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Reactive oxygen species (ROS) are radical oxygen intermediates that serve as important second messengers in signal

transduction. However, when the accumulation of these molecules exceeds the buffering capacity of antioxidant enzymes,

oxidative stress and endothelial cell (EC) dysfunction occur.
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1. Introduction

Reactive oxygen species (ROS) are byproducts of enzymatic reactions, composed of both free radical and non-free

radical oxygen intermediates, and are generated in numerous cell compartments such as the endoplasmic reticulum (ER),

mitochondria, and cell membrane . At physiological concentrations, ROS are generated by several sources, including

uncoupled endothelial nitric oxide synthases (eNOS), NADPH oxidases (NOX), xanthine oxidases (XO),

cyclooxygenases, and the mitochondrial electron transport chain . Antioxidant enzymes such as superoxide dismutase

(SOD), catalase (CAT), and peroxidase (POD) are required to manage the production of ROS for cellular health .

Cardiovascular (CV) diseases, the leading causes of death worldwide, act to remodel blood vessels and restrict blood flow

to the heart and nervous system . Oxidative stress contributes to the development of CV risks and disorders, including

hypertension, atherosclerosis, diabetes mellitus (DM), cardiomyopathy, obesity, and congestive heart failure . The

endothelium not only regulates the passage of nutrients between tissues, forms the inner lining of all blood vessels, and

manages the protective barrier properties of the vascular system , but also modulates vascular growth and

permeability, tissue metabolism, immune responses to inflammatory stimulation, stem cell recruitment, and regulation of

vascular tone . Endothelial cells (ECs) also secrete a wide range of cytokines and growth factors that regulate

various physiological activities in autocrine, paracrine, and endocrine manners. One of the important molecules that ECs

produce is nitric oxide (NO), generated by endothelial NO synthase (eNOS). NO is a vasoactive molecule that participates

in vascular remodeling, vasodilation, platelet aggregation and adhesion, clot formation, and renal hemodynamics .

ROS serve as important second messengers for signal transduction and aid in modulating EC activation, proliferation, and

angiogenesis . However, under CV risks or disorders when the accumulation of ROS exceeds the buffering capacity

of antioxidant enzymes, oxidative stress and molecular damage occur, leading to early apoptotic death and genomic

alteration in ECs . ECs then switch from a vasodilative, anti-inflammatory, anticoagulant environment to a

vasoconstrictive, proinflammatory, and procoagulant environment, with decreased bioavailability of nitric oxide (NO) and

overproduction of superoxide (O ), leading to impaired cellular repair  and endothelial dysfunction.

Extensive studies have investigated the therapeutic potential of various antioxidant therapies in ECs , with recent

studies turning to the investigation of microRNAs (miRNA). MicroRNAs are short, non-coding RNA molecules that silence

post-transcriptional target genes by promoting messenger RNA (mRNA) cleavage and/or inhibition of protein translation

. Emerging evidence has suggested that ROS and microRNAs co-regulate each other. ROS dysregulate the

expression of miRNAs in vascular and immune cells, while miRNA manages oxidative stress by targeting specific mRNAs

. Due to the biodistribution of these molecules and the presence of multiple mRNA targets for a single microRNA,

mechanistic approaches for reducing excessive oxidative stress without impacting other pathways have been evolving .

2. Generation of ROS in Endothelial Cells

ECs actively respond to hemodynamic changes and blood-borne signals and facilitate the exchange of oxygen, nutrients,

solutes, hormones, and macromolecules between the blood and surrounding tissues, making them essential in the

management of metabolic homeostasis . Production of ROS by ECs is a required process for normal cellular function

and can be triggered by oxidants produced by activated immune cells, cytokines, and other physical stimuli .
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Intracellular ROS consist of superoxide, hydrogen peroxide (H O ), and hydroxyl radicals that are derived from uncoupled

eNOS, NADPH oxidase, electron transport chain in mitochondria, and xanthine oxidase (Figure 1) . Under

controlled environments, these ROS serve as second messengers regulating cell proliferation, differentiation, immune

responses, and tissue repair . However, an overabundance of ROS leads to EC dysfunction, increasing the risk of

atherosclerosis, hypertension, hypercholesterolemia, stroke, diabetes, obesity, and other metabolic syndromes .

Figure 1. ROS generation and removal in endothelial cells. Reactive oxygen species (ROS) are mainly derived from

uncoupled endothelial nitric oxide synthase (eNOS), NADPH oxidase (NOX), mitochondria, and xanthine oxidase (XO).

Antioxidants that regulate ROS include catalase (CAT), superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2),

and uric acid (UA). During eNOS uncoupling, superoxide (O ) is produced in abundance rather than nitric oxide (NO).

Superoxide then reacts with NO to generate peroxynitrite (ONOO ), which rapidly oxidizes tetrahydrobiopterin (BH4),

thereby maintaining the state of eNOS uncoupling. ROS produced from NOX isoforms are involved in proliferation,

migration, and differentiation in ECs, and are known to cause mitochondrial DNA damage, induce oxidative inactivation of

BH4, stimulate the conversion of xanthine dehydrogenase (XDH) to XO, and manipulate the opening of the mitochondrial

ATP-sensitive K+ ion channel (mitoKATP). NOX1 and NOX2 generate superoxide as opposed to NOX4, which converts

superoxide to H O . In low concentrations of Ca , NOX5 enhances ROS production in ECs. Dual oxidase 1 (DUOX1)

and dual oxidase 2 (DUOX2) possess roles in immune response and cell differentiation and are responsible for H O

generation. Leakage of electrons from the mitochondrial electron transport chain generates superoxide, but the presence

of SOD1 and SOD2 prevents the buildup of damaging mitochondrial ROS (mROS). In the inner mitochondrial matrix

(IMM), superoxide is converted to H O  by SOD2, while superoxide in the intermembrane space (IMS), which is between

the IMM and outer mitochondrial matrix (OMM), is converted by SOD1. H O  is reduced to H O by oxidizing glutathione

(GSH) into glutathione disulfide (GSSG). This reaction is catalyzed by glutathione peroxidase (GPx). Catalase is an Fe-

containing enzyme that catalyzes hydrogen peroxide into H O and molecular oxygen. XO and XDH are the two

interconvertible forms of xanthine oxidoreductase (XOR) where NAD+ is used to generate superoxide and peroxide.

Under normal physiological conditions, UA possesses antioxidant activity and can aid in the regulation of ROS generated

by XOR by reacting with ONOO  to form NO-releasing derivatives.

2.1. Uncoupled eNOS

In ECs, the eNOS enzyme produces NO, an unorthodox, highly reactive messenger molecule that regulates vascular

tone, gene transcription, mRNA translation, and post-translational modifications of proteins . eNOS requires L-arginine

and molecular oxygen (O ) to produce NO along with the cofactors tetrahydrobiopterin (BH4), nicotinamide adenine

diphosphate (NADPH), flavin mononucleotide, heme, and flavin adenine dinucleotide . Depletion of these molecules

leads to eNOS uncoupling, where O  is produced in abundance rather than NO. Superoxide reacts with NO to generate

peroxynitrite (ONOO ). This unstable molecule rapidly oxidizes BH4, which then maintains the state of eNOS uncoupling

and reduces NO bioavailability . This rapid oxidative inactivation of NO and overproduction of ROS by uncoupled

eNOS has been shown to increase the risk of developing vascular disease factors .

2.2. NADPH

NADPH oxidase is an enzyme whose primary function is to catalyze the production of superoxide from oxygen and

NADPH. ROS produced from NOX isoforms are involved in proliferation, migration, and differentiation in ECs , and

are known to cause mitochondrial DNA damage, induce oxidative inactivation of BH4, stimulate the conversion of xanthine

dehydrogenase (XDH) to XO, and manipulate the opening of the mitochondrial ATP-sensitive K  ion channel (mitoK )
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. The NOX family has seven isoforms, known as NOX1/2/3/4/5 and dual oxidase 1/2 (DUOX1/2). Many have been

found to induce vascular dysfunction and inflammation . NOX1 and NOX2 generate superoxide as opposed to NOX4,

which is constitutively active and converts superoxide to H O  (Figure 1) . In addition, NOX2 oversees the transfer

of electrons from cytosolic NADPH to molecular oxygen and participates in signal transduction, angiogenesis, and cell

death . NOX3, although also responsible for generating ROS, is mainly expressed in the inner ear and has not been

observed as a key factor in EC dysfunction and vascular damage . NOX5 is the only calcium-regulated isoform present

in the endothelium and has been found to interact with glucose and angiotensin II . In low concentrations of Ca ,

NOX5 enhances ROS production in ECs . DUOX1 and DUOX2 possess roles in immune response and cell

differentiation, with both being expressed in the stomach, lungs, and thyroid. Their functions in the vascular system are

relatively uncertain, although they are responsible for H O  generation . Overall, these enzymes serve as primary

sources of ROS in ECs and require further investigation in metabolic disorders and the vascular system.

2.3. Mitochondrial Electron Transport Chain

Mitochondria are crucial for the generation of ATP in cells. In ECs, mitochondrial-derived reactive oxygen species (mROS)

are critical for cellular responses to vascular risk factors. Leakage of electrons from the mitochondrial electron transport

chain generates superoxide. The production of mROS by the ETC is tightly regulated in order to avoid oxidative damage

to cellular processes . In the inner membrane, electron transport chain complexes I-IV generate a proton gradient that

drives the production of ATP . First, electrons (e ) from NADH and FADH2 pass through complexes I and II into

complex III by ubiquinol (CoQ). Cytochrome c then transfers the electrons to complex IV, where O  is reduced into H O.

Protons reenter the mitochondrial matrix through complex V and are used to generate ATP . During this cycle, electrons

are leaked from complexes I and III, and superoxide is then generated toward the matrix and intermembrane space .

The increase in superoxide results in the swelling of mitochondria and further membrane breakdown, leading to the

release of cytochrome C. The latter then triggers a caspase cascade and induces cell apoptosis . The mitochondria

dysfunction of this organelle is one of the major causes of ROS overproduction and EC dysfunction, making it a potential

target for CVD treatments.

2.4. Xanthine Oxidases

Xanthine oxidoreductase (XOR) is a terminal enzyme that produces superoxide and hydrogen peroxide by catalyzing the

oxidation of hypoxanthine, which is then converted to uric acid (UA) . XO and xanthine dehydrogenase (XDH) are

the two interconvertible forms of XOR where NAD+ is used to generate superoxide and peroxide . Though this

enzyme is one of the major sources of ROS, it is mainly studied due to its ability to produce uric acid. UA is the end-

product of purine metabolism. Under normal physiological conditions, UA possesses antioxidant activity and can aid in the

regulation of ROS generated by XOR by reacting with ONOO  to form NO-releasing derivatives or by targeting the Nrf2

pathway . When synthesis and excretion are unbalanced, hyperuricemia can occur  and cause inflammation

and EC dysfunction, eventually progressing into gout, atherosclerosis, or chronic kidney disease if left untreated .

Although an increase in XOR levels can lead to damaging ROS, the conversion of these molecules into uric acid can

provide oxidative benefits.

2.5. Antioxidant/Defense Systems in ECs for ROS

Antioxidants counteract and eliminate ROS, making them critical molecules to defend against oxidative stress in ECs. The

two types of antioxidants include enzymatic and non-enzymatic, where enzymatic antioxidants directly catalyze ROS and

non-enzymatic either promote anti-oxidative enzymes or aid in oxidative chain reactions . Superoxide dismutase

(SOD), catalase (CAT), and glutathione peroxidase (GPx) are the main enzymes involved in ROS metabolism. SODs,

which catalyze the conversion of superoxide to hydrogen peroxide, are composed of three isoforms, including copper–inc

superoxide dismutase (Cu/ZnSOD, SOD1), manganese superoxide dismutase (MnSOD, SOD2), and extracellular

superoxide dismutase (EcSOD, SOD3) . Cu/ZnSOD is an active dimer that converts superoxide into molecular oxygen

and hydrogen peroxide using copper and zinc as its metal cofactors . MnSOD, the greatest source of cellular ROS of

the three isoforms, regulates ROS in the mitochondrial matrix . EcSOD is the least-studied isoform but has thus far

been shown to exert anti-inflammatory abilities, regulate cell barrier function, modulate cytokine response, and protect

tissues against ROS . In the mitochondrial matrix, superoxide is converted to H O  by SOD2, while intermembrane

space superoxide is converted by SOD1 after it passes through voltage-dependent anion channels (VDAC) . Catalase

is an Fe-containing enzyme that catalyzes hydrogen peroxide into H O and molecular oxygen . Heme-containing

enzymes, true catalases, catalase-peroxides, and manganese catalases are used to classify this enzyme . Yang et al.

found that inhibiting catalase in ECs promotes ROS production and enhances oxidative damage under a hypoxic

environment . Similar to catalase, GPx is also responsible for reducing hydrogen peroxide and catalyzing GSSG, with

GSH as a reductant . Prasai et al. inhibited glutathione reductase activity and observed enhanced protein S-
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glutathionylation, VEGFR2 activation, and increased reactive oxygen species (ROS) production in aortic ECs,

demonstrating that the cellular GSH: GSSG ratio is critical in managing oxidative stress . Antioxidant enzymes can be

impaired in many metabolic disorders, particularly in hyperglycemia, due to multifactorial mechanisms . They have

become therapeutic targets as restoration of their ability to reduce oxidative stress and prevent EC dysfunction provides a

path toward reducing the risk of developing cardiometabolic disorders.
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