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Abstract

Cardiovascular diseases (CVDs) remain the leading cause of morbidity and mortality world-
wide. Despite their often-asymptomatic progression and complex therapeutic management,
a substantial proportion of CVDs is preventable through early intervention and lifestyle
modification. However, effective pharmacological strategies to fully reduce disease burden
and associated risk factors remain limited. Polyphenols are a structurally diverse class of
bioactive compounds widely distributed in plant-based foods, characterized by multiple
phenolic and hydroxyl groups that confer potent redox-modulating properties. Increasing
evidence indicates that dietary polyphenols exert cardioprotective effects through antiox-
idant, anti-inflammatory, and endothelial-modulating mechanisms. Experimental studies
(in vitro and in vivo) have demonstrated that polyphenols regulate key molecular pathways
involved in oxidative stress, inflammation, and vascular function, including PI3K/Akt/eNOS,
AMPK/SIRT1, and Nrf2 signaling. In parallel, epidemiological and clinical evidence support
their association with improvements in blood pressure, glycemic control, lipid profiles, and
body weight, critical determinants of cardiovascular risk. Importantly, the biological response
to polyphenol intake is highly variable and influenced by genetic background, metabolism,
gut microbiota composition, and bioavailability constraints. This review provides an updated
and integrative analysis of the molecular mechanisms underlying the cardioprotective effects
of polyphenols, emphasizing their role in endothelial function and nitric oxide bioavailability.
Additionally, it highlights recent advances in polyphenol-based nutraceuticals, discusses trans-
lational limitations, and outlines future perspectives for their application in cardiovascular
disease prevention and management.
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1. Introduction
CVDs, including coronary artery disease, hypertension, and stroke, remain the fore-

most cause of mortality worldwide [1–4]. According to the World Health Organization,
in 2022, 19.8 million people died because of CVDs, which represents 32.2% of the total of
deaths worldwide, of whom 85% were due to myocardial and brain-vascular accidents. The
development of CVDs is strongly influenced by modifiable lifestyle factors, including to-
bacco use, poor dietary habits, physical inactivity, obesity, dyslipidemia, hypertension, and
excessive alcohol consumption [5–7]. Encouragingly, epidemiological evidence suggests
that up to 80% of CVD-related deaths could be prevented by having a healthy lifestyle, a
balanced diet, regular physical activity, smoking cessation, alcohol consumption termina-
tion, and rigorous control of cardiovascular risk factors [3,5,8]. Among dietary bioactive
compounds, polyphenols have attracted considerable attention due to their potential car-
dioprotective properties. Polyphenols are structurally diverse phytochemicals widely
distributed in fruits, vegetables, olive oil, tea, cocoa, and other plant-derived foods, where
they contribute not only to plant physiology but also to human health through multi-
ple bioactive properties [5,9–11]. Experimental evidence indicates that polyphenols can
regulate the expression of numerous genes involved in redox imbalance response, lipid
metabolism, endothelial function, inflammation, and thrombosis, thereby impacting a
variety of cellular processes relevant to cardiovascular health.

The antioxidant capacity of polyphenols has been considered a primary mechanism
underlying their cardiovascular benefits. These compounds participate in cellular redox
reactions, mitigating oxidative damage by reducing the generation of reactive oxygen
species (ROS), inhibiting lipid peroxidation, and preserving endothelial integrity [2,3,12].
For instance, flavonoids derived from olive oil have demonstrated the ability to enhance
high-density lipoprotein cholesterol (HDL-c) functionality, facilitate reverse cholesterol
transport, and protect the endothelium from atherogenic damage [1,6,11,13,14]. In addition
to their antioxidant effects, polyphenols modulate hemostatic balance by inhibiting platelet
aggregation and downregulating endothelial adhesion molecules. This action protects
low-density lipoproteins (LDLs) from oxidative modification, a key event in the initiation
of atherosclerosis (ATS) [10,15]. Polyphenols also exert anti-inflammatory effects during
ATS progression. 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
(CRP) [10,16] and modulate key inflammatory signaling pathways including nuclear fac-
tor kappa B (NF-κB), mitogen-activated protein kinases (MAPKs), phosphatidylinositol
3-kinase/protein kinase B (PI3K/Akt), Janus kinase/signal transducer and activator of
transcription (JAK/STAT), toll-like receptor (TLR) [10,12,16–22]. These molecular actions
reduce endothelial dysfunction, decrease vascular inflammation, and improve vascular
reactivity, suggesting a multifaceted role of polyphenols in cardiovascular protection.

Despite the expanding body of evidence supporting the cardioprotective effects of
polyphenols, several important gaps remain. Current literature often emphasizes antioxi-
dant activity without fully integrating emerging insights into gene regulation, intracellular
signaling networks, epigenetic modulation, bioavailability constraints, and interindividual
variability in response to polyphenol intake. Furthermore, translation of mechanistic find-
ings from in vitro and experimental models into clinically relevant nutraceutical strategies
remains limited and sometimes inconsistent. This fragmentation hinders a comprehen-
sive understanding of how polyphenols exert cardiovascular benefits and complicates
the development of evidence-based dietary or therapeutic recommendations. Therefore,
this review provides an updated and integrative analysis of the molecular mechanisms
by which polyphenols regulate gene expression and signaling pathways associated with
cardiovascular disease. In addition, it highlights current advances in nutraceutical applica-
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tions, discusses translational challenges, and identifies critical areas for future research to
define the role of polyphenols in CVD prevention and management.

2. Overview of Cardiovascular Diseases
CVDs encompass 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 [18,23]. Among
these conditions, ATS represents the most prevalent underlying pathological process and
remains a central focus in cardiovascular research. Historically, ATS was initially interpreted
as a passive lipid storage disorder or as a secondary inflammatory response, as proposed
by Rokitansky in the 19th century. Subsequently, Virchow advanced the concept of ATS as a
primary inflammatory disease [10,15]. Contemporary research has expanded these classical
theories by demonstrating that endothelial dysfunction, altered redox state, chronic low-
grade inflammation, lipid oxidation, and immune activation are part of a complex network
that drives plaque formation and vascular remodelling [15,16].

At the molecular level, endothelial dysfunction is characterized by reduced nitric oxide
bioavailability, increased generation of reactive oxygen species, activation of pro-inflammatory
transcription factors such as NF-κB, and dysregulation of key signaling pathways, including
MAPK, PI3K/Akt, JAK/STAT, and Toll-like receptor (TLR) pathways. These processes promote
leukocyte adhesion, lipid accumulation, vascular inflammation, and thrombotic susceptibility,
ultimately contributing to the progression of CVDs [19,20,22]. This evolving understanding of
cardiovascular pathophysiology has stimulated interest in preventive and therapeutic strate-
gies targeting oxidative stress, inflammation, and endothelial function. In this context, dietary
bioactive compounds, particularly polyphenols, have emerged as promising nutraceutical can-
didates due to their potential to modulate redox balance, inflammatory signaling, and vascular
homeostasis. This mechanistic framework provides a basis for exploring how polyphenol-rich
interventions may influence cardiovascular risk and disease progression.

Moreover, CVDs remain the leading cause of mortality worldwide, accounting for ap-
proximately one in every three deaths globally [24,25]. 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 [6,25,26]. 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 [5]. 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 [25]. These epidemi-
ological disparities are strongly influenced by modifiable lifestyle factors, particularly dietary
patterns. Diets rich in ultra-processed foods, saturated fats, and refined sugars have been
associated with increased cardiovascular risk, whereas plant-based dietary patterns rich in
bioactive compounds have shown protective effects. In this context, polyphenol-rich foods and
nutraceutical preparations have gained attention due to their potential to modulate oxidative
stress, inflammation, and endothelial dysfunction. Understanding the integration between
these epidemiological trends and molecular mechanisms may help clarify the role of polyphe-
nols in cardiovascular disease prevention and management. This integrated epidemiological
and mechanistic perspective underscores the need for complementary preventive strategies. In
this context, polyphenol-rich diets and nutraceutical interventions emerge as promising ap-
proaches to modulate key molecular pathways involved in cardiovascular disease progression,
bridging population-level observations with cellular and molecular mechanisms.
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3. Vascular Endothelium and Nitric Oxide Bioavailability in
Cardiovascular Health

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
vascular smooth muscle cell proliferation and migration, and orchestrates processes such
as thrombogenesis and fibrinolysis (Figure 1) [27–29]. Vasodilatory responses are primarily
mediated by nitric oxide (NO), endothelium-derived hyperpolarizing factors, and prosta-
cyclin, whereas vasoconstriction is driven by endothelin-1, angiotensin II, thromboxane A2,
and prostaglandin H2 [27,29]. Among these mediators, NO is considered the most potent
endogenous vasodilator and a key determinant of endothelial function. It contributes to
vascular wall integrity by inhibiting platelet aggregation, suppressing inflammation and
oxidative stress, and preventing smooth muscle cell proliferation and leukocyte adhesion,
mechanisms relevant across all stages of atherosclerotic development [29].

Figure 1. Pathophysiological mechanisms in the progression of atherosclerosis (ATS) and cardiovascu-
lar 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 nitric oxide (NO), promoting leucocyte adhesion and progression of
atherosclerotic lesions, thrombosis, and cardiovascular events.

NO is synthesized in endothelial cells from L-arginine through endothelial nitric oxide
synthase (eNOS), which is localized in caveolae. Under resting conditions, caveolin-1 binds
to calmodulin and inhibits eNOS activity; calcium influx promotes calmodulin binding and
displacement of caveolin-1, resulting in eNOS activation and NO production (Figure 2). This
enzymatic process requires cofactors such as tetrahydrobiopterin and nicotinamide adenine
dinucleotide phosphate (NADPH) for optimal function [15,26]. eNOS expression and activ-
ity are modulated by several physiological and pathological stimuli. For instance, laminar
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shear stress enhances eNOS expression, whereas asymmetric dimethylarginine (ADMA), an
endogenous competitive inhibitor, impairs its activity. Elevated ADMA levels are frequently
observed in individuals with cardiovascular risk factors, endothelial dysfunction, or established
ATS [30]. Chronic exposure to cardiovascular risk factors, including diabetes, dyslipidemia,
hypertension, smoking, obesity, and oxidative stress, can overwhelm endothelial defense mech-
anisms, leading to reduced nitric oxide (NO) bioavailability and vascular alterations [2]. This
state is characterized by increased oxidative stress, vascular inflammation, enhanced leuko-
cyte adhesion, and smooth muscle cell proliferation, all of which contribute to atherogenesis
and disease progression [31]. Both genetic predisposition and environmental influences may
modulate the impact of these risk factors on endothelial function (Figure 2). Reactive species
burden further disrupts NO signaling by promoting rapid NO inactivation through superoxide
radical formation and by degrading tetrahydrobiopterin, a critical eNOS cofactor [22,32,33].
Additionally, oxidized LDL cholesterol can exacerbate endothelial homeostasis by upregu-
lating caveolin-1 expression, thereby suppressing NO synthesis [19]. Because diminished
nitric oxide (NO) bioavailability represents a central mechanism in endothelial dysfunction
and cardiovascular disease progression, strategies aimed at preserving or restoring NO levels
have emerged as critical therapeutic targets. In this context, polyphenols have emerged as
promising candidates due to their ability to enhance endothelial nitric oxide synthase (eNOS)
activity, improve redox balance, and modulate key signaling pathways involved in vascular
homeostasis [2,27,34]. These combined pleiotropic vascular effects support the potential of
polyphenol-rich diets and nutraceutical interventions to maintain endothelial function and
confer cardiovascular protection. Importantly, the clinical relevance of these effects depends on
factors such as bioavailability, metabolism, and achievable physiological concentrations, which
must be carefully considered when translating experimental findings into human applications.

 

Figure 2. Typic nitric oxide (NO) production in endothelial cells. NO production is activated
by increased Ca2+ levels and by the response to endothelin-1. NO subsequently activates soluble
guanylyl cyclase (SGC) to relax or contract muscles. The green arrows indicate activation or increasing
expression levels, and the red lines represent blocking. Endothelial nitric oxide synthase (eNOS),
L-Arginine (L-Arg).
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4. Endothelial Dysfunction and Atherosclerosis
To understand the potential of polyphenols and other nutraceutical strategies in car-

diovascular prevention, it is essential to examine the pathophysiological mechanisms
underlying endothelial dysfunction and ATS. Vascular impairment is implicated in a range
of pathological processes, including the loss of anticoagulant and anti-inflammatory prop-
erties, impaired regulation of vascular growth, and disruption of vascular remodeling.
It represents not only an early initiating factor but also a critical contributor to the pro-
gression of atherosclerotic cardiovascular disease. Importantly, endothelial disruption is
recognized as an early biomarker of ATS, often preceding the detection of vascular lesions
by angiography or ultrasound [12,35]. ATS 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 frequently
triggered by the rupture or erosion of vulnerable atherosclerotic plaques, leading to acute
thrombotic events. 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 [35].

From a mechanistic perspective, several molecular checkpoints characterize endothe-
lial dysfunction, including impaired endothelial signaling and redox imbalance, increased
redox damage, inflammatory activation, lipid accumulation, and altered endothelial
mechano-transduction. These alterations reflect mechanisms previously described and
highlight the central role of endothelial dysfunction in atherogenesis. These interconnected
pathways provide relevant targets for preventive strategies, including dietary and nutraceu-
tical interventions [28,36]. Growing evidence suggests that early nutritional interventions,
particularly those rich in polyphenols, may help preserve vascular homeostasis by improv-
ing endothelial function, restoring redox balance, and modulating inflammatory signaling
pathways. Such an approach may therefore represent complementary preventive strategies
in the early stages of cardiovascular disease development [36,37].

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 het-
erogeneity observed in ATS [29]. Specifically, areas of low endothelial shear stress (ESS) ini-
tiate a cascade of vascular responses that promote the transition toward an unstable athero-
genic phenotype. Through mechanosensory and signal transduction mechanisms, low ESS
alters the endothelial gene expression, fostering a pro-inflammatory and pro-thrombotic en-
vironment conducive to early plaque formation. This hemodynamic disturbance promotes
endothelin-1 production while simultaneously suppressing the synthesis of NO and prosta-
cyclin, two key mediators of vascular homeostasis [28,29]. Additionally, low ESS disrupts
lipid handling and promotes oxidative stress and inflammatory signaling within endothelial
cells, further accelerating atherosclerotic lesion progression [28,29]. These pathophysiologi-
cal insights highlight endothelial alterations as a critical therapeutic window, where early
modulation of redox balance, inflammation, and mechano-transduction pathways may
significantly alter disease progression. In this context, nutraceutical strategies, particularly
those based on polyphenols, may offer complementary benefits in delaying or preventing
the transition from subclinical endothelial dysfunction to overt atherosclerotic disease.
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5. Polyphenols and Their Cardiovascular Protective Mechanism
Epidemiological and experimental evidence increasingly support an association be-

tween regular dietary polyphenol intake and reduced CVD risk. Polyphenols constitute a
structurally diverse family of phytochemicals widely distributed in plant-based foods, such
as fruits, vegetables, cereals, olives, legumes, chocolate, tea, coffee, and wine [11]. More
than 8000 polyphenolic structures have been identified, generally classified into phenolic
acids, non-flavonoids (e.g., stilbenes, lignans), and flavonoids [38] (Figure 3). Polyphenols
can modulate redox homeostasis by both direct scavenging of reactive species and, more
importantly, by regulating endogenous antioxidant defense systems. However, contempo-
rary evidence suggests that the principal biological effects arise from modulation of the
endogenous host antioxidant mechanisms rather than simple radical scavenging [39]. Acti-
vation of the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathways promotes
transcription of cytoprotective enzymes such as heme oxygenase-1 (HO-1), superoxide
dismutase, and glutathione-related enzymes, contributing to vascular redox homeostasis
and endothelial protection [40].

 

Figure 3. Polyphenol classification and structure.

Beyond their antioxidant capacity, polyphenols modulate key inflammatory pathways
in ATS. They inhibit pro-inflammatory transcription factors such as NF-kB, reduce cy-
tokine production (e.g., IL-6, TNF-a), and attenuate adhesion molecule expression, thereby
limiting leucocyte recruitment and vascular inflammation. These mechanisms contribute
to the preservation of endothelial integrity, reduction in vascular stiffness, and attenu-
ation of atherosclerotic progression [11]. Additionally, polyphenols modulate multiple
intracellular signaling pathways, including key signaling pathways previously described,
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that regulate endothelial metabolism, mitochondrial function, and vascular remodeling,
supporting their potential as nutraceutical strategies targeting early vascular dysfunction
in cardiovascular disease. They also influence gene expression and epigenetic mechanisms,
such as transcription factors, microRNAs, DNA methylation, and histone modifications,
thereby affecting oxidative stress responses, lipid metabolism, inflammation, and endothe-
lial homeostasis. Although generally regarded as antioxidants, polyphenols may exhibit
pro-oxidant effects under certain conditions, particularly at high concentrations, potentially
triggering adaptive cellular stress responses. Consequently, understanding dose–response
relationships, bioavailability, and metabolic transformation is essential for their safe and
effective clinical application.

6. Polyphenols in Cardiovascular Diseases
Growing evidence supports the role of food-derived bioactive compounds, including

polyphenols, carotenoids, polyunsaturated fatty acids, and bioactive peptides, in modulat-
ing risk factors associated with ATS-CVDs (Table 1) [41]. Due to their combined nutritional
and pharmacological properties, these nutraceuticals are increasingly considered adjunct
strategies for cardiovascular prevention, particularly during early endothelial impairment
and ATS development [42]. ATS is a chronic fibroproliferative inflammatory disorder driven
by endothelial dysfunction, oxidative stress, lipid accumulation, and persistent low-grade
inflammation, ultimately leading to cholesterol-rich plaque formation. Polyphenols may
interfere with these early pathogenic events through broad biological activity, including
improved endothelial function and modulation of inflammatory signaling pathways [42].
Experimental evidence indicates that catechins, grape phenolics, berry extracts, and cur-
cuminoids regulate key molecular processes such as NF-κB signaling, reactive oxygen
species (ROS) generation, lipid metabolism, and endothelial integrity, highlighting their
therapeutic potential in CVDs prevention [38].

Endothelial dysfunction is an early and pivotal event in coronary artery disease
(CAD) and other macrovascular complications [35,43]. Dietary polyphenols, particularly
flavonoids from cocoa, tea, grapes, citrus fruits, and berries, have demonstrated vascular
protective effects in human studies. Clinical evidence indicates that flavanol-rich cocoa
consumption improves endothelial function, increases NO bioavailability, activates glucose
transporter GLUT-2, enhances insulin sensitivity, and reduces circulating cholesterol [44].
Some clinical trials in CAD patients also report mobilization of circulating angiogenic cells,
suggesting improved vascular repair capacity [44,45]. In hypertensive individuals, daily
consumption of 100 g of flavonoid-rich chocolate for 15 days resulted in reductions in
insulin resistance and improvements in insulin sensitivity [44]. Similarly, daily intake of
500 mg dark chocolate for 28 days significantly reduced fasting glucose levels and HOMA-
IR in healthy, overweight, and obese individuals [44,46,47]. Moderate consumption of
polyphenol-rich beverages such as tea and wine has also been associated with improved
endothelial function, although confounding lifestyle factors remain a limitation [44,48,49].
Clinical benefits have also been reported with polyphenol-rich extracts from Annurca
apple in patients with peripheral arterial disease (PAD), improving walking autonomy,
hemodynamic parameters, and vascular abnormalities in lower limbs [33]. Additionally,
preliminary human studies with catechin-rich green tea variants such as Kosen-cha have
shown improvements in triglycerides, insulin resistance, endothelial dysfunction, and
cardiac markers [25]. Epidemiological studies further support these findings: higher
habitual polyphenol intake has been associated with reduced cardiovascular risk and
mortality, although variability in intake assessment and bioavailability complicates causal
interpretation [5,10,50,51].
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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

↑ 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

Proanthocyanidins 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

Abbreviations: phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), AMP-activated protein kinase
(AMPK), Sirtuins-1 (SIRT 1), cyclooxygenase/lipoxygenase (COX/LOX), tumor necrosis factor-alpha (TNF-α),
interleukin-6 (IL-6), endothelial nitric oxide synthase (eNOS), nuclear factor erythroid 2 (Nrf-2), nicotinamide
adenine dinucleotide phosphate (NADPH), angiotensin II (Ang II), nitric oxide (NO), glucose transporter (Glut),
small non-coding RNA (miRNA), Janus kinase (JNK), matrix metalloproteinases (MMP), vasodilator-stimulated
phosphoprotein (VASP), element-binding protein 2 (SREBP-2), 3-hydroxy-3-methylglutaryl-coenzyme A reductase,
low-density lipoprotein receptor (LDLR), Niemann-Pick C1-Like 1, and ATP-binding cassette transporters. Down
arrows (↓) indicate decrease and up arrows (↑) indicate increase.

A substantial proportion of mechanistic data derives from in vitro and animal studies.
Polyphenol-rich extracts from Vitis vinifera seeds and Aronia melanocarpa berries prolong
clotting time and reduce fibrin polymerization velocity in human plasma, suggesting an-
tithrombotic potential [15,52–54]. Grape seed proanthocyanidin extract reduces thrombus
burden by downregulating key thrombogenic mediators, including P-selectin, von Wille-
brand factor, and adhesion molecules, highlighting its potential therapeutic relevance in
thrombotic disorders such as deep vein thrombosis [55]. Numerous experimental studies
report beneficial effects of plant-derived polyphenols across cardiovascular pathologies,
including atherosclerosis, myocardial infarction, hypertension, dyslipidemia, and other
vascular disorders [55]. These conditions are multifactorial, frequently linked to lifestyle
factors such as high dietary fat intake, tobacco use, excessive alcohol consumption, physical
inactivity, aging, obesity, hypertension, and hyperglycemia [56]. Polyphenol intake typi-
cally occurs through antioxidant-rich foods such as fruits, vegetables, green tea, coffee, and
nutraceutical supplements [57]. Large cohort studies indicate that higher polyphenol intake
is associated with reduced cardiovascular risk. Average daily intake varies widely across
populations, from approximately 759 mg/day in Japan to over 1750 mg/day in Poland [5].
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Higher consumption correlates with reduced inflammatory markers, improved metabolic
profiles, and lower cardiovascular mortality, although causality remains to be established.

Polyphenolic compounds are absorbed primarily in the gastrointestinal tract and
undergo extensive metabolism in intestinal and hepatic cells. Their bioavailability varies
considerably depending on chemical structure, metabolic pathways, and host physiological
condition [58,59]. Gut microbiota plays a critical role in converting dietary polyphenols into
bioactive metabolites, thereby influencing their systemic biological effects [58]. Microbiota
may enhance polyphenol bioavailability and contribute to protective effects on skeletal and
cardiac muscle tissues. Among their diverse mechanisms, the antioxidant properties of
polyphenols are particularly well documented. These compounds inhibit oxidative DNA
damage induced by reactive radicals, suppress endothelial adhesion molecule expression,
reduce platelet aggregation, and protect LDL from oxidative modification [57,60]. Beyond
LDL protection, polyphenols may enhance HDL functionality; for example, olive-derived
flavonoids improve cholesterol transport and vascular integrity, reducing atheroma risk [61].
Polyphenols also exert anti-inflammatory effects by downregulating pro-inflammatory
cytokines, including IL-1, IL-6, IL-8, TNF-α, and C-reactive protein, all central mediators
in cardiovascular pathogenesis [16,61]. Polyphenol-rich dietary patterns, particularly the
Mediterranean diet, have been consistently associated with reduced vascular inflammation
through modulation of redox balance and downregulation of proatherogenic genes such
as LRP1, COX-2, and MCP-1, thereby contributing to plaque stabilization and a lower
risk of atherothrombotic events [32,33,62]. Polyphenols extracted from grapes and other
plant sources enhance endothelial function and arterial resilience through NO-dependent
mechanisms. These compounds stimulate endothelial signaling pathways involved in vas-
cular relaxation, promoting vasodilation, anti-inflammatory responses, antihypertensive
effects, and antithrombotic activity [63,64]. Evidence also indicates immunomodulatory
actions through suppression of inflammatory biomarkers associated with plaque vulnera-
bility. Additionally, grape-derived polyphenols influence hepatic cholesterol metabolism,
reducing intestinal cholesterol absorption, modulating apolipoproteins A and B, enhanc-
ing lipoprotein lipase activity, and lowering circulating triglycerides, VLDL, and LDL
levels [62].

Platelet activation is central to cardiovascular and cerebrovascular disease (Figure 4).
Polyphenols, particularly flavonoids from grape seed extract, modulate platelet activa-
tion via VASP phosphorylation and PI3K/PKB signaling pathways, reducing aggregation
and thrombus formation (Figure 5) [15]. These findings suggest complementary benefits
alongside conventional antiplatelet therapies, although clinical confirmation is still lim-
ited. Last, polyphenols modulate transcription factors, microRNAs, DNA methylation,
and histone modifications, influencing oxidative stress responses, lipid metabolism, in-
flammation, and endothelial homeostasis [65]. These epigenetic mechanisms may partly
explain long-term cardiovascular benefits observed in dietary intervention studies. Many
polyphenol supplements are classified as generally recognized as safe (GRAS) by regula-
tory agencies, further supporting their therapeutic potential. 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) [1,5]. 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) [66]. Epigenetically, BEE reduced the expression
of histone deacetylases HDAC4, HDAC6, and HDAC9, while enhancing the expression
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of Sirtuin family members SIRT1, SIRT2, and SIRT3, which are associated with improved
metabolic and vascular function [1].

 
Figure 4. Activation and inactivation of platelets. Under healthy conditions, endothelial nitric oxide
synthase (eNOS) remains coupled and produces nitric oxide (NO); the NO production inactivates
the platelets. Reactive oxygen species (ROS) production can inhibit NO production and promote
the activation of platelets. BH4 (tetrahydrobiopterin), superoxide (O2

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

Resveratrol, a non-flavonoid polyphenol abundant in grapes, berries, peanuts, and red
wine, is among the most extensively studied compounds for cardiovascular protection. It
exerts antihypertensive effects by activating endothelial nitric oxide synthase (eNOS), mod-
ulating PI3K/Akt/eNOS signaling, and restoring vascular homeostasis, often in synergy
with other bioactive compounds such as EGCG, hesperetin, ferulic acid, catechin hydrate,
and α-linolenic acid [66]. Preclinical studies demonstrate stimulation of NO production,
suppression of vascular inflammation, reduction in oxidative damage via SIRT1 upregula-
tion, inhibition of calcium influx, and reduced platelet aggregation [10,67–69]. Additional
cardioprotective mechanisms include ROS neutralization, anti-inflammatory effects, en-
hanced angiogenesis, inhibition of apoptosis, and delayed atherosclerosis progression [69].
Resveratrol also improves dyslipidemia and insulin resistance in animal models, reduc-
ing cardiac hypertrophy and improving myocardial contractility [10,50,70]. These effects
regulate AMPK, SIRT1, Nrf2, PPARγ, glucose homeostasis, and reduction in HbA1c, oxida-
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tive stress markers, and IL-6 levels. Importantly, many of these effects are endothelium-
dependent and involve inhibition of angiotensin II signaling to improve vascular tone [71].
Resveratrol also suppresses NADPH oxidase activity and Nox2/Nox4 expression, relevant
to heart failure pathophysiology [2,22].

Figure 5. Activation and Inactivation of Platelets. Polyphenols block the P2Y12 receptor, and
adenylate cyclase (AC) cannot convert the adenosine triphosphate (ATP) into cAMP. In the absence
of cyclic adenosine monophosphate (cAMP), protein kinase A (PKA) continues to be inactivated,
and vasodilator-stimulated phosphoprotein (VASP) remains dephosphorylated; then, the platelets
are inactivated. Adenosine diphosphate (ADP). The green arrows indicate activation or increasing
expression levels, and the red lines represent blocking.

Quercetin, a widely distributed dietary flavonoid present in olive oil, apples, onions,
tea, berries, nuts, and vegetables, exhibits multifactorial cardioprotective actions [72,73].
Mechanistically, it reduces blood pressure, enhances antioxidant mechanisms, inhibits
cyclooxygenase/lipoxygenase pathways, and modulates autonomic nervous system
activity [3]. Human studies show reductions in C-reactive protein levels and LDL choles-
terol, as well as inhibition of LDL oxidation in individuals with elevated cardiovascular
risk [74]. Quercetin also improves insulin sensitivity by suppressing lipid peroxidation,
upregulating antioxidant enzymes (SOD, GPX, CAT), inhibiting insulin-dependent PI3K
activation, and activating AMPK-mediated GLUT4 translocation [72]. Anti-atherosclerotic
effects involve SIRT1 activation and modulation of AMPK/NADPH oxidase/Akt/eNOS
signaling pathways [73].

Curcumin demonstrates cardioprotective effects, including protection against ischemic
injury, endothelial dysfunction, myocardial hypertrophy, fibrosis, ventricular remodeling,
and drug-induced myocardial damage. It inhibits foam cell formation, vascular smooth
muscle proliferation, NADPH oxidase activity, and JNK signaling while enhancing NO
bioavailability [75,76]. Other non-polyphenolic natural compounds also show cardiovascu-
lar benefits. Berberine exerts antioxidant and metabolic regulatory effects, while Brassica-
derived phytochemicals inhibit angiotensin-converting enzyme and renin, improve lipid
metabolism, and reduce insulin resistance [70]. Spirulina-derived bioactives may support
cardiovascular health through canonical pathways involved in vascular homeostasis [77].
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Figure 6. Black elderberry (BEE) inhibits the element-binding protein 2 (SREBP-2) and low-density
lipoprotein receptor (LDLR). The phenolic compounds block the LDLR. In hepatic cells, BEE downreg-
ulates SREBP-2, thereby reducing endogenous cholesterol biosynthesis. Additionally, BEE enhances
cholesterol efflux by upregulating ATP-binding cassette transporters, particularly ABCG5 and ABCG8,
facilitating transmembrane cholesterol transport. The green arrows indicate activation or increasing
expression levels; LDLR was represented by blue lines.

Chlorogenic acid reduces NADPH oxidase activity and enhances antioxidant enzymes
in hypertensive animal models. Quercetin attenuates ischemia–reperfusion injury through
PI3K/Akt signaling, lowers blood pressure, improves antioxidant systems, and reduces
inflammatory biomarkers in human studies. Its metabolic benefits include improved
insulin sensitivity via AMPK activation and GLUT4 translocation [3,11]. However, it
is important to consider that the mechanistic effects described above are influenced by
bioavailability, metabolism, and achievable dosing in humans. Many polyphenols undergo
extensive intestinal absorption and hepatic metabolism, forming conjugated metabolites
(e.g., glucuronides, sulfates) that may differ in activity from the parent compound. Conse-
quently, concentrations used in preclinical studies may not directly reflect physiologically
attainable levels through diet or supplementation. Where human data are available, we
highlight plasma concentrations and dose ranges associated with cardiovascular benefits,
emphasizing translational relevance.

7. Conclusions and Prospects
Polyphenols have emerged as biologically active dietary compounds with mechanistic

relevance to CVDs, particularly through modulation of key vascular and metabolic path-
ways described throughout this review. Preclinical evidence consistently demonstrates
broad biological effects. Human studies further indicate improvements in endothelial
function, insulin sensitivity, inflammatory biomarkers, and lipid profiles, particularly with
polyphenol-rich dietary patterns such as Mediterranean-style diets. Population-based
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analyses also associate higher polyphenol intake with reduced incidence and mortality
from coronary and cerebrovascular diseases. However, a critical distinction must be made
between mechanistic strength and clinical certainty. While molecular and experimental
data are robust, large-scale randomized controlled trials with standardized dosing, vali-
dated biomarkers, and hard cardiovascular endpoints remain limited. Therefore, although
polyphenols show significant promise, their clinical translation is still evolving.

Recent advances in nutraceutical science are expanding the translational potential
of polyphenols. Emerging technologies such as metabolomics, nutrigenomics, transcrip-
tomics, and microbiome profiling are improving our understanding of interindividual
variability in response to polyphenol intake. These approaches may enable personalized
nutrition strategies based on genetic polymorphisms, metabolic phenotype, and gut micro-
biota composition. Innovative delivery systems, including nanoencapsulation, liposomal
formulations, and controlled-release matrices, are being developed to enhance stability,
bioavailability, and tissue targeting of polyphenolic compounds. Such strategies may
overcome current pharmacokinetic limitations and improve the reproducibility of clinical
outcomes. Nevertheless, important regulatory and standardization challenges remain.
Variability in polyphenol composition across dietary sources, lack of harmonized extraction
methods, inconsistent labeling, and limited regulatory frameworks for nutraceutical ap-
proval hinder clinical translation. Establishing standardized formulations, quality control
parameters, dose–response characterization, and biomarker-guided clinical trials will be
essential for advancing polyphenol-based nutraceuticals from experimental promise to
evidence-based cardiovascular interventions.

Future research should prioritize (a) well-designed randomized controlled trials with
clearly defined cardiovascular endpoints, (b) standardized polyphenol characterization and
dose–response evaluation, (c) integration of multi-omics technologies to identify predictive
biomarkers of response, (d) long-term safety and interaction studies with conventional phar-
macotherapy, (e) mechanistic exploration of gut microbiota–derived metabolites and their
vascular effects. Attention should be given to defining optimal intake ranges, identifying
responder phenotypes, and clarifying whether benefits derive from isolated compounds,
synergistic food matrices, or overall dietary patterns. Taken together, current evidence
positions polyphenols as promising adjunctive agents in cardiovascular prevention and
management. Their pleiotropic biological effects, favorable safety profile when consumed
within dietary ranges, and accessibility through plant-based foods make them attractive
components of integrative cardiovascular strategies. However, polyphenols should not
be considered replacements for established pharmacological therapies. Instead, they may
complement conventional treatment by targeting early endothelial dysfunction, oxida-
tive imbalance, and metabolic disturbances that precede overt cardiovascular disease.
Continued integration of molecular insights with rigorous clinical investigation will be
crucial to fully define the therapeutic scope, limitations, and practical applicability of
polyphenol-based nutraceutical interventions in cardiovascular medicine.
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