-producing genera Akkermansia, Lachnospiraceae and Ruminococcaceae, as well as Cyanobiaceae and Erysipelotrichaceae family (Hsu et al., 2021). Concerning short-chain fatty acid (SCFA)-producing bacteria, different studies demonstrated that resveratrol administration can increase the abundance of Allobaculum, Bacteroides and Blautia (Alrafas et al., 2019; Wang et al., 2020). SCFAs, particularly butyrate, are well known to be inhibitors of histone deacetylase (HDAC). The protective effects exerted by SCFAs are likely mediated by their HDAC inhibitory activity on intestinal macrophages resulting in the suppression of proinflammatory cytokines production (Evans et al., 2020). Furthermore, SCFAs have been demonstrated to attenuate cardiac hypertrophy, fibrosis, and dysfunction in various animal models of CVD (Chen et al., 2015; Zhang et al., 2017; Patel, 2018). SCFAs also showed the ability to regulate blood pressure through the interaction with two receptors, the Olfactory receptor 78 (Olfr78) and the G protein-coupled receptor 41 (Gpr41), both expressed in smooth muscle cells of blood vessels (Pluznick, 2014; Miyamoto et al., 2016).
6 CONCLUSION
The findings from clinical studies on the effects of resveratrol on cardiovascular disease are difficult to interpret because the effects on both vascular and endothelial outcomes are inconsistent, and rather unrelated to the dose. In fact, most studies supplementing red wine, even dealcoholized type (to eliminate the potential confounding effect of alcohol) resulted in significant effects although the resveratrol content was, on average, much lower than tablet supplementation (about 1–3 mg/day vs. 100–300 mg/day), while other studies with often extreme resveratrol supplementation (i.e., >500 mg/day) resulted in null findings. The conflicting findings from RCTs could be potentially explained through the differences in the real exposure to resveratrol metabolites, in part attributed to the interindividual variations in the physiological response to resveratrol intake due to differences in gut microbiota composition. Additionally, the potential interactions, including accumulating, synergistic, and antagonistic effects, with other food matrix components cannot be ruled out. Many in vitro and in vivo studies suggested that resveratrol cardioprotective effects are mediated by the activation of different antioxidant, anti-inflammatory, and anti-hypertensive pathways. These are also accompanied by changes in microbiota composition. In particular, most of the studies agreed with the increase in the abundance of SCFA-producing bacteria. SCFAs showed both direct and indirect cardioprotective effects through the attenuation of cardiac dysfunction and modulation of the inflammatory state. For these reasons, it is important to further explore the role of the gut microbiota in modulating the effects of resveratrol supplementation and its effects in preventing cardiovascular pathologies.
AUTHOR CONTRIBUTIONS
JG: Conceptualization, Investigation, Visualization, Writing–original draft, Writing–eview and editing. GLR: Writing–original draft, Writing–review and editing. LG: Writing–original draft, Writing–review and editing. SL: Investigation, Visualization, Writing–original draft, Writing–review and editing. NP: Investigation, Visualization, Writing–original draft, Writing–review and editing. IDA: Writing–review and editing. NMML: Writing–review and editing. FrG: Writing–review and editing. JLQ: Writing–review and editing. MB: Supervision, Writing–review and editing. FaG: Supervision, Writing–review and editing. FD: Supervision, Writing–review and editing. GG: Conceptualization, Investigation, Project administration, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. JG was supported by the co-financing of the European Union—FSE-REACT-EU, PON Research and Innovation 2014–2020 DM1062/2021; CUP: E65F21002560001.
ACKNOWLEDGMENTS
The figures have been generated by using Servier Medical Art available at smart.servier.com.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdelsalam, S. S., Korashy, H. M., Zeidan, A., and Agouni, A. (2019). The role of protein tyrosine phosphatase (PTP)-1B in cardiovascular disease and its interplay with insulin resistance. Biomolecules 9, 286. doi:10.3390/biom9070286
 Addabbo, F., Ratliff, B., Park, H.-C., Kuo, M.-C., Ungvari, Z., Csiszar, A., et al. (2009). The Krebs cycle and mitochondrial mass are early victims of endothelial dysfunction: proteomic approach. Am. J. Pathol. 174, 34–43. doi:10.2353/ajpath.2009.080650
 Alexander, S. P., Fabbro, D., Kelly, E., Marrion, N., Peters, J. A., Benson, H. E., et al. (2015). The concise guide to PHARMACOLOGY 2015/16: enzymes. Br. J. Pharmacol. 172, 6024–6109. doi:10.1111/bph.13354
 Alrafas, H. R., Busbee, P. B., Nagarkatti, M., and Nagarkatti, P. S. (2019). Resveratrol modulates the gut microbiota to prevent murine colitis development through induction of Tregs and suppression of Th17 cells. J. Leukoc. Biol. 106, 467–480. doi:10.1002/JLB.3A1218-476RR
 Andres-Lacueva, C., Macarulla, M. T., Rotches-Ribalta, M., Boto-Ordóñez, M., Urpi-Sarda, M., Rodríguez, V. M., et al. (2012). Distribution of resveratrol metabolites in liver, adipose tissue, and skeletal muscle in rats fed different doses of this polyphenol. J. Agric. Food Chem. 60, 4833–4840. doi:10.1021/jf3001108
 Angelino, D., Godos, J., Ghelfi, F., Tieri, M., Titta, L., Lafranconi, A., et al. (2019). Fruit and vegetable consumption and health outcomes: an umbrella review of observational studies. Int. J. Food Sci. Nutr. 70, 652–667. doi:10.1080/09637486.2019.1571021
 Anton, S. D., Embry, C., Marsiske, M., Lu, X., Doss, H., Leeuwenburgh, C., et al. (2014). Safety and metabolic outcomes of resveratrol supplementation in older adults: results of a twelve-week, placebo-controlled pilot study. Exp. Gerontol. 57, 181–187. doi:10.1016/j.exger.2014.05.015
 Arrigoni, R., Cammarota, F., Porro, R., Cantore, S., Dioguardi, M., Cazzolla, A. P., et al. (2023). Natural bioactive compounds against oxidative stress: dietary polyphenols strike back. Endocr. Metab. Immune Disord. Drug Targets 23, 764–776. doi:10.2174/1871530323666221107092553
 Basholli-Salihu, M., Schuster, R., Mulla, D., Praznik, W., Viernstein, H., and Mueller, M. (2016). Bioconversion of piceid to resveratrol by selected probiotic cell extracts. Bioprocess Biosyst. Eng. 39, 1879–1885. doi:10.1007/s00449-016-1662-1
 Baur, J. A., and Sinclair, D. A. (2006). Therapeutic potential of resveratrol: the in vivo evidence. Nat. Rev. Drug Discov. 5, 493–506. doi:10.1038/nrd2060
 Bhatt, J. K., and Nanjan, M. J. (2013). Resveratrol supplementation in patients with type 2 diabetes mellitus: a prospective, open label, randomized controlled trial. Int. Res. J. Pharm. 4, 245–249. doi:10.7897/2230-8407.04849
 Biering, S. B., Akey, D. L., Wong, M. P., Brown, W. C., Lo, N. T. N., Puerta-Guardo, H., et al. (2021). Structural basis for antibody inhibition of flavivirus NS1-triggered endothelial dysfunction. Science 371, 194–200. doi:10.1126/science.abc0476
 Bo, S., Ponzo, V., Ciccone, G., Evangelista, A., Saba, F., Goitre, I., et al. (2016). Six months of resveratrol supplementation has no measurable effect in type 2 diabetic patients. A randomized, double blind, placebo-controlled trial. Pharmacol. Res. 111, 896–905. doi:10.1016/j.phrs.2016.08.010
 Bode, L. M., Bunzel, D., Huch, M., Cho, G.-S., Ruhland, D., Bunzel, M., et al. (2013). In vivo and in vitro metabolism of trans-resveratrol by human gut microbiota. Am. J. Clin. Nutr. 97, 295–309. doi:10.3945/ajcn.112.049379
 Bresciani, L., Calani, L., Bocchi, L., Delucchi, F., Savi, M., Ray, S., et al. (2014). Bioaccumulation of resveratrol metabolites in myocardial tissue is dose-time dependent and related to cardiac hemodynamics in diabetic rats. Nutr. Metab. Cardiovasc. Dis. 24, 408–415. doi:10.1016/j.numecd.2013.09.008
 Brito, P. M., Devillard, R., Nègre-Salvayre, A., Almeida, L. M., Dinis, T. C. P., Salvayre, R., et al. (2009). Resveratrol inhibits the mTOR mitogenic signaling evoked by oxidized LDL in smooth muscle cells. Atherosclerosis 205, 126–134. doi:10.1016/j.atherosclerosis.2008.11.011
 Britton, R. G., Kovoor, C., and Brown, K. (2015). Direct molecular targets of resveratrol: identifying key interactions to unlock complex mechanisms. Ann. N. Y. Acad. Sci. 1348, 124–133. doi:10.1111/nyas.12796
 Brunt, V. E., Gioscia-Ryan, R. A., Casso, A. G., VanDongen, N. S., Ziemba, B. P., Sapinsley, Z. J., et al. (2020). Trimethylamine-N-Oxide promotes age-related vascular oxidative stress and endothelial dysfunction in mice and healthy humans. Hypertension 76, 101–112. doi:10.1161/HYPERTENSIONAHA.120.14759
 Cantó, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C., et al. (2009). AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity. Nature 458, 1056–1060. doi:10.1038/nature07813
 Chaplin, A., Carpéné, C., and Mercader, J. (2018). Resveratrol, metabolic syndrome, and gut microbiota. Nutrients 10, 1651. doi:10.3390/nu10111651
 Chatterjee, S. (2018). Endothelial mechanotransduction, redox signaling and the regulation of vascular inflammatory pathways. Front. Physiol. 9, 524. doi:10.3389/fphys.2018.00524
 Chen, K., Zhao, H., Shu, L., Xing, H., Wang, C., Lu, C., et al. (2020). Effect of resveratrol on intestinal tight junction proteins and the gut microbiome in high-fat diet-fed insulin resistant mice. Int. J. Food Sci. Nutr. 71, 965–978. doi:10.1080/09637486.2020.1754351
 Chen, M., Yi, L., Zhang, Y., Zhou, X., Ran, L., Yang, J., et al. (2016). Resveratrol attenuates trimethylamine-N-oxide (TMAO)-Induced atherosclerosis by regulating TMAO synthesis and bile acid metabolism via remodeling of the gut microbiota. MBio 7, e02210–e02215. doi:10.1128/mBio.02210-15
 Chen, P.-Y., and Simons, M. (2016). When endothelial cells go rogue. EMBO Mol. Med. 8, 1–2. doi:10.15252/emmm.201505943
 Chen, Y., Du, J., Zhao, Y. T., Zhang, L., Lv, G., Zhuang, S., et al. (2015). Histone deacetylase (HDAC) inhibition improves myocardial function and prevents cardiac remodeling in diabetic mice. Cardiovasc. Diabetol. 14, 99. doi:10.1186/s12933-015-0262-8
 Cheng, X., Han, X., Zhou, L., Sun, Y., Zhou, Q., Lin, X., et al. (2023). Cabernet sauvignon dry red wine ameliorates atherosclerosis in mice by regulating inflammation and endothelial function, activating AMPK phosphorylation, and modulating gut microbiota. Food Res. Int. 169, 112942. doi:10.1016/j.foodres.2023.112942
 Chistiakov, D. A., Melnichenko, A. A., Grechko, A. V., Myasoedova, V. A., and Orekhov, A. N. (2018). Potential of anti-inflammatory agents for treatment of atherosclerosis. Exp. Mol. Pathol. 104, 114–124. doi:10.1016/j.yexmp.2018.01.008
 Christovich, A., and Luo, X. M. (2022). Gut microbiota, leaky gut, and autoimmune diseases. Front. Immunol. 13, 946248. doi:10.3389/fimmu.2022.946248
 Chu, H., Li, H., Guan, X., Yan, H., Zhang, X., Cui, X., et al. (2018). Resveratrol protects late endothelial progenitor cells from TNF-α-induced inflammatory damage by upregulating Krüppel-like factor-2. Mol. Med. Rep. 17, 5708–5715. doi:10.3892/mmr.2018.8621
 Cichewicz, R. H., and Kouzi, S. A. (1998). Biotransformation of resveratrol to piceid by Bacillus cereus. J. Nat. Prod. 61, 1313–1314. doi:10.1021/np980139b
 Corder, R., Douthwaite, J. A., Lees, D. M., Khan, N. Q., Viseu Dos Santos, A. C., Wood, E. G., et al. (2001). Endothelin-1 synthesis reduced by red wine. Nature 414, 863–864. doi:10.1038/414863a
 Cryan, J. F., O’Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S., Boehme, M., et al. (2019). The microbiota-gut-brain Axis. Physiol. Rev. 99, 1877–2013. doi:10.1152/physrev.00018.2018
 Csiszar, A., Labinskyy, N., Orosz, Z., and Ungvari, Z. (2006). Altered mitochondrial energy metabolism may play a role in vascular aging. Med. Hypotheses 67, 904–908. doi:10.1016/j.mehy.2006.03.037
 Csiszar, A., Labinskyy, N., Pinto, J. T., Ballabh, P., Zhang, H., Losonczy, G., et al. (2009). Resveratrol induces mitochondrial biogenesis in endothelial cells. Am. J. Physiol. Heart Circ. Physiol. 297, H13–H20. doi:10.1152/ajpheart.00368.2009
 Daiber, A., and Chlopicki, S. (2020). Revisiting pharmacology of oxidative stress and endothelial dysfunction in cardiovascular disease: evidence for redox-based therapies. Free Radic. Biol. Med. 157, 15–37. doi:10.1016/j.freeradbiomed.2020.02.026
 Daiber, A., Xia, N., Steven, S., Oelze, M., Hanf, A., Kröller-Schön, S., et al. (2019). New therapeutic implications of endothelial nitric oxide synthase (enos) function/dysfunction in cardiovascular disease. Int. J. Mol. Sci. 20, 187. doi:10.3390/ijms20010187
 Diaz-Gerevini, G. T., Repossi, G., Dain, A., Tarres, M. C., Das, U. N., and Eynard, A. R. (2016). Beneficial action of resveratrol: how and why?Nutrition 32, 174–178. doi:10.1016/j.nut.2015.08.017
 Ebong, E. E., Lopez-Quintero, S. V., Rizzo, V., Spray, D. C., and Tarbell, J. M. (2014). Shear-induced endothelial NOS activation and remodeling via heparan sulfate, glypican-1, and syndecan-1. Integr. Biol. (Camb) 6, 338–347. doi:10.1039/c3ib40199e
 Evans, L. W., Athukorala, M., Martinez-Guryn, K., and Ferguson, B. S. (2020). The role of histone acetylation and the microbiome in phytochemical efficacy for cardiovascular diseases. Int. J. Mol. Sci. 21, 4006. doi:10.3390/ijms21114006
 Evrard, S. M., Lecce, L., Michelis, K. C., Nomura-Kitabayashi, A., Pandey, G., Purushothaman, K.-R., et al. (2016). Endothelial to mesenchymal transition is common in atherosclerotic lesions and is associated with plaque instability. Nat. Commun. 7, 11853. doi:10.1038/ncomms11853
 Faghihzadeh, F., Adibi, P., and Hekmatdoost, A. (2015). The effects of resveratrol supplementation on cardiovascular risk factors in patients with non-alcoholic fatty liver disease: a randomised, double-blind, placebo-controlled study. Br. J. Nutr. 114, 796–803. doi:10.1017/S0007114515002433
 Fan, Y., and Pedersen, O. (2021). Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 19, 55–71. doi:10.1038/s41579-020-0433-9
 Figueiredo, C. S., Roseira, E. S., Viana, T. T., Silveira, M. A. D., de Melo, R. M. V., Fernandez, M. G., et al. (2023). Inflammation in coronary atherosclerosis: insights into pathogenesis and therapeutic potential of anti-inflammatory drugs. Pharm. (Basel) 16, 1242. doi:10.3390/ph16091242
 Fleming, I. (2010). Molecular mechanisms underlying the activation of eNOS. Pflugers Arch. 459, 793–806. doi:10.1007/s00424-009-0767-7
 Förstermann, U., and Münzel, T. (2006). Endothelial nitric oxide synthase in vascular disease: from marvel to menace. Circulation 113, 1708–1714. doi:10.1161/CIRCULATIONAHA.105.602532
 Förstermann, U., Xia, N., and Li, H. (2017). Roles of vascular oxidative stress and nitric oxide in the pathogenesis of atherosclerosis. Circ. Res. 120, 713–735. doi:10.1161/CIRCRESAHA.116.309326
 Frombaum, M., Therond, P., Djelidi, R., Beaudeux, J.-L., Bonnefont-Rousselot, D., and Borderie, D. (2011). Piceatannol is more effective than resveratrol in restoring endothelial cell dimethylarginine dimethylaminohydrolase expression and activity after high-glucose oxidative stress. Free Radic. Res. 45, 293–302. doi:10.3109/10715762.2010.527337
 Fry, J. L., Al Sayah, L., Weisbrod, R. M., Van Roy, I., Weng, X., Cohen, R. A., et al. (2016). Vascular smooth muscle sirtuin-1 protects against diet-induced aortic stiffness. Hypertension 68, 775–784. doi:10.1161/HYPERTENSIONAHA.116.07622
 Gambini, J., Inglés, M., Olaso, G., Lopez-Grueso, R., Bonet-Costa, V., Gimeno-Mallench, L., et al. (2015). Properties of resveratrol: in vitro and in vivo studies about metabolism, bioavailability, and biological effects in animal models and humans. Oxid. Med. Cell. Longev. 2015, 837042. doi:10.1155/2015/837042
 GBD 2019 Diseases and Injuries Collaborators (2020). Global burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet 396, 1204–1222. doi:10.1016/S0140-6736(20)30925-9
 GBD 2019 Risk Factors Collaborators (2020). Global burden of 87 risk factors in 204 countries and territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet 396, 1223–1249. doi:10.1016/S0140-6736(20)30752-2
 Gentile, C. L., and Weir, T. L. (2018). The gut microbiota at the intersection of diet and human health. Science 362, 776–780. doi:10.1126/science.aau5812
 Gimbrone, M. A., and García-Cardeña, G. (2016). Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ. Res. 118, 620–636. doi:10.1161/CIRCRESAHA.115.306301
 Golia, E., Limongelli, G., Natale, F., Fimiani, F., Maddaloni, V., Pariggiano, I., et al. (2014). Inflammation and cardiovascular disease: from pathogenesis to therapeutic target. Curr. Atheroscler. Rep. 16, 435. doi:10.1007/s11883-014-0435-z
 Gonzalez, D. M., and Medici, D. (2014). Signaling mechanisms of the epithelial-mesenchymal transition. Sci. Signal. 7, re8. doi:10.1126/scisignal.2005189
 Goswami, S. K., Ranjan, P., Dutta, R. K., and Verma, S. K. (2021). Management of inflammation in cardiovascular diseases. Pharmacol. Res. 173, 105912. doi:10.1016/j.phrs.2021.105912
 Gradinaru, D., Borsa, C., Ionescu, C., and Prada, G. I. (2015). Oxidized LDL and NO synthesis--Biomarkers of endothelial dysfunction and ageing. Mech. Ageing Dev. 151, 101–113. doi:10.1016/j.mad.2015.03.003
 Grosso, G., Godos, J., Galvano, F., and Giovannucci, E. L. (2017). Coffee, caffeine, and health outcomes: an umbrella review. Annu. Rev. Nutr. 37, 131–156. doi:10.1146/annurev-nutr-071816-064941
 Harding, I. C., Mitra, R., Mensah, S. A., Herman, I. M., and Ebong, E. E. (2018). Pro-atherosclerotic disturbed flow disrupts caveolin-1 expression, localization, and function via glycocalyx degradation. J. Transl. Med. 16, 364. doi:10.1186/s12967-018-1721-2
 Harding, I. C., Mitra, R., Mensah, S. A., Nersesyan, A., Bal, N. N., and Ebong, E. E. (2019). Endothelial barrier reinforcement relies on flow-regulated glycocalyx, a potential therapeutic target. Biorheology 56, 131–149. doi:10.3233/BIR-180205
 Haybar, H., Shokuhian, M., Bagheri, M., Davari, N., and Saki, N. (2019). Involvement of circulating inflammatory factors in prognosis and risk of cardiovascular disease. J. Mol. Cell. Cardiol. 132, 110–119. doi:10.1016/j.yjmcc.2019.05.010
 Heiss, E. H., and Dirsch, V. M. (2014). Regulation of eNOS enzyme activity by posttranslational modification. Curr. Pharm. Des. 20, 3503–3513. doi:10.2174/13816128113196660745
 Hijona, E., Aguirre, L., Pérez-Matute, P., Villanueva-Millán, M. J., Mosqueda-Solis, A., Hasnaoui, M., et al. (2016). Limited beneficial effects of piceatannol supplementation on obesity complications in the obese Zucker rat: gut microbiota, metabolic, endocrine, and cardiac aspects. J. Physiol. Biochem. 72, 567–582. doi:10.1007/s13105-015-0464-2
 Howitz, K. T., Bitterman, K. J., Cohen, H. Y., Lamming, D. W., Lavu, S., Wood, J. G., et al. (2003). Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature 425, 191–196. doi:10.1038/nature01960
 Hsu, C.-N., Hou, C.-Y., Chang-Chien, G.-P., Lin, S., Chan, J. Y. H., Lee, C.-T., et al. (2021). Maternal resveratrol therapy protected adult rat offspring against hypertension programmed by combined exposures to asymmetric dimethylarginine and trimethylamine-N-oxide. J. Nutr. Biochem. 93, 108630. doi:10.1016/j.jnutbio.2021.108630
 Huang, Y., Lu, J., Zhan, L., Wang, M., Shi, R., Yuan, X., et al. (2021). Resveratrol-induced Sirt1 phosphorylation by LKB1 mediates mitochondrial metabolism. J. Biol. Chem. 297, 100929. doi:10.1016/j.jbc.2021.100929
 Hubbard, B. P., Gomes, A. P., Dai, H., Li, J., Case, A. W., Considine, T., et al. (2013). Evidence for a common mechanism of SIRT1 regulation by allosteric activators. Science 339, 1216–1219. doi:10.1126/science.1231097
 Ibrahim, K. A., Abdelgaid, H. A., Eleyan, M., Mohamed, R. A., and Gamil, N. M. (2022). Resveratrol alleviates cardiac apoptosis following exposure to fenitrothion by modulating the sirtuin1/c-Jun N-terminal kinases/p53 pathway through pro-oxidant and inflammatory response improvements: in vivo and in silico studies. Life Sci. 290, 120265. doi:10.1016/j.lfs.2021.120265
 Imamura, H., Yamaguchi, T., Nagayama, D., Saiki, A., Shirai, K., and Tatsuno, I. (2017). Resveratrol ameliorates arterial stiffness assessed by cardio-ankle vascular index in patients with type 2 diabetes mellitus. Int. Heart J. 58, 577–583. doi:10.1536/ihj.16-373
 Iqbal, A. Z., Javaid, N., and Hameeda, M. (2022). Synergic interactions between berry polyphenols and gut microbiota in cardiovascular diseases. Med. J. Nutr. Metab. 15, 555–573. doi:10.3233/MNM-220071
 Jantan, I., Haque, M. A., Arshad, L., Harikrishnan, H., Septama, A. W., and Mohamed-Hussein, Z.-A. (2021). Dietary polyphenols suppress chronic inflammation by modulation of multiple inflammation-associated cell signaling pathways. J. Nutr. Biochem. 93, 108634. doi:10.1016/j.jnutbio.2021.108634
 Jin, M., Qian, Z., Yin, J., Xu, W., and Zhou, X. (2019). The role of intestinal microbiota in cardiovascular disease. J. Cell. Mol. Med. 23, 2343–2350. doi:10.1111/jcmm.14195
 Kang, H., Sun, A., Wu, Q., Yang, J., Zhang, W., Qu, Y., et al. (2020). Atherogenic diet-diminished endothelial glycocalyx contributes to impaired vasomotor properties in rat. Am. J. Physiol. Heart Circ. Physiol. 319, H814–H823. doi:10.1152/ajpheart.00039.2020
 Karbach, S., Wenzel, P., Waisman, A., Munzel, T., and Daiber, A. (2014). eNOS uncoupling in cardiovascular diseases--the role of oxidative stress and inflammation. Curr. Pharm. Des. 20, 3579–3594. doi:10.2174/13816128113196660748
 Khodabandehloo, H., Seyyedebrahimi, S., Esfahani, E. N., Razi, F., and Meshkani, R. (2018). Resveratrol supplementation decreases blood glucose without changing the circulating CD14+CD16+ monocytes and inflammatory cytokines in patients with type 2 diabetes: a randomized, double-blind, placebo-controlled study. Nutr. Res. 54, 40–51. doi:10.1016/j.nutres.2018.03.015
 Khorshidi, F., Poljak, A., Liu, Y., Lo, J. W., Crawford, J. D., and Sachdev, P. S. (2021). Resveratrol: a “miracle” drug in neuropsychiatry or a cognitive enhancer for mice only? A systematic review and meta-analysis. Ageing Res. Rev. 65, 101199. doi:10.1016/j.arr.2020.101199
 Kim, T. T., Parajuli, N., Sung, M. M., Bairwa, S. C., Levasseur, J., Soltys, C.-L. M., et al. (2018). Fecal transplant from resveratrol-fed donors improves glycaemia and cardiovascular features of the metabolic syndrome in mice. Am. J. Physiol. Endocrinol. Metab. 315, E511–E519. doi:10.1152/ajpendo.00471.2017
 Kjær, T. N., Ornstrup, M. J., Poulsen, M. M., Stødkilde-Jørgensen, H., Jessen, N., Jørgensen, J. O. L., et al. (2017). No beneficial effects of resveratrol on the metabolic syndrome: a randomized placebo-controlled clinical trial. J. Clin. Endocrinol. Metab. 102, 1642–1651. doi:10.1210/jc.2016-2160
 Klinge, C. M., Blankenship, K. A., Risinger, K. E., Bhatnagar, S., Noisin, E. L., Sumanasekera, W. K., et al. (2005). Resveratrol and estradiol rapidly activate MAPK signaling through estrogen receptors alpha and beta in endothelial cells. J. Biol. Chem. 280, 7460–7468. doi:10.1074/jbc.M411565200
 Klinge, C. M., Wickramasinghe, N. S., Ivanova, M. M., and Dougherty, S. M. (2008). Resveratrol stimulates nitric oxide production by increasing estrogen receptor alpha-Src-caveolin-1 interaction and phosphorylation in human umbilical vein endothelial cells. FASEB J. 22, 2185–2197. doi:10.1096/fj.07-103366
 Kweider, N., Huppertz, B., Kadyrov, M., Rath, W., Pufe, T., and Wruck, C. J. (2014). A possible protective role of Nrf2 in preeclampsia. Ann. Anat. 196, 268–277. doi:10.1016/j.aanat.2014.04.002
 Laudani, S., Godos, J., Di Domenico, F. M., Barbagallo, I., Randazzo, C. L., Leggio, G. M., et al. (2023). Anthocyanin effects on vascular and endothelial health: evidence from clinical trials and role of gut microbiota metabolites. Antioxidants (Basel) 12, 1773. doi:10.3390/antiox12091773
 Li, H., and Förstermann, U. (2013). Uncoupling of endothelial NO synthase in atherosclerosis and vascular disease. Curr. Opin. Pharmacol. 13, 161–167. doi:10.1016/j.coph.2013.01.006
 Li, H., Xia, N., and Förstermann, U. (2012). Cardiovascular effects and molecular targets of resveratrol. Nitric Oxide 26, 102–110. doi:10.1016/j.niox.2011.12.006
 Li, H., Xia, N., Hasselwander, S., and Daiber, A. (2019). Resveratrol and vascular function. Int. J. Mol. Sci. 20, 2155. doi:10.3390/ijms20092155
 Li, J., Yu, S., Ying, J., Shi, T., and Wang, P. (2017a). Resveratrol prevents ROS-induced apoptosis in high glucose-treated retinal capillary endothelial cells via the activation of AMPK/Sirt1/PGC-1α pathway. Oxid. Med. Cell. Longev. 2017, 7584691. doi:10.1155/2017/7584691
 Li, J., Zhao, F., Wang, Y., Chen, J., Tao, J., Tian, G., et al. (2017b). Gut microbiota dysbiosis contributes to the development of hypertension. Microbiome 5, 14. doi:10.1186/s40168-016-0222-x
 Li, T., Chen, Y., Gua, C., and Li, X. (2017c). Elevated circulating trimethylamine N-oxide levels contribute to endothelial dysfunction in aged rats through vascular inflammation and oxidative stress. Front. Physiol. 8, 350. doi:10.3389/fphys.2017.00350
 Liu, B., Ghosh, S., Yang, X., Zheng, H., Liu, X., Wang, Z., et al. (2012). Resveratrol rescues SIRT1-dependent adult stem cell decline and alleviates progeroid features in laminopathy-based progeria. Cell Metab. 16, 738–750. doi:10.1016/j.cmet.2012.11.007
 Lou, Z., Du, K., Wang, T., Zhao, X., Li, X., and Wang, B. (2017). Resveratrol suppresses P-selectin, PSGL-1, and VWF through SIRT1 signaling pathway. Acta Biochim. Biophys. Sin. (Shanghai) 49, 848–850. doi:10.1093/abbs/gmx077
 Maas, R., Böger, R., and Lüneburg, N. (2009). ADMA and the role of the genes: lessons from genetically modified animals and human gene polymorphisms. Pharmacol. Res. 60, 475–480. doi:10.1016/j.phrs.2009.07.012
 Man, A. W. C., Li, H., and Xia, N. (2020). Resveratrol and the interaction between gut microbiota and arterial remodelling. Nutrients 12, 119. doi:10.3390/nu12010119
 Martini, D., Godos, J., Marventano, S., Tieri, M., Ghelfi, F., Titta, L., et al. (2021). Nut and legume consumption and human health: an umbrella review of observational studies. Int. J. Food Sci. Nutr. 72, 871–878. doi:10.1080/09637486.2021.1880554
 Menet, M.-C., Baron, S., Taghi, M., Diestra, R., Dargère, D., Laprévote, O., et al. (2017). Distribution of trans-resveratrol and its metabolites after acute or sustained administration in mouse heart, brain, and liver. Mol. Nutr. Food Res. 61. doi:10.1002/mnfr.201600686
 Meng, X., Ni, C., Zhu, L., Shen, Y., Wang, L., and Chen, Y. (2009). Puerarin protects against high glucose-induced acute vascular dysfunction: role of heme oxygenase-1 in rat thoracic aorta. Vasc. Pharmacol. 50, 110–115. doi:10.1016/j.vph.2008.11.003
 Micek, A., Godos, J., Del Rio, D., Galvano, F., and Grosso, G. (2021). Dietary flavonoids and cardiovascular disease: a comprehensive dose-response meta-analysis. Mol. Nutr. Food Res. 65, e2001019. doi:10.1002/mnfr.202001019
 Miller, S. B. (2006). Prostaglandins in health and disease: an overview. Semin. Arthritis Rheum. 36, 37–49. doi:10.1016/j.semarthrit.2006.03.005
 Milne, J. C., and Denu, J. M. (2008). The Sirtuin family: therapeutic targets to treat diseases of aging. Curr. Opin. Chem. Biol. 12, 11–17. doi:10.1016/j.cbpa.2008.01.019
 Miyamoto, J., Kasubuchi, M., Nakajima, A., Irie, J., Itoh, H., and Kimura, I. (2016). The role of short-chain fatty acid on blood pressure regulation. Curr. Opin. Nephrol. Hypertens. 25, 379–383. doi:10.1097/MNH.0000000000000246
 Mnjoyan, Z. H., and Fujise, K. (2003). Profound negative regulatory effects by resveratrol on vascular smooth muscle cells: a role of p53-p21(WAF1/CIP1) pathway. Biochem. Biophys. Res. Commun. 311, 546–552. doi:10.1016/j.bbrc.2003.10.023
 Mongiardi, M. P., Radice, G., Piras, M., Stagni, V., Pacioni, S., Re, A., et al. (2019). Axitinib exposure triggers endothelial cells senescence through ROS accumulation and ATM activation. Oncogene 38, 5413–5424. doi:10.1038/s41388-019-0798-2
 Morrison, K. J., and Pollock, D. (1990). Impairment of relaxations to acetylcholine and nitric oxide by a phorbol ester in rat isolated aorta. Br. J. Pharmacol. 101, 432–436. doi:10.1111/j.1476-5381.1990.tb12726.x
 Movahed, A., Nabipour, I., Lieben Louis, X., Thandapilly, S. J., Yu, L., Kalantarhormozi, M., et al. (2013). Antihyperglycemic effects of short term resveratrol supplementation in type 2 diabetic patients. Evid. Based Complement. Altern. Med. 2013, 851267. doi:10.1155/2013/851267
 Munger, M. A., Johnson, B., Amber, I. J., Callahan, K. S., and Gilbert, E. M. (1996). Circulating concentrations of proinflammatory cytokines in mild or moderate heart failure secondary to ischemic or idiopathic dilated cardiomyopathy. Am. J. Cardiol. 77, 723–727. doi:10.1016/s0002-9149(97)89206-5
 Nicholson, S. K., Tucker, G. A., and Brameld, J. M. (2008). Effects of dietary polyphenols on gene expression in human vascular endothelial cells. Proc. Nutr. Soc. 67, 42–47. doi:10.1017/S0029665108006009
 Oliveras, A., and de la Sierra, A. (2014). Resistant hypertension: patient characteristics, risk factors, co-morbidities and outcomes. J. Hum. Hypertens. 28, 213–217. doi:10.1038/jhh.2013.77
 Oniszczuk, A., Oniszczuk, T., Gancarz, M., and Szymańska, J. (2021). Role of gut microbiota, probiotics and prebiotics in the cardiovascular diseases. Molecules 26, 1172. doi:10.3390/molecules26041172
 Park, E. M., Chelvanambi, M., Bhutiani, N., Kroemer, G., Zitvogel, L., and Wargo, J. A. (2022). Targeting the gut and tumor microbiota in cancer. Nat. Med. 28, 690–703. doi:10.1038/s41591-022-01779-2
 Park, S. H., Jeong, S.-O., Chung, H.-T., and Pae, H.-O. (2015). Pterostilbene, an active constituent of blueberries, stimulates nitric oxide production via activation of endothelial nitric oxide synthase in human umbilical vein endothelial cells. Plant Foods Hum. Nutr. 70, 263–268. doi:10.1007/s11130-015-0488-3
 Park, S.-J., Ahmad, F., Philp, A., Baar, K., Williams, T., Luo, H., et al. (2012). Resveratrol ameliorates aging-related metabolic phenotypes by inhibiting cAMP phosphodiesterases. Cell 148, 421–433. doi:10.1016/j.cell.2012.01.017
 Patel, B. M. (2018). Sodium butyrate controls cardiac hypertrophy in experimental models of rats. Cardiovasc. Toxicol. 18, 1–8. doi:10.1007/s12012-017-9406-2
 Patterson, E., Ryan, P. M., Cryan, J. F., Dinan, T. G., Ross, R. P., Fitzgerald, G. F., et al. (2016). Gut microbiota, obesity and diabetes. Postgrad. Med. J. 92, 286–300. doi:10.1136/postgradmedj-2015-133285
 Pérez, L., Muñoz-Durango, N., Riedel, C. A., Echeverría, C., Kalergis, A. M., Cabello-Verrugio, C., et al. (2017). Endothelial-to-mesenchymal transition: cytokine-mediated pathways that determine endothelial fibrosis under inflammatory conditions. Cytokine Growth Factor Rev. 33, 41–54. doi:10.1016/j.cytogfr.2016.09.002
 Piotrowska, A., Syguda, A., Wyrwas, B., Chrzanowski, L., Luckenbach, T., and Heipieper, H. J. (2018). Effects of ammonium-based ionic liquids and 2,4-dichlorophenol on the phospholipid fatty acid composition of zebrafish embryos. PLoS ONE 13, e0190779. doi:10.1371/journal.pone.0190779
 Pluznick, J. (2014). A novel SCFA receptor, the microbiota, and blood pressure regulation. Gut Microbes 5, 202–207. doi:10.4161/gmic.27492
 Potter, G. A., Patterson, L. H., Wanogho, E., Perry, P. J., Butler, P. C., Ijaz, T., et al. (2002). The cancer preventative agent resveratrol is converted to the anticancer agent piceatannol by the cytochrome P450 enzyme CYP1B1. Br. J. Cancer 86, 774–778. doi:10.1038/sj.bjc.6600197
 Poussier, B., Cordova, A. C., Becquemin, J.-P., and Sumpio, B. E. (2005). Resveratrol inhibits vascular smooth muscle cell proliferation and induces apoptosis. J. Vasc. Surg. 42, 1190–1197. doi:10.1016/j.jvs.2005.08.014
 Puerta-Guardo, H., Glasner, D. R., Espinosa, D. A., Biering, S. B., Patana, M., Ratnasiri, K., et al. (2019). Flavivirus NS1 triggers tissue-specific vascular endothelial dysfunction reflecting disease tropism. Cell Rep. 26, 1598–1613. doi:10.1016/j.celrep.2019.01.036
 Pyo, I. S., Yun, S., Yoon, Y. E., Choi, J.-W., and Lee, S.-J. (2020). Mechanisms of aging and the preventive effects of resveratrol on age-related diseases. Molecules 25, 4649. doi:10.3390/molecules25204649
 Rahman, M. M., Islam, F., -Or-Rashid, M. H., Mamun, A. A., Rahaman, M. S., Islam, M. M., et al. (2022). The gut microbiota (microbiome) in cardiovascular disease and its therapeutic regulation. Front. Cell. Infect. Microbiol. 12, 903570. doi:10.3389/fcimb.2022.903570
 Rauchhaus, M., Doehner, W., Francis, D. P., Davos, C., Kemp, M., Liebenthal, C., et al. (2000). Plasma cytokine parameters and mortality in patients with chronic heart failure. Circulation 102, 3060–3067. doi:10.1161/01.cir.102.25.3060
 Repossi, G., Das, U. N., and Eynard, A. R. (2020). Molecular basis of the beneficial actions of resveratrol. Arch. Med. Res. 51, 105–114. doi:10.1016/j.arcmed.2020.01.010
 Schulz, E., Wenzel, P., Münzel, T., and Daiber, A. (2014). Mitochondrial redox signaling: interaction of mitochondrial reactive oxygen species with other sources of oxidative stress. Antioxid. Redox Signal. 20, 308–324. doi:10.1089/ars.2012.4609
 SenBanerjee, S., Lin, Z., Atkins, G. B., Greif, D. M., Rao, R. M., Kumar, A., et al. (2004). KLF2 Is a novel transcriptional regulator of endothelial proinflammatory activation. J. Exp. Med. 199, 1305–1315. doi:10.1084/jem.20031132
 Seyyedebrahimi, S., Khodabandehloo, H., Nasli Esfahani, E., and Meshkani, R. (2018). The effects of resveratrol on markers of oxidative stress in patients with type 2 diabetes: a randomized, double-blind, placebo-controlled clinical trial. Acta Diabetol. 55, 341–353. doi:10.1007/s00592-017-1098-3
 Sharma, P., Dong, Y., Somers, V. K., Peterson, T. E., Zhang, Y., Wang, S., et al. (2018). Intermittent hypoxia regulates vasoactive molecules and alters insulin-signaling in vascular endothelial cells. Sci. Rep. 8, 14110. doi:10.1038/s41598-018-32490-3
 Sheldon, I. M., Cronin, J. G., Healey, G. D., Gabler, C., Heuwieser, W., Streyl, D., et al. (2014). Innate immunity and inflammation of the bovine female reproductive tract in health and disease. Reproduction 148, R41–R51. doi:10.1530/REP-14-0163
 Shen, X., Wang, M., Bi, X., Zhang, J., Wen, S., Fu, G., et al. (2016). Resveratrol prevents endothelial progenitor cells from senescence and reduces the oxidative reaction via PPAR-γ/HO-1 pathways. Mol. Med. Rep. 14, 5528–5534. doi:10.3892/mmr.2016.5929
 Singh, A., Satchell, S. C., Neal, C. R., McKenzie, E. A., Tooke, J. E., and Mathieson, P. W. (2007). Glomerular endothelial glycocalyx constitutes a barrier to protein permeability. J. Am. Soc. Nephrol. 18, 2885–2893. doi:10.1681/ASN.2007010119
 Springer, M., and Moco, S. (2019). Resveratrol and its human metabolites-effects on metabolic health and obesity. Nutrients 11, 143. doi:10.3390/nu11010143
 Strowig, T., Henao-Mejia, J., Elinav, E., and Flavell, R. (2012). Inflammasomes in health and disease. Nature 481, 278–286. doi:10.1038/nature10759
 Sun, L., Liu, Y.-L., Ye, F., Xie, J.-W., Zeng, J.-W., Qin, L., et al. (2019). Free fatty acid-induced H2O2 activates TRPM2 to aggravate endothelial insulin resistance via Ca2+-dependent PERK/ATF4/TRB3 cascade in obese mice. Free Radic. Biol. Med. 143, 288–299. doi:10.1016/j.freeradbiomed.2019.08.018
 Sung, M. M., Byrne, N. J., Robertson, I. M., Kim, T. T., Samokhvalov, V., Levasseur, J., et al. (2017). Resveratrol improves exercise performance and skeletal muscle oxidative capacity in heart failure. Am. J. Physiol. Heart Circ. Physiol. 312, H842–H853. doi:10.1152/ajpheart.00455.2016
 Tain, Y.-L., Lee, W.-C., Wu, K. L. H., Leu, S., and Chan, J. Y. H. (2018). Resveratrol prevents the development of hypertension programmed by maternal plus post-weaning high-fructose consumption through modulation of oxidative stress, nutrient-sensing signals, and gut microbiota. Mol. Nutr. Food Res. 62, e1800066. doi:10.1002/mnfr.201800066
 Theilmann, M. C., Goh, Y. J., Nielsen, K. F., Klaenhammer, T. R., Barrangou, R., and Abou Hachem, M. (2017). Lactobacillus acidophilus metabolizes dietary plant glucosides and externalizes their bioactive phytochemicals. MBio 8, e01421-17. doi:10.1128/mBio.01421-17
 Thompson, A. M., Martin, K. A., and Rzucidlo, E. M. (2014). Resveratrol induces vascular smooth muscle cell differentiation through stimulation of SirT1 and AMPK. PLoS ONE 9, e85495. doi:10.1371/journal.pone.0085495
 Tian, B., and Liu, J. (2020). Resveratrol: a review of plant sources, synthesis, stability, modification and food application. J. Sci. Food Agric. 100, 1392–1404. doi:10.1002/jsfa.10152
 Tieri, M., Ghelfi, F., Vitale, M., Vetrani, C., Marventano, S., Lafranconi, A., et al. (2020). Whole grain consumption and human health: an umbrella review of observational studies. Int. J. Food Sci. Nutr. 71, 668–677. doi:10.1080/09637486.2020.1715354
 Timmers, S., de Ligt, M., Phielix, E., van de Weijer, T., Hansen, J., Moonen-Kornips, E., et al. (2016). Resveratrol as add-on therapy in subjects with well-controlled type 2 diabetes: a randomized controlled trial. Diabetes Care 39, 2211–2217. doi:10.2337/dc16-0499
 Timmers, S., Konings, E., Bilet, L., Houtkooper, R. H., van de Weijer, T., Goossens, G. H., et al. (2011). Calorie restriction-like effects of 30 days of resveratrol supplementation on energy metabolism and metabolic profile in obese humans. Cell Metab. 14, 612–622. doi:10.1016/j.cmet.2011.10.002
 Tsao, R. (2010). Chemistry and biochemistry of dietary polyphenols. Nutrients 2, 1231–1246. doi:10.3390/nu2121231
 Ungvari, Z., Bagi, Z., Feher, A., Recchia, F. A., Sonntag, W. E., Pearson, K., et al. (2010). Resveratrol confers endothelial protection via activation of the antioxidant transcription factor Nrf2. Am. J. Physiol. Heart Circ. Physiol. 299, H18–H24. doi:10.1152/ajpheart.00260.2010
 Ursell, L. K., Metcalf, J. L., Parfrey, L. W., and Knight, R. (2012). Defining the human microbiome. Nutr. Rev. 70 (1), S38–S44. doi:10.1111/j.1753-4887.2012.00493.x
 van den Munckhof, I. C. L., Kurilshikov, A., Ter Horst, R., Riksen, N. P., Joosten, L. A. B., Zhernakova, A., et al. (2018). Role of gut microbiota in chronic low-grade inflammation as potential driver for atherosclerotic cardiovascular disease: a systematic review of human studies. Obes. Rev. 19, 1719–1734. doi:10.1111/obr.12750
 van der Made, S. M., Plat, J., and Mensink, R. P. (2015). Resveratrol does not influence metabolic risk markers related to cardiovascular health in overweight and slightly obese subjects: a randomized, placebo-controlled crossover trial. PLoS ONE 10, e0118393. doi:10.1371/journal.pone.0118393
 Veronese, N., Demurtas, J., Celotto, S., Caruso, M. G., Maggi, S., Bolzetta, F., et al. (2019). Is chocolate consumption associated with health outcomes? An umbrella review of systematic reviews and meta-analyses. Clin. Nutr. 38, 1101–1108. doi:10.1016/j.clnu.2018.05.019
 Walle, T. (2011). Bioavailability of resveratrol. Ann. N. Y. Acad. Sci. 1215, 9–15. doi:10.1111/j.1749-6632.2010.05842.x
 Wang, D., Uhrin, P., Mocan, A., Waltenberger, B., Breuss, J. M., Tewari, D., et al. (2018). Vascular smooth muscle cell proliferation as a therapeutic target. Part 1: molecular targets and pathways. Biotechnol. Adv. 36, 1586–1607. doi:10.1016/j.biotechadv.2018.04.006
 Wang, D., Zhang, Z., Ju, J., Wang, X., and Qiu, W. (2011). Investigation of piceid metabolites in rat by liquid chromatography tandem mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 879, 69–74. doi:10.1016/j.jchromb.2010.11.012
 Wang, P., Wang, J., Li, D., Ke, W., Chen, F., and Hu, X. (2020). Targeting the gut microbiota with resveratrol: a demonstration of novel evidence for the management of hepatic steatosis. J. Nutr. Biochem. 81, 108363. doi:10.1016/j.jnutbio.2020.108363
 Witkowski, M., Weeks, T. L., and Hazen, S. L. (2020). Gut microbiota and cardiovascular disease. Circ. Res. 127, 553–570. doi:10.1161/CIRCRESAHA.120.316242
 Wong, R. H. X., Berry, N. M., Coates, A. M., Buckley, J. D., Bryan, J., Kunz, I., et al. (2013). Chronic resveratrol consumption improves brachial flow-mediated dilatation in healthy obese adults. J. Hypertens. 31, 1819–1827. doi:10.1097/HJH.0b013e328362b9d6
 Wu, Y., Ding, Y., Ramprasath, T., and Zou, M.-H. (2021). Oxidative stress, GTPCH1, and endothelial nitric oxide synthase uncoupling in hypertension. Antioxid. Redox Signal. 34, 750–764. doi:10.1089/ars.2020.8112
 Wyckoff, M. H., Chambliss, K. L., Mineo, C., Yuhanna, I. S., Mendelsohn, M. E., Mumby, S. M., et al. (2001). Plasma membrane estrogen receptors are coupled to endothelial nitric-oxide synthase through Galpha(i). J. Biol. Chem. 276, 27071–27076. doi:10.1074/jbc.M100312200
 Xia, N., Daiber, A., Förstermann, U., and Li, H. (2017). Antioxidant effects of resveratrol in the cardiovascular system. Br. J. Pharmacol. 174, 1633–1646. doi:10.1111/bph.13492
 Xia, N., Förstermann, U., and Li, H. (2014). Resveratrol and endothelial nitric oxide. Molecules 19, 16102–16121. doi:10.3390/molecules191016102
 Xia, N., Strand, S., Schlufter, F., Siuda, D., Reifenberg, G., Kleinert, H., et al. (2013). Role of SIRT1 and FOXO factors in eNOS transcriptional activation by resveratrol. Nitric Oxide 32, 29–35. doi:10.1016/j.niox.2013.04.001
 Xu, S., Ilyas, I., Little, P. J., Li, H., Kamato, D., Zheng, X., et al. (2021). Endothelial dysfunction in atherosclerotic cardiovascular diseases and beyond: from mechanism to pharmacotherapies. Pharmacol. Rev. 73, 924–967. doi:10.1124/pharmrev.120.000096
 Xu, S., Liu, B., Yin, M., Koroleva, M., Mastrangelo, M., Ture, S., et al. (2016). A novel TRPV4-specific agonist inhibits monocyte adhesion and atherosclerosis. Oncotarget 7, 37622–37635. doi:10.18632/oncotarget.9376
 Yan, J., Lai, C.-H., Lung, S.-C. C., Wang, W.-C., Huang, C.-C., Chen, G.-W., et al. (2017). Carbon black aggregates cause endothelial dysfunction by activating ROCK. J. Hazard. Mat. 338, 66–75. doi:10.1016/j.jhazmat.2017.05.025
 Yanez, M., Jhanji, M., Murphy, K., Gower, R. M., Sajish, M., and Jabbarzadeh, E. (2019). Nicotinamide augments the anti-inflammatory properties of resveratrol through PARP1 activation. Sci. Rep. 9, 10219. doi:10.1038/s41598-019-46678-8
 Yoo, M. Y., Oh, K.-S., Lee, J. W., Seo, H. W., Yon, G. H., Kwon, D. Y., et al. (2007). Vasorelaxant effect of stilbenes from rhizome extract of rhubarb (Rheum undulatum) on the contractility of rat aorta. Phytother. Res. 21, 186–189. doi:10.1002/ptr.2042
 Zhang, L., Du, J., Yano, N., Wang, H., Zhao, Y. T., Dubielecka, P. M., et al. (2017). Sodium butyrate protects -against high fat diet-induced cardiac dysfunction and metabolic disorders in type II diabetic mice. J. Cell. Biochem. 118, 2395–2408. doi:10.1002/jcb.25902
 Zhang, M., Lin, J. M., Li, X. S., and Li, J. (2016). Quercetin ameliorates LPS-induced inflammation in human peripheral blood mononuclear cells by inhibition of the TLR2-NF-κB pathway. Genet. Mol. Res. 15. doi:10.4238/gmr.15028297
 Zheng, J., and Ramirez, V. D. (2000). Inhibition of mitochondrial proton F0F1-ATPase/ATP synthase by polyphenolic phytochemicals. Br. J. Pharmacol. 130, 1115–1123. doi:10.1038/sj.bjp.0703397
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Godos, Romano, Gozzo, Laudani, Paladino, Dominguez Azpíroz, Martínez López, Giampieri, Quiles, Battino, Galvano, Drago and Grosso. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1368949-t001.jpg
Author, year Intervention  Intervention  Resveratrol Main findings
of aracteristics ~ duration type dose (daily

publication, intake)
country

Timmers et al. Double- 11 healthy obese men | 2 x 30 days Resveratrol 150 mg resveratrol | Placebo capsule  SBP (p = 0.006) and
(2011), Netherlands ~ blind, (52 years) (4 weeks washout) | capsules mean arterial BP
placebo- (p=0.02) decreased
controlled, significantly after
crossover resveratrol
supplementation,
when compared to
placebo. However,
no significant
changes were
observed for DBP.

Bhatt and Nanjan ~ Open-label, 57 patients with 6 months Resveratrol 250 mg resveratrol | Hypoglycemic SBP decreased

(2013), India controlled  T2DM (50 years) capsules agent significantly after

(+ hypoglycemic the intervention

agent) period (p = 0.01) in
participants who
received resveratrol.
SBP (p = 0.008) and
DBP (p = 0.02)
decreased in the
intervention group
compared to the
control

Movahed et al. Double- 66 patients with 45 days Resveratrol 1,000 mg Placebo capsules  SBP significantly
(2013), Iran blind, T2DM (52 years) capsules resveratrol (inert decreased (p <

placebo- microcellulose)  0.0001) after

controlled resveratrol
supplementation.
Similarly, SBP
decreased (p <
0.0001)
significantly when
comparing
intervention group
to control

Wong etal. (2013),  Double- 28 healthy obese adults | 2 x 6 weeks Resveratrol 75 mg trans- Placebo capsules  Intervention led to
Australia blind, (61 years) capsules resveratrol a significant
placebo- increase in FMD
controlled, (p = 0.021), when
crossover compared to
placcbo

Anton etal 2014), Double- 32 overweight older | 90 days Resveratrol () 1,000 mg Placebo capsules o significant
United States of blind, adults (73 years) capsules resveratrol; (i) (microcrystalline  changes in BP were
America placebo- 300 mg resveratrol | cellulose) observed

controlled

Faghihzadehetal.  Double- 50 patients with 12 weeks Resveratrol 500 mg resveratrol | Placebo capsules  BP did not change
(2015), Iran blind, NAELD (resveratrol capsules (edible paraffin)  in the pre-post
placebo- group: 44 years; treatment, however
controlled  placebo group: changes in SBP
46 years) significantly
differed between
the intervention
and the control

o

Van der Made etal.  Double- 45 overweight and 2 x 4 weeks Resveratrol 150 mg resveratrol | Placebo capsules A significant
(2015), Netherlands ~ blind, obese individuals (4 weeks washout) | capsules increase in DBP

placebo- (61 years) (p = 0.044) and HR

controlled, (p = 0.0025) was

crossover detected after
resveratrol
supplementation,
but no changes
were observed in
SBP comparing end
of trial to baseline.
No significant
changes in other
endothelial
function markers
were reported

Boetal. (2016), Italy  Double- 192 patients T2DM | 6 months Resveratrol (i) 500 mg Placebo capsules  No significant
blind, (65 years) capsules resveratrol; (ii) (inert changes were found
placebo- 40 mg resveratrol | microcellulose) in BP after the
controlled intervention, when

comparing to

control

Timmers et al. Double- 17 patients with 2 % 30 days Resveratrol 150 mg resveratrol | Placebo capsules  Although a
(2016), Netherlands ~ blind, T2DM (55 years) (30 days washout) | capsules tendency in SBP
placebo- reduction (p = 0.09)
controlled, was observed after
crossover resveratrol
supplementation,
no changes in DBP
were noted.
Echocardiography
revealed a marginal
reduction in left
ventricular end
systolic diameter
after resveratrol
intervention

(p=0.04)

Imamura et al. Double- 50 patients with 12 weeks Resveratrol tablet 100 mg resveratrol | Placebo tablet After resveratrol
(2016), Japan blind, T2DM (~58 years) (oligo-stilbene supplementation,

placebo- 27.97 mg) SBP and CAVI (p <

controlled 0.05) decreased
significantly. CAVI
decrease (p < 0.01)
was observed also
when comparing
treatment group
with control.
However, no
significant changes
in SBP and DBP
were observed,
when comparing
intervention group
to control

Kjaer etal. (2017),  Double- 66 middle-aged 16 weeks Resveratrol tablet | (i) 1,000 mg Placebo tablet No significant

Denmark blind, community-dwelling resveratrol; (ii) effects on BP were
placebo-  men (49 years) 150 mg resveratrol observed after
controlled resveratrol

supplementation

Khodabandehloo Double- 45 subjects with 8 weeks Resveratrol 800 mg resveratrol | Placebo capsules  SBP (p < 0.001) and
etal (2018), Iran  blind, T2DM (resveratrol capsules (inert DBP (p = 0.001)
placebo-  group: 56 years; microcellulose)  decreased
controlled  placebo group: significantly in the
61 years) intervention group,
when comparing
end of trial to
baseline. Also, a
significant
reduction in SBP
(p = 0.002) and
DBP (p = 0.006)
was found in the
resveratrol group
compared to the
placebo group

Seyyedebrahimictal. Double- 46 patients with 2 months Resveratrol capsule 800 mg resveratrol | Placcbo capsules A significant
(2018), Iran blind, T2DM (50 years) (microcellulose)  reduction in SBP
placebo- (p = 0.000) and
controlled DBP (p = 0.000)
was observed in the
intervention group
after the treatment
compared to
baseline. Also, a
significant
reduction in DBP
(p=0.000) and SBP
(p = 0.002) was.
observed
comparing
intervention and
placebo groups

Abbreviations: BP, blood pressure; CAVI, cardio-ankle vascular index; d, day; DBP, diastolic blood pressure; FMD, flow-mediated dilatation; HR, heart rate; mo, month; NAFLD, non-alcoholic
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