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Abstract 

Cardiovascular disease remains one of the leading causes of morbidity and mortality worldwide. 

Despite its often-asymptomatic progression and therapeutic complexity, CVD is largely preventable 

through early intervention and lifestyle modification. A persistent challenge in its management, 

however, is the limited availability of effective pharmacological strategies aimed at reducing disease 

burden or mitigating associated risk factors. Polyphenols are a diverse class of bioactive compounds 

that have multiple phenol and hydroxyl groups, making them highly reactive and conferring them 

an antioxidant capacity, which help to modulate both cardiovascular and oncogenic processes. 

Polyphenols are naturally found in fruits and vegetables. Regular dietary intake of polyphenols has 

been linked to protective effects against various chronic conditions. This chapter provides a 

comprehensive overview of recent advances in the development of polyphenol-based nutraceuticals, 

highlighting their therapeutic potential for the prevention and management of CVD. Experimental 

evidence, particularly from in vitro studies, suggests that polyphenols can influence cell viability and 

regulate key signaling pathways involved in the pathogenesis of cancer and CVD. Nonetheless, the 

biological response to polyphenol exposure varies across individuals, influenced by genetic, 

metabolic, and environmental factors. Over the past decade, epidemiological studies have 

consistently demonstrated that polyphenols may contribute to the normalization of clinical 

parameters such as blood pressure, glycemic control, lipid profiles, and body weight-factors 

intricately linked to cardiovascular risk. 

Keywords: cardiovascular disease; polyphenols; reactive oxygen species; PI3K/Akt signaling 

 

1. Introduction 

Cardiovascular diseases (CVDs), encompassing conditions such as coronary artery disease, 

hypertension, and stroke, remain the foremost cause of mortality worldwide [1–5]. According to the 

World Health Organization, in 2022, 19.8 million people died because of CVD, which represents 

32.2% of the total of deaths worldwide, of whom 85% were due to myocardial and brain-vascular 
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accidents. The development of CVD is strongly influenced by modifiable lifestyle factors, including 

tobacco use, poor dietary habits, physical inactivity, obesity, dyslipidemia, hypertension, and 

excessive alcohol consumption [6–8]. Encouragingly, epidemiological evidence suggests that up to 

80% of CVD-related deaths could be prevented by having a healthy lifestyle, namely, a balanced diet, 

regular physical activity, smoking cessation, and rigorous control of cardiovascular risk factors 

[4,6,9]. Among dietary components with therapeutic potential, polyphenols have garnered 

considerable attention due to their antioxidant, immunomodulatory, and vasodilatory properties, as 

well as their capacity to influence gene expression [6,10–12]. Polyphenols constitute a structurally 

diverse group of phytochemicals widely distributed in fruits, vegetables, and other plant-based 

foods. These compounds have been shown to regulate the expression of at least 54 genes and 

modulate the activity of numerous enzymes, thereby impacting a variety of cellular processes 

relevant to cardiovascular health. 

Polyphenols exhibit potent antioxidant activity, participating in cellular redox reactions and 

mitigating oxidative stress by reducing the generation of reactive oxygen species (ROS). Specifically, 

they inhibit the formation of superoxide anions, hydrogen peroxide, and hypochlorous acid, thereby 

preserving cellular integrity and vascular function [2,4,13]. Among these compounds, flavonoids 

derived from olive oil have demonstrated the ability to enhance high-density lipoprotein cholesterol 

(HDL-c) functionality, facilitate reverse cholesterol transport, and protect vascular endothelium from 

atherogenic damage [1,7,12,14,15]. In addition to their antioxidant effects, polyphenols modulate 

hemostatic balance by inhibiting platelet aggregation and downregulating the expression of 

endothelial adhesion molecules. This action contributes to the protection of low-density lipoproteins 

(LDL) from oxidative modification, a key event in the initiation of atherosclerosis [11,16,17]. 

Polyphenols also exert anti-inflammatory effects during the progression of atherosclerosis. They 

suppress the expression of pro-inflammatory cytokines such as interleukins IL-1, IL-6, IL-8, tumor 

necrosis factor-alpha (TNF-α), and C-reactive protein [11,18]. In vitro studies have further 

demonstrated that polyphenols downregulate inducible nitric oxide synthase (iNOS), 

cyclooxygenase-2 (COX-2), TNF-α, and IL-6, primarily through inhibition of nuclear factor kappa B 

(NF-κB) signaling [19]. This leads to reduced expression of endothelial dysfunction markers and 

inflammatory mediators, including IL-1β, IL-2, IL-4, IL-6, E-selectin, and vascular cell adhesion 

molecule-1 (VCAM-1) [13,18,20]. Moreover, NF-κB interacts with key intracellular pathways such as 

mitogen-activated protein kinases (MAPKs) and the arachidonic acid cascade. Polyphenolic 

compounds have been shown to inhibit phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), 

IκB kinase/c-Jun N-terminal kinase (IKK/JNK), and the mammalian target of rapamycin complex 1 

(mTORC1), a central regulator of protein synthesis. They also modulate the Janus kinase/signal 

transducer and activator of transcription (JAK/STAT) pathway and suppress toll-like receptor (TLR) 

signaling, contributing to the downregulation of pro-inflammatory gene expression [21–25]. Scientific 

interest has been in comprehending the mechanisms of action and therapeutic applications of 

polyphenols due to their exceptional physiological potential in promoting health and avoiding 

disease. The importance of polyphenols in extending life and reducing the consequences of aging has 

been consistent in the literature. This review examines the molecular mechanisms by which 

polyphenols regulate gene expression and signaling pathways associated with CVD, highlighting 

their potential as nutraceutical agents in CVD prevention and therapy. 

2. Overview of Cardiovascular Diseases 

CVD encompasses a broad spectrum of disorders affecting the heart and vascular system, 

including hypertension, coronary artery disease (CAD), cerebrovascular disease, valvular and 

rheumatic heart conditions, cardiomyopathies, peripheral arterial disease, congenital heart defects, 

deep vein thrombosis, and pulmonary embolism [21,26]. Among these, atherosclerosis is recognized 

as the most prevalent underlying cause. Historically, atherosclerosis has been conceptualized as a 

form of chronic inflammation. In the mid-19th century, Austrian pathologist Carl von Rokitansky 

proposed that inflammation was a secondary response to other pathological insults. In contrast, 
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Rudolf Virchow later advanced the notion that atherosclerosis itself constitutes a primary 

inflammatory disease [27,28]. Another theory postulates that the alteration of the endothelium and 

intima is due to mechanical injury, toxins, and oxygen free radicals, which lead to endothelial 

dysfunction [29]. These foundational perspectives have shaped contemporary understanding of 

vascular pathology. An alternative hypothesis suggests that endothelial and intimal injury, induced 

by mechanical stress, exposure to toxins, and oxidative damage from reactive oxygen species, 

initiates a cascade of events leading to endothelial dysfunction and subsequent plaque formation. 

This multifactorial process underscores the complexity of CVD pathogenesis and highlights the 

interplay between environmental insults and intrinsic vascular responses. 

3. Epidemiology of Cardiovascular Diseases 

CVDs remain the leading cause of mortality worldwide, accounting for approximately one in 

every three deaths globally [30,31]. Among these, ischemic heart disease, primarily driven by 

atherosclerotic coronary artery pathology, and stroke represent the most prevalent and fatal 

manifestations. In the United States, heart disease ranks as the foremost cause of death, while stroke 

occupies the fifth position (6, 25, 29). Notably, more than 75% of CVD-related deaths occur in low- 

and middle-income countries, where access to timely, equitable, and specialized healthcare services 

remains limited [6]. In such settings, delayed diagnosis and suboptimal management often result in 

disease detection at advanced stages, further exacerbating the burden of cardiovascular morbidity 

and mortality [31]. 

4. Vascular Endothelium and Its Role 

The vascular endothelium is a dynamic monolayer of cells lining the lumen of blood vessels, 

serving as a critical interface between circulating blood and the vascular wall. Beyond its structural 

function, the endothelium acts as a highly selective barrier and metabolically active organ, playing a 

central role in maintaining vascular homeostasis. It regulates the delicate equilibrium between 

vasodilation and vasoconstriction, modulates the proliferation and migration of vascular smooth 

muscle cells, and orchestrates processes such as thrombogenesis and fibrinolysis [32]. Vasodilatory 

responses are primarily mediated by nitric oxide (NO), endothelium-derived hyperpolarizing 

factors, and prostacyclin. In contrast, vasoconstriction is driven by molecules such as endothelin-1, 

angiotensin II, thromboxane A2, and prostaglandin H2 [33], among these, NO is considered the most 

potent endogenous vasodilator. It contributes to vascular wall integrity by inhibiting platelet 

aggregation, suppressing inflammatory responses and oxidative stress, and preventing the migration 

and proliferation of smooth muscle cells and leukocyte adhesion [34,35]. These protective 

mechanisms are relevant across all stages of atherosclerotic development. However, chronic exposure 

to cardiovascular risk factors, including diabetes, dyslipidemia, hypertension, smoking, obesity, and 

oxidative stress, can overwhelm endothelial defense systems. This leads to a progressive loss of 

endothelial integrity, characterized by endothelial dysfunction, increased smooth muscle cell activity, 

and enhanced leukocyte adhesion and transmigration [36]. Both genetic predisposition and 

environmental influences may modulate the impact of these risk factors on endothelial function (36) 

(Figure 1). The preservation of endothelial integrity is essential for vascular health, and its disruption 

is increasingly recognized as a key contributor to the pathogenesis and clinical manifestation of 

cardiovascular diseases [35]. 
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Figure 1. Pathophysiological mechanisms in the progression of atherosclerosis and cardiovascular events. 

Various risk factors such as diabetes, dyslipidemia, hypertension, obesity, smoking, aging, physical inactivity, 

and inflammation contribute to oxidative stress and endothelial dysfunction. This reduces the bioavailability of 

NO, promoting leucocyte adhesion and progression of atherosclerotic lesions, thrombosis, and cardiovascular 

events. 

5. Nitric Oxide Production and Functions 

NO is synthesized in endothelial cells from its precursor L-arginine through the enzymatic 

activity of endothelial nitric oxide synthase (eNOS), which is localized within caveolae. Under resting 

conditions, caveolin-1 binds to calmodulin, thereby inhibiting the activity of eNOS. Upon calcium 

influx, calmodulin binds calcium ions and displaces caveolin-1, resulting in eNOS activation and 

subsequent NO production. This process requires several cofactors, including tetrahydrobiopterin 

and nicotinamide adenine dinucleotide phosphate (NADPH), which are essential for optimal 

enzymatic function [37]. The expression and activity of eNOS are modulated by various physiological 

and pathological stimuli. For instance, laminar shear stress enhances eNOS expression, whereas 

asymmetric dimethylarginine (ADMA), an endogenous competitive inhibitor, impairs its activity. 

Elevated ADMA levels are commonly observed in individuals with cardiovascular risk factors, 

endothelial dysfunction, or established atherosclerosis [38]. 

NO plays a pivotal role in vascular homeostasis by mediating endothelium-dependent 

vasodilation. It inhibits platelet adhesion, leukocyte infiltration, and the proliferation of vascular 

smooth muscle cells. Additionally, NO prevents the oxidative modification of low-density 

lipoprotein cholesterol (LDL-c), a key event in the initiation of atherosclerotic plaque formation 

[39,40]. Conversely, reduced NO bioavailability or impaired NO signaling contributes to pro-

atherogenic processes, including vasoconstriction, platelet aggregation, smooth muscle cell 

migration, leukocyte adhesion, and oxidative stress [40]. LDL-c itself can exacerbate endothelial 

dysfunction by upregulating caveolin-1 expression, which in turn suppresses NO synthesis via eNOS 
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inhibition [21]. Moreover, oxidative stress interferes with NO signaling by promoting the rapid 

inactivation of NO through the formation of superoxide radicals and by degrading 

tetrahydrobiopterin, a critical cofactor for eNOS activity [41]. All these factors that reduce NO 

bioavailability are involved in the initiation, progression, and complications of atherosclerosis 

(Figure 2). 

 

Figure 2. Typic NO production in endothelial cells. The NO production is activated by increasing Ca2+ levels and 

the response to endothelin 1. NO subsequently participates in the activation of the SGC to relax or contract the 

muscles. The green arrows indicate activation or increasing expression levels, and the red lines represent 

blocking. 

6. Endothelial Dysfunction and Atherosclerosis 

To understand the potential of polyphenols in mitigating cardiovascular risk, it is essential to 

examine the pathophysiological mechanisms underlying atherosclerosis and endothelial dysfunction. 

Endothelial dysfunction is implicated in a range of pathological processes, including the loss of 

anticoagulant and anti-inflammatory properties, impaired regulation of vascular growth, and 

disruption of vascular remodeling. It is not only a triggering event but also a critical contributor to 

the progression of atherosclerotic cardiovascular disease. Importantly, endothelial dysfunction is 

recognized as an early biomarker of atherosclerosis, often preceding the detection of vascular lesions 

by angiography or ultrasound. Atherosclerosis itself is a chronic inflammatory condition that 

typically develops in regions of arterial vulnerability, particularly in medium-sized vessels. Lesions 

may remain clinically silent for years or even decades before manifesting as acute cardiovascular 

events. The transition from subclinical to symptomatic disease is often enhanced by the rupture or 
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erosion of vulnerable atherosclerotic plaques. This exposes thrombogenic material to the bloodstream, 

resulting in the rapid formation of platelet-rich mural thrombi. These thrombi can partially or 

completely occlude the arterial lumen, leading to ischemic events such as acute myocardial infarction, 

unstable angina, or sudden cardiac death. 

7. Shear Stress 

Although the entire vascular system is susceptible to endothelial dysfunction, atherosclerotic 

lesions tend to develop preferentially in anatomically distinct regions such as arterial bifurcations, 

branching points, and the inner curvature of coronary segments. These sites are characterized by 

complex hemodynamic patterns, particularly disturbed shear forces generated by pulsatile blood 

flow, which act as critical modulators of the atherogenic process. Such localized variations in shear 

stress contribute to the regional and clinical heterogeneity observed in atherosclerosis. Specifically, 

areas of low endothelial shear stress (ESS) initiate a cascade of vascular responses that promote the 

transition toward an unstable atherogenic phenotype. Through mechanosensory and signal 

transduction mechanisms, low ESS alters the expression of endothelial genes, fostering a pro-

inflammatory and pro-thrombotic environment conducive to early plaque formation. This 

hemodynamic disturbance enhances the production of endothelin-1 while suppressing the synthesis 

of NO and prostacyclin, key mediators of vessel-protection. Additionally, low ESS impairs lipid 

uptake and catabolism and promotes oxidative stress and inflammatory activation within endothelial 

cells, further accelerating the progression of atherosclerotic lesions. 

8. Polyphenols and Their Cardiovascular Protective Mechanism 

Epidemiological evidence suggests that regular dietary intake of polyphenols is associated with 

a reduced incidence of CVD, which are often driven by excessive production of ROS. Polyphenols 

represent the most abundant class of dietary antioxidants and are widely distributed in plant-based 

foods, including fruits, vegetables, cereals, olives, legumes, chocolate, tea, coffee, and wine [12]. 

Chemically, polyphenols are characterized by the presence of one or more aromatic rings bearing 

hydroxyl groups. Over 8,000 distinct polyphenolic structures have been identified, reflecting 

substantial diversity in their biological activity and molecular complexity [42,43]. Based on their 

chemical architecture, polyphenols are broadly classified into phenolic acids, non-flavonoids (e.g., 

stilbenes, lignans), and flavonoids [44,45] (Figure 3). Polyphenols exert antioxidant effects by 

neutralizing free radicals and protecting cellular components from oxidative damage. They also 

modulate the activity of various enzymes involved in redox balance and inflammatory signaling. 

Interestingly, under certain conditions and concentrations, polyphenols may exhibit pro-oxidant 

properties, which can influence cellular responses in a context-dependent manner [42,43,46]. 

Numerous preclinical studies have explored the therapeutic potential of polyphenols in the 

prevention and management of chronic diseases, including cancer, neurodegenerative disorders, 

diabetes, and CVD [42,43]. Their protective effects are largely attributed to their chemical reactivity 

and ability to prevent intracellular oxidation. Moreover, polyphenols activate nuclear factor 

erythroid 2–related factor 2 (Nrf2), a transcription factor that regulates the expression of 

detoxification and antioxidant enzymes. For instance, in animal models, polyphenolic compounds 

have been shown to induce the heme oxygenase-1 (HO-1) pathway, contributing to anti-

inflammatory and cytoprotective responses relevant to cardiovascular health [47]. Beyond their 

antioxidant capacity, polyphenols interact with intracellular signaling cascades, modulate gene 

expression, and influence transcriptional regulators and microRNAs, thereby exerting broad 

regulatory effects on cellular homeostasis and vascular integrity [12]. 
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Figure 3. Polyphenol classification and structure. 

9. Polyphenols in Cardiovascular Diseases 

A growing body of evidence supports the role of natural products, particularly food-derived 

compounds and nutraceuticals, in modulating risk factors associated with atherosclerotic CVD (Table 

1) [48–50]. Nutraceuticals, a term derived from “nutrition” and “pharmaceuticals,” refer to foods or 

food components that exert health-promoting effects with pharmacological properties. This category 

includes polyphenols, carotenoids, polyunsaturated fatty acids, and bioactive peptides [51]. 

Nutraceuticals have received recognition due to their nutritional benefits along with therapeutic 

effects and safety in a wide range of therapeutic areas. Some of the nutraceuticals and dietary 

supplements that are used for the treatment and prevention of CVDs are allicin and alliin, omega-

3fatty acids, soy isoflavones, antioxidant vitamins, phytosterols, proteins, peptides and amino acids 

[50]. 

Atherosclerosis (ATS) is a chronic fibroproliferative condition characterized by low-grade 

inflammation and endothelial dysfunction, leading to the formation of cholesterol-rich plaques 

(atheroma) encased in fibrous caps. These lesions are driven by oxidative stress and the upregulation 

of inflammatory adhesion molecules produced by the endothelium [45]. Specific polyphenolic 

compounds, including epigallocatechin-3-gallate (EGCG), epigallocatechin (EGC), epicatechin (EC), 

acai-derived polyphenols (AC), and red muscadine grape phenolics (GP) have been shown to 

modulate nuclear factor kappa B (NF-κB), a key transcription factor activated during oxidative stress, 

genotoxic, and DNA damage. These compounds play a central role in regulating inflammatory 

cascades [52]. Additionally, curcumin, a polyphenol derived from turmeric, has demonstrated lipid-

modifying properties, significantly improving parameters such as low-density lipoprotein 

cholesterol (LDL-C), non–high density lipoprotein cholesterol (non-HDL-C), and total lipoprotein 
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levels [53]. These findings underscore the therapeutic potential of polyphenols in the prevention and 

management of CVD through multifaceted molecular mechanisms. 

 

Figure 4. Activation and inactivation of platelets. Under healthy conditions, eNOS remains coupled and 

produces NO; the NO production inactivates the platelets. ROS production can inhibit NO production and 

promote the activation of platelets. 

Table 1. Summary of dietary polyphenols, molecular mechanisms, and cardiovascular effects. 

Polyphenol Dietary source Molecular mechanisms Cardiovascular effects 

Quercetin 
Apples, onions, green tea, 

grapes, leafy greens 

Activates PI3K/Akt, AMPK, SIRT1; 

inhibits COX/LOX, TNF-α, IL-6 

↓ Blood pressure 

↓ LDL 

↑ Insulin sensitivity 

↑Anti-inflammatory 

Resveratrol 
Red grapes, red wine, 

berries 

Activates eNOS, SIRT1, Nrf2, 

AMPK; inhibits NADPH oxidase, 

Ang II 

↓ Cardiac hypertrophy 

↓ Inflammation  

↑ Endothelial function 

Epicatechin 

 

Cocoa, dark chocolate 

 

Stimulates NO, GLUT-2, insulin 

receptor phosphorylation 

↓ Insulin resistance,  

↑ Vasodilation  

↓ Cholesterol 

EGCG 
Green tea 

 

Activates PI3K/Akt/eNOS; 

modulates miRNA expression 

↓ Oxidative stress 

↓ Inflammation 
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↑ Vascular protection 

Curcumin 

 
Turmeric root 

Inhibits NADPH oxidase, JNK; ↑ 

NO, ↑ metallothionein expression 

↓ LDL, 

↓ Inflammation 

↑ Lipid metabolism 

Anthocyanins 

 

Strawberries, cherries, 

blueberries 

Modulates pro-atherogenic genes; 

↑ antioxidant activity 

↓ P-selectin 

↓ Arterial inflammation 

↓ CHD/CD risk 

Catechins 
Green tea, Kosen-cha, 

huangjiu 

↑ NO, ↓ TNF-α, IL-6, IL-1β; 

inhibits MMP-2/MMP-9 

↓Atherosclerosis 

↓ Hypertension  

↑ Endothelial function 

Proanthocyan

idins 

 

Grape seeds 
Inhibits VASP, PI3K/PKB, αIIbβ3 

integrins 

↓ Platelet aggregation 

↑ Coagulation time 

Elderberry 

Polyphenols 

(BEE) 

Black elderberry 

↓ SREBP-2, HMGR, LDLR, 

NPC1L1; ↑ ABC transporters, 

SIRT1/2/3 

↓ Hepatic cholesterol,  

↑ Lipid metabolism,  

↑ Antioxidant defense 

Endothelial dysfunction (ED) is widely recognized as an early and pivotal event in the 

development of macrovascular complications, particularly coronary artery disease (CAD), for which 

atherosclerosis remains the primary underlying cause [54]. Dietary flavonoids have been shown to 

possess vascular protective properties and are linked to a reduced risk of cardiovascular events, 

including myocardial infarction and stroke. Polyphenols derived from green tea, cocoa, red wine, 

and citrus fruits have shown notable efficacy in preserving endothelial integrity. For instance, cocoa 

consumption has been linked to enhance NO bioavailability, improved endothelial NO metabolism, 

and overall vascular protection. These effects contribute to the attenuation of cardiovascular risk 

factors such as insulin resistance [55]. Cocoa extracts have been shown to promote endothelial 

vasorelaxation, reduce circulating cholesterol levels, activate glucose transporter GLUT-2, and 

enhance insulin receptor phosphorylation thereby strengthening insulin signaling pathways. 

Epicatechin, the predominant flavonoid in dark chocolate, has been specifically implicated in 

improving insulin sensitivity and reducing insulin resistance [56]. Clinical studies have demonstrated 

that daily intake of flavanol-rich cocoa for one month in patients with CAD significantly improves 

endothelial function. This improvement is associated with the mobilization of functional circulating 

angiogenic cells, which play a critical role in vascular repair and the maintenance of endothelial 

homeostasis [57]. Furthermore, in hypertensive patients, consumption of 100 g/day of flavonoid-rich 

chocolate over 15 days resulted in marked reductions in insulin resistance and improvements in 

insulin sensitivity and function [58,59]. Additional studies involving healthy, overweight, and obese 

individuals have shown that daily intake of 500 mg of dark chocolate for 28 days leads to a significant 

decline in fasting glucose levels and homeostatic model assessment of insulin resistance (HOMA-IR), 

reinforcing the metabolic benefits of polyphenol-rich interventions [60]. 

The consumption of white and red wine has been associated with improved endothelial function 

in patients with CAD, an effect largely attributed to the vascular protective properties of wine-

derived flavonoids [61]. In vitro studies have demonstrated that polyphenol-rich extracts from Vitis 

vinifera seeds and Aronia melanocarpa berries prolong clotting time and reduce the maximal velocity 

of fibrin polymerization in human plasma, suggesting a potential role in thrombosis prevention [16]. 

Grape seed proanthocyanidin extract has shown efficacy in reducing thrombus size and weight by 

downregulating key thrombogenic mediators, including P-selectin, von Willebrand factor, and 

cellular adhesion molecules (CAMs). These findings support its potential therapeutic application in 

conditions such as deep vein thrombosis [62]. A wide array of in vitro and in vivo studies has reported 

beneficial effects of polyphenols derived from natural sources, including plants and dietary 

components, on various cardiovascular pathologies. These include atherosclerosis, myocardial 

infarction, hypertension, dyslipidemia, and other vascular disorders [18]. The etiology of these 

conditions is multifactorial, often linked to lifestyle-related risk factors such as high dietary fat intake, 
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tobacco use, excessive alcohol consumption, physical inactivity, aging, obesity, and metabolic 

disturbances, including hypertension and hyperglycemia [63]. Polyphenol intake typically occurs 

through the consumption of antioxidant-rich foods such as fruits, vegetables, green tea, and coffee, 

as well as through nutritional supplements and nutraceutical formulations [64]. For example, a 

polyphenolic extract from the Annurca apple has shown clinical benefits in patients with peripheral 

arterial disease (PAD), improving walking autonomy, hemodynamic parameters, and vascular 

abnormalities in the lower limbs. These findings suggest its potential utility in alleviating PAD-

related symptoms and enhancing vascular function [65]. 

Polyphenolic compounds are absorbed primarily in the gastrointestinal tract and undergo 

extensive metabolism in intestinal and hepatic cells. Their bioavailability varies significantly 

depending on the biological system, metabolic pathways, and chemical structure of the compound 

[66]. The gut microbial metabolism is deeply involved in the biotransformation of dietary 

polyphenols into bioactive compounds [67,68]. Healthy gut microbiota can improve the 

bioavailability of phenolic compounds and contribute to enhancing the protective actions for skeletal 

and cardiac muscles [69–71]. Among their diverse mechanisms of action, the antioxidant capacity of 

polyphenols is particularly well-documented. These molecules inhibit oxidative DNA damage 

induced by peroxyl and other reactive radicals, suppress the expression of endothelial adhesion 

molecules, and reduce platelet aggregation, thereby protecting LDL from oxidative modification 

[64,72]. In addition to their effects on LDL, polyphenols also enhance the atheroprotective functions 

of HDL. Flavonoids derived from olive oil have been shown to improve cholesterol transport and 

promote vascular integrity, thereby reducing the risk of atheroma formation [73]. 

Furthermore, polyphenols exert anti-inflammatory effects by downregulating key pro-

inflammatory cytokines, including interleukins IL-1, IL-6, and IL-8, as well as tumor necrosis factor-

alpha (TNF-α) and C-reactive protein biomarkers that play a central role in the pathogenesis of 

cardiovascular diseases, such as atherosclerosis [18,73]. Polyphenols extracted from grapes have 

demonstrated significant vascular benefits, particularly in enhancing endothelial function and 

arterial resilience through NO-dependent mechanisms (Figure 2). These compounds stimulate 

endothelial NO synthesis, contributing to improved vasodilation and overall cardiovascular 

protection (Figure 3). Their biological activity encompasses anti-inflammatory, antihypertensive, and 

antithrombotic effects, largely attributed to their potent vasodilatory and antiplatelet properties 

[74,75]. Evidence also supports the role of polyphenol-rich dietary patterns, such as the 

Mediterranean diet, in reducing vascular inflammation. This effect is mediated by the neutralization 

of free radicals and the downregulation of proatherogenic gene expression, including low-density 

lipoprotein receptor-related protein 1 (LRP1), cyclooxygenase-2 (COX-2), and monocyte 

chemoattractant protein-1 (MCP-1). These molecular changes contribute to plaque stabilization and 

reduce endothelial rupture, thereby lowering the risk of atherothrombotic events [76,77]. 

Polyphenols further exert immunomodulatory effects by suppressing the expression of inflammatory 

biomarkers associated with plaque vulnerability. In addition, grape-derived polyphenols influence 

hepatic cholesterol metabolism and lipoprotein dynamics, reducing intestinal cholesterol absorption 

and altering its hepatic transport. These compounds modulate apolipoproteins A and B, both of 

which are implicated in cardiovascular risk and enhance lipoprotein lipase activity, leading to 

decreased plasma triglyceride levels and reduced circulating concentrations of very low-density 

lipoproteins (VLDL) and LDL [78]. Resveratrol, a prominent antioxidant found in grape skins, has 

shown antihypertensive effects through multiple mechanisms. These include activation of 

endothelial NO synthase (eNOS), modulation of the PI3K/Akt/eNOS signaling pathway, and reversal 

of endothelial dysfunction via compounds such as epigallocatechin gallate (EGCG), hesperetin, α-

linolenic acid, ferulic acid, and catechin hydrate [79,80]. In animal models, resveratrol has also been 

shown to stimulate NO production, inhibit vascular inflammation, and reduce oxidative damage by 

upregulating Sirtuin 1 (SIRT1) expression in endothelial cells. Additional mechanisms include 

suppression of calcium influx and inhibition of platelet aggregation, further contributing to its 

vascular protective profile [11,81,82]. 
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Resveratrol is a non-flavonoid polyphenol compound that mainly exists in grapes, berries, 

peanuts, and red wine, and has been reported to have protective effects on the heart by neutralizing 

reactive oxygen species, preventing inflammation, dilating blood vessels, increasing 

neoangiogenesis, suppressing apoptosis and delaying atherosclerosis (Table 1) [70,83]. Resveratrol 

has demonstrated protective effects in animal models of dyslipidemia and insulin resistance, notably 

reducing cardiac hypertrophy and improving myocardial contractility [81,82,84]. Its cardiovascular 

benefits are mediated through a range of molecular and physiological mechanisms, including the 

upregulation of glucose homeostasis, endothelial nitric oxide synthase (eNOS), adenosine 

monophosphate-activated protein kinase (AMPK), and peroxisome proliferator-activated receptor 

gamma (PPARγ). Concurrently, resveratrol downregulates glycated hemoglobin (HbA1c), oxidative 

stress markers, and interleukin-6 (IL-6), all of which are implicated in vascular dysfunction [51]. Most 

of resveratrol’s beneficial actions are endothelium-dependent and involve key signaling pathways 

such as AMPK, SIRT1, and nuclear factor erythroid 2-related factor 2 (Nrf2). These pathways 

contribute to enhanced nitric oxide bioavailability, reduced vascular smooth muscle tone, and 

diminished cellular contractility, partly through the inhibition of angiotensin II (Ang II) signaling 

[81,85]. Resveratrol is among the most extensively studied polyphenols for cardiovascular 

applications. Multiple reports indicate that it suppresses NADPH oxidase activity and reduces the 

overexpression of Nox2 and Nox4-isoforms strongly associated with heart failure. Elevated NADPH 

oxidase activity, often triggered by Ang II, endothelin-1, tumor necrosis factor-alpha (TNF-α), or 

mechanical stress, contributes to oxidative damage and cardiac remodeling. The presence of Nox2 

and Nox4 in cardiomyocytes from failing hearts underscores the relevance of resveratrol’s inhibitory 

effects in conditions such as hypertension and heart failure [2,24]. 

Another effect of polyphenols is modifying different genes' expression and activating the 

endogenous antioxidant enzymatic defence system. For example, reports indicate that in murine 

models with arterial hypertension, a very common dietary polyphenol such as chlorogenic acid 

decreases the activity of NADPH oxidase and promotes the activation of enzymes such as superoxide 

dismutase, glutathione peroxidase, catalase, and glutathione-S-transferase in oxidative stress 

processes in the myocardium of rats [86]. Another polyphenol, such as quercetin, has also been shown 

to attenuate myocardial ischemia or reperfusion injuries in murine models by activating the 

phosphatidylinositol 3-kinase (PI3K)/Akt pathway [87]. Quercetin is a flavonoid present in olive oil, 

apples, onions, green tea, green leafy vegetables, blueberries, nuts, flowers, rinds, broccoli, red 

grapes, and dark cherries [88]. In vitro, in vivo, and clinical studies have shown that the 

cardioprotective functions of quercetin can be attributed to its ability to reduce blood pressure, 

enhance antioxidant potential, and exhibit other beneficial activities [4]. Quercetin has an anti-

inflammatory role through the interleukin and TNF-α pathways and an antioxidant function through 

the cyclooxygenase/lipoxygenase pathways. Additionally, this bio-compound is an antihypertensive 

molecule that downregulates the autonomic nervous system, a primary cause of hypertension [25]. 

In human studies, quercetin has demonstrated potent anti-inflammatory effects, notably 

reducing circulating levels of C-reactive protein (CRP), a key biomarker implicated in the 

pathogenesis of atherosclerosis [89]. Additionally, quercetin lowers LDL cholesterol and inhibits its 

oxidative modification by macrophages, particularly in overweight individuals with elevated 

cardiovascular risk [90,91]. Quercetin’s antidiabetic mechanisms include the suppression of lipid 

peroxidation and the upregulation of endogenous antioxidant enzymes such as superoxide 

dismutase (SOD), glutathione peroxidase (GPX), and catalase (CAT). It also inhibits insulin-

dependent phosphatidylinositol 3-kinase (PI3K) activation, contributing to improved insulin 

sensitivity [92]. Furthermore, quercetin stimulates adenosine monophosphate-activated protein 

kinase (AMPK), promoting the translocation and expression of glucose transporter type 4 (GLUT4) 

in skeletal muscle, thereby reducing insulin resistance [93]. Its anti-inflammatory, antiproliferative, 

and anti-atherosclerotic effects are mediated through activation of Sirtuin 1 (SIRT1), which modulates 

the AMPK/NADPH oxidase/AKT/eNOS signaling axis and suppresses oxidative stress induced by 

oxidized LDL (ox-LDL) in endothelial cells [94,95]. 
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Beyond polyphenols, several non-polyphenolic natural compounds have shown promise in 

counteracting cardiovascular dysfunction. Berberine, derived from Berberis species, and curcumin, 

extracted from Curcuma longa, exert vascular protective effects primarily through the activation of 

antioxidant defense systems. Both compounds have demonstrated efficacy across a range of 

cardiovascular conditions [51]. Curcumin is a promising drug candidate, however, pharmacology 

and mechanism of action of curcumin have not been studied very deeply [96]. Curcumin protects 

cardiomyocyte injury after ischemia and hypoxia, alleviate vascular endothelial dysfunction, 

improve diabetic cardiomyopathy, inhibit myocardial hypertrophy and fibrosis, improve ventricular 

remodeling, reduce drug-induced myocardial injury, inhibit foam cell formation, and reduce 

vascular smooth muscle cells proliferation [96–98]. Curcumin’s mechanisms include inhibition of 

NADPH oxidase activity, downregulation of c-Jun N-terminal kinase (JNK), upregulation of cardiac 

metallothionein expression, and enhancement of nitric oxide bioavailability [99]. Brassica vegetables, 

such as cabbage, broccoli, cauliflower, and sprouts, exert vascular benefits through inhibition of 

angiotensin-converting enzyme (ACE) and renin, reduction of insulin resistance, and modulation of 

lipid metabolism [100]. Spirulina, a cyanobacterium rich in bioactive compounds including 

carotenoids, peptides, and fatty acids, may indirectly support cardiovascular health by improving 

glucose homeostasis. Its effects are mediated through activation of insulin receptor substrate 

(IRS)/PI3K/Akt and SIRT1/LKB1/AMPK signaling pathways [101,102]. 

Dietary polyphenols have been shown to influence the activity of transcription factors and 

modulate the biogenesis of small non-coding RNA molecules, particularly microRNAs (miRNAs). 

These miRNAs are critical regulators of metabolic homeostasis and oxidative stress responses, 

playing a pivotal role in the onset and progression of various diseases, including cardiovascular 

disorders [12,101,103]. In vitro studies have demonstrated that compounds such as quercetin, 

epigallocatechin gallate (EGCG), curcumin, and resveratrol can alter miRNA expression profiles in 

animal models, suggesting a mechanistic link between polyphenol intake and gene regulation 

[22,104–106]. These bioactive compounds are widely available as dietary supplements and have been 

classified as “Generally Recognized as Safe” (GRAS) by both the U.S. Food and Drug Administration 

(FDA) and the European Food Safety Authority (EFSA). Their antioxidant properties include 

protection of DNA, proteins, and lipids from oxidative damage, further supporting their therapeutic 

potential [12]. A substantial body of preclinical research, complemented by smaller-scale clinical 

studies, has documented the protective effects of polyphenols against CVD, hypertension, and 

metabolic syndrome, including dyslipidemia and type 2 diabetes [107]. Notably, Peng et al. (2019) 

investigated the cardiovascular effects of huangjiu, a traditional Chinese rice wine rich in polyphenols, 

particularly catechins [108]. In murine models, huangjiu administration significantly reduced 

atherosclerotic lesion formation. This effect was associated with the inhibition of matrix 

metalloproteinases MMP-2 and MMP-9, enzymes implicated in plaque destabilization and vascular 

remodeling. Furthermore, in vitro studies revealed that huangjiu-derived polyphenols exert anti-

inflammatory effects by suppressing the production of NO, tumor necrosis factor-alpha (TNF-α), and 

interleukins IL-6 and IL-1β, key mediators in the inflammatory cascade of atherosclerosis [108]. These 

findings underscore the potential of culturally rooted nutraceuticals as adjunctive strategies in 

cardiovascular prevention. 

Kosen-cha, a green tea variant rich in catechins, has shown promising cardiometabolic effects in 

preliminary human studies. In a pilot trial conducted by Katanasaka et al. (2020), six obese 

individuals consumed Kosen-cha (5 g/L/day) over a period of twelve weeks. The intervention 

resulted in significant improvements in serum triglyceride (TG) levels and insulin resistance; two key 

metabolic parameters associated with obesity and CVD risk (97). Additionally, Kosen-cha intake was 

linked to reduced vascular endothelial dysfunction and attenuation of cardiac hypertrophy, effects 

attributed to the anti-inflammatory and antioxidant activity of catechins in cardiomyocytes [109]. 

Polyphenols are known to stimulate the production of vessel-ptotective mediators, such as NO, 

which contributes to improved endothelial function and vascular homeostasis [15,107]. Chew et al. 

(2018) reported that daily consumption of 450 mL of cranberry extract beverage (CEB) over eight 
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weeks increased NO levels in overweight individuals. The study also documented reductions in 

endothelin-1 and oxidized glutathione, alongside elevations in high-density lipoprotein (HDL) and 

interferon-γ, collectively contributing to a lower CVD risk profile in patients with 

hypercholesterolemia and type 2 diabetes mellitus (T2DM) [15,94]. Those participants received 450 

mL of CEB daily for eight weeks. Results revealed that CBE reduced CVD risk factors by lowering 

endothelin-1, oxidizing glutathione, and elevating NO, HDL, and interferon-γ [15]. Population-level 

data further support the cardioprotective role of polyphenols. Adriouch et al. (2018) conducted a 

prospective study involving 84,158 healthy volunteers, reporting average polyphenol intakes of 975 

± 478 mg/day in women and 1087 ± 498 mg/day in men (95). Tea and herbal infusions were identified 

as primary sources of catechins, while strawberries and cherries contributed significantly to 

anthocyanin intake. High consumption of polyphenols, including catechins, flavanols, anthocyanins, 

and stilbenes, was associated with a reduced risk of coronary heart disease (CHD) and CVD [107]. 

Despite these encouraging findings, further investigation is warranted to elucidate the molecular 

mechanisms underlying polyphenol-mediated cardiovascular protection. Specifically, the 

identification and validation of biomarkers, such as gene and protein expression profiles, related to 

CHD and CD will be essential to confirm causality and refine therapeutic strategies. 

Platelet activation plays a critical role in the pathogenesis of CVD and cerebrovascular disease 

(CD), contributing to thrombus formation and vascular occlusion [17]. While conventional 

antiplatelet and anticoagulant therapies offer protection against endothelial dysfunction and platelet 

hyperactivity, their use is often limited by adverse effects. In contrast, flavonoids have emerged as 

promising natural agents capable of modulating platelet function and reducing vascular risk. Studies 

by Bijak et al. (2011) demonstrated that grape seed extract (GSE) influences human coagulation 

parameters, while subsequent in vitro research revealed that GSE at a concentration of 15 mg/mL 

significantly prolonged activated partial thromboplastin time (APTT) and prothrombin time (PT), 

indicating anticoagulant potential (Figure 5) [16]. The antiplatelet activity of GSE is mechanistically 

linked to the vessel dilator-stimulated phosphoprotein (VASP) pathway. GSE interacts with P2Y1 

and P2Y12 purinergic receptors, leading to inhibition of adenylate cyclase (AC) and protein kinase A 

(PKA). This suppression maintains VASP in its non-phosphorylated state, thereby preventing platelet 

activation [16,17]. Additionally, GSE flavonoids inhibit platelet aggregation by interfering with the 

phosphoinositide 3-kinase/protein kinase B (PI3K/PKB) signaling cascade. Upon binding to P2Y12 

receptors, GSE prevents the activation of PI3K/PKB and downstream integrins such as αIIbβ3, which 

are essential for platelet aggregation. The inhibition of αIIbβ3 integrin activation ultimately reduces 

thrombus formation and contributes to vascular protection [17]. 

Recent studies have expanded our understanding of the systemic effects of polyphenols on 

cardiovascular health. Kapolou et al. (2021) evaluated the impact of polyphenol-rich compounds on 

lipid profiles, endothelial and thrombotic pathways, glycemic control, gene expression, and 

metabolic regulation in a cohort of 250 Greek individuals, revealing favorable outcomes across 

multiple cardiovascular parameters [8]. 
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Figure 5. Activation and Inactivation of platelets. Polyphenols block the receptor P2Y12 and adenylate cyclase 

cannot convert the ATP onto cAMP. In the absence of cAMP, PKA continues to be inactivated, and VASP keeps 

dephosphorylated; then, the platelets are inactivated. 

Even more, Taguchi et al. (2019) investigated the association between total polyphenol intake 

and cardiovascular mortality, reporting that individuals consuming approximately 1905 mg/day of 

polyphenols exhibited reduced CVD-related mortality. This intake notably exceeds the 

recommended daily intake of 900 mg/day [6]. Comparative data from other populations show 

considerable variability: French individuals consume an average of 1193 ± 510 mg/day, Polish 

populations 1756.5 ± 695.8 mg/day, Spaniards 820 ± 323 mg/day, and Japanese individuals 759 ± 420 

mg/day [6,110]. These intake levels have been linked to reductions in inflammatory markers, 

cardiovascular risk factors, and body mass index (BMI), further supporting the protective role of 

polyphenols. Although these findings are promising, the precise correlation between polyphenol 

intake and long-term health outcomes remains to be fully elucidated. Mechanistic studies offer 

additional insight. For example, polyphenols extracted from black elderberry (BEE) have 

demonstrated potent antioxidant activity in HepG2 hepatic cells treated with 50–100 mg/mL. These 

extracts downregulated key genes involved in cholesterol metabolism, including sterol regulatory 

element-binding protein 2 (SREBP-2), 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), 

and low-density lipoprotein receptor (LDLR) [1,6]. Furthermore, BEE modulated cholesterol 

transport by suppressing Niemann-Pick C1 Like 1 (NPC1L1) expression and upregulating ATP-

binding cassette (ABC) transporters A1, G5/G8, CYP7A1, and ABCB11-proteins involved in 

cholesterol efflux and bile acid synthesis (Figure 6) (90). Epigenetically, BEE reduced the expression 

of histone deacetylases HDAC4, HDAC6, and HDAC9, while enhancing the expression of Sirtuin 

family members SIRT1, SIRT2, and SIRT3, which are associated with improved metabolic and 

vascular function [1]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 January 2026 doi:10.20944/preprints202601.0748.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0748.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 21 

 

 

Figure 6. BEE inhibits the protein SREP and LDLR. The phenolic compounds block the LDLR. Also, in the 

interior of hepatic cells, BEE down-regulates the SREBP-2 proteins, and endogenous cholesterol is poorly 

produced. Bee can increase the flow of cholesterol across ABCG5/8 channels. 

10. Future Trends 

Diets rich in fruits, vegetables and other plants-based food with high polyphenol content 

represent a promising non-pharmacological strategy for cardiovascular disease prevention and 

management. However, further research is needed to elucidate the pharmacokinetics, bioavailability, 

end precise mechanisms of action of polyphenols. Future studies should also focus on personalized 

nutrition approaches, considering genetic, metabolic and microbiota-related factors that influence 

individual response to polyphenol intake. Additionally, the development of standardized 

polyphenol-based nutraceuticals and clinical trials will be essential to translate experimental findings 

into effective therapeutic interventions. 

11. Conclusions 

Polyphenols represent a diverse and biologically potent class of natural compounds with 

multifaceted roles in cardiovascular protection. Their antioxidants, anti-inflammatory, 

antihypertensive, and antithrombotic properties have been extensively documented across in vitro, 

in vivo, and clinical studies. These effects are mediated through complex molecular mechanisms 

involving modulation of endothelial function, inhibition of platelet activation, regulation of lipid 

metabolism, and activation of key signaling pathways such as PI3K/Akt/eNOS, AMPK/SIRT1, and 

Nrf2. Beyond their biochemical activity, polyphenols influence gene expression, epigenetic 

regulation, and microRNA biogenesis—highlighting their capacity to reshape cellular responses at 

the transcriptional and post-transcriptional levels. Compounds such as quercetin, resveratrol, 

curcumin, and catechins have demonstrated efficacy in improving insulin sensitivity, reducing 

oxidative stress, and stabilizing atherosclerotic plaques. 
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Population-based studies further support the cardioprotective potential of polyphenol-rich diets, 

with evidence linking higher intake levels to reduced incidence and mortality from coronary and 

cerebrovascular diseases. While the precise dose-response relationship and biomarker validation 

remain areas for future research, the cumulative evidence positions polyphenols as promising 

nutraceutical agents in the prevention and management of cardiovascular disease. Considering their 

safety profile, accessibility through dietary sources, and broad spectrum of biological activity, 

polyphenols offer a compelling adjunctive strategy to complement conventional therapies. 

Continued investigation into their molecular targets, clinical efficacy, and long-term outcomes will 

be essential to fully harness their therapeutic potential in cardiovascular medicine. 
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