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Review Article

The role of reactive oxygen species in myocardial redox signaling 
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Abstract: Reactive oxygen species (ROS) are subcellular messengers in gene regulatory and signal 
transduction pathways. In pathological situations, ROS accumulate due to excessive production or insufficient 
degradation, leading to oxidative stress (OS). OS causes oxidation of DNA, membranes, cellular lipids, and 
proteins, impairing their normal function and leading ultimately to cell death. OS in the heart is increased in 
response to ischemia/reperfusion, hypertrophy, and heart failure. The concentration of ROS is determined 
by their rates of production and clearance by antioxidants. Increases in OS in heart failure are primarily 
a result of the functional uncoupling of the respiratory chain due to inactivation of complex I. However, 
increased ROS in the failing myocardium may also be caused by impaired antioxidant capacity, such as 
decreased activity of Cu/Zn superoxide dismutase (SOD) and catalase (CAT) or stimulation of enzymatic 
sources, including, cyclooxygenase, xanthine oxidase (XO), nitric oxide synthase, and nonphagocytic NAD(P)
H oxidases (Noxs). Mitochondria are the main source of ROS during heart failure and aging. Increased 
production of ROS in the failing heart leads to mitochondrial permeability transition, which results in matrix 
swelling, outer membrane rupture, a release of apoptotic signaling molecules, and irreversible injury to the 
mitochondria. Alterations of “redox homeostasis” leads to major cellular consequences, and cellular survival 
requires an optimal regulation of the redox balance. 
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Introduction

Heart failure has emerged as a true epidemic in the western 
world during the past two decades by appearing most commonly 
in patients with coronary artery disease. Increasing evidence 
suggest that oxidative stress (OS) is involved in the pathogenesis 
of ischemic heart disease, cardiac hypertrophy and congestive 
heart failure (1,2).

The deleterious effects of oxidants are partially due to 
the ability of these metabolites to produce modifications 
in subcellular organelles such as sarcolemma, sarcoplasmic 
reticulum (SR), mitochondria and nucleus, which are intimately 
involved in the regulation of cardiomyocyte Ca2+ homeostasis 
(1,2). OS plays a major role in regulating a wide variety of 
cellular functions, including gene expression, cell growth, and 
death. Reactive oxygen species (ROS) post-translationally 
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modulate signaling molecules and transcription factors. 
ROS generation is efficiently stabilized by antioxidant 
enzymatic activity that scavenges ROS and limits toxicity. 
Of most importance are copper-zinc (CuZn) and manganese 
(Mn) superoxide dismutase (SOD) that dismutate O2

– to 
H2O2, and glutathione peroxidase (GPX) and catalase (CAT), 
which convert H2O2 to water (3). In conclusion, OS is the 
combined result of increased ROS production, arising from 
enzymatic stimulation, including xanthine oxidoreductase 
(XOR), cyclooxygenase, nitric oxide synthase (NOS), and 
NADPH oxidases (Noxs), and impaired antioxidant capacity, 
such as decreased activity of Cu/Zn SOD and CAT.

Sources of ROS in human myocardium

The major potential sources of ROS in human myocardium 
include the mitochondrial electron transport chain, XOR, 
NADPH oxidases as well as dysfunctional NOSs.

Excessive ROS production from mitochondria, more 
specifically from mitochondrial oxidases, has been described 
in experimental models of myocardial infarction (MI) and 
heart failure (4,5). Increased production of ROS in the 
failing heart leads to increased mitochondrial permeability, 
which causes matrix swelling, outer membrane rupture, the 
release of apoptotic signaling molecules, such as cytochrome 
C from the intermembrane space, and irreversible injury 
of the mitochondria (6). Normally, mitochondrial electron 
transport chain generates ATP transferring electrons 
from nicotinamide adenine dinucleotide (NADH) and 
reduced flavine-adenine dinucleotide (FADH2) to oxygen, 
reducing it to water. Mitochondrial electron transport 
chain, localized in the inner mitochondrial membrane, is 
consisted of four cytochrome-based enzymatic complexes 
(complexes I, II, III, IV). Complexes I and II are mainly 
formed by dehydrogenases, while complex III and IV are 
formed by cytochrome oxidases. Moreover, coenzyme Q 
transfers electrons between complexes I or II and III and 
between complexes III and IV. Normally, there is a small 
percentage 1–2% of electrons “leak” generating ROS, 
which is scavenged by mitochondrial antioxidant enzymes. 
However, in pathological conditions, coenzyme Q turns 
into a primary source of O2

– as some electrons may be 
swerved at the level of complex I or III (7).

Xanthine oxidoreductase represents another major 
source of ROS in the human heart and is upregulated in 
clinical states such as HF. It exists in two types xanthine 
dehydrogenase (XDH) and xanthine oxidase (XO) (8). 
Both XDH and XO catalyze the conversion of hypoxanthine 

to xanthine and xanthine to uric acid. More specifically 
XO, which exclusively reduces oxygen compared to XDH, 
constitutes a major source of O2

– and H2O2 radicals. It has 
also been described that H2O2 produced from NADPH 
induces further ROS production by XO, probably in a 
calcium-dependent manner (8). Though basal expression of 
XOR is low, factors such as cytokines and oxygen tension 
could upregulate gene expression. Several in vitro and in vivo 
studies, demonstrated that factors such as TNF-a, IFN-γ, 
IL-6 or IL-1 could activate XOR gene transcription (9).

NADPH oxidases catalyze the decrease of molecular 
oxygen leading to ROS production (10). These oxidases, 
initially described in neutrophils, are also present in 
cardiomyocytes, endothelial cells, fibroblasts and smooth 
muscle cells. The NADPH oxidase consists of two 
membrane-bound subunits, gp91phox and gp22phox, and 
three cytosolic proteins p47phox, p22phox and rac1/2. 
Five NADPH isoforms have been recently identified based 
on distinct homologues of gp91phox, Nox1-5. Nox2 is 
the most common NADPH oxidase in the human heart 
and coexists with Nox1, mainly expressed in VSMC, and 
Nox4 (11). Activation of Nox is observed in human heart 
failure, as evidenced by enhanced p47phox staining in the 
sarcolemmal membrane (12). Furthermore, gp91phox has 
been shown to be dominantly activated in animal models 
of cardiac hypertrophy (13). Each Nox may be activated 
in a different way, eliciting distinct signaling pathways, 
exhibiting a variety of biochemical properties. Stimuli such 
as angiotensin-II (Ang-II), endothelin 1 (ET1), TNF-a, 
noradrenaline as well as mechanical shear stress could 
induce Rac activation and p47phox phosphorylation, 
inducing Nox2 expression.

On the other hand, Nox4 activation only requires 
p22phox, thus seems to be consecutively stimulated by several 
agonists to produce ROS (11). The Nox4 isotype is expressed 
in a wide variety of organs, including the heart (14). Nox4 
is ubiquitously expressed in various cell types and tissues, 
including kidneys, the heart, and blood vessels (15). Aside 
from other members of the Nox family, Nox4 is thought to 
be constitutively active and does not need cytosolic factors, 
such as p47phox, p67phox, and the small GTPase Rac, for 
its activation. Therefore, its expression levels essentially 
determine the amount of O2

– production in cells.
Nitric oxide is a free radical gas, highly diffusible in 

cell membranes, with vital importance in heart diseases. 
NO is synthesized by the conversion of L-arginine to 
L-citrulline, a reaction catalyzed by enzymes called nitric 
oxide synthases (NOS) with the binding of the critical co-
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factor tetrahydrobiopterin (BH4). Notably, in pathological 
conditions, NO reacts with O2

– generating peroxynitrite, 
which in turn could induce the oxidation of BH4. This 
seems to be the key mechanism for enzyme “uncoupling”, 
deflecting NOS to greater superoxide production. 
Furthermore, in the absence of sufficient amounts of 
substrate, NOS can also produce O2

–. Three NOS isoforms 
are of great importance in myocardium: endothelial NOS 
(eNOS, or NOS3), inducible NOS (iNOS, or NOS2) and 
neuronal (nNOS, or NOS1). Recent experimental data 
demonstrated different intracellular localization of each 
isoform in cardiomyocytes, as well as altered expression and 
activity level in the presence of cardiac disease (16).

Endothelial NOS is expressed in coronary arteries and 
endocardium endothelial cells, in cardiomyocytes and 
cardiac conducting tissue (16). NO produced by coronary 
endothelium and cardiomyocytes as well, modulate cardiac 
contractile function. Furthermore, eNOS activity mainly 
depends on heart inotropic state and is affected by cardiac 
contractile function (17). Endothelial NOS uncoupling 
represents the key mechanism for ROS generation, 
stimulated in states with increased OS, such as heart failure.

Myocardial nNOS is initially localized in SR (16). Of 
great interest are specific interactions between nNOS 
and co-localized XOR in the SR of cardiomyocytes. 
Interestingly, it has been demonstrated in vitro that 
inhibition of nNOS expression led to increased O2

– 
generation by XOR. Cardiac mitochondria also contain 
nNOS. It is possible that mitochondrial nNOS synthesize 
NO which inhibits cellular respiration, though the exact 
role is not yet clear (18).

Activated in a calcium-independent manner, iNOS is mainly 
expressed in cardiac myocytes after stimulation by cytokines in 
disease states associated with inflammation (19). Circulating 
cytokines, such as IL-1b, IL-6, TNF-a, and IFN-γ, have 
been shown to induce iNOS expression, leading to nitrogen 
reactive species generation, mediating the depressant effects 
of cytokines in the heart. Besides cardiac myocytes, iNOS is 
also detected in endocardial and microvascular endothelium, 
in fibroblasts and vascular smooth muscle cells.

ROS as effectors of intracellular processes

Besides its central role in immune defense against microbial 
agents, ROS are also involved in cellular signaling  
pathways (20). ROS mediates the activation of signaling 
molecules such as nuclear factor-kappa beta (NFkB) and 
activating protein-1 (AP-1), mitogen-activated protein kinases 

(MAPK) such as ERK1/2, JNKs and p38 MAPKs (20,21). The 
modulation of signaling pathways by ROS is defined as “redox 
signaling”. Exogenous stimuli, such as ET-1, are connected 
to membrane receptors, mainly G-protein coupled receptors, 
leading to ROS production and further activation of redox-
induced transcription factors, resulting in large-scale effects on 
cardiac myocytes and subsequently to the human heart (20).

ROS per se have the ability to directly affect the 
molecular structure and function of important intracellular 
molecules. They could directly influence the integrity of 
genomic DNA, leading to crucial mutations, while also they 
could cause structural modifications to key proteins, leading 
to enzymatic malfunction or inactivation. Furthermore, 
ROS affect the intracellular lipids leading to lipid 
peroxidation, threatening the molecular stability of cellular 
membrane and cellular organelles.

ROS and redox-regulated pathways

ROS are involved in modulating the activity of specific 
transcription factors including NFkB and AP-1. NFkB is 
a well-studied redox-sensitive transcription factor. NFkB 
inactive form exists in cytosol associated with IkB inhibitory 
proteins. ROS are involved in modulating the activity of 
specific transcription factors including NFkB and AP-1. 
Increased intracellular levels of ROS could lead to NFkB 
activation via degradation of IkB, which under normal 
condition inhibits the NFkB transcription. It has been 
proven that increased intracellular levels of ROS could 
result in further activation of NFkB, an action mediated 
by Toll-like receptors (TLRs) (22). Moreover, it has been 
proposed that the same mechanistic pattern could also 
count for other redox-sensitive transcription factors such 
apoptosis signal kinase-1 (ASK-1) (21).

Changes in ROS levels can also affect the function 
of ion channels, such as calcium (Ca2+) channels, and 
transporters (23,24). It is known that the function of 
the cardiac excitation-coupling mechanism is mainly 
dependent on intracellular Ca2+ levels. ROS by modifying 
the activity of both the SR release Ca2+ channel (SERCA) 
and the ryanodine receptor (RyR), directly affect cardiac  
contraction (23). ROS-mediated alterations in Ca2+ 
transport systems are involved in various heart disease 
states, such as ischemia-reperfusion (I/R) injury (23).

Recently, some mechanisms have also been proposed 
in order to indicate the specific connection between ROS 
and molecular pathways which regulate important cellular 
functions. For example, it has been shown that high-mobility 
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group box 1 protein, a nuclear protein bound to chromatin, 
is induced by increased ROS levels, leading to subsequent 
NADPH activation, further eliciting downstream pathways 
leading to cellular apoptosis (25). The same protein, under 
other circumstances, could have a beneficial role in cellular 
survival. Recent evidence suggests a significant role for this 
protein in I/R injury (25). However, it is clear that more 
studies are needed in order to unravel the complex network 
connecting ROS to molecular pathways completely.

ROS as signaling molecules

Beyond their role as being the end product of specific 
molecular changes, ROS could also act as signaling molecule 
being the bridge connecting the stimuli to the intracellular 
signaling pathways. Such stimuli could be ATII, FGF-
2, TNF-a, ET-1 (21,26). In vivo and in vitro studies have 
shown that ATII binds to a G protein-coupled receptor on 
the myocardial cell surface, leading to NOX2 activation and 
increased ROS production, which subsequently activates 
factors such as AP-1, triggering the initiation of inflammatory 
pathways (13,27). Additionally, increased ROS production 
could mediate TNF-a induced cardiomyocyte apoptosis  
in vitro (28). Recent data has shown that ET-1 could lead to 
Ca2+ channels activation via a ROS-mediated pathway (29). In 
other studies, TNF-a, a common inflammatory cytokine in 
various cardiovascular diseases, was administered to mice. It 
was demonstrated that TNF-a induced ventricular remodeling 
was highly associated with ROS production in ventricles, 
via a Nox-dependent mechanism (30). Similar mechanisms 
have been implicated in the b2 adrenoreceptor induced 
cardiomyopathy and heart failure. Mice overexpressing b2 
adrenoreceptor, exhibited higher ROS production, mainly 
derived from activated NADPH oxidase (31). Subsequently, 
ROS, acting as a second messenger, induced the activation of 
p38MAP kinase inflammatory pathway, resulting in cardiac 
remodeling, cardiomyopathy and heart failure (31).

The role of ROS in cardiac apoptosis

Apoptosis or programmed cell death is a genetically guided 
physiological mechanism that regulates tissue homeostasis 
via controlling cell deletion. Clinical and experimental data 
indicate that cardiomyocyte apoptosis occurs in ischemic and 
failing hearts and contributes to the cardiac dysfunction and 
failure. In the last decade, it has been established that ROS 
could elicit apoptotic pathways in cardiomyocytes. However, 
the interplay between the molecular factors that participate in 

this process remains unclear (32).
Stimulation of cardiomyocytes with exogenous ROS 

causes apoptosis. In adult cardiomyocytes, relatively low levels 
of H2O2 were found to activate ERK1/2 MAPK pathway, 
while higher levels also activate JNK, p38 MAPKs and Akt 
inducing apoptosis (32). Data indicate that ROS also mediate 
b-adrenergic-induced apoptosis. Stimulation of b-adrenergic 
receptor, initiated the mitochondrial apoptotic pathway, which 
involves the release of cytochrome c in the cytosol, as well 
as the JNK activation, leading to cardiac myocyte apoptosis 
(33,34). A model of Ang-II-induced apoptosis demonstrated 
that angiotensin could lead to increased production of ROS, 
which subsequently led to activation of Ca2+/calmodulin-
dependent protein kinase, even at low levels of Ca2+. This, 
in turn, triggers the activation of p38MAP kinase and  
apoptosis (35). Data from this study also indicated that 
NADPH oxidase serves as a source of ROS in this pathway, 
given that NADPH oxidase inhibition has led to prevention 
of cardiomyocyte apoptosis (35). Furthermore, the role of 
NADPH oxidase and especially of its counterpart Rac1 
has also been indicated in the hyperglycemia-associated  
apoptosis (36). High glucose levels lead to increased Rac1 
activation and NADPH oxidase-associated ROS production, 
resulting in cardiomyocyte dysfunction and apoptosis (36). On 
the other hand, some data describe anti-apoptotic properties 
of ROS. It has been demonstrated that redox regulated 
pathways such as JNK pathway, could promote the survival 
of cardiac myocytes, in a cell culture model of hypoxia-
reoxygenation (37). It has been shown that cardiomyocytes 
transfected with a JNK inhibitory vector, resulted in cells 
vulnerable to apoptosis (37). Therefore, it has been proposed 
that the exact role of JNK may be cell-type and upon 
environmental conditions dependent, a hypothesis which 
may also be applied to other signaling pathways. However, it 
is important to mention that different observations, as well 
as variable experimental results, might be attributed to the 
different experimental approach used in each study.

Wang et al established for the first time, the role 
of OS in promoting myocardial fibrosis. The authors 
demonstrated that KCa3.1 channel is probably a critical target 
on the OS for its pivotal role in myocardial fibrosis, and 
the ERK1/2 pathway may be involved in the regulation 
of OS to KCa3.1 (38). Studies by Somanna et al. and Zhao  
et al. also confirmed the correlation of Nox4-derived ROS 
with myocardial fibrosis through AT1 pathway (39) and 
Akt/mTOR and NFκB pathway (40) respectively. Table 1 
summarizes the studies investigating ROS sources, signaling 
pathways, results and clinical implications.
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Table 1 Summary of studies investigating ROS sources, signaling pathways, results and clinical implications

Author
Type of 
study

Experimental 
model

N Focus of study Results Clinical implications

Ide et al. (4) E Animal model 
murine

23 Mitochondria Mitochondrial damage and dysfunction Myocardial remodeling and 
failureCatastrophic cycle of mitochondrial 

functional decline

Additional ROS generation 

Cellular injury

Heymes  
et al. (12)

C – 22 NADPH Cardiac dysfunction Heart failure

↑ Oxidative stress

Bendall  
et al. (13)

E Animal model 
murine

9 NADPH Ang-II-induced cardiac hypertrophy Hypertrophy

↑ Myocyte area 

↑ Interstitial fibrosis

Ago  
et al. (14)

E Animal model 
murine

6 NADPH (Nox4) ↑ Oxidative stress Apoptosis and heart failure

↑ Cardiac hypertrophy

Cell death and cardiac dysfunction

↑ Production in cardiac myocytes

Nishida  
et al. (20)

E Animal model 
(rat)

– ERK signaling ↑ Oxidative stress Ischemia/reperfusion-
induced cardiac injury 
and cytokine-stimulated 
hypertrophy

Hirotani  
et al. (21)

E Animal model 
(rat)

100 ASK-1 signaling ROS generation Hypertrophy

NF-kappaB activation

Wu et al. (27) E Animal model 
(rat)

– AP-1 signaling Ang-II stimulated ROS generation Hypertrophy

Machida  
et al. (28)

E Animal model 
murine

– Overexpression 
of TNF-a

ROS generation Myocardial dysfunction and 
heart failureMitochondrial DNA damage

Zeng  
et al. (29)

E Animal model 
(rat)

– NADPH and 
ET-1 signaling

ROS-dependent activation of ICaL Hypertrophy and heart 
failureET-1-induced intracellular calcium 

mobilization

Cardiac excitation-contraction

Myocyte proliferation

Moe  
et al. (30)

E Animal model 
murine

28 Nox2/Nox4 TNF-α-induced ROS Ventricular dysfunction and 
hypertrophyUpregulation of IL-1β and IL-6

↑ Oxidative stress

Ventricular inflammation

Ventricular remodeling

Xu et al. (31) E Animal model 
murine

51 NADPH 
signaling after 
chronic β2-
adrenoceptor 
activation

↑ ROS production Heart failure

Expression of pro-inflammatory cytokines 
and collagen

Ventricular inflammation

Ventricular remodeling

Table 1 (continued)



Moris et al. Myocardial redox

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2017;5(16):324atm.amegroups.com

Page 6 of 8

Conclusions

ROS are molecules that have an oxidizing ability. At 
physiological concentrations, ROS are vital for normal 
signal transduction in endothelial cells. Overproduction 
of ROS or reduced availability of antioxidant enzymes is 
considered to play a crucial role in the pathogenesis of 
cardiovascular dysfunction.

ROS are a part of a fundamental mechanism within 
the cardiomyocyte, which results in cellular OS. OS is a 

hallmark of various cardiovascular diseases that results in 
cellular dysfunction and death.

Heart failure and many of the conditions that lead to 
heart failure are associated with OS. This is considered 
to be significant in the pathophysiology of the condition, 
but clinical trials of antioxidant approaches to prevent 
cardiovascular mortality and morbidity have been 
unsuccessful. Part of the reason for this may be the 
failure to appreciate the complexity of the effects of ROS. 

Table 1 (continued)

Author Type of 
study

Experimental 
model

N Focus of study Results Clinical implications

von Harsdorf 
et al. (32)

E Animal model 
(rat)

– ROS signaling 
pathways

ROS-induced death in cardiac cells Apoptosis

ROS-induced apoptosis in 
cardiomyocytes

Aoki  
et al. (33)

E Animal model 
(rat)

– JNK pathway Oxidative stress-induced apoptosis Apoptosis

Activation of mitochondrial death 
machinery

Remondino 
et al. (34)

E Animal model 
(rat)

– Mitochondria 
and JNK 
pathway

βAR stimulation causes ROS-dependent 
mitochondrial cytochrome c release

Hypertrophy, apoptosis and 
heart failure

βAR-stimulated apoptosis

Palomeque 
et al. (35)

E Animal model 
(cat/rat)

– MAPK pathway Ang-II-induced apoptosis Apoptosis and heart failure

Ang-II-induced cell death

Shen et al. 
(36)

E Animal model 
murine

– Rac-1 and 
NADPH

Hyperglycemia-induced apoptosis Diabetic cardiomyopathy

ROS generation

Myocardial dysfunction

Dougherty  
et al. (37)

E Animal model 
(rat)

– JNK and MAPK 
pathway

Pro- and anti-apoptotic actions –

Wang  
et al. (38)

E Animal model 
murine

– ERK1/2 
pathway, KCa3.1 
channel

↑ Oxidative stress Myocardial fibrosis

Somanna  
et al. (39)

E Animal model 
murine

– NADPH (Nox4) 
and AT1 
pathway

Ang-II-induced cardiac fibroblast 
proliferation and migration

Fibrosis, hypertrophy and 
heart failure

Ang-II-induced IL-18 expression and 
MMP9 activation

Zhao  
et al. (40)

E Animal model 
murine

– NADPH (Nox4) 
and Akt/mTOR, 
NFκB pathway

↑ Oxidative stress Cardiac remodeling, 
hypertrophy and heart 
failure

↑ ROS generation

Cardiac interstitial fibrosis

Ang-II-induced cardiac hypertrophy

Shih  
et al. (41)

E Animal model 
(rat)

– ERK pathway Ang-II-induced beta-myosin heavy chain 
gene expression

Hypertrophy

E, experimental; C, clinical; N, number of subjects; Ang-II, angiotensin II; ICaL, L-type calcium channel current.



Annals of Translational Medicine, Vol 5, No 16 August 2017 Page 7 of 8

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2017;5(16):324atm.amegroups.com

Excessive OS damages proteins, membranes, and DNA 
but lower levels of ROS may exert much more subtle and 
particular regulatory effects (termed redox signaling), even 
on physiological signaling pathways.

The delineation of specific redox-sensitive pathways and 
mechanisms that contribute to different components of the 
failing heart phenotype can facilitate the development of 
newer targeted therapies as opposed to the failed general 
antioxidant approaches of the past.
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