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Abstract

Global epidemiological studies reported a shift from maternal/infectious communicable
diseases to chronic non-communicable diseases and a major part is attributable to
atherosclerosis and metabolic disorders. Accordingly, ischemic heart disease was identified as
a leading risk factor for global mortality and morbidity with a prevalence of 128 million people.
Almost 9 million premature deaths can be attributed to ischemic heart disease and subsequent
acute myocardial infarction and heart failure, also representing a substantial socioeconomic
burden. As evidenced by typical oxidative stress markers such as lipid peroxidation products
or oxidized DNA/RNA bases, the formation of reactive oxygen species by various sources
(NADPH oxidases, xanthine oxidase and mitochondrial resperatory chain) plays a central role
for the severity of ischemia/reperfusion damage. The underlying mechanisms comprise direct
oxidative damage but also adverse redox-regulation of kinase and calcium signaling,
inflammation and cardiac remodeling among others. However, reactive oxygen species have
not only detrimental effects but are also involved in essential cellular signaling and may even
act protective as seen by ischemic pre- and post-conditioning or eustress. These processes and
the role of reactive oxygen species are discussed in the present review. We also present and
discuss potential targets for redox-based therapies that are either already established in the
clinics (e.g. guanylyl cyclase activators and stimulators) or at least successfully tested in
preclinical models of myocardial infarction and heart failure (mitochondria-targeted

antioxidants).

Keywords: ischemia/reperfusion injury; heart failure; endothelial dysfunction; mitochondrial

dysfunction; oxidative stress; redox drugs.
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1. Introduction

According to data of the Global Burden of Disease (GBD) Study, the World Health
Organization and Global Health Observatory, there was a substantial shift from maternal
communicable diseases (mainly infections and malnutrition) to chronic non-communicable
diseases (NCDs) such as atherosclerosis and metabolic diseases during the last decades [1].
Chronic NCDs will be responsible for 77% of the global burden of disease by 2030 as projected
by the World Health Organization [2]. Currently more than half of these chronic NCDs are of
cardiovascular or metabolic origin [3]. Ischemic heart disease (IHD), comprising coronary
artery disease and acute coronary syndrome, was identified by the GBD Study investigators as
a leading risk factor for global deaths and disability adjusted life years [4]. In 2017, the global
prevalence of IHD was 128 million people leading to almost 9 million premature deaths [4],
mainly via typical IHD sequelae such as acute myocardial infarction (AMI) and heart failure,
the latter with a prognosis of 50% survival within 5 years after diagnosis, and with only limited
treatment options [5-7]. Also, the socioeconomic burden for the health care systems but also
loss of working time caused by IHD is substantial. In the USA, the average medical costs for
heart failure care amount to approximately 25,000 USD per patient annually, where the
hospitalization costs contribute the major part (almost 16,000 USD per year) [8].

In patients presenting with AMI, the myocardium is subjected to acute lethal ischemia
and reperfusion (I/R) injury, the consequences of which are acute myocardial injury and
cardiomyocyte death. This manifests as myocardial infarction (MI) and impaired left ventricular
systolic function, which are both strong predictors of clinical outcomes such as heart failure in
patients with AMI. Therefore, new treatments are needed to protect the heart against the
detrimental effects of acute myocardial I/R injury, in order to improve clinical outocomes in
patients with AMI and heart failure. In this article we review the role of oxidative stress and

redox biochemistry as targets for cardioprotection.
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2. The oxidative stress concept in cardiovascular disease

2.1 Reactive oxygen and nitrogen species related pathomechanism of endothelial dysfunction
and cardiovascular damage

Without any doubt, mitochondrial damage and dysfunction contributes to the
phenotypic changes observed in acute myocardial I/R injury and heart failure [9]. Alterations
of the signaling pathways involving extracellular vesicles are also part of these phenotypic
changes [10]. Both pathomechanisms also provide diagnostic opportunities and therapeutic
targets for IHD. Endothelial dysfunction as measured by flow-mediated dilation (FMD) or
acetylcholine-dependent plethysmography in peripheral arteries represents an early correlate of
atherosclerosis and has predictive value for future cardiovascular events and accordingly has
broad diagnostic implications [11]. Patients with IHD (comprising coronary artery disease and
acute coronary syndrome) [12-17], heart failure [18, 19] and myocardial infarction [20, 21]
display impaired endothelial function. Of note, endothelial dysfunction is directly correlated
with oxidative stress and vascular inflammation [14, 22], representing a strong diagnostic tool

to investigate cardiovascular pathophysiology, morbidity and mortality [23, 24].

The central concept of redox regulation of the vascular tone by the highly protective
vasodilator nitric oxide and its harmful antagonist superoxide anion is of great
(patho)physiological importance [25, 26] and was first reported by Gryglewski, Palmer and
Moncada [27]. A detrimental role of superoxide is supported by the existence of superoxide
dismutases (mitochondrial Mn-SOD and cytosolic/extracellular Cu,Zn-SOD), described in the
1960s, with the sole biological function to detoxify superoxide anion radicals [28] and impaired
vascular function or even lethality in SOD knockout mice [22, 29, 30]. Superoxide and related
or reactive oxygen species (ROS) products (e.g. H20z2, hydroxyl radicals and organic peroxides)
are mainly formed from primary sources such as NADPH oxidases and (dysfunctional)

mitochondrial respiratory chain as well as secondary sources such as xanthine oxidase and
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uncoupled nitric oxide synthases (Figure 1) [31-35]. Primary sources produce ROS without
post-translational modification, whereas secondary sources require initial (redox) modification
as known for xanthine dehydrogenase to oxidase conversion and uncoupling of nitric oxide
synthases [33, 36]. P450 or heme enzymes can also generate superoxide and other ROS as a
side reaction.

Almost any cardiovascular disease is associated with an imbalance between the
formation of reactive oxygen and nitrogen species (RONS, including superoxide, hydrogen
peroxide and hydroxyl radicals, and ‘NO, as well as products such as peroxynitrite and
hypochlorous acid) and detoxification by low molecular weight antioxidants ROS-degrading
enzymes [34, 35]. This imbalance will ultimately lead an altered redox state affecting multiple
enzymatic pathways that are under redox-control [37]. Oxidative stress manifests by
accumulation of oxidative modifications of biomolecules such as lipid peroxidation products,
oxidized DNA/RNA or proteins as well as glutathione/peroxiredoxin redox state (= redox
biomarkers), when the damage repair capacity of the cell and organelles is exceeded [38]. In
addition, abnormal alterations of gene/protein expression, enzymatic activity and cellular
pathways (e.g. apoptosis) may be indicative of oxidative stress [39, 40]. However, some of the
RONS (especially nitric oxide and H202) have a role as cellular messengers and contribute to
redox signaling, e.g. via S-nitros(yl)ation, reversible thiol oxidations and ferrous/ferric enzyme
equilibria [41-43]. RONS also contribute to a preconditioning-like protective process by
upregulating antioxidant enzymes [44], which may also explain the failure of clinical trials
using oral administration of unspecific antioxidants such as vitamins C and E (see discussion
below) [45].

Direct evidence for a role of oxidative stress in cardiovascular disease (CVD) is based
on large clinical trials or meta-analysis demonstrating an association of redox biomarkers with
cardiovascular events or mortality [22]. According to a systematic review and meta-analysis in

patients with CVD (1,916 subjects), higher 8-hydroxy-2-deoxyguanosine levels were
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associated with a cardiovascular higher risk [46]. Another meta-analysis in patients with
atherosclerotic CVD (14,509 subjects) showed that higher levels of circulating oxidized low-
density lipoprotein (oxLDL) were associated with a higher cardiovascular risk [47]. A study in
10,622 men showed an independent association of all-cause and CVD mortality with redox
biomarkers in the serum, derivatives of reactive oxygen metabolites (D-ROM indicative of ROS
levels) and total thiol levels (TTL representative of redox state) [48]. A study in 636 individuals
showed that higher levels of the antioxidant enzyme glutathione peroxidase-1 were positively
correlated with cardiovascular event—free survival [49]. In addition, there are numerous small-
cohort clinical studies showing that endothelial function (mostly measured by FMD or
acetylcholine-dependent plethysmography) in patients with cardiovascular diseases or risk
factors is mutually associated with redox biomarkers such as superoxide dismutase activity as
well as circulating glutathione (reduced form), oxXLDL/ADMA and malondialdehyde/8-oxo-
deoxyguanosine levels [11, 22]. There is also good evidence for an important role of oxidative
stress in the pathophysiology of IHD in general [50] as well as ischemia/reperfusion damage

[51, 52] and heart failure in particular [53-56].

2.2 Central role of oxidative stress and impaired redox signaling for the pathomechanisms of

acute myocardial ischemia/reperfusion injury and heart failure

ROS released acutely in large amounts have been implicated in the cell death associated
with myocardial infarction, I/R injury and heart failure [57, 58] and all major processes
triggered by ROS are summarized in Figure 2. I/R damage occurs when the blood supply to a
tissue is compromised for minutes to hours (ischemia) and then restored (reperfusion) [59].
ROS are produced mainly at the beginning of reperfusion, whereas relatively low amounts are
generated during ischemia. Ischemia is characterized by a lack of O2 and substrates which

induce metabolic disturbances, cell membrane permeability changes, alterations in ion channel
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function, and depletion of ATP. The metabolic derangement that occurs during ischemia may
trigger a cascade of events including ROS formation from residual molecular oxygen, loss of
nucleotide homeostasis and disruption of Ca?* homeostasis [60, 61]. Therefore, RONS are
produced during ischemia, but they are especially produced during reperfusion since one of the
first damaging events upon reperfusion is a burst of ROS production from mitochondria but
also xanthine oxidase and NADPH oxidases are involved [62, 63]. However, mitochondrial
permeability transition pore (mPTP) opening may even be regarded as an earlier damaging

event as ROS formation was reported to be secondary to the opening of the pore [64].

The timing of RONS formation in I/R was investigated in detail. Three prominent
radical signals were detected during I/R in isolated rabbit hearts using electron paramagnetic
resonance spectroscopy [70]: 1) a semiquinone signal (isotropic g = 2.004); 2) a ROO" signal
(anisotropic g parallel = 2.033 and g perpendicular = 2.005); 3) a nitrogen centered radical
signal (triplet g =2.000 and aN = 24 G). Normally perfused hearts show mainly the semiquinone
signal and only traces of ROO* and nitrogen centered radical signals. The latter rise after onset
of ischemia and reach a maximum at 45 min, while the semiquinone signal disappears. Upon
reperfusion all three signals increased with an early maximum at 10-20 s after reoxygenation.
As superoxide dismutase, deferoxamine or mannitol prevented the accumulation of the ROO*
signal, one can conclude that superoxide and hydroxyl radicals are involved in its formation.
Moreover, real-time fluorescence measurements of ROS and [Ca?*] in isolated rat hearts during
I/R revealed that mPTP opening is crucial for delayed ROS burst at 2-3 min and the rapid drop
of [Ca?*]i at 90 s after reperfusion [64]. ROS were monitored by a mitochondria-targeted H202-
sensitive fluorescent probe (MitoPY1) and [Ca?*]i was monitored with Indo-1, and both
processes were blocked by ischemic preconditioning and the mPTP inhibitor cyclosporin A. On
the basis of ROS formation kinetic measurements using the superoxide-sensitive dye

hydroethidium along with a manganese-porphyrin (MnTBAP) it was also demonstrated that
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ROS play a central role for the cardioprotection conferred by ischemic preconditioning [71],

although with somewhat different kinetics than described afore.

Since myocardial ischemia is one of the most frequent causes of heart failure, the initial
studies were focused on the role of ROS in I/R injury. The first few minutes of reperfusion are
critical, because what happens then initiates long-term tissue damage and dysfunction [72]. The
initial burst of ROS production can cause directly oxidative damage to mitochondria disrupting
ATP production and in combination with dysregulation of calcium levels can lead to mPTP
opening leading to necrotic and apoptotic cell death [73, 74]. These ROS can be released from
cardiomyocyte mitochondria (mainly complex I and I11), xanthine oxidase, and the (NAD(P)H)
oxidase (reviewed in [52]). ROS may activate specific redox sensitive signaling molecules. In
the heart, redox-modified proteins include proteins involved in various signaling pathways
and/or transcriptional activities. Important candidates for downstream effectors are the redox-
sensitive molecular targets p38MAPK and JNK (members of the stress-activated kinase family)
and the cell survival kinase Akt [75]. The above-mentioned kinases have been linked to survival
and apoptotic pathways activated in cardiomyocytes in response to injury stimuli [76]. In
particular, both angiotensin Il and H20: activate Akt to participate in hypertrophy or to prevent
apoptosis, respectively [77]. In cardiomyocytes, p38MAPK and JNK are also activated in

response to ROS and may lead to hypertrophy or apoptosis [78, 79].

Redox-modified proteins include also proteins involved in calcium handling and
contractile function with Ca?*/calmodulin-dependent protein kinase Il (CaMKII), a central
regulator of proteins involved in excitation—contraction coupling, to be a key mediator in this
respect. Other redox modified proteins include the ryanodine receptor, the sarco/ endoplasmatic
reticulum calcium ATPase (SERCA) and phospholamban (for review see [53, 82]. The redox
modification of the above-mentioned proteins induces changes in cytoplasmic Ca?* handling

which may result in perturbations of mitochondrial Ca?* and Na*, which in turn limit NADH
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and NADPH levels needed for antioxidant activity thereby producing a pro-oxidative shift in
the redox state of the mitochondrial matrix and an increased mitochondrial ROS release [53,
55]. ROS-mediated mitochondrial damage will also release damage-associated molecular
pattern molecules (DAMPS), which can initiate activation of the innate immune system causing
inflammation that contributes to I/R injury and can continue for days after the initial damage

[83, 84] contributing to development of heart failure but also conferring cardiac repair [85].

The same ROS sources, mitochondria, xanthine oxidase and NADPH oxidases, may
also contribute to different extend to the development of heart failure [65, 66]. Besides the
cardiomyocytes, white blood cells and platelets contribute to the aggravated ROS levels in heart
failure [67]. High levels of ROS can cause cardiomyocyte apoptosis through a variety of
mechanisms such as induction of DNA damage, activation of multiple apoptotic signaling
pathways, and stabilization of hypoxia inducible factors [68]. Interestingly, the chronic release
of ROS has been linked to the development of left ventricular hypertrophy and heart failure
progression. More specifically, increased oxidative stress may contribute to contractile
dysfunction, endothelial dysfunction, myocyte apoptosis and necrosis, remodeling of the
extracellular matrix, and the progressive downward spiral of heart failure [66, 69]. The chronic
release of ROS appears to derive from the nonphagocytic NAD(P)H oxidase and mitochondria
[65]. Importantly, angiotensin Il-induced hypertrophy and subsequent heart failure is largely
determined by mitochondrial ROS formation [80], although reducing mitochondrial ROS
formation by genetic overexpression of mitochondria-targeted catalase may be protective in old

but not in young mice [81].

Although all enzymatic systems involved in the production or degradation of ROS are

present in cardiomyocytes and endothelial cells, fibroblasts play also a crucial role. The
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important role of fibroblasts is supported by the fact that the activation of matrix
metalloproteinases (MMPs) by ROS suggests that perhaps ROS control not only the behavior
of cardiac myocytes, but also that of the cardiac fibroblasts, which are the main contributors to
interstitial collagen turnover. Therefore, ROS contribute to fibrosis with phenotypic
transformation of fibroblasts to myofibroblasts, collagen deposition, and MMPs activation
implicated in the remodeling of the failing myocardium, and progression to end-stage heart
failure [65].

Experimental studies support a role for increased oxidative stress in myocardial
infarction and in failing myocardium [66]. Clinical studies support the evidence that circulating
levels of biomarkers of oxidative stress have been positively correlated not only with the
presence of heart failure, but also with functional class according to the New York Heart
Association (NYHA) classifications of heart failure [86]. If oxidative stress is not attenuated at
the beginning of reperfusion, ROS may impair cardiac function through interaction with anti-
apoptotic signaling cascades, calcium handling signaling proteins, activation of the innate
immune system and activation of fibroblasts leading to heart failure progression. Therefore,
targeting oxidative stress by pharmacological agents is of paramount importance for mediating

cardioprotection.

3. Evidence for a role of oxidative stress in acute myocardial ischemia/reperfusion injury
and heart failure

Animal studies have provided the molecular proof for the involvement of ROS in CVD,
and are summarized in [22]. Deletion of ROS-producing enzymes (e.g. different NADPH
oxidase isoforms) improved and overexpression of these enzymes aggravated CVVD progression
and severity. Likewise, deletion of antioxidant, ROS degrading enzymes (e.g. superoxide
dismutases, glutathione peroxidase-1 or heme oxygenase-1) aggravated and overexpression of

these enzymes improved CVD phenotypes. Similar observations were made for I/R damage
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(e.g. myocardial infarction) and heart failure as summarized in Table 1. The table provides an
overview of the major studies in this research field, and are mostly based on the personal
opinion of the authors and the strength of the data. The search criteria in PubMed besides the
animal species were “heart failure” and/or “ischemia/reperfusion” as well as “NADPH oxidase”
or “xanthine oxidase” or “mitochondria”. Drug-induced heart failure or cardiomyopathy (e.g.
by doxorubicin [87]) as well as myocarditis-induced heart failure [88] were excluded as the
focus of the present review is ischemic heart failure.

Clinical studies supporting the role of oxidative stress as a pathogenic mediator of IHD
have been largely limited to plasma biomarker studies showing elevations in levels of oxidative
stress biomarkers, and their role as independent predictors of clinical outcomes (please see
Table 2 for summary of major studies). Unfortunately, many antioxidant therapies have failed
to improve clinical outcomes in patients with IHD or AMI (see section 5.1). A systematic
review on oxidative stress markers in animal models of acute I/R damage concluded that there
is good evidence for an association of oxidative stress markers in preclinical studies although
the reported clinical studies observed no evidence of oxidative damage during early reperfusion

during kidney transplants or aortic valve replacement employing by-pass surgery [89].

4. Therapeutic interventions in acute myocardial ischemia/reperfusion injury and heart
failure that may improve redox balance
4.1. Established cardiovascular drugs

Endothelial dysfunction, atherosclerosis and the majority of CVD show an association
with chronic renin-angiotensin-aldosterone system (RAAS) activation providing a primary
target for angiotensin-converting enzyme (ACE) inhibitor and ATi-receptor blockade therapy
[90]. Statin therapy represents a mainstay in the treatment of CVD [91]. Importantly, these

drugs have potent antioxidant, anti-inflammatory, anti-thrombotic and vasoprotective
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properties, besides their primary blood pressure and lipid lowering properties [92]. Clinical
trials have shown that statin therapy decreases markers of oxidative stress such as F2-
isoprostane (8-isoPF2a) and 3-nitrotyrosine as well as markers of endothelial cell activation
(e.g. vascular cell adhesion molecule-1 and E-selectin), a first step in the development of
endothelial dysfunction and atherosclerosis, in hypercholesterolemic subjects with or without
pre-established coronary artery diseases [93-95]. AT:-receptor blockade therapy also reduced
similar markers of oxidative stress and inflammation in patients with hypercholesterolemia
[96]. Of note, statins may also confer protective cardiovascular effects by induction of the Nrf2—
heme oxygenase-1 system as well as improved function of endothelial progenitor cells [97].
Accordingly, these drugs show also beneficial effects in patients with heart failure [98]. Beta-
blocker therapy, besides lowering catecholamines that contribute to the pathophysiology of
heart failure, was also reported to decrease oxidative stress markers such as 4-hydroxynonenal
in the failing heart and thereby improve prognosis [99]. The powerful antioxidant effect of
classical cardiovascular drugs, beta-blockers and RAAS inhibitors, was demonstrated by
normal levels of lipid peroxidation markers malondialdehyde and isoprostanes in heart failure
patients under standard therapy recommended for these patients [100]. The third generation
beta-blocker nebivolol was shown to act as a potent inhibitor of NADPH oxidase activity [101,
102].

The only organic nitrate in clinical use that is devoid of side effects such as oxidative
stress, nitrate tolerance and endothelial dysfunction is pentaerithrityl tetranitrate (PETN) [103,
104]. The molecular explanation for the beneficial effects of PETN, not shared by other nitrates,
is the induction of heme oxygenase-1 [105, 106] and hundreds of other genes in an Nrf2-
dependent fashion [107].

Sodium glucose transporter 2 inhibitors (e.g. empagliflozin) are highly effective in
reducing the risk of hospitalisation for heart failure in patients with or without type 2 diabetes

mellitus (87,162 participants) [108]. Dapagliflozin therapy lowered the risk of heart failure
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progression or cardiovascular death (4,744 participants) [109] and empagliflozin therapy
lowered the risk of hospitalization for heart failure or cardiovascular death (3,730 participants)
[110] in HFrEF patients (heart failure with reduced ejection fraction), regardless of the presence
or absence of diabetes (see also meta-analysis of both studies [111]). The novel antidiabetic
drug classes sodium glucose transporter 2 inhibitors and incretin-based therapeutics (e.g.
glucagon-like peptide-1 analogs) display cardioprotective effects in models of myocardial
infarction [112-115], which is of great importance as diabetic patients have a significiantly
higher cardiovascular risk. These novel drugs also suppress low-grade inflammation in humans
[116-118] and animal models of atherosclerosis [119-122]. Mechanistically, empaglifozin
treatment reduces myocardial infarct size in non-diabetic mice through STAT-3 mediated

protection on microvascular endothelial cells and reduction of oxidative stress [123].

4.2. Life style modifications

Physical exercise is a powerful non-pharmacological intervention that is largely based
on antioxidant mechanisms induced by hormesis/preconditioning-like effects of intermittent
ROS formation [124-127], as demonstrated by the loss of exercise protective effects upon
supplementation of antioxidants [128]. Although large meta-analyses did not reveal a decreased
risk of cardiovascular or all-cause mortality by physical exercise in HFrEF patients, there was
evidence for improved exercise capacity and therefore quality of life (4,481 and respectively
5,783 analyzed subjects with heart failure) [129, 130]. Reasons for the so far rather limited
benefits of physical exercise on hard endpoints such as mortality are most likely due to missing
standards for supervised structured training (e.g. intensity, resistance versus aerobic regimen)
[131].

Dietary interventions also represent a promising non-pharmacological strategy to
improve the prognosis of patients with heart failure. The PREDIMED study (7,447 participants,

288 major CVD events) showed an association of antioxidant-rich Mediterranean diet
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(contributed mainly to olive oil consumption) with better cardiovascular health status (blood
pressure, lipid profiles, lipoprotein particles) and lower prevalence of metabolic syndrome
[132]. A systematic review and meta-analysis (520 subjects) showed an association of
polyphenol-rich treatments with lower cardiovascular risk factors in haemodialysis patients
[133]. Another randomised controlled trial and an updated meta-analysis (281 subjects) showed
that combination therapy with curcuminoid-piperine polyphenols is associated with antioxidant
and anti-inflammatory effects (higher SOD activity, lower malondialdehyde and C-reactive
protein) in subjects with metabolic syndrome [134]. Similarly, systematic reviews and meta-
analyses demonstrated an association of resveratrol supplementation with better endothelial
function (by FMD), lower body weight, triglycerides, blood glucose among patients with
metabolic syndrome and related cardiovascular disorders [135, 136].

Caloric restriction, particularly intermittent fasting, belongs to this group of non-
pharmacological interventions and induces highly protective pathways, including antioxidant
mechanisms [137, 138]. However, to date, systematic reviews and meta-analyses have not
demonstrated a measurable benefit of intermittent fasting or caloric restriction in general on
cardiovascular or all-cause prognosis [139, 140]. At least Ramadan fasting was reported to have

no negative effects on the indicence of heart failure symptoms in patients with HFrEF [141].

5. Redox-based therapeutic strategies in acute myocardial ischemia/reperfusion injury
and heart failure

As shown in Figure 3 for the concept of oxidative stress in CVD in general, classical
cardiovascular drugs decrease the risk factor-mediated activation of RAAS and inflammatory
pathways, which largely defines their antioxidant profile [44, 92]. In addition, cholesterol
lowering or direct antioxidant and anti-inflammatory effects by other pleiotropic properties may

come into play. Additional redox therapeutic strategies including targeting specific ROS
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sources (e.g. inhibitors of NADPH oxidases and xanthine oxidase [146], mitochondrial
dysfunction/ROS formation [147, 148]) will be addressed in more detail below. Repair drugs
or mimetics of vasoactive products that target oxidatively modified enzymatic regulators of the
vascular tone such as endothelial nitric oxide synthase, prostacyclin synthase and soluble
guanylyl cyclase have partially been translated into clinical therapy. Examples are the
successful activators/stimulators of cGMP-producing soluble guanylyl cyclase [149],
phosphodiesterase inhibitors that prevent degradation of cGMP [150] and nitric oxide
replacement drugs such as organic nitrates [151] as well as prostacyclin replacement drugs such
as iloprost [152]. Endothelin-1 antagonization by ETas-receptor blockade confers improved
prognosis in patients with pulmonary hypertension [153], which may be explained at least in
part by decreased oxidative stress and inflammation, as reported by animal studies [154, 155].

On the other hand, despite encouraging preclinical data for pharmacological
tetrahydrobiopterin supplementation/genetic inductions and eNOS enhancers, the strategy of
preventing oxidative inhibition or uncoupling of endothelial nitric oxide synthase remains
largely unexplored in patients with CVD [156]. Similarly, modulators of mitochondrial function
and ROS formation remain largely unexplored in patients with CVD, apart from some drugs
that are used for the treatment of metabolic disease or diabetes such as glibenclamide [157].
Another example is the experimental clinical study on the inhibitor of mPTP cyclosporine A
and beneficial effects in patients with myocardial infarction [158], although for this drug, anti-
inflammatory actions may also come into play via immunosuppressive effects. Activators of
Nrf2, which regulates antioxidant enzymes such as heme oxygenase-1 and peroxiredoxins, were
evaluated in over 90 clinical trials for multiple indications, represent a leading therapeutic
principle based induction of endogenous antioxidant pathways [159] and will be discussed in
detail below.

Antioxidant therapy in animal models of heart failure was initially reported in 1995 and

the concept of decreasing oxidative stress was also proposed for the treatment of heart failure
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patients [142]. In experimental models, administration of antioxidant vitamins E and C were
protective against heart failure. Vitamin E was shown to reduce I/R damage by suppression of
oxidative stress and inflammation [143]. Hypertrophy and heart failure by banding of the
ascending aorta in guinea pigs was largely prevented by vitamin E therapy, which was also
associated with a more reduced redox state, less lipid peroxidation and ultrastructural
abnormalities as well as cardiac function [144]. Infusion of vitamin C into patients with heart

failure decreased the number of circulating apoptotic microparticles [145].

5.1. Failure of unspecific antioxidants

Whereas animal data clearly support a role of oxidative stress in CVD and markers of
oxidative stress are a hallmark of all CVD [22], there are only few large-scale clinical trials
supporting beneficial effects of antioxidant treatment in patients with CVD, e.g. demonstrating
improved prognosis by therapy with xanthine oxidase inhibitors [160], a-lipoic acid [161] or
tight control of vitamin C plasma levels (EPIC-Norfolk trial) [162]. Also a large number of
experimental clinical studies have demonstrated benefit with acute vitamin C infusion on
endothelial function in patients with cardiovascular risk factors (reviewed in [11]). In contrast,
most large clinical trials and meta-analyses (e.g. HOPE, HOPE-TOO [163]) failed to show any
health benefit for the treatment of CVD or for all-cause mortality with non-selective oral
antioxidant drugs (reviewed in [45, 163, 164]). There are several possible explanations for this
discrepancy between experimental and large clinical studies such as insufficient accumulation
of the antioxidant vitamins at sites of oxidative stress upon oral therapy or patients being already
treated with established (cardiovascular) drugs with potent pleiotropic antioxidant effects [44].
The latter potential explanation is supported by the observation that NO/cGMP signaling did
not improve by vitamin C infusion in coronary artery disease patients treated with ramipril or
losartan [165]. The most likely explanation is that ROS, especially hydrogen peroxide as

derived from NOX4 isoform [166-168], also confer beneficial signaling in essential cellular
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functions [169] and provide the ‘eustress’ required for maintaining antioxidant defence by
preconditioning-like mechanisms [170-172]. Regulation of cell differentiation [173, 174],
proliferation [175, 176] and migration [173, 177] are among the beneficial cellular redox
processes. Therefore, antioxidant approaches should be based on fine-tuned, species-specific,
space- and time-resolved pharmacological targeting [170, 178] and, most importantly, require

the full picture of their mode of action [179].

5.2. Ischemic conditioning

The heart can be protected against the lethal effects of acute IRI by subjecting it to brief
non-lethal episodes of ischemia and reperfusion, either prior to index ischemia (termed
ischemic preconditioning) [180], or at onset of reperfusion (termed ischemic postconditioning)
[181]. To circumvent the need to apply the cardioprotective stimulus directly to the heart, it has
been shown that the cycles of brief ischemia and reperfusion can be applied to an organ or tissue
(such as the limb) away from the heart (termed remote ischemic conditioning) [182], a strategy
which is easier to apply and test in the clinical setting. The mechanisms underlying ischemic
conditioning-induced cardioprotection have been intensively investigated, and the current
paradigm suggests that the cardioprotective stimulus triggers the release of signaling ROS from
mitochondria, which then mediate protection by activating cytoprotective protein kinases such
as Akt and Erk1/2, and reducing detrimental ROS produced at the onset of reperfusion [183,
184]. Thiol-dependent regulatory mechanisms (e.g. thioredoxin [Trx]/glutaredoxin [Grx]-
based) have also been discussed in detail for redox control of ischaemic preconditioning [185]

and myocardial remodelling [186].

5.3. Redox drugs in clinical use against ischemia/reperfusion injury and heart failure
According to a systematic review on antioxidant therapy of ST-segment elevation

myocardial infarction (STEMI) patients undergoing primary percutaneous coronary
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intervention (PCI), combination therapy with edaravone, allopurinol, atorvastatin and
nicorandil decreased oxidative stress and myocardial damage as well as ameliorated cardiac
function and clinical prognosis [187]. Therapy with deferoxamine and N-acetylcysteine
reduced oxidative stress markers but did not improve cardiac function or prognosis. Some
experimental studies (a total of 73 subjects) also show that combination therapy with the thiol-
based antioxidant N-acetylcysteine and the nitric oxide donor nitroglycerin reduces oxidative
stress parameters (e.g. malondialdehyde) and improves cardiac perfusion as well as left
ventricular function in patients with acute myocardial infarction [188, 189]. A study of 112
STEMI patients undergoing PCI and administered low-dose, background intravenous
nitroglycerin, found that N-acetylcysteine significantly reduced infarct size [190]. A systematic
review on the effects of N-acetylcysteine in animal models or experimental human studies of
heart failure concluded that there was good evidence for a protective effect of thiol-based
antioxidants in preclinical studies but clinical studies are inconclusive and further research is
needed [191].

A meta-analysis (3,630 subjects, 525 treated) on the effects of combined therapy with
angiotensin-converting enzyme inhibitors and xanthine oxidase inhibitors in post-acute
myocardial infarction patients reported more event-free survival in the treatment group [192].
A meta-analysis including 40 studies revealed an improvement of vascular function and
markers of oxidative stress by allopurinol or oxypurinol in patients with CVD including heart
failure [193]. A cohort study (288 subjects) showed that long-term xanthine oxidase inhibitor
(febuxostat) prescription prevented worsening of left ventricular hypertrophy, left ventricular
diastolic function and new-onset heart failure with preserved ejection fraction (HFpEF) in
patients at risk of heart failure [194]. A population-based study in patients with gout (99,744
subjects) showed no reduced risk of myocardial infarction, stroke, new-onset heart failure,
coronary revascularization or all-cause mortality by febuxostat as compared to allopurinol

therapy [195]. However, another meta-analysis (10,684 subjects) found no effect of xanthine
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oxidase inhibitor therapy on cardiovascular death in hypertensive patients [192]. Finally, a
controlled cohort study in patients with chronic heart failure (66 subjects) showed no
improvement of arterial stiffness by allopurinol treatment [196] indicating that more clinical
data are required. More clinical trials are in progress in patients with chronic heart failure, also
comparing the effects of novel xanthine oxidase inhibitors such as febuxostat and topiroxostat
with allopurinol [197]. More ongoing studies on effects of xanthine oxidase inhibition in
patients with heart failure (e.g. NCT00181155 Phase 1I, NCT00997542 Phase 1V) are presented
in [146]. Mechanistically, febuxostat improved oxidative stress parameters, adverse protein
kinase signaling (phospho-Erk and phospho-mTOR), mitochondrial as well as cardiac function,
apoptosis parameters and arrhythmia in animal models of cardiac hypertrophy, myocardial
infarction and heart failure [198-201].

The NO replacement therapy by organic nitrates is a mainstay in cardiovascular therapy
of stable angina, congestive heart failure and acute coronary syndromes, despite limitations due
to the development of nitrate tolerance and endothelial dysfunction under chronic therapy that
are mainly related to the induction of oxidative stress by most organic nitrates [104].
Hydralazine, one of the first antihypertensive drugs in clinical use [202], showed a substantial
improvement of heart failure mortality in combination therapy with the nitric oxide donor
isosorbide dinitrate (A-HeFT Study) [203, 204]. Hydralazine displays strong antioxidant effects
by peroxynitrite scavenging that may help to reduce side effects of organic nitrate therapy such
as oxidative stress and nitrate tolerance [205, 206]. Activators and stimulators of the soluble
guanylyl cyclase (e.g. Cinaciguat™ (BAY 58-2667) and Riociguat™ (BAY 63-2521)) define
a novel class of repair drugs of an oxidatively damaged soluble guanylyl cyclase enzyme [146,
149]. They are approved and marketed for clinical use in the treatment of different forms of
pulmonary hypertension and heart failure [207, 208]. More ongoing clinical trials and published
cohort studies can be found in [146]. Of note, these drugs may be also effective for other

indications such as arterial hypertension, renal fibrosis or failure, liver cirrhosis, erectile
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dysfunction, atherosclerosis, restenosis, thrombosis and inflammation (reviewed in [149]). All

of these therapeutic concepts of established redox-related drugs are summarized in Figure 4.

5.4. Emerging concepts of redox therapy in ischemia/reperfusion injury and heart failure

A wide variety of different pharmacological approaches are under investigation as
means to modulate cellular redox state and thereby limit I/R injury and prevent heart failure,
and some illustrative examples will be discussed in this section. As mentioned previously, in
addition to their cytotoxic effect, RONS have important intracellular and extracellular signaling
roles in the heart and vasculature. Consequently, it is increasingly clear that non-targeted redox
therapy, while effective at protecting against I/R injury in relatively simple animal models, may
be ineffective in the more complex clinical setting. One emerging approach is therefore to try
to target the antioxidant to the subcellular source of damaging ROS, while leaving signaling
ROS pathways intact. In particular, targeting antioxidant molecules to mitochondria is an
appealing approach, given that mitochondrial ROS are believed to be central to the mechanism
of mPTP opening, cell death and infarct formation [209].

One example is the mitochondria-targeted coenzyme Q10 (mitoQ) compound in which
the direct ROS scavenger coenzyme Q is conjugated to the positively charged
triphenylphosphonium, which targets mitoQ to mitochondria [45, 148, 210]. Coenzyme Q10
(CoQ10) is a potent intracellular antioxidant commonly used to treat cardiomyopathy, despite
the evidence for benefit in cardiovascular diseases being mixed. A number of clinical trials have
been conducted to investigate the effects of coenzyme Q10 supplementation on biomarkers of
inflammation and oxidative stress in among coronary artery disease. A 2019 meta-analysis of
13 of trials of CoQ10 supplementation in patients with coronary artery disease found that,
despite evidence that CoQ10 increased levels of SOD and catalase, and decreased markers of
oxidative stress, there was no effect on GPx levels or inflammatory markers C-reactive protein

(CRP), TNF-0, IL-6 [211]. mitoQ decreased ROS levels in cells subject to
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hypoxia/reoxygenation and in isolated hearts, it decreased mPTP opening and improved
functional recovery following I/R [212, 213]. MitoQ can also improve arterial endothelial
function when administered to aged mice [214]. The antioxidant 2,2,6,6-tetramethyl-1-
piperidinyloxyl (TEMPO, a spin trap) has also been conjugated to triphenylphosphonium to
make mitoTEMPO. When administered to rats, mitoTEMPO can prevent the increase in H202
levels and diaphragm muscle weakness associated with heart failure [215].

Other mitochondrial targeted compounds have been investigated, including 3,5-seco-4-
nor-cholestan-5-one oxime-3-ol (TRO40303, a mPTP inhibitor) [216], which binds specifically
to the mitochondrial translocator protein 18 kDa (TSPO), and bendavia (also called
elamipretide, MTP-131 or SS-31) [217, 218], a water-soluble tetrapeptide that associates with
cardiolipin and confers antioxidant effects. However, despite promising results in animal
studies, no benefit of these compounds has been seen in clinical trials in STEMI patients to date
[219, 220].

Sirtuins are a family of enzymes that post-transcriptionally regulate proteins by
acetylation of lysine residues, in an NAD*- dependent reaction that is linked to the energy and
redox status of the cell via the NAD*/NADH ratio. Sirtuins regulate various critical biological
processes including energy production, oxidative stress, angiogenesis, Ca?* handling, cell death
and autophagy. Therefore, pharmacologic activation of sirtuins, and SIRT1 and SIRT3 in
particular, can potentially ameliorate the development or progression of heart failure (reviewed
in [221]). The natural polyphenol, resveratrol, is of particular interest as it is believed to mediate
the benefits of red wine in the cardiovascular system by activating SIRT1. There has been a
great deal of controversy about its precise mechanism of action, but it appears to be capable of
directly activating SIRT1 via an allosteric mechanism [222]. On the other hand, it was recently
shown that resveratrol paradoxically induces oxidation of proteins such as PKGla, especially
during periods of oxidative stress, and that this is the mechanism by which it lowers blood

pressure [223]. This emphasizes the important point that antioxidants such as polyphenols can
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act as both antioxidants or pro-oxidants under different circumstances [224], e.g. again
mimicking preconditioning or hormesis effects [225-227].

Following I/R, increased oxidative and nitrosative stress activates the nuclear enzyme
poly(ADP-ribose) polymerase (PARP), which catalyzes the cleavage of NAD* into
nicotinamide and ADP-ribose [228]. NAD* depletion can interfere with glycolysis, the Krebs
cycle, mitochondrial electron transport and lead eventually to ATP depletion. In fact, it has been
proposed that PARP-mediated ATP depletion is the ultimate cause of cell death following
mPTP opening [229]. As such, PARP overactivation contributes to the pathogenesis of cardiac
and endothelial dysfunction associated with myocardial infarction and chronic heart failure
(reviewed in [230]). Mice lacking PARP exhibit less myocardial injury following I/R [231].
Correspondingly, inhibitors of PARP such as 3-aminobenzamide and LL-2286 reduce infarct
size following I/R, as well as preventing postinfarction myocardial remodeling and heart failure
in rats [232, 233]. A wide range of PARP inhibitors have been developed, although many of
the best-known inhibitors lack specifity [234]. On the other hand, it might be anticipated that
the benefit of antioxidants might be partially mediated via inhibition of PARP activation.

Recent evidence suggests that in the setting of heart failure, increased cytoplasmic Na*
combined with impaired Ca?* release from the sarcoplasmic reticulum alters Na* and Ca?*
gradients across the mitochondrial inner membrane, leading to altered energy supply and
demand and driving mitochondrial oxidation. Consequently, inhibition of mitochondrial
Na*/Ca?* exchange with 7-chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-
one (CGP-37157) restores mitochondrial Ca?* handling and prevents sudden death in a guinea
pig model of heart failure [235]. As well as ion channels being able to contribute to oxidative
stress, conversely, oxidative stress can modify ion channel activity. For example, oxidative
inhibition of the Na*—K™* pump via S-glutathionylation occurs during myocardial infarction and
may contribute to intracellular Na* overload [236]. Consequently, therapies that maintain Na*-

K* pump activity are cardioprotective [236].
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A seminal publication in 2005 showed that inhalation of H2S gas induces a state of
“suspended animation” in mice, by causing reversible hypometabolism [237]. H2S is well-
recognized as a second messenger implicated in protection from oxidative stress by direct
scavenging of RONS and indirect antioxidant effects [238]. Multiple targets for H2S-releasing
drugs have been identified and summarised for pre- and postconditioning and remote
conditioning in myocardial infarction, reperfusion injury and cardioprotection, such as mPTP,
Kartp, PKC, eNOS/cGMP signaling, the Erk/GSK3p pathway and JAK2/STAT-3/iINOS
signaling [239]. The H2S donor sodium hydrosulfide reduced infarct size via a cGMP/protein
kinase G/phospholamban pathway, which was independent of nitric oxide synthase activity
[240]. Additionally, many studies have shown that H2S effectively ameliorates I/R injury by
activating cardioprotective signaling pathways and by attenuating ROS, indicating that H2S
may represent an effective intervention to mitigate the irreversible myocardial injury associated
with I/R [238].

Acute treatment with nitric oxide replacement drugs such as nitroglycerin not only
causes direct vasodilation of ischemic vascular areas but also limits I/R damage by inhibition
of mPTP opening via cyclophilin D S-nitrosation [241]. Multiple tetrahydrobiopterin
replacement therapy, e.g. by folate, improved endothelial function and prevented endothelial
nitric oxide synthase uncoupling in patients undergoing elective Coronary Artery Bypass Graft
(CABG) [242]. Furthermore, cardiac response in a model of pressure-overload induced
hypertrophy and heart failure was improved by tetrahydrobiopterin supplementation [243]. In
a canine tachypacing model of heart failure, tetrahydrobiopterin depletion and uncoupling of
inducible nitric oxide synthase was associated with electrophysiological abnormalities, whereas
tetrahydrobiopterin therapy normalized atrial fibrillation, fractional shortening and cardiac
oxidative stress [244]. Additionally, direct targeting of endothelial nitric oxide synthase
expression and function by so-called endothelial nitric oxide synthase enhancers such as

AVE9488 improves left ventricular remodeling in myocardial infarction [245] or AVE3085
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prevents diastolic heart failure [246] or AVE9488 reduces I/R damage [247]. S-
glutathionylation at cysteine residues Cys689 and Cys908 represents an important redox switch
in endothelial nitric oxide synthase leading to uncoupling of the electron flow within the
enzyme and superoxide formation [248, 249]. This redox-regulatory mechanism gained even
more biological relevance with results indicating that endothelial nitric oxide synthase S-
glutathionylation can be biologically reversed by glutaredoxin-1 (Grx-1) [250] and potentially
by thiol-based drugs such as N-acetylcysteine and alpha-lipoic acid. As uncoupling of
endothelial nitric oxide synthase is a hallmark of I/R damage and heart failure, reversal of S-
glutathionylation of endothelial nitric oxide synthase represents an emerging therapeutic target.

The thiol-based drug alpha-lipoic acid has been reported to have beneficial effects in
cardiovascular therapy [251]. Of note, a-lipoic acid is a potent activator of mitochondrial
aldehyde dehydrogenase (ALDH-2) and thereby improves detoxification of toxic aldehydes
such as 4-hydroxynonenal [252], which contributes to cardiac dysfunction [253]. In addition,
a-lipoic acid improves diabetic polyneuropathy [161] by preventing accumulation of advanced
glycation endproducts (AGEs) and adverse prooxidant and inflammatory signaling via their
receptor (RAGE) [254]. Finally, a-lipoic acid ameliorates endothelial function (measured by
venous occlusion plethysmography) in patients with diabetes, potentially by preventing
oxidative break-down of the eNOS cofactor tetrahydrobiopterin as a-lipoic acid also
normalized the plasma levels of the lipid peroxidation product malondialdehyde [255]. Besides
the direct antioxidant effect by scavenging RONS, these thiols may also interact with proteins
and enhance enzymatic activity by redox regulation — in principle, any oxidatively inactivated
enzyme with a sulfhydryl group involved in its activity can be targeted by N-acetylcysteine or
a-lipoic acid (see example of endothelial nitric oxide synthase below). Also ryanodine
receptors, ion channels and pumps such as SERCA and various potassium channels, kinases

such as Ras/MEKK/c-Jun/Akt/PKC, apoptosis pathway constituents such as p53/caspase, and
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central regulators of inflammation such as NFkB represent pharmacological targets to modulate
protein S-glutathionylation in CVD [256, 257].

The inhibitor of myeloperoxidase, AZD4831, is currently being investigated in ongoing
clinical trials in heart failure patients with preserved ejection fraction (HFpEF) (NCT03756285
and NCT03611153, Phase I1), and in acute coronary syndrome patients [146]. Despite the fact
that monoamine oxidase genetic deletion or pharmacological inhibition was reported to prevent
I/R damage [258], there are currently no ongoing cardiovascular clinical trials to further exploit
this redox therapeutic target. Monoamine oxidase inhibitors are currently being developed for
neurodegenerative and psychiatric diseases [146]. One of the most promising redox therapeutic
approaches is based on inhibitors of NOX isoforms. There are a large number of animal studies
reporting the beneficial effects of genetic deletion (Table 1) and pharmacological inhibition of
NOX enzymes [259-262] in I/R damage and heart failure. Although there are currently no
clinical trials on NOX inhibition in heart failure patients, these drugs are tested for multiple
other indications [146]. Targeting NOX isoforms may be challenging given that broad
(unspecific) inhibition of NADPH oxidases may be detrimental by removing the “protective”
ROS as discussed for I/R injury [263]. Accordingly, NOX2/4 double knockout mice showed
decreased ROS levels but increased infarct size, which may be due to lack of ROS-mediated
activation of hypoxia-inducible factor-lalpha and peroxisome proliferator-activated receptor-
alpha providing preconditioning-like protection [264]. Also genetic deficiency of NOX2
subunits and other NOX isoforms in patients with chronic granulomatous disease (CGD)
envisages the inherent complications such as higher susceptibility to chronic inflammatory
diseases associated with genetic or pharmacological NADPH oxidase inhibition [265].

There is a large body of preclinical evidence that Nrf2 activation is highly protective in
models of I/R damage and heart failure [266, 267]. Although Nrf2 activators such as
sulforaphane, dimethylfumarate and bardoxolone are currently tested in multiple clinical trials

for a broad range of indications including pulmonary hypertension and chronic kidney disease,
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as yet there is no clinical trial in patients with CVD [146, 159]. Despite animal data on increased
susceptibility of Nrf27- mice to heart failure after myocardial infarction [266], the BEACON
clinical trial, conducted in patients with chronic kidney disease and type 2 diabetes, had to be
terminated early because of increased incidence of heart failure, myocardial infarction, stroke
and other cardiovascular complications in the bardoxolone treatment group (reviewed in [268]).
The latter drawback might also be responsible for the rather hesitant approach to cardiovascular
clinical trials on Nrf2 activators.

All of these therapeutic concepts of emerging redox-related drugs are summarized in
Figure 4. The beneficial effects of genetic and pharmacological inhibition of ROS-producing
enzymes or genetic overexpression of ROS-degrading enzymes on I/R damage and heart failure

is also summarized in Table 1.

6. Conclusions and clinical implications

Heart failure and other complications of AMI are the leading causes of death and
disability in Europe and worldwide. The most effective treatment for limiting myocardial
infarct size and preventing heart failure following AMI, is timely myocardial reperfusion using
primary percutaneous coronary interventions. However, despite timely treatment, mortality and
morbidity following AMI remain significant. Therefore, novel strategies are being introduced
in patients or are currently tested in animal models comprising the limitation of infarct size and
progression of heart failure by prevention of oxidative damage and adverse redox signaling
during I/R episodes (summarized in Figure 4). Although there is no doubt that ROS formation
and oxidative damage play a major role for I/R injury and onset of heart failure, there are yet
now only few “real” redox therapies besides the well-known pleiotropic antioxidant effects of
most established cardiovascular drugs. The most prominent example is the preservation of the

activity of oxidatively impaired soluble guanylyl cyclase enzyme by activators and stimulators
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that are approved and marketed for clinical use in the treatment of different forms of pulmonary
hypertension and heart failure. Also xanthine oxidase inhibition and isosorbide
dinitrate/hydralazine combination therapy have proven highly beneficial in large scale clinical
trials. Besides these 3 successful clinical examples, there are numerous experimental
approaches that are mostly based on inhibition of other ROS sources using specific inhibitors,
prevention of mitochondrial damage by targeting antioxidants to mitochondria or improvement
of NO/cGMP signaling. Finally, non-pharmacological therapeutic approaches such as ischemic
conditioning, intermittent fasting or physical exercise are based on antioxidant mechanisms and
have proven efficient in animals models or small cohort trials on I/R damage or heart failure.
As I/R damage or heart failure represent multi-factorial cardiovascular disorders, a combination
therapy comprising a fine-tuned mixture of the above mentioned treatment categories may be
most promising. Any redox therapeutic approach should not interfere with the protective effects
of ROS in processes such as eustress, hormesis and ischemic preconditioning as well as their
involvement in essential redox signaling processes regulating cell differentiation, proliferation

and migration.
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Figure 1. Classical cardiovascular risk factors, primary and secondary ROS sources and
markers of oxidative stress. The scheme illustrates the activation of primary vascular ROS
sources such as NADPH oxidases (Nox1, Nox2 and Nox4) and mitochondria (via mitochondrial
redox switches [RS]), also by activated immune cells. The ROS from primary sources will
generate secondary ROS sources such as xanthine oxidase (conversion of the dehydrogenase
[XDH] to the oxidase [XO] form) and wuncoupled eNOS (oxidative depletion of
tetrahydrobiopterin [BH4] and other redox switches), all of which contributes to vascular
dysfunction (for review see [269, 270]). Mitochondrial ROS formation and release can be
stimulated by thiol-oxidation in different mitochondrial structures (e.g. mitochondrial
permeability transition pore constituents such as cyclophilin D, p66°" or monoamine oxidases);
xanthine dehydrogenase is converted to the oxidase form by oxidation of critical thiol residues;
the protective action of eNOS to produce ‘NO is switched to adverse superoxide formation by
oxidative depletion of BH4, adverse phosphorylation by redox-activated kinases, S-
glutathionylation or oxidative disruption of the zinc-sulfur-complex at the dimer binding
interface, called the “uncoupling” process. These changes (increased vascular oxidative stress
and release of inflammatory signaling molecules) will lead to endothelial cell activation and
priming for the adhesion of additional immune cells as well as platelets and switch the
vasodilatory, antiaggregatory and antiatherosclerotic phenotype of the endothelium to a
vasoconstrictory, proaggregatory and proatherosclerotic one. These processes lead to late-stage
cardiovascular complications such as atherosclerosis with plaque formation and thrombosis that
are associated with accumulation of the mentioned oxidative stress markers. Modified from
[92] with permission.
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Figure 2. Involvement of ROS in pathophysiological processes of myocardial infarction
(MI) and heart failure and classical imaging techniques. I/R induced ROS formation
contributes to adverse processes such as contractile dysfunction, remodeling, mitochondrial
damage and endothelial dysfunction. The images represent examples of classical imaging
techniques to characterize cardiac I/R damage and heart failure. (Upper image) End diastolic
short-axis and long-axis images from control mice and mice subjected to a mild and severe
transverse aortic constriction (TAC) causing heart failure as assessed by magnetic resonance
imaging. Left ventricle (LV), right ventricle (RV) and the papillary muscles (PM) are shown.
Reproduced from [271] with permission. (Left image) Mitochondrial swelling, disappearing of
mitochondrial crista, and decrease of electronic density was observed in HF group was detected
by transmission electronic microscopy. Reproduced from [272] with permission. (Lower
image) TUNEL-stained heart sections from sham group and MI group provide a read-out of
myocardial apoptosis (arrows indicate apoptotic cells). Reproduced from [273] with
permission. (Right image) Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC) staining
of the infarcted heart. Reproduced from [274] with permission. Central heart cartoon taken from
Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported
License.
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Figure 3. Scheme illustrating the mechanisms underlying vascular (endothelial)
dysfunction by oxidative stress [275] and their modulation by clinical and experimental
interventions. Known cardiovascular risk factors (e.g. smoking, hypertension, hyperlipidemia,
diabetes) activate the renin-angiotensin-aldosterone-system (RAAS) leading to elevated
angiotensin-11 levels as well as increased endothelial and smooth muscle superoxide (O2")
formation from NADPH oxidase activation by protein kinase C (PKC) and from the
mitochondria. Superoxide reacts with ‘NO, thereby decreases "NO bioavailability in favor of
peroxynitrite (ONOQ") formation. Peroxynitrite causes uncoupling of endothelial NOS due to
oxidation of tetrahydrobiopterin (BH4) to BH2 and nitration/inactivation of prostacyclin
synthase (PGI2S). Direct proteasome-dependent degradation of the BHa4 synthase GTP-
cyclohydrolase (GTP-CH) further contributes to eNOS uncoupling. Uncoupled NOS produces
superoxide instead of *“NO and nitrated PGI2S produces no prostacyclin (PGI2) but activated
cyclooxygenase-2 (due to increased peroxide tone) generates vasoconstrictive prostaglandin
H2. Inhibition of smooth muscle soluble guanylyl cyclase (sGC) by superoxide and
peroxynitrite contributes to vascular dysfunction as well as increased inactivation of cyclic
GMP (cGMP) by phosphodiesterases (PDE) and oxidative stress increases the sensitivity to
vasoconstrictors such as endothelin-1 (ET-1), which vice versa increases NADPH oxidase
activity. Mitochondrial ROS formation is modulated by oxidative activation of ATP-dependent
potassium channels (Katp) leading to altered mitochondrial membrane potential and
permeability. Upon uncoupling of mitochondrial respiratory complexes, the mitochondrial
permeability transition pore (mPTP) may be oxidatively opened allowing mtROS to escape to
the cytosol activating the PKC-NADPH-Ox system. Reported (non-)pharmacological
interventions are shown for the different mechanisms along with examples of experimental or
clinical drugs. Modified and updated from Chen, Chen, Daiber et al. Clin. Sci. 2012 [44] with
permission.
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Figure 4. Summary of established and experimental therapies of I/R damage and heart
failure including redox-based therapies. Clinically established therapies (green bold letters)
represent treatments that were applied to larger human cohorts and proved beneficial in either
I/R damage or heart failure. Green standard letters indicate therapies that were tested in larger
cohorts but do not represent the recommended standard therapy of I/R damage and heart failure,
or were tested in related cardiovascular diseases. Experimental therapies (red letters) represent
treatment that are still at the preclinical stage, were only tested in small cohort studies or showed
no clear benefit in patients. Abbreviations: NO, nitric oxide; cGMP, cyclic guanosine
monophosphate; ISDN, isosorbide dinitrate; sGC, soluble guanylyl cyclase; PDE,
phosphodiesterase; PGlz, prostacyclin; NAC, N-acetylcysteine; GTN, nitroglycerin; PETN,
pentaerithrityl tetranitrate; H2S, hydrogen sulphide; BH4, tetrahydrobiopterin; eNOS,
endothelial nitric oxide synthase; NRF2, nuclear factor-E2-related factor 2; CV, cardiovascular;
ACE, angiotensin-converting enzyme; AT1R, angiotensin-receptor (type 1); SGLT2, sodium-
glucose co-transporter 2; ETas, type A or B of endothelin receptor; GLP-1, glucagon-like
peptide-1; DPP-4, dipeptidyl peptidase-4; mitoTEMPO, mitochondria-targeted 2,2,6,6-
tetramethyl-1-piperidinyloxyl; mitoQ, mitochondria-targeted coenzyme Q10; mPTP,
mitochondrial permeability transition pore; PARP, poly(ADP-ribose) polymerase; XO,
xanthine oxidase; NOX, NADPH oxidase; MAO, monoamine oxidase; MPO,
myeloperoxidase. Heart cartoons taken from Servier Medical Art by Servier, licensed under a
Creative Commons Attribution 3.0 Unported License.
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Table 1. Important preclinical animal studies on the association of oxidative stress as well as ROS-producing or —degrading enzymatic systems

with ischemic heart disease, ischemic major cardiovascular events such as myocardial infarction and heart failure.

Studies on oxidative stress and health effects Genetic or pharmacological manipulation and outcome Reference
-3 - - - - - - s

Induction of myocardial infarction and cardiac failure by permanent p4_7pho?< improv ?d cardiac function (LV ejection fract|on)_, LV requellm_g and nitric

L . AR oxide bioavailability, whereas decreased superoxide formation, xanthine oxidase [276]
ligation and effects of genetic p47phox deletion in mice o . - - . .

activity, hypertrophy, apoptosis and fibrosis and increased survival were observed.

Myocardial infarction-induced heart failure by coronary arterial ligation | Adenoviral Nox4 silencing or Cu,Zn-SOD overexpression improved cardiac function [277]
and effects of adenoviral Nox4 silencing in mice and decreased ROS levels as well as apoptosis.

Induction of myocardial infarction, cardiac remodelling and dysfunction | Nox2’ showed less LV dilation and dysfunction, hypertrophy, apoptosis and fibrosis. [278]
by coronary arterial ligation and effects of genetic Nox2 deletion in mice | Also 3-NT levels were decreased.

Delivery of Nox2-siRNA via nanoparticles to the post-ischemic heart of | Nox2-siRNA improved cardiac function (fractional shortening) and decreased [279]
mice undergoing myocardial infarction by coronary arterial ligation superoxide formation by phorbol ester-stimulated NADPH oxidase activity.

Inductlpn o_f lett ventricular hypert_rophy and hegrt ff"‘"“r.e coronary Nox2” did not affect left ventricular remodelling and ROS levels. [280]
artery ligation and effects of genetic Nox2 deletion in mice

Effects of the mitochondria-targeted cytoprotective and antioxidant Bendavia decreased infarct size in sheep and rabbit upon I/R without influencing the

peptide Bendavia on I/R damage in sheep and rabbits (catheter-based infarct risk zone. Infarct size was also reduced by Bendavia in the guinea pig Langen- [281]
coronary vessel occlusion) as well as guinea pigs (isolated Langedorff dorff model to a similar extent as by cyclosporine A. Bendavia prevented cell death,

model) oxidative burst and collapse of A¥m of isolated cardiomyocytes subjected to I/R.

I/R damage in isolated mouse hearts (Langedorff model) and effects of p66shc-/- reduced cell death (lactate dehydrogenase release) and oxidative stress 282
genetic p66shc deletion parameters (MDA and tropomyosin oxidation) by different mechanisms as by [282]
Induction of myocardial infarction by coronary vessel occlusion and Xanthine oxidase inhibition by allopurinol (or metabolite oxypurinol) decreased risk [283]
effects of xanthine oxidase inhibition by allopurinol in dogs zone by trend and infarct size significantly.

Induction of myocardial infarction by coronary vessel occlusion and Xanthine oxidase inhibition by allopurinol did not affect risk zone but decreased infarct [284]
effects of xanthine oxidase inhibition by allopurinol +/- SOD in dogs size significantly. SOD had additive protective effects by trend.

Induction of myocardial infarction and cardiac failure by permanent Xanthine oxidase inhibition by allopurinol did not change infarct size but largely

ligation and effects of xanthine oxidase inhibition by allopurinol post- improved cardiac function (fractional shortening and ejection fraction) and fibrosis. [285]
MI in mice Allopurinol decreased xanthine oxidase activity and superoxide formation.

Heart failure by coronary arterial ligation and effects of adenoviral Adenoviral ecSOS overexpression decreased superoxide and peroxynitrite formation [286];
ecSOD transfection in rats and improved endothelium-dependent relaxation. [287]
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I/R damage by coronary arterial ligation for 1 hour with 24 hours

Hmox1" increased cardiac oxidative stress 4-fold and caused larger infarcts as well as

genetic glutathione peroxidase-1 deletion

(lactate dehydrogenase release).

reperfusion and effects of genetic heme oxygenase-1 deletion or ventricular thrombi. Cardiac-specific overexpression of HO-1 largely prevented these [288]
overexpression in diabetic mice complications.
I/R damage in isolated mouse hearts (Langedorff model) and effects of | Gpx1” aggravated infarct size, cardiac apoptosis, end-diastolic pressure and cell death [289]

Abbreviations used are: LV, left ventricular; ROS, reactive oxygen species; SOD, superoxide dismutase; 3-NT (=3-nitrotyrosine); MDA, malondialdehyde; I/R,
ischemia/reperfusion; A¥Ym, mitochondrial membrane potential; MI, myocardial infarction; ecSOD, extracellular superoxide dismutase.
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Table 2. Important clinical trials or meta-analysis on the association of oxidative stress markers with ischemic heart disease, ischemic major

cardiovascular events such as myocardial infarction and heart failure.

Study category Study description? Marker and outcome Included subjects Reference
Systematic review and i . . . o . . 140 Ctr, 446 HF
meta-analysis Association of 8-hydroxy-2-deoxyguanosine levels with heart failure 8-OHdG 1 indicates higher risk patients [290]
Clinical trial Association of 8-hydroxy-2-deoxyguanosine levels and lipid 8-OHdG 1 and lipid peroxidation | ,,, Ctr, 78 HF patients | [291]
peroxidation products with heart failure indicate higher risk
Clinical trial Association of free (F2)-isoprostane with 30-day cardiovascular 8-isoPF2a 1 indicates higher risk 108 CVD patients, 26 [276]
outcomes in patients with acute coronary syndrome 9 events
Matched case-control | Association of urinary 8-iso-prostaglandin F2alpha with . L . . 93 Ctr, 93 CHD
study cardiometabolic risk factors in patients with coronary heart disease 8-isoPF2a 1 indicates higher risk patients [292]
Meta-analysis Influence of exercise on oxidative stress parameters and improvement | iNOS mRNA and protein, 3-NT, | 400\ o0
of cardiorespiratory capacity in patients with heart failure — high MDA |, whereas catalase, GPx, under inn trair;in [293]
intensity training better than moderate training SOD 1 in the exercise group goihg g
Clinical trial 1,002 anticoagulated
. . . . 8-is0-PGF2a and serum sNOX2- | AF patients; 78 CV
SZ{iLéTtSl\lv(v)iézamglng:ﬁ%;iﬁ]pr()Stane levels predict vascular events in dp 1 are predictive of CV events deaths, 31 non-CV [294]
P and total mortality deaths and 125 CV
events® occurred
Clinical tril Interplay between oxidative stress and platelet activation in coronar SNOX2-dp, oxLDLs, sCDAO0L, 10 patients with stable
play . P y and sP-selectin in 1 STEMI angina, 32 STEMI [295]
thrombus of STEMI patients oatients patients
Prospective cohort S -
stud Mediterranean diet reduces cardiovascular events and oxidative stress 8-isoPF2a, SNOX2 O!p and CV 709 anticoagulated AF
y nts such as HF | in th [296]
in patients with atrial fibrillation i;llz ditse?r;neaf] dietlgroupe patients
Clinical trial Association of oxidative stress markers with major adverse D-ROM 1 and OXY-Adsorbent | o0 a5 paiorte [207]
cardiovascular events in patients with coronary artery disease Test indicates higher risk P
Clinical trial iati - i
Association of 8 isoprostane Ie_vels with the presence and extent of 8-isoPF2a 1 indicates higher risk | 241 CAD patients [298]
coronary stenosis in patients with coronary artery disease
Clinical trial iati -ni i i iabeti
Assomafuon o_f 3 nitrotyrosine with the presence of coronary artery 3-NT 1 indicates higher risk 120_ prediabetic [299]
disease in patients with prediabetes patients

59




Daiber & Hausenloy — Targets for redox drugs in cardiac disease

Clinical trial Association of serum myeloperoxidase levels with endothelial . : . 298 subjects; 3,635 _
dysfunction or major adverse cardiovascular events in humans MPO 1 indicates higher risk subjects [300]; [301]
Clinical trial iati i i ick i At
Ass_omatlo_n of serum myeloperoxidase levels with _CV event risk in MPO 1 indicates higher risk 1,090 ACS patients; [302]; [303]
patients with acute coronary syndromes or chest pain 490 with chest pain
Clinical trial iati - i i i
Assoc[atlo_n of serum 3-chlorotyrosine levels with acute myocardial 3-CI-Tyr 1 indicates higher risk 53 _Ctr, 77 AMI [304]
infarction in patients patients

Abbreviations used are: Ctr, control; D-ROM, derivatives of reactive oxygen metabolites, indicating ROS levels; 8-OHdG, 8-hydroxy-2-deoxyguanosine; HF, heart failure; CVD,
cardiovascular disease; 8-isoPGF2a, 8-iso-prostaglandin F2a; CHD, coronary heart disease; iNOS, inducible nitric oxide synthase; MDA, malondialdehyde; GPx, glutathione
peroxidase; SOD, superoxide dismutase; AF, atrial fibrillation; SNOX2-dp, soluble NADPH oxidase (isoform 2)-derived peptide (= marker of NOX2 activity); oxLDL, oxidized
low-density lipoprotein; sCD40L, soluble CD40 ligand; STEMI, ST-segment elevation myocardial infarction; CAD, coronary artery disease; 3-NT, 3-nitrotyrosine; MPO,
myeloperoxidase; ACS, acute coronary syndrome; 3-CI-Tyr, 3-chlorotyrosine; AMI, acute myocardial infarction.
@ Updated from [22] with permission.
b CV events included fatal/nonfatal ischaemic stroke, fatal/nonfatal myocardial infarction (M1), cardiac revascularisation and transient ischaemic attack.
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