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Abstract 

Oxidative stress (OS), resulting from an imbalance between reactive oxygen species (ROS) generation 

and antioxidant defenses, plays a pivotal role in vascular diseases such as atherosclerosis and 

hypertension. ROS derived from NADPH oxidase, mitochondria, and xanthine oxidase promote 

endothelial dysfunction by inducing lipid and protein oxidation, apoptosis, and pro-inflammatory 

signaling, thereby enhancing smooth muscle proliferation and atherogenesis. This review 

summarizes the molecular mechanisms linking OS to vascular injury and highlights the 

interplay between ROS and inflammation in the progression of cardiovascular disease. 

Particular attention is given to biomarkers of oxidative stress, including those assessing 

antioxidant enzyme activity and oxidative damage products, which hold potential for 

clinical use. However, challenges remain regarding their standardization and variability 

influenced by biological and environmental factors. Therapeutic strategies targeting OS, 

including dietary and pharmacological antioxidants, show promise in improving vascular 

health, although clinical outcomes have been inconsistent. Personalized approaches based 

on accurate redox profiling may enhance efficacy. Overall, OS is a central mediator in 

vascular pathology, and progress in biomarker validation and targeted therapies will be 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 September 2025 doi:10.20944/preprints202509.1844.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

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

https://doi.org/10.20944/preprints202509.1844.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 18 

 

essential to translate current knowledge into effective prevention, diagnosis, and treatment 

of cardiovascular diseases. 

Keywords: reactive oxygen species (ROS); cardiovascular disease; endothelial dysfunction; vascular 

inflammation; biomarkers 

 

1. Introduction 

Over the past decades, research on oxidative stress (OS) has provided deeper insights into its 

impact on health and the development of various pathologies. It has been demonstrated that reactive 

oxygen species (ROS) are implicated in the pathogenesis of numerous neurodegenerative diseases, 

cancer, metabolic disorders, and notably, various cardiovascular diseases such as coronary ischemic 

disease, heart failure, arterial hypertension, and arteriosclerosis [1]. 

OS is defined as a cellular state where the oxidation-reduction homeostasis is disrupted, 

indicating an imbalance between ROS production and the body's capacity to detoxify them. These 

ROS include free radicals like superoxide, characterized by an unpaired electron in their outer atomic 

orbital, rendering them highly reactive and unstable. This chemical structure enables them to interact 

extensively with cellular macromolecules such as carbohydrates, lipids, proteins, and nucleic acids 

[2,3]. 

The human body has natural antioxidant mechanisms to neutralize ROS. However, excessive 

ROS production or diminished antioxidant capacity can lead to significant cellular damage. In 

cardiovascular and metabolic diseases, OS is a key factor in their pathophysiology. Under normal 

conditions, ROS perform essential functions, such as cellular signaling and pathogen defense. 

Nevertheless, sustained elevation of ROS can contribute to the development and progression of 

various pathologies. For example, in arterial hypertension and atherosclerosis, excessive ROS can 

induce endothelial dysfunction, chronic inflammation, and arterial wall damage. Similarly, in 

metabolic disorders such as diabetes, OS plays a crucial role in the development of insulin resistance 

and associated microvascular and macrovascular complications [3–5]. 

OS serves not only as a mechanism of cellular damage but also as a central mediator in the 

progression of numerous chronic diseases. Understanding its underlying mechanisms and its 

relationship with specific disorders is essential for developing effective preventive and therapeutic 

interventions. 

Currently, new therapeutic strategies targeting OS modulation include the use of exogenous 

antioxidants, enhancements in endogenous antioxidant defenses, and ongoing research into new 

biochemical markers to identify, prevent, and reverse oxidative damage [5,6]. 

Furthermore, Oxidative stress biomarkers are being developed that may play a promising role 

in the treatment or diagnosis of diseases where oxidative stress plays a significant role. However, 

further research is needed to overcome the limitations these markers present, as we will discuss later. 

2. Genesis of Reactive Oxigen Species 

In aerobic metabolism, between 1% and 5% of the oxygen consumed undergoes partial, 

incomplete reduction, forming reactive intermediate species, known as ROS. These include the 

radical anion superoxide (O2-) and hydrogen peroxide (H2O2), which may or may not have unpaired 

electrons (radical or non-radical species), but are universally characterized by their high instability 

and reactivity. Once formed, they can further react to produce more complex species such as 

peroxynitrite (ONOO-) and hypochlorous acid (HOCl), as well as lipid peroxyl radicals. 

These reactive species originate from numerous metabolic processes, prominently the 

mitochondrial electron transport chain. Another reactive species, hydroxyl radical (OH·), considered 

the most cytotoxic of all ROS, can also form and contribute to oxidative damage. The highly reactive 

nature of ROS enables them to initiate chain reactions to acquire electrons and stabilize. 
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ROS are generated in various oxidative metabolism reactions, either as reaction intermediates 

or products thereof. The activation of neutrophils and macrophages leads to the formation of O2·- and 

related species, underpinning their biocidal effects [7,8]. O2·- dismutation yields non-radical 

hydrogen peroxide or oxygenated water (Figure 1). 

 

Figure 1. Fenton and Haber-Weiss reactions. 

The role of the O2·- in generating hydroxyl radicals (OH·) has significant biological implications. 

Hydroxyl radicals are much more reactive than O2·-. The formation of hydroxyl radicals occurs 

through the Fenton reaction.  

Being the sum of both reactions, known as the Haber-Weiss reaction [3,9–11]: 

All types of vascular cells produce ROS, including endothelial cells, smooth muscle cells, 

fibroblasts, adventitial cells, adipocytes and phagocytic cells [12,13]. 

In vascular tissue, the main endogenous sources of ROS generation are (Figure 2): 

• Mitochondria, where O2·- and H2O2 are produced from respiratory chain complexes I and II, 

representing 80% of basal O2·- production. Complexes I and III were traditionally considered 

most active in ROS generation, but recent studies indicate high activity in complex II as well, 

with current understanding suggesting similar activities between complexes I and II, and the 

highest activity in complex III [7,14]. 

• Nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase or NOX), a 

multiprotein complex crucial for ROS production in various cells and tissues, especially 

phagocytic cells (neutrophils and macrophages), involved in pathogen elimination and 

inflammatory processes [15]. 

• Xanthine oxidase, an enzyme in purine catabolism catalyzing the oxidation of hypoxanthine to 

xanthine and then to uric acid, also associated with arteriosclerosis due to its activation of 

inflammatory pathways, such as NF-κB, which increase vascular inflammation and exacerbate 

endothelial damage, thereby promoting the progression of atherosclerosis [12]. 

• Nitric oxide (NO·) production by endothelial nitric oxide synthase (eNOS), which oxidizes L-

arginine to citrulline in the presence of calmodulin to form NO·, using BH4 as a cofactor. BH4 

oxidation can lead to non-enzymatic O2·- production, limiting eNOS's ability to produce free 

NO· in the absence of SOD. This enzyme is the major vascular producer of NO·, but OS can cause 

uncoupling of eNOS, resulting in O2·- production instead of NO·, due to BH4 oxidation and 

subsequent deficiency [16,17]. 
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• Inducible nitric oxide synthase (iNOS), predominantly producing NO· from arginine, but BH4 

deficiency promotes superoxide generation instead of NO·, similar to eNOS. 

 

Figure 2. Primary Endogenous Sources of ROS Production. 

The mitochondrial electron transport chain is the primary energy source in cardiac cells, driving 

oxidative-reduction processes that generate ROS. Cells that utilize oxygen for energy also produce 

ROS, through enzymatic reduction. Enzymes such as NADH/NADPH oxidase, xanthine oxidase, 

lipoxygenase, cyclooxygenase, and nitric oxide synthase catalyze these reactions. Furthermore, fatty 

acid oxidation in peroxisomes produces hydrogen peroxide, a significant ROS. [7,15,18,19]. 

ROS production can increase in response to factors such as radiation sources, chemical toxins 

from tobacco, or exposure to environmental toxic agents [1,20]. 

3. Antioxidant Systems and Mechanisms 

Just as there are prooxidant molecules, a parallel system of enzymes and molecules known as 

antioxidants exists. These substances prevent or inhibit the oxidation of other molecules by donating 

electrons, stabilizing unpaired electrons, or chelating metal ions within their structure. Both 

endogenous and exogenous antioxidants aim to stabilize reactive species, transforming them into 

more stable molecules or structures. Under physiological conditions, antioxidant concentrations are 

significantly higher than those of reactive species, ensuring continuous but controlled ROS formation. 

However, when ROS production becomes excessive and unregulated, endogenous antioxidant 

enzymes may not be sufficient to neutralize them. Antioxidant systems are classified into enzymatic 

and non-enzymatic systems based on their mechanisms of action [1,2,21]. 

Regarding enzymatic systems, effective antioxidant protection requires the synchronized action 

of the three main enzymes: Superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). 

• SOD catalyzes the dismutation of superoxide radicals (O2·-) to hydrogen peroxide (H2O2). 

Despite being more stable, H2O2 remains highly reactive. Different molecular variants of SOD 

have been identified: Cu/Zn-SOD (cytosolic, SOD1), Mn-SOD (mitochondrial, SOD2), and 

Cu/Zn-SOD (extracellular, SOD3) [2,9,22]. 

• Catalases catalyze the dismutation and peroxidation of H2O2 into water and oxygen. This is one 

of the fastest known catalytic activities, making catalases highly effective antioxidants against 

H2O2 [23]. 

• GPx removes hydroperoxides and organic peroxides, simultaneously oxidizing its physiological 

substrate, glutathione (GSH), to oxidized glutathione (GSSG). There are several molecular 

variants (GPx1 to GPx5), both selenium-dependent (tetrameric) and selenium-independent 

(dimeric) [24]. 

In addition to these enzymes, other low molecular weight molecules exhibit non-enzymatic 

antioxidant activity. Notably, ascorbic acid (vitamin C) reduces ROS to water, with its oxidized 

species being non-reactive. Vitamin E (alpha-tocopherol) degrades peroxides to hydroperoxides, 

which can then be further degraded by reduced glutathione (GSH), one of the most effective 
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endogenous antioxidants. GSH detoxifies xenobiotics via GSH-transferase, maintains the reduced 

state of many proteins, and neutralizes OH·. Flavonoids also degrade peroxides to non-reactive 

forms, and carotenoids function as antioxidants due to their system of conjugated double bonds [25–

27]. 

Furthermore, proteins capable of metal coordination, such as ferritin, transferrin, albumin, or 

ceruloplasmin, along with repair mechanisms mediated by enzymes that eliminate or repair 

biomolecular damage, and molecules like carotenoids, vitamins, flavonoids, and enzymes such as 

SOD and other metallothioneins, remove excess ROS through enzymatic or antioxidant compound 

action [27,28]. Heat shock proteins (HSPs) constitute another defense mechanism by safeguarding 

cellular proteins from OS induced damage, through facilitation of proper folding and repair of 

damaged proteins [29]. 

Continuous research in this domain remains essential for the development of novel therapeutic 

strategies aimed at augmenting endogenous antioxidant defenses and mitigating the deleterious 

effects of oxidative stress on human health [3]. 

4. Oxidative Stress and Cardiovascular Disease Pathogenesis 

4.1. Endothelial Dysfunction 

The endothelium, the inner layer of blood vessels, plays a key role in homeostasis. In response 

to various stimuli, it releases vasodilatory, anticoagulant, and anti-inflammatory factors like NO, and 

vasoconstrictive and pro-aggregatory factors such as endothelin-1 (ET-1) and Angiotensin-II [30,31]. 

OS induces endothelial dysfunction and activates pro-inflammatory pathways, crucial in 

diseases like arteriosclerosis and hypertension. OS affects endothelial function, diminishing its 

protective role and promoting vasoconstrictive and atherogenic mediators. Endothelial dysfunction 

is common in many cardiovascular diseases, including hypertension, arteriosclerosis, heart failure, 

stroke, and complications of metabolic disorders like diabetes, obesity, and metabolic syndrome 

[24,32,33]. 

The effects of ROS on cardiovascular function depend on their concentrations and antioxidant 

production. Key antioxidants include GSH and thioredoxin (Trx), which detoxify H2O2. Elevated thiol 

levels protect cells from OS induced death, while depletion leads to disease states [33,34]. 

NADPH oxidase, found in endothelial cells, vascular smooth muscle cells, and fibroblasts (NOX 

1, NOX 2, NOX 4, and NOX 5), is a primary source of O2·- in the vessel wall. Physiologically, it has 

low activity but is upregulated by angiotensin II, ET-1, and urotensin II, increasing ROS production 

and contributing to cardiovascular disease [7,8,16,35]. 

NO· acts as a crucial paracrine regulator of vascular tone, exerting potent vasodilatory effects by 

increasing cGMP levels through guanylate cyclase activation. Reduced NO· availability in metabolic 

disorders like hyperglycemia, diabetes, and hypertension leads to endothelial dysfunction and 

cardiovascular diseases. O2·- generated from these conditions react with NO· to form peroxynitrite, 

exacerbating endothelial barrier dysfunction and promoting LDL accumulation and leukocyte 

adhesion in arterial walls, triggering inflammation [36]. 

NADPH oxidase-driven O2·- production further reduces NO· levels by forming ONOO-, 

disrupting endothelial function and eNOS activity by oxidizing BH4. This shift favors O2·- production 

over NO·, contributing to hypertension, atherosclerosis, and other cardiovascular disorders. Xanthine 

oxidase, activated by NADPH oxidase, amplifies O2·- production, exacerbating OS. Myeloperoxidase 

catalyzes hypochlorite production, intensifying inflammation and arterial damage, promoting 

atherosclerotic plaque formation and cardiovascular disease progression [5,37]. 

The alterations caused by OS disrupt normal endothelial function, leading to an imbalance 

between vasoconstrictive and vasodilatory substances. This disrupts blood flow regulation, 

leukocyte adhesion, platelet aggregation, heat shock production, and cell growth control, resulting 

in changes in vascular diameter and remodeling. These alterations affect the anticoagulant and 

proinflammatory properties of the endothelium [8,20,38]. 
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Endothelial dysfunction is implicated in the pathophysiology of various cardiovascular diseases, 

including hypertension. It is characterized by impaired endothelial functions related to vasodilation, 

increased proinflammatory state, and enhanced prothrombotic activity, collectively contributing to 

vascular inflammation [12,18]. 

4.2. Mitochondrial Dysfunction 

Mitochondrial ROS production is considered the most significant source of free radicals under 

physiological conditions due to the electron transport chain located in the inner mitochondrial 

membrane. These radicals are continuously generated during oxidative phosphorylation and ATP 

production [39]. 

Mitochondrial dysfunction in cardiovascular diseases can manifest in several ways: 

1. Reduced ATP Production: Impaired mitochondrial function leads to decreased ATP 

production, reducing myocardial contractility and overall cardiac function [40,41]. 

2. Increased ROS Production: Continuous production of O2·- and other ROS in mitochondria 

increases oxidative damage to biomolecules, particularly nuclear and mitochondrial DNA 

(mtDNA). mtDNA instability is crucial in mitochondrial dysfunction, leading to mutagenic or 

cytotoxic effects and subsequent mutations after DNA replication. The accumulation of mtDNA 

mutations contributes to tissue function loss, including in the heart [40–43]. Animal models have 

confirmed this increased mtDNA instability [44]. 

3. Calcium Homeostasis Imbalance: Mitochondria regulate intracellular calcium concentration, 

essential for cardiac contraction. Mitochondrial dysfunction disrupts calcium homeostasis, 

affecting cardiac contractility and potentially contributing to arrhythmias [45]. 

4. Apoptosis Induction: Mitochondrial dysfunction can trigger the intrinsic apoptosis pathway, 

regulated by the release of pro-apoptotic proteins from mitochondria to the cytosol. Excessive 

apoptosis of cardiac cells reduces cardiac muscle mass, leading to various pathologies [46,47]. 

5. Inflammation: Dysfunctional mitochondria can activate inflammatory responses in cardiac and 

other cardiovascular cells, contributing to the progression of diseases such as atherosclerosis and 

ischemic heart disease. [47] 

4.3. Oxidative Modifications Induced by ROS 

ROS cause cellular damage to various biomolecules. The primary cytotoxic effects of 

oxidative/nitrosative stress result from the interaction of oxygen and nitrogen radicals with cell 

membrane, lipids, proteins, and nucleic acids [48]. 

Lipid Peroxidation and LDL Oxidation:  

Oxidation of low-density lipoproteins (LDL) is a free radical-mediated process causing 

significant structural changes. The initial event is the peroxidation of polyunsaturated fatty acids 

(PUFA) in LDL particles. This peroxidation alters membrane properties, potentially inactivating 

membrane receptors or enzymes, and affecting normal cellular function. Oxidized LDL (oxLDL) 

stimulate vascular ROS formation, creating a vicious cycle. Myeloperoxidase, expressed in 

macrophages within atherosclerotic lesions, primarily catalyzes the complete oxidation of LDL, along 

with glycosylases. The number, composition, and oxidation susceptibility of LDL particles also play 

crucial roles [49,50]. 

Stages of lipid peroxidation: 

• Initiation: ROS extract a hydrogen ion (H+) from a PUFA double bond, forming conjugated 

dienes (CD). Antioxidants in LDL particles initially halt this oxidation. 

• Propagation: Once antioxidants are depleted, another H+ is abstracted by a peroxyl radical 

(LOO.) from a PUFA, forming lipid hydroperoxides. This increases LDL's negative charge due 

to Schiff base formation between positively charged amino groups and aldehyde groups, leading 

to macrophage recognition via scavenger receptors in arterial intima. 
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• Decomposition: Double bonds break, forming aldehydes like malondialdehyde (MDA), 4-

hydroxynonenal (HNE), and hexanal, which react with proteins and nucleic acids, leading to 

cytotoxic and mutagenic effects and playing a pathogenic role in various diseases [49–52].  

Endothelial Damage and Inflammation:  

Endothelial lesions facilitate LDL entry into the vascular intima, where oxidation triggers an 

inflammatory response, causing cytokine expression (e.g., IL-4, IL-1β, TNF-α) and adhesion proteins 

(e.g., VCAM-1, ICAM-1, P-selectin). These allow monocyte migration and transformation into 

macrophages and foam cells, after phagocytosing oxLDL, promoting atheroma plaque formation and 

its physiological consequences [5,53]. 

Lipid Peroxidation Propagation:  

Lipid peroxidation rapidly propagates through plasma membranes, and the mutagenic potential 

of its products makes this mechanism significant in OS toxicity [5,53]. 

High-density lipoproteins (HDL): 

Undergo oxidative modifications that impair their anti-atherogenic properties. Oxidation by 

agents like copper or acrolein reduces HDL's cholesterol transport activity and cellular cholesterol 

efflux via the ATP Binding Cassette A1 (ABCA1) transporter. Specifically, oxidation by 

malondialdehyde and myeloperoxidase at the methionine 112 residue of apolipoprotein A1 (Apo A1) 

diminishes HDL's capacity to inactivate lipid hydroperoxides. Reactive carbonyl-induced covalent 

modifications further impair HDL-mediated cholesterol efflux [54–58].   

5. Consequences of Oxidative Stress: Atherosclerosis, Heart Failure, Ischemic 

Heart Disease, Diabetic Cardiomyopathy 

ROS play a key role in the pathogenesis of hypertension, atherosclerosis, heart failure, stroke, 

cardiac hypertrophy, and vascular complications of various metabolic diseases such as diabetes, 

obesity, and metabolic syndrome. However, despite the well-known involvement of OS in certain 

cardiovascular diseases, the molecular mechanisms remain not fully elucidated. 

5.1. Atherosclerosis 

Atherosclerosis begins with the infiltration of oxLDL into the arterial wall through the 

endothelium. This infiltration triggers inflammatory processes involving ROS production by 

macrophages, which, along with oxLDL, contribute to the formation of atheromatous plaques and 

foam cells, exacerbating vascular damage [33,59,60]. 

Furthermore, non-coding RNAs play a crucial role in regulating OS, inflammation, and 

apoptosis in the development of atherosclerosis. Factors such as high glucose, ANG II, and OS lead 

to endothelial dysfunction, which is aggravated by the alteration of signaling pathways, including 

non-canonical Wnt and PI3K/Akt/NOS pathways. This dysfunction triggers the adhesion and 

infiltration of monocytes, transforming into inflammatory macrophages (M1) under high OS 

conditions. M1 macrophages, through TLR and NFκB activation, release inflammatory cytokines and 

oxidize LDL, intensifying inflammation and OS in the arterial wall and promoting the formation of 

atherosclerotic plaques. Thus, atherosclerosis becomes a self-amplifying cycle of endothelial 

dysfunction, OS, and inflammation, contributing to the development and progression of 

cardiovascular diseases (Figure 3) [61]. 
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Figure 3. OS, immune response, inflammation, and apoptosis in atherosclerosis are interconnected processes. 

High levels of glucose, angiotensin II (ANGII), oxidized LDL (ox-LDL), and stress cause endothelial dysfunction, 

characterized by mitochondrial OS and ROS release. This stress results from an imbalance favoring oxidants 

over antioxidants. The damaged endothelium induces monocyte adhesion and infiltration, differentiating into 

macrophages. ROS provoke macrophage polarization from M2 to M1. Additionally, M1 macrophages release 

pro-inflammatory cytokines, inducing ROS release and apoptosis in vascular cells. Overexpressed regulators are 

indicated in yellow circles, underexpressed in blue. Adapted from Ginckels P, Holvoet P. OS and Inflammation 

in Cardiovascular Diseases and Cancer: Role of Non-coding RNAs. Yale J Biol Med. 2022 Mar 31;95(1):129-152. 

PMID: 35370493; PMCID: PMC8961704 [61]. 

5.2. Hypertension 

Hypertension triggers an inflammatory response due to OS, disrupting the redox balance in 

endothelial cells. This imbalance induces the expression of vascular adhesion molecules, accelerating 

atherosclerosis. ROS, such as O2·-, reduce the availability of NO, which is essential for arterial smooth 

muscle relaxation (62). Additionally, ROS increase the synthesis of ET-1, causing vasoconstriction 

and elevated blood pressure. ROS also induce apoptosis in endothelial cells, particularly in resistance 

arteries, and are involved in various pathological mechanisms of stroke. Hypertension stimulates OS, 

directly correlating with blood pressure levels and target organ damage. Moreover, these species 

impair endothelium-mediated vascular function, arterial elasticity, and the vascular response to 

vasodilators, contributing to atherogenic vascular remodeling and chronic hypertension. Activation 

of angiotensin I receptors triggers NADPH oxidase, generating an oxidative stimulus, crucial for the 

pathogenesis of hypertension and atherosclerosis. Furthermore, OS is associated with structural 

changes in resistance arterioles and premature endothelial cell senescence [59,63]. 

5.3. Heart Failure 

ROS activate various kinases and transcription factors that promote myocardial growth, matrix 

reorganization, and cellular dysfunction [33,64]. They induce hypertrophy in ventricular myocytes 

and affect the extracellular matrix by stimulating cardiac fibroblast proliferation and matrix 

metalloproteinase activation, which are relevant in fibrosis and matrix remodeling. Several studies 

in animal models have demonstrated that the administration of antioxidants can prevent pathological 
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phenomena associated with heart failure, such as myocyte hypertrophy, apoptosis, ischemia, and 

reperfusion [65]. 

Other effects of free radicals in the pathogenesis of HF, through the xanthine oxidase pathway, 

include endothelial dysfunction and myocardial injury. Increased ROS production can lead to 

decreased NO bioavailability and cytokine-mediated myocardial contractile dysfunction, which 

inactivates the sarcoplasmic Ca2+-ATPase, thereby altering calcium homeostasis (Figure 4) [66,67]. 

 

Figure 4. Pathophysiology of Heart Failure and OS Contribution. NF-κB, nuclear factor kappa beta; AP-1, 

activator protein-1; MAPK, mitogen-activated protein kinase. Adapted from Rotariu D, et al. Biomed 

Pharmacother. 2022. 

5.4. Diabetic Cardiomyopathy 

Diabetes mellitus (DM) is a primary risk factor for the development of atherosclerosis, closely 

associated with increased OS. Hyperglycemia, characteristic of both type 1 and type 2 DM, triggers 

ROS through various mechanisms, including glucose auto-oxidation and non-enzymatic glycation of 

proteins. Pathological processes exacerbated in DM, such as the increased production of advanced 

glycation end-products (AGEs) and their interaction with endothelial and smooth muscle cells, 

enhance ROS production and activate nuclear factor kappa B (NF-κB), contributing to increased 

inflammation and thrombosis in the vascular endothelium. Consequently, endothelial dysfunction is 

observed, characterized by reduced NO bioavailability and calcium homeostasis alterations, leading 

to increased arterial stiffness and impaired vascular reactivity. These phenomena promote the 

progression of atherosclerosis and associated cardiovascular complications, underscoring the 

importance of glycemic control in mitigating these pathological effects [67,68]. 

Parameters of OS in Cardiovascular Disease 

OS biomarkers are valuable tools for the development of new preventive, diagnostic, and 

therapeutic strategies aimed at preventing or delaying the onset of pathologies such as 

arteriosclerosis and cardiovascular diseases. The identification of oxidative damage in cells and 

tissues, and the monitoring of responses to antioxidant treatments and other therapeutic 

interventions [69–79]. 

The first studies, emerging in the 1980s, introduced a series of markers that, directly or indirectly, 

provide information about reactive oxygen and nitrogen species in the body. 

The use of biomarkers arose from the discovery of the role of oxidative stress in certain diseases. 

Their goal is to develop new diagnostic, therapeutic, and preventive strategies for complications such 

as atherosclerosis and other cardiovascular diseases [70]. 

The biochemical markers potentially applicable for determining the redox status must meet a 

series of characteristics [71] 

Be a product of oxidative damage that can be related to the onset or progression of a pathology. 
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• Be accessible in a target tissue or plasma, reflecting oxidative changes in a quantitative manner. 

• Be a specific marker for the study of reactive species and independent of external factors. 

• Be sensitive, robust, and reproducible. 

• Be stable for sample handling, including processing, analysis, and storage. 

One of the shortcomings found in clinical trials with antioxidant products is the inadequate 

selection of oxidative stress markers in biological fluids (plasma, whole blood, urine, or others). Most 

of the published studies consider measuring the concentration of the antioxidant product itself in a 

biological fluid, which does not provide information about the intensity of the process related to 

oxidative stress [70]. 

Due to the complexity of diseases associated with oxidative stress, it is highly unlikely that a 

single oxidative stress biomarker could replace the results of a clinical diagnosis. 

Although there are direct techniques for determining reactive oxygen and nitrogen species and 

other free radicals, such as Electron Paramagnetic Resonance (EPR) and the spin trapping method—

considered the gold standard—this technique is complicated and not easily applicable, as free 

radicals are highly reactive and have a very short half-life. Therefore, the most common approach is 

the determination of biomarkers using indirect techniques, where reactive oxygen species are 

captured by an appropriate reagent to form a stable chemical entity that is then analyzed by 

gasometric, spectrophotometric, immunoenzymatic (ELISA), and chromatographic techniques [72]. 

Lipid peroxidation, which is important in atherosclerosis, inflammation, and mitochondrial 

functions, is a complex process consisting of three stages: initiation, propagation, and termination. 

For each stage, methods are available to quantify the progression of the process. 

For example, since lipid peroxidation causes the loss of substances such as chains of unsaturated 

fatty acids, measuring lipid content can indicate the peroxidation of compounds. Additionally, 

because oxygen is consumed during the propagation stage, measurements of its uptake using oxygen 

electrodes can serve as a tool to evaluate the progress of oxidation. Another approach involves 

measuring the formation of peroxide during the process. Among the methods developed for this 

purpose, some determine the total peroxide concentration, while others determine the concentration 

of peroxide, which may indicate that the fatty acid is undergoing the peroxidation process. Through 

the abstraction of a hydrogen atom by a reactive oxygen or nitrogen species, a reorganization of the 

fatty acid occurs, leading to the formation of a free radical characterized by the formation of a 

conjugated diene, which can be monitored by spectroscopic methods [73,74]. 

Numerous publications refer to oxidative stress biomarkers targeted at specific enzymes or 

damage products that are used in the research of the pathophysiology of toxic or neurodegenerative 

diseases (such as cancer) or are applied to the development of new drugs. Below are some of these 

biomarkers potentially useful for studying oxidative stress processes associated with cardiovascular 

pathology. 

Malondialdehyde (MDA): MDA is a ketoaldehyde formed from the breakdown of lipids 

containing polyunsaturated fatty acids, derived from arachidonic acid metabolism primarily found 

in cell membranes. Tissue damage can elevate MDA concentrations, which can react with lysine 

residues, leading to protein alterations that trigger immune mechanisms associated with 

cardiovascular diseases such as arteriosclerosis or acute myocardial Infarction [81]. The 

determination of this marker can be performed using colorimetric, immunoenzymatic, or HPLC 

techniques. [72] 

Acrolein and 4-Hydroxy-2-nonenal (HNE): Acrolein, also known as 2-propenal, is a highly 

reactive unsaturated aldehyde present in the environment from oil combustion, tobacco, gasoline, 

and petroleum. HNE, derived from acrolein, is another aldehyde with higher toxicity produced by 

ROS and RNS acting on arachidonic, linoleic, and linolenic acids. Elevated acrolein and HNE levels 

in pathological lipid peroxidation react with lysine, histidine, and cysteine residues. HNE can interact 

with phospholipids, proteins, and nucleic acids, acting as a second messenger in cytotoxicity, 

mutagenesis, genetic toxicity, and apoptosis [82]. The most commonly used techniques for its 

determination are HPLC or GC-MS [72]. 
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Isoprostanes: Isoprostanes are molecules generated by non-enzymatic lipid peroxidation that 

release free radicals reacting with arachidonic acid. They are found in various biological fluids, with 

plasma and urine being the most analyzed for oxidative damage studies. [83]. Its determination can 

be carried out using colorimetric, fluorometric, or immunoenzymatic techniques [72]. 

Myeloperoxidase:  Its quantification can be done using ELISA assays, but sample collection, 

handling, and processing significantly influence results, such as using heparinized samples or 

heparin-containing tubes. 

Oxidized LDL Determination: Specific monoclonal antibodies recognizing oxidation-specific 

epitopes allow for the determination of oxidized LDL, alongside ELISA methods. 

Thiols: Early appearance in cardiovascular disease, total thiols represent the overall state of 

vascular redox control. Their increase correlates with cardiovascular events in middle-aged 

individuals (45-60 years), although more studies are needed to establish a clear relationship with 

acute myocardial Infarction [84]. 

Glutathione and S-glutathionylated proteins: Since blood concentrations of glutathione reflect 

the status of glutathione in other less accessible tissues, measurements of reduced glutathione (GSH) 

and glutathione disulfide (GSSG) in blood are considered essential as an index of the GSH status 

throughout the body and are a useful indicator of oxidative stress status in humans. [75] 

Antioxidant Enzymes and Redox Balance: Studies suggest measuring antioxidant enzyme 

activity as biomarkers of oxidative damage or establishing ratios between oxidative damage markers 

and antioxidant enzyme activity to assess overall redox status [79–81,85]. 

In the same way, in addition to being able to determine the concentration of products from 

reactions involving oxidative stress, it is also possible to assess the antioxidant capacity of the body. 

For example, this can be done by measuring the activity of antioxidant enzymes (Superoxide 

dismutase, glutathione peroxidase, catalase, or xanthine oxidase) using colorimetric methods or 

ELISA methods. Non-enzymatic antioxidants can also be analyzed, providing more information on 

the oxidative process, such as Glutathione, ascorbic acid, or trace elements like Zinc, Selenium, 

Manganese, among others, using colorimetric techniques or flame photometry, respectively. [72] 

One of the most commonly used approaches is the determination of the total antioxidant activity 

of a biological site. The determination of the ratio between the oxidant and the reductant (for example, 

ascorbate-dehydroascorbate or reduced glutathione-oxidized glutathione) is an indicator of oxidative 

damage. The loss of an antioxidant molecule causes changes in the concentration of other antioxidant 

molecules, which can be evaluated through biochemical, immunohistological, spectroscopic, or 

electrochemical techniques. The GSH/GSSG ratio is not influenced by external factors or specific 

damage conditions in the body (as MDA might be, which depends on lipid peroxidation). 

Glutathione is an essential component in cells, and its relationship with reactive oxygen remains 

relatively constant across a wide range of physiological conditions. This makes it a more stable and 

reliable marker for the overall antioxidant status. The GSH/GSSG ratio reflects a dynamic 

equilibrium, as its proportion changes immediately with fluctuations in oxidative stress or 

pathophysiological conditions. This type of measurement can provide more functional data on the 

cellular health status over time. [76] 

The biological reference intervals estimated by a laboratory depend on the socio-biological 

characteristics of the reference population and the availability of a measurement method. 

The identification and development of specific oxidative stress biomarkers are important, as this 

process is crucial for certain human diseases, including cardiovascular diseases. The initial issue that 

arises in the context of the applicability of oxidative stress biomarkers in clinical practice is that any 

result lacks validity if it cannot be compared with reference values. These values are established after 

understanding the distribution of the reference population's figures. Unfortunately, reference values 

for these types of markers are still unknown. Factors such as age, gender, nutritional status, or health 

condition can affect these biomarkers, as well as the lack of standardization in measurement 

techniques, as there is no widely accepted consensus on the most appropriate analytical method for 

determining these markers. Different analysis techniques may generate results that are not 
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comparable with one another, making clinical interpretation more difficult. Although these 

biomarkers may indicate cellular damage, it is not always clear to what extent they reflect the 

progression of specific diseases. Furthermore, in diseases like cardiovascular conditions, oxidative 

stress is just one of many contributing factors, further complicating the interpretation of these 

markers as specific indicators of pathology. Additionally, it should be emphasized that many of these 

oxidative stress biomarkers are highly reactive and can break down quickly in uncontrolled 

conditions. This means that proper sample handling and storage are essential to obtain reliable 

results. For all these reasons, currently, the applicability of oxidative stress biomarkers is limited to 

in-house methods used by a few laboratories, which employ their own reference values based on 

their study population [72,77,78]. 

6. Therapeutic Strategies to Reduce Oxidative Stress 

Therapeutic strategies targeting OS in cardiovascular disease, particularly arteriosclerosis, aim 

to influence in its pathogenic mechanisms including inflammation and OS (OS). Various studies have 

demonstrated that angiotensin-converting enzyme inhibitors (ACEIs) such as Captopril, and calcium 

channel blockers possess antioxidant properties. Their vascular protective effect is mediated by 

reducing OS through thiol groups, positively regulating eNOS expression, and inhibiting NADPH 

oxidase activity, thus restoring vascular defense activity via endogenous antioxidants like 

extracellular SOD [33,86]. 

Combination therapies with renin-angiotensin-aldosterone system (RAAS) inhibitors in acute 

myocardial infarction patients have shown reduced vascular OS and myocardial damage, proving 

more effective in preventing harmful effects of vascular OS compared to vitamin supplementation. 

Furthermore, publications discuss inhibition of ASK1-signalosome, a key protein complex 

regulating OS that links ROS generation to signaling pathways involved in aging and cardiovascular 

diseases. Thioredoxin acts by keeping ASK1-signalosome inactive when reduced, thus considered a 

potential cardioprotective therapy against OS [37,86]. 

Flavonoids, key bioactive components in the diet, exhibit antioxidant, anti-inflammatory, and 

cardioprotective properties. They contribute to lipid and blood pressure reduction, myocardial 

ischemia, and arrhythmias. Epidemiological studies have established an inverse correlation between 

flavonoid consumption and cardiovascular mortality. These compounds act through multiple 

mechanisms involving the NO-guanylate cyclase pathway, endothelium-derived hyperpolarizing 

factors, and ET-1 to protect endothelial cells from apoptosis. They also reduce circulating oxidized 

LDL concentrations and aortic stiffness, thus improving endothelial function. Clinically, foods such 

as green tea, dark chocolate, grape anthocyanins, and quercetin from onions have shown 

improvements in endothelial function in hypertensive and ischemic heart disease Patients [66,88–92]. 

Various nutritional compounds including vitamin C [93], antioxidant-rich nuts containing 

selenium, zinc, vitamins A, E, and tocopherols [93], probiotics [95] and minerals like potassium, 

calcium, and magnesium demonstrate significant positive effects on cardiovascular health [96]. 

Specifically, Ginkgo Biloba and curcuminoids from turmeric have been studied for their ability to 

activate the SIRT1 axis, reduce inflammation, preserve cardiomyocytes, increase NO bioavailability, 

decrease cardiac OS, and myocardial apoptosis [97–100]. Additionally, research suggests that diets 

enriched with extra virgin olive oil can reduce the risk of acute myocardial infarction, stroke, and 

cardiovascular-related mortality by 30% [101]. These dietary strategies contribute to preventing 

uptake of oxidized LDL by arterial wall cells, promoting vasodilation, improving endothelial 

function, reducing inflammation, and mitigating OS. 

Antioxidants, both natural and synthetic, play a crucial role in early prevention of cardiovascular 

diseases and are effective when used at optimal concentrations. Compounds with polyphenolic 

structures and hydroxyl groups (OH) are particularly effective due to their antioxidant activity [88]. 
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7. Conclusions 

OS plays a critical role in endothelial damage and the pathogenesis of cardiovascular diseases 

such as atherosclerosis and hypertension. It arises from an imbalance between ROS production and 

antioxidant defenses, leading to cellular injury. In atherosclerosis, ROS oxidize low-density 

lipoproteins, triggering plaque formation through inflammation and immune cell recruitment. This 

compromises endothelial integrity, induces apoptosis and stimulates smooth muscle cell 

proliferation, accelerating disease progression. In hypertension, OS reduces nitric oxide availability, 

crucial for vasodilation, resulting in vasoconstriction, increased vascular resistance, and elevated 

blood pressure. Despite advances, antioxidant therapies have shown mixed clinical results, 

necessitating more targeted approaches and deeper molecular understanding. Current research 

focuses on precise therapeutic targets and optimized antioxidant combinations to enhance clinical 

efficacy. 

Further investigation into OS biomarkers is crucial for personalized treatments and improved 

outcomes in vascular diseases. Standardizing these biomarkers will aid in assessing disease severity 

and treatment efficacy. Continued research is essential to refine prevention and treatment strategies, 

ensuring better management of cardiovascular diseases.  

Data Availability Statement: No new data were created or analyzed in this study. 

Abbreviations 

The following abbreviations are used in this manuscript: 
LDL Low-density lipoprotein 

OS oxidative stress 

ROS reactive oxygen species 

eNOS endotelial nitric oxide synthase 

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells 

iNOS inducible nitric oxide synthase 

BH4 Tetrahydrobiopterine 

NADPH nicotinamide adenine dinucleotide phosphate oxidase 

NOX nicotinamide adenine dinucleotide phosphate oxidase 

SOD superoxide dismutase 

GPx Glutathione peroxidase 

GSSG oxidized glutathione 

GSH glutathione 

HSPs heat shock proteins 

NO nitric oxide 

ET-1 endothelin-1 

Trx thioredoxin 

cGMP guanosie 3’,5’-cyclic monophosphate 

ONOO-,  Peroxynitrite 

ATP adenosine triphosphate 

mtDNA mitocondrial DNA 

oxLDL oxidized low-density lipoproteins 

PUFA peroxidation of polyunsatured fatty acids 

CD cojugated dienes 

LOO. peroxyl radical 

MDA malondialdehyde 

HNE 4-hidroxynonenal 

IL4 interleukin-4 

IL1β interleukin 1β 

TNF-α tumor necrosis factor-α 

VCAM-1 vascular cell adhesión molecule 1 

ICAM-1 intercelular adhesión molecule 1 

HDL high-density lipoprotein 

ABCA1 ATP binding casette 
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Apo A1 apolipoprotein A1 

M1 inflammatory macrophages 

ANGII angiotensin II 

AP-1 activator protein-1 

MAPK mitogen-activated protein kinase 

DM diabetes mellitus 

AGEs advnaced glycation end-products 

ACEIs angiotensin-converting enzyme inhibitors 

RAAS renin-angiotensin-aldosterone system 

ASK1 apoptosis signal-regulating kinase 1. 
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