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Abstract: Oxidative stress (OS) is mediated by reactive oxygen species (ROS), which in cardiovascular
and other disease states, damage DNA, lipids, proteins, other cellular and extra-cellular components.
OS is both initiated by, and triggers inflammation, cardiomyocyte apoptosis, matrix remodeling,
myocardial fibrosis, and neurohumoral activation. These have been linked to the development of heart
failure (HF). Circulating biomarkers generated by OS offer potential utility in patient management
and therapeutic targeting. Novel OS-related biomarkers such as NADPH oxidases (sNox2-dp, Nrf2),
advanced glycation end-products (AGE), and myeloperoxidase (MPO), are signaling molecules
reflecting pathobiological changes in HF. This review aims to evaluate current OS-related biomarkers
and their associations with clinical outcomes and to highlight those with greatest promise in diagnosis,
risk stratification and therapeutic targeting in HF.

Keywords: oxidative stress; novel markers; heart failure; risk assessment; prognosis; surrogate markers

1. Introduction

Heart failure (HF) is a global health problem, with an estimated global prevalence of
64.3 million people in 2017 [1]. Although mortality from cardiovascular diseases (CVD)
has declined, the prevalence of HF continues to increase. In the United States alone, the
prevalence of HF from 2015–2018 in those over 20 years of age was projected to increase by
3% from 6 to 8 million by 2030 [2,3]. In the UK, HF increased by 23% from 2002 to 2014,
affecting 1.4% of the population [4]. In Southeast Asia, HF was higher at an estimated
4.5% to 6.7% [5]. This increase in HF prevalence is due to an ageing population, improved
survival after myocardial infarction, poor adherence to HF prevention strategies, and
increasing prevalence of cardiovascular risk factors [6]. The global burden of HF will
continue to rise, leading to escalating healthcare expenditure. In 2012, the overall economic
cost associated with HF globally was estimated to be USD 108 billion per annum, with
most costs related to inpatient hospitalization [7].

Guidelines presently define HF as a chronic, progressive condition caused by any
structural or functional impairment of ventricular filling or blood ejection [8]. HF consists
of complex clinical signs and symptoms of shortness of breath (SOB), malaise, limb swelling
or reduced exertional capacity caused by the failure of the heart to keep up with demands
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of the body [9]. Ejection fraction, or how much blood pumped by the heart with each beat,
is one way to categorize HF. HF with reduced ejection fraction (HFrEF) is characterized by
systolic failure caused by the left ventricle’s inability to contract normally (left ventricular
ejection fraction, LVEF ≥ 50%). HF with preserved ejection fraction (HFpEF) is diastolic
failure caused by the left ventricle’s loss of normal relaxation ability (LVEF < 40%) and the
muscle has become stiff. HF with EF between 40 and 49% is defined as mid-range or mildly
reduced EF (HFmrEF) LVEF between 40 and 49%.

HF can also be classified based on ACC/AHA staging criteria. There are four stages:
Stage A—individuals at high risk for HF but without structural heart disease or symp-
tomatic HF, Stage B—individuals with structural heart disease but without symptomatic
HF, Stage C—individuals with structural heart disease with prior or current symptomatic
HF and Stage D—refractory HF requiring treatment [8,9].

The development of pharmacotherapeutic agents with proven benefit in the treatment
of patients with HFrEF has been progressing rapidly. Guidelines recommend stepwise
initiation and up titration of ACE-I, ARBs and beta-blockers, and other pharmacothera-
peutics such as mineralocorticoid receptor antagonists, angiotensin receptor neprilysin
inhibitors and hyperpolarization activated cyclic nucleotide-gated channel blockers may
be added [10,11]. Novel agents such as dapagliflozin and omecamtiv mecarbil have shown
benefit in reducing mortality in patients with HFpEF [12,13], but improvements in patient
outcomes and mortality have not been replicated. Multiple trials are currently underway to
evaluate the effects of these agents on both cardiac structure and function and upon hard
clinical end points in HFpEF [14].

Despite advances in HF management, re-hospitalizations and mortality associated
with HF remain [15,16]. We need improved tools to aid in diagnosis, prognostication,
and treatment. A HF diagnosis is made through presentation of symptoms in a patient.
Further tests are conducted in the form of imaging techniques such as an electrocardiogram
(ECG) or an echocardiogram (ECHO). These have been useful in the assessment of HF in
patients [17–26]. The gold-standard for detecting HF is through a simple blood test looking
for NT-pro-brain natriuretic peptide (NT-proBNP) and its active form brain type natriuretic
peptide (BNP). Since its discovery in 1988, these markers are now recommended in guide-
lines such as the European Society of Cardiology (ESC) Clinical Practice Guidelines and the
American (AHA/ACC/HFSA) Guidelines for the assessment of HF [27–31]. Nevertheless,
this marker is already more than 30 years old, and a review is long overdue to ensure
relevance in diagnostic and prognostic tools for HF.

Oxidative stress (OS) has been shown in multiple studies to be strongly implicated in
the pathogenesis of HF. In this article, we provide a thorough review and discuss the role
of OS in development and progression of HF. We also highlight selected OS biomarkers of
high potential clinical relevance in HF.

2. Mechanisms of Oxidative Stress in Heart Failure
2.1. Overview of ROS and RNS

OS is caused by excessive production of Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS), two major redox biomarkers. Sies first defined it as a disturbance
in the prooxidant-antioxidant balance in 1985 [32]. ROS act as intermediates in cellular
pathways and can be classified into either free radicals such as superoxide (O2

−) or hydroxyl
(·OH) or non-free radicals such as hydrogen peroxide (H2O2) and peroxynitrite (ONOO−).
Reactive nitrogen species (RNS) are species derived from nitric oxide and superoxide
through the enzymatic activity of inducible nitric oxide synthase 2 (NOS2) and NOX [32].

2.2. Normal Physiology of ROS and RNS

Normally, ROS/RNS are generated in small amounts in the heart by enzymes such as
NADPH oxidases, nitric oxide synthase (NOS), xanthine oxidase (XO) and mitochondria
and are play a pivotal role in modulating cell cycle homeostasis, excitation–contraction
coupling and cell function. NAPDH oxidases are transmembrane enzymes that specialize
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in producing O2
− from molecular oxygen by transfer of an unpaired electron from NADPH.

The major isoform of NOX in the heart is NOX4, which is expressed primarily in the
mitochondria of cardiac myocytes [33]. Inhibition of XO with allopurinol or oxypurinol in
animal HF models led to protection of myocardial contractility, improved left ventricular
function and the reversal of maladaptive cardiac remodeling [32].

NOS is responsible for endogenous production of nitric oxide (NO), an important
signaling molecule in humans. When tetrahydrobiopterin (BH4) is sufficient, L-arginine
and O2 are catalyzed by NOS to become L-citrulline and NO. However, in pathological con-
ditions, uncoupling of NOS occurs and O2

− is generated as a by-product of NO synthesis
during electron leakage at the electron transport chains during mitochondrial respiration.
Complexes I and III of the electron transport chain are major sites of ROS generation, but
under pathological conditions, the ROS from mitochondria is markedly increased.

2.3. ROS/RNS and the Induction of Cardiomyopathy

Cardiac hypertrophy and maladaptive remodeling are common in patients with
HF, with progressive cardiomyocyte hypertrophy contributing to the development of HF.
ROS/RNS is implicated in the downstream mechanistic underpinning of cardiomyocyte
hypertrophy due to RAAS and sympathetic nervous system activation. Yasunari et al.
demonstrated a significant correlation between left ventricular mass index and ROS/RNS
levels in 104 hypertensive patients with left ventricular hypertrophy [34]. Hirotani et al.
added that ROS/RNS is involved in the activation of NF-κB by G-protein-coupled receptor
agonists such as Ang II or ET-1 [35]. Animal studies have also shown a close link between
ROS and cardiomyocyte hypertrophy, which can be slowed by antioxidants.

An important pathway, Ang II induces cardiac hypertrophy by activating angiotensin
II (AT1R) receptor, which induces ROS/RNS generation and activation of multiple down-
stream signaling kinases. This promotes cardiomyocyte survival and suppression of apop-
tosis. The c-Rel subunit of NF-κB has also been identified as a major promoter of cardiac
hypertrophy in mice. Ang II stimulation of the Nox4-histone deacetylase (HDAC) axis
leads to increased ROS production and nuclear export of HDAC. HDAC suppresses pro-
hypertrophic transcription factors, but with HDAC loss, this suppressive effect is lost.

2.4. ROS/RNS and Cardiac Fibrosis

Cardiac fibrosis is a major pathological mechanism in HF (Figure 1), with increased
extracellular matrix deposition from cardiac fibroblasts transitioning to secretory myofi-
broblasts. ROS and RNS mediate cardiac fibrosis, and Ang II upregulates transforming
growth factor-β1 (TGF-β1) expression by activating AT1R and NOX4.

Matrix metalloproteinases (MMPs) are known to be pathologically activated by ROS
through binding and opening of active sites on MMPs. This prevents TIMPs (Tissue In-
hibitors of MMPs) from accessing the active site [36], ultimately ceasing activity and causing
the onset of cardiac fibrosis. MMPs also regulate extracellular matrix remodeling, and alter-
ation can lead to abnormal deposition and eventually dilated cardiomyopathy [30]. Left
ventricular remodeling and HF onset is also thought to have been caused by MMPs [37–39],
and have been associated with increased left ventricular internal dimensions and wall
thickness [40]. This suggests that MMP may be a mediator and possible marker of car-
diac remodeling and can be regulated by various ROS-related pathways, such as Ang-II
induction of NF-κB and AP-1 transcription factors [41]. Aldosterone, part of the renin–
angiotensin–aldosterone cascade (RAAS) commonly activated in HF, has altered levels
of MMPs in animal studies. ROS/RNS has also been shown to affect MMPs directly by
protein modification. These findings have been validated in several in vivo and in vitro
studies [37–39].
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Figure 1. Mechanisms and expression of OS biomarkers in heart failure. Excessive ROS/RNS leads
to cardiomyocyte hypertrophy and cardiac fibrosis in heart failure.

2.5. Oxidative Stress in the Right Ventricle

The right ventricle (RV) is highly susceptible to OS compared to the left ventricle
(LV) due to its inability to regulate expression of manganese superoxide dismutase, a
key enzyme that attenuates ROS [42]. A high degree of OS adversely affects pulmonary
vasculature and induces RV remodeling [43]. Pulmonary vascular remodeling due to OS
may lead to hypertrophy and HF.

A key condition of OS-mediated HF is pulmonary hypertension (PH). During PH
development, ROS generation increases due to monocytes accumulating in pulmonary
arterioles [44]. An animal experimental model by Khoo et al. [45] revealed high radical
formation in high-fat diets of rats. Investigating the importance of the balance between



Biomedicines 2023, 11, 917 5 of 36

antioxidants and oxidants, Zelko et al. [46] knocked out SOD3 in mice and induced PH
using silica. The resulting mice exhibited much higher RV pressures compared to the
wildtype.

3. Redox Biomarkers in Heart Failure
3.1. Classical Biomarkers

While it may be intuitive to determine HF severity with ROS, there are several reasons
that make ROS poor biomarkers to measure directly. Firstly, ROS have short half-lives
and are not stable enough for sample collection and storage. Secondly, current methods of
measurement such as spin trapping-based electron paramagnetic resonance spectroscopy
are difficult. Thirdly, ROS are found in specific compartments in the body, which may
render them inaccessible and difficult to quantify. Fourthly, it may be difficult to obtain
adequate tissue samples as measurement is difficult. Despite multiple ways to measure
and quantify oxidative states, no method is superior. As there are no suitable method for
direct measurement, this has not yet entered clinical practice.

Indirect markers of OS are more readily measured than direct assay of ROS, but use of
surrogate markers is usually at the expense of differentiating specific ROS involvement.
Most studies of OS and HF have used surrogate markers due to feasibility and better
correlation to indices of HF severity. An ideal biomarker for HF would be one that is stable
enough to be stored, has good assay reproducibility, sensitivity, specificity, is integral to the
pathogenesis of disease and has rigorous evidence supporting its application in guiding
disease management and improving important clinical outcomes. Table 1 summarizes
promising OS biomarkers with potential clinical relevance, while Table 2 summarizes
surrogate biomarkers with potential clinical relevance. Figure 2 depicts representative
studies of the prognostic value of OS biomarkers highlighting malondialdehyde (MDA),
myeloperoxidase (MPO), nitrotyrosine and uric acid (UA) as key prognostic markers on
all-cause mortality in HF. Ghezzi et al. suggested a classification of OS biomarkers to
clearly categorize biomarkers in their relation to OS. Briefly, there are 5 categories which
biomarkers may fall into—ROS species themselves, oxidized products of OS, indicators of
biochemical pathways associated with OS, antioxidant capacity and genetic biomarkers. It
should be noted that these categories are not mutually exclusive [47].

Table 1. Oxidative stress-related biomarkers and clinical outcomes (up to 5 years) in heart failure.

Oxidative
Stress-Related
Biomarkers

Prognostic Value Study Information

Prognostic
Indicator

Reported Value
(95% CI) p Endpoint Sample (n) Ref.

MDA

HR 2.103 (1.330–3.325); <0.01 ACM

774 [48]

RR
MDA 4th quartile vs.

1st quartile:
3.64 (1.917–6.926)

<0.01 ACM

HR 2.000 (1.366–2.928) <0.001 Death, Heart
transplant

R-value ICM −0.111;
nICM 0.152 <0.05 Severity

(NYHA class)

HR 3.33 (1.55–7.12) 0.002 ACM 189 [49]

HR 2.202 (1.296–3.741) 0.004 CVM, Heart
transplant 707 [50]
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Table 1. Cont.

Oxidative
Stress-Related
Biomarkers

Prognostic Value Study Information

Prognostic
Indicator

Reported Value
(95% CI) p Endpoint Sample (n) Ref.

Bilirubin
HR 1.47 (1.19–1.82) 0.0004 Pump failure death 1135 [51]

HR 1.052 (1.001–1.099) 0.034 ACM, Hosp 556 [52]

OxLDL
HR 1.013 (1.003–1.024) 0.013 Mortality, Hosp 284 [53]

HR 46.6 (1.5–1438.1) 0.02 Death, VAD, Heart
transplant 60 [54]

F2-isoPs

OR 1.8 (1.1–3.1) <0.05 CVM 392 [55]

p-value

Symptomatic HF
0.0003;

Left ventricular
end-diastolic diameters

0.008;
Left ventricular

end-systolic diameters
0.026

<0.05 Severity
(NYHA class) 51 [56]

AUC 0.99 <0.001 Hosp, Severity 73 [57]

Protein carbonyls AUC 0.84 (0.77–0.92) <0.001 Severity
(Prognosis) 104 [58]

8-OHdG

R-value
LVEF −0.27;
PCWP 0.31;

LVEDV index 0.22

0.0006;
0.0136;
0.0077

Severity 225 [59]

R-value

Left atrial diameter
0.54;

LVEDD 0.65;
LVESD 0.66

0.002;
0.0001;

<0.0001
Severity 46 [60]

HR 2.02 (1.01–4.03) 0.0473 CVM, Hosp 272 [61]

UA

HR

ACM 1.413
(1.094–1.824);
CVM 1.399

(1.020–1.920)

0.008;
0.037 ACM, CVM 2675 [62]

RR

History of gout 1.63
(1.48–1.80)

Acute gout episode:
2.06 (1.39–3.06)

<0.001;
<0.001 ACM, Hosp 25,090 [63]

HR ACM 1.35 (1.07–1.72);
CO 1.32 (1.06–1.66)

0.010;
0.020 ACM, CO 1152 [64]

HR
ACM 2.24 (1.49–3.37);
CVM 1.14 (1.06–1.23);

CO 1.26 (1.01–1.56)
<0.001 ACM, CVM, CO NA [65]

MPO

AUC 0.909 <0.0005 ACM 1360 [66]

HR 1.51 (1.01–2.26) 0.045 ACM
667 [67]

AUC 0.53 0.045 ACM

HR 3.35 (1.52–8.8) 0.002 ACM, Hosp, Heart
transplant 140 [68]
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Table 1. Cont.

Oxidative
Stress-Related
Biomarkers

Prognostic Value Study Information

Prognostic
Indicator

Reported Value
(95% CI) p Endpoint Sample (n) Ref.

AGE

HR

Soluble RAGE 1.90
(1.16–3.09);

Pentosidine 1.59
(1.11–2.29)

0.010;
0.012 CVM, Hosp 160 [69]

HR

CML (Hosp) 1.20
(1.05–1.37);

CML (ACM) 1.24
(1.07–1.45);

Pentosidine (Hosp)
1.15 (1.00–1.31)

0.001;
0.006

ACM, CO (ACM,
Hosp), Hosp 580 [70]

Nitrotyrosine
p-value

Higher in NYHA class
III:

NYHA III vs. NYHA
II < 0.05

NYHA III vs. NYHA
I < 0.03

NYHA III vs.
Control < 0.02

0.010 Severity
(NYHA class) 66 [71]

R-value proBNP 0.32;
MPO 0.37

<0.010;
<0.003

Severity
(NYHA class)

ST2/Galectin-3

HR

Galectin-3:
Pump failure 1.12

(1.01–1.23)
SCD 1.10 (1.00–1.22)

ST2:
Pump failure 2.27

(1.48–3.49)

0.850 Pump failure, SCD 813 [72]

OR

120 days Hosp 2.79
(1.75–4.44);

120 days CO 1.84
(1.19–2.86)

<0.001 CO (ACM, CVM,
Hosp), Hosp 902 [73]

HR HF 0.24 (0.16–0.70);
Control 0.14 (0.13–0.17) <0.0001 Severity 240 [74]

HR 1.9 (1.3–2.9) 0.002 CO (Heart
transplant, ACM) 1141 [75]

AUC 0.75 (0.69–0.79) 0.240

HR

5-year ACM ST2 0.770
(0.746–0.793);

5-year CVM ST2 0.783
(0.753–0.813)

0.004;
0.040 ACM, CO, CVM 876 [76]

ACM—all cause mortality; AGE—advanced glycation end-products; AUC—area under curve; CAD—coronary
artery disease; CI—confidence interval; CO—combined outcomes; CML—N-E-(carboxymethyl) lysine; CTnT—
cardiac troponins; CVM—cardiovascular-associated mortality; EF—ejection fraction; F2-isoPs—F2-isoprostanes;
HF—heart failure; Hosp—hospitalization; HR—hazard ratio; ICM—ischemic cardiomyopathy; IVCD—
intraventricular conduction delays; KM curve—Kaplan Meier curves; LVEF—left ventricular ejection fraction;
LVEDD—dilated left ventricle end diastolic volume; LVEDV—left ventricle end diastolic volume; LVESV—left
ventricle end systolic volume; MACE—major adverse cardiovascular events; MDA—malondialdehyde; MPO—
myeloperoxidase; NA—not applicable; NT-proBNP—NT-pro B-type natriuretic peptide; NYHA—New York Heart
Association; OR—odds ratio; OxLDL—circulating oxidized LDL; p-value—probability value; PCWP—pulmonary
capillary wedge pressure; 8-OHdG—deoxyguanosine; ST2—suppression of tumorigenicity 2; QTc—corrected
QT interval; RAGE—receptor for advanced glycation end-products; R-value—Pearson’s correlation coefficient;
RR—risk ratio; SCD—sudden cardiac death; Spearman’s rho—Spearman’s rank-order correlation coefficient;
U-test—Mann–Whitney U test; UA—uric acid; VAD—ventricular assist device.
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Table 2. Surrogate biomarkers associated with clinical outcomes (up to 5 years) in heart failure.

Surrogate
Biomarkers

Prognostic Value Study Information

Prognostic
Indicator

Reported Value
(95% CI) p Endpoint Sample (n) Ref.

SOD

C-Statistics 0.85 (0.77–0.92) 0.034 ACM, Hosp 593 [77]

HR 1.07 (1.02–1.13) 0.005 ACM, Heart
transplant 109 [78]

Thiol-containing
compounds

Spearman’s rho Cystine −0.31 0.007 Peak Filling
Rate 75 [79]

U-Test GSH 21% <0.0001 NYHA Class 1 91 [80]

PON1

KM curve - 0.023 HF 299 [81]

HR

Prognosis 2.63
(1.97–3.50);

3-year MACE risk
2.04 (1.49–2.79)

<0.01 MACE, CAD 3668 [82]

Ceruloplasmin

HR 1.90 (1.40–2.80) <0.001 ACM 164 [83]

p-value
Cardiomyopathy

< 0.001;
NYHA class < 0.05

<0.001;
<0.05

Severity
(NYHA class) 202 [84]

HR 2.95 (1.29–6.75) 0.011 ACM 131 [85]

ACM—all cause mortality; CAD—coronary artery disease; CI—confidence interval; GSH—glutathione; HF—heart
failure; Hosp—hospitalization; HR—hazard ratio; KM curve—Kaplan Meier curves; MACE—major adverse car-
diovascular events; NYHA—New York Heart Association; PON1—paraoxonase-1; SOD—superoxide dismutase;
Spearman’s rho—Spearman’s rank-order correlation coefficient; U-test—Mann–Whitney U test.
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3.2. Biomarkers and Organ Specificity

Given the large number of possible biomarkers, it is difficult to decide which may
prove most useful and where most effort should be directed into. The biomarkers of
oxidative stress study (BOSS) studied 16 products of OS in the blood, plasma and urine of
rats and found that MDA and isoprostanes in plasma and urine, and 8-OHdG in urine are
potential candidates for general biomarkers of OS. As such, these markers have become the
more widely studied.

Another reason why a specific biomarker may be selected is its organ-specificity. A
biomarker becomes diagnostically superior if it points to a specific dysfunctional organ.
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There is a lack of study on the specificity of biomarkers in relation to diseased organ
systems/tissues. Most studies focus on biomarkers from noninvasive plasma and urine
samples to study a wide variety of pathologies. While some biomarkers show stronger
correlation to pathologic states (such as isoprostanes in Alzheimer’s disease) [86], the
diagnostic utility of OS biomarkers may be questioned, as they merely reflect an underlying
state common to many diseases.

Furthermore, studies that use tissue samples often do not compare biomarkers differ-
ent samples from various organ systems. Jun et al. found that intermittent hypoxia in mice
lead to an increase in lipid peroxidation in the liver but not in heart or aortic tissues after
4 weeks. The effect was significant after 4 weeks, leading to a 38% increase in hepatic MDA
levels. In other animal studies [87], suggested that vaccination in rainbow trout induced
lipid peroxidation in gill and liver tissues but muscle and brain tissue can restore its pro-
and antioxidant balance after vaccination.

3.3. Lipid Peroxidation
3.3.1. Malondialdehyde

Malondialdehyde (MDA) is an organic compound that consists of a highly reactive
dialdehyde with two carbonyl groups. It is generated as an end-product of lipid peroxida-
tion of membrane polyunsaturated fatty acids (PUFAs) in response to the presence of free
radicals and ROS [88]. In physiological conditions, MDA is relatively inert, but in low pH,
it can form covalent adducts with amino acids, such as the Lys-MDA-Lys crosslink. MDA
is easy to quantify spectrophotometrically using thiobarbituric acid reactive substances
(TBARS) assay, but this test lacks specificity for MDA as other aldehydes can form products
that absorb light in the same range as MDA. ELISA assays have shown good performance
with increased specificity compared to using TBARS [88].

MDA is often used as a biomarker in OS studies and has generally been considered
a by-product of, rather than contributory to HF development. However, Folden et al.
found MDA to have a depressive effect on ventricular contractile function at a single
cardiomyocyte level, by direct phosphorylation of P38 MAP kinase [89]. P38 has been
associated with the onset of HF [90] and is known to have a negative inotropic effect, due to
reduced responsiveness of myofilaments to Ca2+ [91]. However, a study found that it only
correlated with HF when compared to healthy controls. There was no significant difference
in symptomatic or asymptomatic groups, suggesting that MDA may be more sensitive
and may pick up HF earlier in disease course [92]. However, another study suggested that
there was graded elevation of MDA according to New York Heart Association (NYHA)
classification, with Class II NYHA patients showing significantly lower MDA levels and
significantly higher levels of vitamin A, vitamin E, lutein, and lycopene than Class III
patients, and correlation between elevated MDA levels and poorer ejection fraction [93].

MDA has also been studied in the etiology of HF. A study evaluating a large group of
479 patients with ischemic HF and 295 patients with non-ischemic HF showed higher total
antioxidant capacity, MDA concentration and MDA/PSH ratios in ischemic cardiomyopa-
thy. Other parameters, including total oxidant status, UA, and albumin, measured in the
study did not differ between the groups [94]. The results suggest MDA could be a useful
marker to differentiate HF etiology.

MDA also shows potential as a prognostic marker for HF. Romuk et al. found higher
MDA and UA to be independent predictors of death and the combined endpoint of death
and heart transplantation, in patients with chronic HfrEF. Other markers of oxidative
balance including total antioxidant capacity, total oxidant status, OS index and protein
sulfhydryl groups were measured but were not found to be prognostically useful [48].
Radovanovic et al. and Wojciechowska et al. also found MDA to predict mortality in
patients with chronic ischemic HF [49,50]. In uremic patients, levels of MDA and oxidized
low-density lipoprotein (oldy) were elevated in those with HF compared to non-HF cases,
suggesting that MDA may be used as a marker for HF in uremic patients [40].
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Lipid peroxidation assessed by measurement of MDA and isoprostanes was surpris-
ingly not increased in patients with left ventricular dysfunction treated with standard
HF therapy. No correlation was found to the severity of HF, suggesting that the lack of
elevation of markers of lipid peroxidation may reflect effective treatment of HF [95]. MDA
remains a strong contender as a potential biomarker for HF, given its ability to suggest
etiology and medical therapeutics.

3.3.2. Pentane and Acetone

Pentane is an end-product of lipid peroxidation, produced from the reaction between
free radicals and omega-six fatty acids and excreted through the lungs. Breath pentane
excretion is a reliable noninvasive index of lipid oxidation, and patients with chronic heart
failure (CHF) excreted significantly higher pentane concentrations than control subjects,
regardless of whether they had been treated with captopril or enalapril [96]. A study was
conducted to determine if the dose-dependent relationship between captopril and pentane
exhalation was due to the sulfhydryl group, which was hypothesized to have radical
scavenging capability. The study found that pentane was significantly increased in class
IV compared to class II, but there was no significant difference in excretion between class
III and either classes II or IV [97]. While excreted pentane shows potential as a diagnostic
marker, it does not significantly correlate with NYHA functional class [96].

Exhaled breath acetone (EBA) is another volatile organic compound reported to be
increased in HF patients due to an altered metabolism and shift from carbohydrates to
fat as a source of energy. A study found that diabetic patients with more severe HF have
elevated EBA. While EBA is also detected in patients with other diseases such as diabetes
mellitus, lung cancer, and allergic asthma, it may still have potential in differentiating
underlying HF [98]. EBA concentrations were also higher in more severe right sided-venous
engorgement, suggesting that hepatic congestion may contribute to ketosis generation [99].

Patients with lower EBA levels and pentane upon initial hospital admission have been
shown to have a significantly higher likelihood of survival [100]. A recent study of 695
patients with chronic HF concluded that higher EBA levels were independently correlated
with cardiac and overall mortality over a follow-up period of 18 months [99,101]. With
advances in metabolomics, EBA is indeed a promising biomarker with good correlation
with HF severity and prognosis.

3.3.3. Biopyrrins

Bilirubin generation is increased under OS due to the induction of heme oxygenase, an
enzyme that catalyzes the degradation of heme and is rate-limiting in bilirubin synthesis.
Bilirubin has antioxidant effects by scavenging ROS and is particularly beneficial against
lipid peroxidation and LDL oxidation. It is subsequently oxidized to form biopyrrins,
which can be measured using anti-bilirubin monoclonal antibodies in urine samples. An
inverse relationship between serum bilirubins and coronary artery disease (CAD) has been
established, suggesting that it may have a cardiovascular protective effect [100].

In HF studies, biopyrrin levels were significantly higher in patients with HF and
correlated with NYHA functional classification. Log biopyrrin to creatinine levels correlates
with other markers of cardiac function, including a positive correlation with pulmonary
artery wedge pressure, pulmonary artery pressure and log BN; it has a negative correlation
with the cardiac index and left ventricular ejection fraction. Standard medical therapy
of HF was shown to reduce both biopyrrin levels and NYHA functional classification in
parallel [101].

In human studies, biopyrrins have been used to measure OS in various cardiovascular
pathologies, as well as reperfusion injury studies. In patients with myocardial infarction,
urinary biopyrrin levels were elevated once corrected for serum creatinine and were
significantly higher than in patients with stable angina. Following intervention, coronary
reperfusion was associated with increased urinary biopyrrin, which trended as normal
from 24 h to 7 days [102]. The authors concluded that OS may be contributory to the
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complication of reperfusion injury. In atrial fibrillation, biopyrrins levels were reduced
following sinus rhythm restoration in persistent atrial fibrillation patients [103], suggesting
that atrial fibrillation itself may be a source of OS.

There is lack of evidence regarding the use of biopyrrin as a prognostic marker for
HF, and more studies are needed. Interestingly, bilirubin itself, while not a marker of OS,
has been shown to be a prognostic marker for HF in multiple studies. The increase in
bilirubin has been explained by back pressure of the failing right ventricle resulting in
hepatic congestion and hepatocyte atrophy [104], although it may also be a response to OS
in HF through the stress-induced activation of heme-oxygenase 1, which is responsible for
oxidative cleavage of heme groups leading to generation of biliverdin and its anti-oxidative
effects [105].

Most studies have found bilirubin to be associated with severity and poor prognosis.
HF. Wu et al. found that increased bilirubin level was associated with decreased survival
rates and the risk of pump failure death [51]. Okada et al. found direct bilirubin to
predict all-cause mortality in acute decompensated HF [52], while Chintanaboina et al.
found serum total bilirubin to be an independent risk predictor of hospital admissions
secondary to HF [106]. However, Zheng et al. found that patients with HFpEF had lowered
bilirubin compared to healthy controls, and increased severity of HFpEF was associated
with significantly lower total bilirubin levels [107]. They postulated that the correlation
could be explained by the reduced antioxidant capacity in decreased bilirubin levels for
more severe HFpEF.

Since bilirubin is a precursor of the oxidized biopyrrin, it is reasonable to expect levels
of bilirubin to correlate with biopyrrin. Indeed, studies which measured both metabolites
have found bilirubin to correlate with biopyrrin in serum and urine [108,109]. Therefore, it
may be reasonable to hypothesize that biopyrrins may confer a similar prognostic value.
Future studies involving biopyrrins in conjunction with bilirubin may be able to help
determine the major source of bilirubin production in HF and the mechanism linking
bilirubin and HF, both for HFpEF and HFrEF.

3.3.4. Oxidized LDL

ROS oxidizes LDL and phospholipids to form OxLDLs, which are taken up by
macrophages and overlying endothelial cells to form foam cells and proinflammatory
cytokines. These cytokines are mostly detected by circulating monoclonal antibodies which
are specific for the different epitopes of OxLDL. OxLDL has good reproducibility and
stability in storage.

OxLDL has been linked to HF due to its ability to induce poor Ca2+ handling and
decreased paraoxonase 1 (PON1) activity [40,110]. It may also oxidize to form 7-ketone
cholesterol (7KCh) which may induce OS in cardiomyocytes leading to cell death. Elevated
OxLDL levels in HF correlate with decreased paraoxonase 1 (PON1) activity (further
discussed separately below), suggesting that there is impairment of the antioxidant system
and metabolism of OxLDL. It is also associated with NT-proBNP in young subjects with
or without stable coronary artery disease [111]. High OxLDL levels have been linked to a
more spherical left ventricular cavity [112], and decreasing diastolic and systolic function
independent of other inflammatory markers, lifestyle or vascular cardiac structure [113,114].
OxLDL appears to be correlated to HF severity, with plasma OxLDL being significantly
higher in severe CHF patients than in control subjects and mild CHF patients [115]. Several
other studies have confirmed the correlation between OxLDL and HF severity.

Jorde et al. found that high plasma levels of BNP and OxLDL were independent
predictors of mortality in HF patients, while other measured variables such as LVEF and
neuro-hormonal factors did not [54]. After maximal exercise, patients post-exercise of more
than 11.0 U/L with a higher increase in OxLDL had an increased risk of death and need
for ventricular assist device or heart transplant. OxLDL antibodies (OxLDL Abs) are an
alternative to direct measurement of Ox-LDL levels. They are the product of immune
response to OxLDLs and express a variety of epitopes and induce the production of a
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polyclonal mixture of IgA and IgG antibodies, which can predict morbidity and mortality.
However, lowering OxLDL with antioxidant therapies has not been shown to decrease rates
of cardiovascular events. A study of 353 healthy subjects revealed that supplementation
decreased circulating OxLDL but did not slow down the progression of carotid artery
intima-media thickness over a 3-year period [116].

3.3.5. F2-Isoprostanes

F2-isoprostanes (F2-isoPs) are a class of prostaglandin-like compound produced from
the peroxidation of arachidonic acid derived from the cellular phospholipid bilayer in
the presence of ROS or cellular OS. They are produced independent of cyclooxygenase
enzyme and can only be detected in very low concentrations in biological fluids. They are
one of the most reliable markers for monitoring OS due to their stability and sensitivity
to OS exposure. They are detectable in both urine and serum samples, allowing easy
and noninvasive sample collection, and concentrations in samples are independent of
hepatic and renal function. Furthermore, concentrations in samples are independent
of hepatic and renal function, making them viable biomarkers in patients with organ
impairment. Currently, the best method of quantification involves gas chromatography
or liquid chromatography with mass spectrometry [117]. Other simpler options include
enzyme-linked immunosorbent assay (ELISA) and radioimmunoassay.

Isoprostanes are a biomarker of OS and may be contributary to CVD. They mediate
vasoconstriction through potentiating the effects of noradrenaline and angiotensin [118],
increasing endothelin expression, and vascular smooth muscle cell [119]. The mechanism
of their effects was initially thought to involve thromboxane A2 (TxA2) receptors [120],
but there is increasing evidence that there is a distinct receptor for isoprostanes. Fukunaga
et al. showed isoprostanes displaces TxA2 agonists less potently than a TxA2 antagonist
and stimulated the relation of intracellular secondary messengers greater than that of any
TxA2 agonist, the effect of which was only partially inhibited by the TxA2 antagonist [121].
Wilson et al. found that pigs with hypercholesterolemia secondary to cholesterol diet had
increased isoprostane levels independent of the TxA2 receptors [122]. It is possible that
isoprostane mechanisms are tissue-specific, and further study is necessary to understand
their biological effects in HF.

Multiple studies on F2-isoPs levels in CVD have been performed. Several case-control
studies have found a clear association between elevated plasma and urinary F2-isoPs levels
with the presence of coronary artery disease, compared to normal controls [123]. Roest
et al. found that high levels of urinary F2-isoPs conferred a higher mortality risk secondary
to coronary artery disease and stroke in postmenopausal women [55]. Another study by
Leleiko et al. found plasma F2-isoPs levels greater than 124.5 pg/mL could predict poor
outcomes in patients with acute coronary syndrome [53]. Several studies aimed to elucidate
the role of F2-isoPs in patients with congestive HF. Mallat et al. found that pericardial
levels of F2-isoPs were correlated with severity of HF and with the degree of ventricular
dilatation, as seen on echocardiography. They also found that levels were correlated with
left ventricular end-diastolic and end-systolic diameters, suggesting a potential role in
stratifying the severity of HF [56].

Subsequently, Cracowski et al. found that urinary excretion of F2-isoPs was signifi-
cantly higher in patients suffering from severe HF compared with age and sex matched
controls. Urinary concentrations of F2-isoPs were higher in NYHA class IV compared to
class II and III HF [124]. Radovanovic et al. also found higher urinary concentrations in
NYHA class III and IV patients, as compared to NYHA I and control patients [125]. The
receiver operating curve analysis identified a cut-off value of 0.84ng/mg, with sensitivity
and specificity of above 95%. Additionally, echocardiographic indices of left ventricular
remodeling such as the left ventricular end diastolic and end systolic diameter and volume
were found to be directly related to the F2-isoPs levels.

These studies suggest that F2-isoPs may be used for HF prognostication as they
correlate strongly with the functional severity of HF. Studies have elucidated the potential
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role of F2-isoPs as a potential biomarker for HF diagnosis, symptom severity, ejection
fraction reduction and left ventricular remodeling. Urine and plasma samples are easily
obtainable, and development of commercially available assays may translate to ease of
measurement and clinical use. However, the role of F2-isoprostanes in long-term outcomes
of HF, or its specific roles in HFpEF or HFrEF, is unclear and more studies may be required.

3.4. Protein Carbonyls

Protein carbonyl groups are general markers of OS and their associated diseases.
Increased carbonyl levels have been seen in various disease states, such as Alzheimer’s
disease, rheumatoid arthritis, diabetes, and chronic renal failure. Carbonyls are gener-
ated by direct oxidation of protein side chains or secondary oxidation from secondary
reaction of the protein side chain with aldehydes from lipid peroxidation or with reac-
tive carbonyl derivatives such as ketoamines, ketoaldehydes, deoxyozones. Assays for
detection of protein CO groups involve derivatization of the carbonyl group with 2,4-
dinitrophenylhydrazine (DNPH), which leads to formation of a stable dinitrophenyl (DNP)
hydrazone product. This can be detected by various means, such as spectrophotometric
assay, ELISA and one- or two-dimensional electrophoresis [126].

Elevated carbonyl levels in HF have been reported, albeit limited studies on it.
Endothelin-1 is a vasoconstrictive peptide that mediates its effects via ROS generation,
likely through ETA receptor activation and increased NAPH oxidase activity [127]. In-
creased ROS results in decarbonylation of multiple proteins, including annexin A1, an
anti-inflammatory protein known to reduce cardiac inflammation [128], cardiac fibrosis
and apoptosis and preserves cardiomyocyte survival in ischemic insult [129]. Endothelin
itself plays a role in endothelin-mediated cell growth and survival of pulmonary artery
smooth muscle cells [130], which are important events in pulmonary vascular remodeling.
This leads to increased pulmonary vascular resistance, causing right ventricular strain and
eventual right HF. Thus, deactivating protein carbonylation via endothelin antagonism is
established as a therapeutic strategy in pulmonary hypertension [128,131].

The carbonylation of myofilament protein is another potential contributor to devel-
opment of HF and is seen to occur in post-infarct mice. It decreases Ca2+ sensitivity and
force production irrespective of myofilament phosphorylation status [132] This mechanism
may also contribute to doxorubicin-induced cardiotoxicity and HF [133]. Hoshino et al.
found that there are increased post-translational modifications including carbonylation
of Lon protease homolog (LONP1), the most abundant mitochondrial AAA protease, in
HF. This results in impaired electron transport chain, mitochondrial respiration deficiency
and left ventricular contractile dysfunction [134]. Other proteins which have been found
to undergo carbonylation in the setting of HF and OS include M type creatine kinase and
alpha-cardiac actin, which result in impaired contractility [135].

Increased ROS-induced carbonyl modification of myocardial proteins occurs in the
left ventricle of hamster models dilated and hypertrophic cardiomyopathy, with increased
carbonyl level in cardiomyopathic hamsters compared to control animals. Carbonyl levels
were inversely related to both succinyl-CoA:3-ketoacid-coenzyme A transferase 1 activity
and ATP concentration, suggesting that the carbonylation of proteins in the myocardium
may reduce ATP synthesis and contribute to poor ventricular function [136]. In a rat model,
rats with DM1 and MI had worsened cardiac function compared to non-diabetic rats with
MI, with higher carbonyl contents in cardiac tissue and isolated heart and significantly
poorer residual LV systolic function and wet-to-dry weight ratios of the lungs [137].

Protein carbonylation has been found to be increased in HF patients compared to
healthy controls [135]. A human study of hemodialysis patients found plasma protein
carbonyl content and MDA to be elevated in patients with left ventricular hypertrophy
compared to those with normal ventricular geometry. The incidence of eccentric left
ventricular hypertrophy (LVH) significantly increased with protein carbonyl values, with
the strong correlation suggesting that protein carbonyl levels may be good predictive
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markers of LVH development. Furthermore, carbonyl levels were independent predictors
of higher LV end diastolic diameter and LV end-diastolic volume [58].

3.5. 8-Hydroxy-2′-deoxyguanosine (8-OHdG)

Apart from cellular proteins and lipids, OS can damage DNA and RNA in cells, making
them potential biomarkers of total body OS. Examples of oxidative products include 8-
Hydroxy-2′-deoxyguanosine (8-OhdG), and thymine glycol (TG). TG is a more specific
marker of OS because thymidine is not incorporated into RNA. The mechanism behind
DNA oxidative modification is unclear, and there is ongoing debate on whether the free
nucleosides are oxidized prior to their incorporation into DNA molecules or there is direct
oxidation of the DNA molecules. Regardless, oxidized nucleotides may lead to mismatch
pairing and mutations, GC-TA mutations are related to cancer pathogenesis, including lung
and breast cancer. To mitigate the harmful effects, cells have inherent repair mechanisms
allowing for the excision and excretion of the oxidized nucleotide, leading to its eventual
excretion in urine. There are several methods of measuring 8-OhdGs. High performance
liquid chromatography (HPLC)-electrochemical detection is the most reliable method for
measuring oxidative nucleotides (TG). ELISA and immunohistochemical analysis have
been developed to measure TG in tissue samples.

Mitochondrial damage was found to be associated with HF [57,138]. OS can cause
single-stranded DNA breaks, which activates the PARP-1 pathway for single strand DNA
repair. An overactivation of PARP-1 depletes NAD+ and ATP pools leading to reduced
mitochondrial respiration and cell death. Mitochondrial dysfunction is characterized by
increased lipid peroxidation in the mitochondria, decreased mitochondrial DNA (mtDNA)
copy number, fewer transcripts and reduced oxidative capacity [138]. OS can cause single-
stranded DNA breaks, which activates the PARP-1 pathway for single strand DNA repair.
mtDNA accumulates significantly greater levels of 8-OhdG compared to nuclear DNA.
In fact, mtDNA has been suggested to be a target for ROS-mediated damage due to lack
of histones for chromosomal protection, having a limited ability for DNA repair, and
the mitochondria itself being a source of ROS with Oe

− being retained in mitochondrial
membranes [57].

The exact mechanism of mtDNA damage causing HF is not fully understood, but
an enzymatic response to OS may be a possible biomarker in HF. 8-oxo-dGTPase, an
enzyme that hydrolyzes 8-oxo-dGTP into 8-oxo-dGMP, has been shown to be increased in
mitochondria isolated from failing hearts of post-MI mice along with OS, suggesting that
an enzymatic response to OS may be a possible biomarker in HF [139]. Overexpression of
peroxiredoxin-3 (Prx-3), mitochondrial antioxidant or mitochondrial transcription factor A
(TFAM) could ameliorate the decline in mtDNA copy number in failing hearts [140].

8-OhdG was found to be significantly elevated in HF patients; correlated with LVEF,
pulmonary wedge pressure, left ventricular end-diastolic volume index and BNP levels
and correlated with NYHA classification [59]. It may also be affected by its etiology. Lipid
peroxidation was measured in HF patients, and both markers were significantly higher
compared to control subjects. The study grouped patients into three groups based on their
etiology of their HF, ischemic cardiomyopathy, dilated cardiomyopathy and hypertensive
cardiomyopathy. While all three groups showed a significant increase in both markers,
both markers were seen to be highest in the hypertensive cardiomyopathy group [60].

HF patients with cardiovascular events had higher baseline 8-OhdG than HF patients
without. Of those with cardiovascular events, those who had fatal events showed higher
levels compared to nonfatal. 8-OhdG was also found to be an independent predictor of
cardiac events in HF patients by Watanabe et al. [60]. Similarly, Suzuki et al. found serum
8-OhdG concentrations to be higher in HF patients than in controls and increasing with
NYHA class. There was significant correlation between higher serum 8-OhdG and cardiac
event rate [61]. A recent meta-analysis done by Di Minno et al., Watanabe et al. and 5
other studies found similar correlation between increasing NYHA class in HF and 8-OhdG
levels [141].
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RNA oxidation as a biomarker is of more recent interest. 7,8-dihydro-8-oxo-guanosine
(8-oxoGuo) is an oxidized RNA nucleoside found to be correlated with several diseases, in
particular neurodegenerative diseases and diabetes. Effects of oxidation on RNA transcripts
are not entirely clear, though there is evidence to suggest that they produce a mixture of
full-length and truncated proteins, mutated proteins, and cause stalling of the translation
complex. There seems to be a difference in the amount of DNA and RNA oxidation
depending on the disease. In diabetes, there is more RNA oxidation and has a different
prognostic value compared to DNA oxidation.

3.6. Allantoin

In hominoid primates, UA is the final enzymatic product in the degradation pathway
of purine nucleotides. It is formed when adenosine and guanosine are degraded to hy-
poxanthine and xanthine respectively. Hypoxanthine and xanthine are then oxidized by
xanthine oxidase (XO) to form UA. UA can be further oxidized to allantoin by uricase in
other mammals. This uniquely human “loss of function” and inability to further degrade
UA to allantoin is hypothesized to have occurred during evolution secondary to a missense
and frameshift mutation resulting in inactivation of the uricase gene. Humans therefore
have higher levels of serum UA compared to other mammals. It is postulated that the loss
of uricase conferred several evolutionary advantages such as a higher antioxidant capacity
due to the higher levels of UA. UA functions as an antioxidant by binding with free radicals
such as O2

− to form allantoin. Due to loss of the uricase gene in humans, allantoin can
only be generated by free radical-mediated oxidation. As such, allantoin can possibly
be used as a reliable biomarker for OS. Grootveld and Halliwell first demonstrated the
possibility of quantifying allantoin levels within human plasma and synovial fluid using
high performance liquid chromatography in 1987 [142]. Several in vivo studies have also
demonstrated the relationship between OS and allantoin levels by generating OS through
intense exercise.

Similar to humans, birds also lack uricase and cannot enzymatically convert UA to
allantoin. Tsahar et al. successfully quantified plasma and ureteral allantoin levels in white-
crowned sparrows before, during and after exercise in a hop or hover wheel and found a
possible relationship between UA oxidation and free radical generation from exercise [143].
Mikami et al. evaluated the effect of exercise-induced OS in humans by correlating plasma
and urinary allantoin levels before and after exhaustive static cycling and found a significant
rise in both serum and urinary allantoin during and after exercise [144,145]. In another
human study, Kandar et al. quantified the level of plasma allantoin before and after
volunteers were subjected to a 10-min high-intensity run and found that plasma allantoin
levels increased significantly immediately after exercise and returned to near baseline
levels after 1 h of recovery [146]. In a more recent study, Haldar et al. evaluated the
effects of an antioxidant polyphenol-rich diet on plasma allantoin levels in Chinese males
and found that consumption of a polyphenol rich diet attenuated the rise in postprandial
plasma allantoin and plasma allantoin to UA ratio, as compared to controls [147]. These
experiments all suggest a relationship between the OS and allantoin levels.

As discussed earlier, OS plays an integral role in the development of CVD. Similar
to in HF, OS and ROS have also been implicated contributors to atherosclerosis at least
in part via effects of Ang II. A Brazilian cohort study (ELSA-Brazil) demonstrated that
an elevated plasma allantoin level was associated with increased carotid intima-media
thickness independent of established atherosclerotic risk factors [148]. These results not only
suggest a strong relationship of OS with carotid atherosclerosis, but also demonstrate the
utility of allantoin as a surrogate marker of OS. More specific to HF, Caussé et al. compared
levels of aminothiols and purine degradation compounds in 75 HFrEF patients and 50
control patients, and specifically found that levels of purine degradation products, allantoin,
UA, and allantoin to UA ratio were significantly higher in patients with HFrEF [149]. These
results show a possible utility for plasma allantoin in the diagnosis of HF patients. Overall,
allantoin appears to be a promising novel biomarker of OS in HF due to the development of
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reliable measurement techniques and a strong correlation between OS and plasma allantoin
levels. More studies are needed however to elucidate the role of allantoin in HF prognosis,
risk stratification and management.

3.7. Uric Acid

Uric acid (UA) is the end-product of purine metabolism, produced from the conversion
of substrate xanthine by the enzyme xanthine oxidoreductase. It is a source of superoxide
ions and contributes to OS in the system. It is reduced during catalysis of hypoxanthine
to xanthine and xanthine to UA, and reoxidation involves electron transfer to oxygen,
producing hydrogen peroxide and superoxide [150]. UA levels in HF may be more of a
consequence of HF than a causative factor, as it is known to increase in hypoxic conditions
and ischemia due to degradation of adenosine triphosphate via adenosine leads to increased
substrate load for Xanthine oxidase. Hypoxia may worsen endothelial dysfunction via
decreasing availability of NO and create a cycle where it promotes further ROS production
and vessel dysfunction.

Higher UA levels in HF patients is correlated with disease severity. This increase in
UA levels reflect xanthine oxidase activity independent of diuretic use and renal dysfunc-
tion. Prospective studies in patients with CHF showed that hyperuricemia is a marker of
impaired oxidative metabolism and hyperinsulinemia, inflammatory cytokine activation
and impaired vascular function. UA levels correlate to the NYHA classification and were
significantly increased in symptomatic patients compared to asymptomatic patients, and
had significant correlation with BNP and diuretic use [151]. It has also been shown to
correlate with established prognostic factors in HF and may have additional prognostic
value. High serum UA levels are a strong independent marker of impaired prognosis
in moderate to severe HF, with a graded relationship with survival in CHF. In elderly
patients with chronic HF, hyperuricemia was associated with higher cardiac events [152],
and exercise intolerance [153].

UA may also predict HF development with raised serum UA associated with increased
risk of HF in older men on antihypertensives. Some studies noted that more than 50% of
CHF patients had elevated UA levels [62,63]. Hyperuricemia leads to worsening of dias-
tolic function, reduce exercise performance, and cachexia [154–156]. Several longitudinal
studies [64,157–159] and meta-analyses [65,160] indicated strong relationships between
elevated UA levels and HF risk, severity and poor prognosis. According to the Framing-
ham Offspring Cohort Study, the adjusted hazard ratio for HF incidence was 2.1 (95%
CI: 1.04–4.22), in patients with high quartile of serum UA compared to those with low
quartile [161]. In addition, Huang et al. reported the odds of HF incidence was increased by
19% (HR 1.19, 95% CI: 1.17–1.21), and the risk of all-cause mortality increased by 4% (HR
1.04, 95% CI: 1.02–1.06) [160]. According to the British Regional Heart Study, patients with
high serum UA levels (>410 µmol/L) have an increased risk of HF [162]. Overall, these
studies suggest UA is well established to be a strong potential OS biomarker for HF risk
and adverse outcomes. Drugs that lower serum UA, such as xanthine oxidase inhibitors
(allopurinol or febuxostat) have also shown benefits to HF patients [163,164].

4. Clinically Useful Biomarkers
4.1. Soluble NOX2-Derived Peptide

Recently, a systemic evaluation of NOX activity was proposed. An antibody was used
to bind to the amino acid sequence (224–268) of the extramembrane portion of the NOX2.
During cell activation, the expression of this amino-acid sequence was found to be reduced,
concomitant with ROS burst. When the supernatant from the activated cells was analyzed,
a peptide was recognized by the same antibody built against the amino-acid sequence
(224–268) of the extramembrane portion of NOX2. This peptide was defined as a sNOX2-dp
(soluble NOX2-derived peptide).

The sNOX2 peptide is measurable in both serum and plasma by an ELISA method that
was developed to simplify the methodology. Further investigation showed that sNOX2-dp
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mostly represented the sum of the peptides released from blood cells, with circulating
cells accounting for 90% of the released peptide, the remaining 10% assumed to be of
endothelial cell origin. The use of sNOX2-dp is relatively new and information about its
stability, metabolism and clearance is still lacking. ELISA studies have only been validated
for plasma, serum, and cell supernatant samples in small populations, and not in large
prospective studies. The small contribution to measurable sNOX2-dp from endothelial cells
may make it less suitable for vascular studies. While limited clinical evidence is available
for the use of sNOX-2-dp as a biomarker in HF, NOX2 has been implicated in other CVD
including IHD and atrial fibrillation, which may precipitate future HF. We address how
measuring NOX2 activity may be beneficial in such cases.

sNOX2-dp may be particularly useful for monitoring OS in HF because NOX expressed
in cardiomyocytes has been shown to be the major source of ROS generation in pressure
overload left ventricular hypertrophy in the pathogenesis of HF [165]. Similarly, Heymes
et al. found increased NOX activity in end-stage failing myocardium compared to non-
failing myocardium [166]. Interestingly, while Li et al. found an increase in expression
of NOX subunits, Heymes et al. found overall level of oxidase subunit expression to be
unaltered in failing compared to non-failing hearts. NOX2 has been suggested to be most
responsible for generation of OS in development of HF, initiating various downstream
pathways as discussed earlier.

The role of other NOX isoforms has been less studied and remains not well understood.
Zhang et al. suggest that NOX4 may play a protective effect in chronic pressure overload,
with NOX4 knockout mice developing worse left ventricular hypertrophy, contractile
dysfunction and dilation while over-expression of NOX4 had the opposite effect [167].
However, another study showed that NOX4 had adverse effects in aortic constriction
induced cardiac dysfunction [33]. ROS has been implicated in cardiac remodeling and
development of HF after myocardial infarction. Multiple mechanisms have been proposed
including those previously discussed. A major source of ROS in the post infarction setting
is NOX2 [168]. A study found that NOX2 in the cardiomyocytes was responsible for the
remodeling process, rather than NOX2 expression in the endothelium. By monitoring
NOX2 activity specifically using sNOX-2-dp, one may be able to determine the degree of
remodeling post-infarct. A study investigating the role of NOX2 in cardiac remodeling
post-infarct in mice found NOX2 gene KO resulted in significantly less left ventricular
cavity dilation and dysfunction compared to matched wild-type mice, suggesting that
NOX2 contributes significantly to the pathogenesis of cardiac remodeling [169].

OS has been suggested to be a link between atrial fibrillation, tachycardia and atrial
remodeling. A study found that NOX2 containing NADPH oxidase to be the main source of
superoxide production in human atrial myocytes. There was an increase in NOX2 superox-
ide production in patients with atrial fibrillation compared to controls. Other contributors
to OS include NOS and to a lesser extent, mitochondrial oxidases [170]. sNOX2-dp was
elevated in persistent, paroxysmal atrial fibrillation and in permanent atrial fibrillation
compared to healthy controls. The same study found sNOX2-dp to correlate strongly with
urinary isoprostanes, suggesting that NOX2 may be responsible for isoprostane forma-
tion [171]. Violi et al. showed that NOX2 upregulation, measured in the form of sNOX2-dp
was associated with increased risk of atrial fibrillation in patients with community acquired
pneumonia [172].

Further studies are needed to understand the diagnostic and prognostic value of
sNOX2-dp in HF. With increasing evidence showing that NOX2 is a major contributor to
OS in HF, sNOX2-dp seems to be a potentially useful biomarker.

4.2. Myeloperoxidase

MPO is a heme-containing peroxidase enzyme found in neutrophils and macrophages.
Its main role is to generate ROS in cells of the innate immune system to be used in degra-
dation of bacteria after phagocytosis. MPO is beneficial for host defense, and a deficiency
in MPO results in immune deficiency. MPO produces hypohalous acids, oxyacids which
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contain a halogen or pseudohalogen, and HOCl. Specific products to MPO include chloroty-
rosine (3-Cl-Tyr), glutathione sulfonamide and chlorinated lipids. Increased MPO activity
has been implicated in the pathogenesis of multiple diseases such as atherosclerosis, possi-
bly as a manifestation of increased OS. MPO-derived ROS also reduce the bioavailability of
NO, impairing vasodilation, and modifies high density lipoprotein, impairing its function
in cholesterol efflux.

In HF, myeloperoxidase is associated with vascular dysfunction. Myeloperoxidase is
thought to be electrostatically trapped by proteoglycans in the subendothelial glycocalyx.
Its subsequent production of HOCl and other oxidants decreases the bioavailability of
NO in vascular tissue. This impairs vasodilation, leading to hypoxia, ATP depletion,
increased purine metabolism and accumulation of UA. MPO activity may also be induced
by asymmetric dimethyl arginine (ADMA), which in turn is elevated by native or oxidized
LDL. This thus creates a loop where high LDL level causes greater ADMA values which
increases MPO activity and worsens vascular function. MPO and calprotectin are also
involved in inflammatory responses in CVD.

The methods used to measure MPO activity have not been standardized and lack
comparison studies between different methods of measurement. Myeloperoxidase itself
can be measured by flow cytometry, immunohistochemistry, or cytochemical staining. Its
product HOCl may also be measured by staining and spectroscopy. Some studies have
also measured 3-Cl-Tyr, a specific product of MPO. Recently, ELISA kits are being more
commonly used, and this has made testing more affordable. The variety of assays deployed
in current studies which support or challenge the role of MPO in disease processes require
validation. In general, measuring MPO and MPO-derived products remains expensive and
time-consuming. These products are usually found in low concentrations that affect the
measurement accuracy. Measurement of HDL, which was found to be a carrier of 3-Cl-Tyr,
is possible but requires extensive preparation which limits clinical use. MPO measurement
is also influenced by sample storage and time to analysis. Biomarkers of downstream effects
of MPO activation are also possible, though they reflect more of endothelial microvascular
involvement of OS. Calprotectin reflects neutrophil involvement, UA reflects tissue hypoxia,
while arginine, ADMA and SDMA may reflect NO bioavailability.

Several studies have also investigated myeloperoxidase in chronic HF. Increased
MPO levels were found in patients with HFpEF and correlated with UA levels. Diastolic
dysfunction in HFpEF patients with E/e’ ratio of >14 associated with increasing UA levels,
and more weakly with increasing MPO levels. UA was also significantly predictive of
the combined endpoint of HF requiring hospitalization or all-cause death. Other markers
found to be elevated in HFpEF were calprotectin, asymmetric dimethyl arginine, and
symmetric dimethylarginine, while arginine was decreased [173]. Plasma MPO levels are
raised in HFrEF, and in patients with chronic systolic HF compared to healthy controls and
correlating with NYHA class and plasma BNP. These findings were independent of whether
HF was of ischemic or non-ischemic etiology [174]. Ng et al. investigated use of MPO
as a screening tool for HFrEF in combination with NT-proBNP [66]. The study screened
1360 individuals with 1331 having echocardiograph scans and plasma specimens. MPO
individually was able to detect 27 out of 28 patients with undiagnosed HFrEF. Along with
CRP, MPO was found to have an additive diagnostic value to BNP alone, and increased
specificity for systolic HF. Furthermore, MPO had higher specificity than plasma BNP (74%
compared to 41%). However, Reichlin et al. showed that MPO is not as useful as BNP in
the diagnosis of acute HF [67]. In a study involving 667 patients with dyspnea presenting
to the emergency department, MPO and BNP levels were measured. When compared to
controls, it was found that MPO concentrations were similar in patients with acute HF
compared to patients with noncardiac causes of dyspnea. MPO had less diagnostic value
than BNP. Interestingly, when patients with acute HF in the study were followed up for 1
year, those with MPO levels above the lowest quartile saw a significant increase in 1-year
mortality, after adjusting for other cardiovascular risk factors. This was in addition to
the predictive factor from BNP, suggesting that MPO may be useful for risk management
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in acute HF patients. Further studies suggest MPO may provide prognostic value in HF.
Tang et al. explored the relationship between MPO and cardiac dysfunction outcomes and
found that an increase in plasma MPO levels correlated with restrictive diastolic stage, right
ventricular systolic dysfunction and tricuspid regurgitation [68]. MPO was also predictive
of long-term clinical outcomes of death, cardiac transplantation, or hospitalization due
to HF.

In summary, while the role and evidence for MPO in HF is not as robust as in coronary
heart disease, MPO is a potentially useful clinical diagnostic and prognostic biomarker
for HF.

4.3. Advanced Glycation End-Products

Advanced glycation end-products (AGEs) are a group of compounds generated
through nonenzymatic glycation and oxidation of proteins. AGEs may be formed through
oxidative and non-oxidative pathways and may involve sugars or their degradation prod-
ucts. OS, though often involved, is not always necessary for AGE production. Briefly,
OS induces lipid peroxidation and glycoxidation reactions, which lead to the formation
of highly reactive and electrophilic compounds that attack free amino groups in proteins
causing covalent modifications and resulting in the generation of AGEs [175].

In HF, AGEs are thought to bind to other AGEs and form additional cross-links
between matrix proteins such as collagen, laminin and elastin. The cross-links reduce
flexibility of matrix proteins that impair diastolic function. The activation of the receptor of
AGE (RAGE), expressed at low levels in most tissues, may also contribute to HF. RAGE
activation induces fibrosis via upregulation of transforming growth factor-beta and reduces
contractility by altering calcium metabolism in cardiomyocytes. Transgenic mice with
overexpressed human RAGE in the heart showed reduced systolic and diastolic intracellular
calcium concentration. When expressed to AGEs, there was a significant delay in calcium
uptake and prolonged repolarization leading to diastolic dysfunction [176]. Finally, AGEs
may impair systolic function by enhancing the atherosclerotic process and development
of CAD. AGEs may form crosslinks with LDL particles, making them more atherogenic
by being less prone to reuptake by LDL receptors for clearance and increased uptake by
macrophages to form foam cells [177].

Pentosidine, a subgroup of fluorescent AGEs, is commonly used to reflect the level
of AGE and has been implicated in numerous diseases and ageing. Serum pentosidine
has been associated with functional HF classification with pentosidine significantly higher
in NYHA class III/IV compared to class I/II. Serum pentosidine was also elevated in
patients with cardiac events compared to those without. Pentosidine was found to be an
independent risk factor for cardiac events [178].

RAGE itself may also serve as a biomarker for HF. Serum RAGE includes both cleaved
RAGE (cRAGE) and endogenously secreted RAGE (esRAGE). cRAGE is cleaved from cell
surface membrane by metalloproteinases that are induced in HF. They do not neutralize
AGEs, unlike esRAGE. A study suggested that both higher serum levels of cRAGE and
lower serum levels of esRAGE correlate with severity of cardiac dysfunction, severity of
symptoms and clinical outcomes in patients with HF [179]. A study measured serum
soluble RAGE concentration in 160 patients and prospectively followed them up for a
period of 872 days with endpoints of cardiac death or rehospitalization. Increased serum
soluble RAGE concentration was correlated with increasing NYHA functional class and
with cardiac events compared to those without cardiac events. Interestingly, soluble RAGE
and serum pentosidine were found to be independent risk factors of cardiac events [69].

N-E-(carboxymethyl) lysine (CML) is another AGE under consideration as a biomarker.
CML is generated by glyoxal, which may be formed by both lipid and sugar oxidation
pathways. CML was shown to correlate with NYHA functional class [177]. Willemsen et al.
measured plasma AGEs, CML, pentosidine and soluble form of RAGE in 580 hospitalized
patients with HF when they were clinically stable with 18-month follow-up for the primary
endpoint of death and HF admission. They found that CML and pentosidine levels
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were independently related to combined endpoint and HF hospitalization, and CML was
independently related to increased mortality. This contrasted with soluble RAGE, which
did not predict events [70].

AGEs have been implicated in both systolic and diastolic failure in diabetes. In
HFpEF, a study found serum AGEs and CML to correlate with diastolic dysfunction
in type 1 diabetes [180]. Increased tissue levels of AGE in diabetic HF were found to
be independently associated with diastolic dysfunction and reduced exercise capacity
compared to non-diabetic HF patients [181]. Soluble RAGE was also found to be higher
in HFpEF [182]. In HFrEF, a study found serum AGE levels in type 1 diabetics to predict
systolic impairment [183]. Biopsies of patients with HFrEF and HFpEF showed increased
myocardial AGE deposition in patients with HFrEF but less so in patients with HFpEF.
This was accompanied by increased collagen deposition in HFrEF [184].

4.4. Nitrotyrosine

Nitrotyrosine is a specific marker of nitrosative stress derived from the superoxide and
nitric oxide reaction [185]. Protein tyrosine residues can be modified to form nitrotyrosine
adducts by reactive nitrogen reactive species such as ONOO− and nitrogen, though the
exact mechanism is not well understood. Nitration of tyrosine involves the replacement of
C3 hydrogen atom of the tyrosine aromatic ring with a nitro group (-NO2) and can occur to
free tyrosine amino acids or to tyrosine in polypeptide chains.

Nitration can occur by several pathways in vivo, but always involves RNS and is
usually a two-step process. The first step is the oxidation of tyrosine to form a tyrosine
radical and the second step is the radical reaction between tyrosine radical and nitrogen
dioxide. The initial oxidation usually involves ROS as the oxidizing agent, with superoxide
and hydrogen peroxide both shown to be part of different tyrosine radical generation
pathways. Nitrotyrosine was initially thought to reflect cellular damage by peroxynitrite
since it was an intermediate in one of the pathways. However, the understanding of
alternative pathways makes it nonspecific to ONOO− production. The biological effect of
nitration on proteins is variable, with possible change in structure and function [186].

Nitrosative stress plays an important role in the progression of chronic HF as discussed
earlier. Similar to ROS, Reactive nitrogen species (RNS) leads to myocyte apoptosis, direct
negative inotropic effects, and reduced bioavailability of nitric oxide (NO). RNS results
in vasoconstriction of the coronary, pulmonary and peripheral vasculature. In patients
with moderate to severe forms of chronic HF, nitrotyrosine causes depletion of nitric oxide
through activation of myeloperoxidase (MPO). The mechanistic link of RNS, endothelial
dysfunction and vascular inflammation in CHF, would likely contribute to progression of
the disease severity. For example, nitrotyrosine formation on sarcoendoplasmic reticulum
Ca2+-ATPase 2a (SERCA2a) was found to be significantly higher in cardiac tissue of patients
with dilated cardiomyopathy compared with healthy controls [187].

Age-related cardiac decompensation is related to decreased rates of calcium transport
mediated by the SERCA2a isoform of the sarcoplasmic reticulum, partly due to decreased
SERCA2a expression but mostly due to decreased activity, as seen in rat studies. The addi-
tional loss of activity is a result of increased nitrotyrosine modification of the Ca-ATPase,
which results in slower sequestration of cytosolic calcium, consequent prolonged muscle
relaxation times, and dilated cardiomyopathy. Furthermore, generation of nitrotyrosine
may activate MMPs in the development of HF. Homocysteine may decrease NO availability
by generating nitrotyrosine, leading to activation of metalloproteinases. An increase in ho-
mocysteine in rats resulted in increased nitrotyrosine and subsequent continuous increase
in MMP-2 activity at 4 and 8-weeks post administration. Removal of homocysteine did not
decrease levels of nitrotyrosine nor decrease MMP-2 activity. In the absence of endothelial
NO, MMP-2 was activated, and the corresponding tissue inhibitor was inactivated by the
increasing nitrotyrosine to reduce LV load [188].

Nitrotyrosine may also contribute to HF in the setting of myocardial inflammation.
A study of induced myocarditis in murine models showed that iNOS expression was
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increased in inflammatory macrophages and in distinct cardiomyocytes, which lead to
increased nitrotyrosine. Notably, expression of iNOS and nitrotyrosine production was
dependent on myocardial inflammation. This was shown to be regulated by interferon
regulatory transcription factor 1. Mice defective for interferon regulatory transcription
factor-1 after gene targeting was found to have no induction of iNOS and nitrotyrosine but
developed myocarditis at prevalence and severity similar to controls [189].

A study found that iNOS expression correlates significantly with nitrotyrosine in
idiopathic dilated cardiomyopathy. Patients with greater iNOS and nitrotyrosine levels
had greater end diastolic and end systolic volume indices with similar LV end-diastolic
pressure [190]. Hryniewicz et al. showed nitrotyrosine to be significantly increased in
CHF when compared with normal subjects. Interestingly, nitrotyrosine was significantly
elevated in non-ischemic CHF compared to ischemic CHF, non-diabetics, and subjects on
statins [191]. No association was found with NYHA class and ejection fraction. However,
another study showed nitrotyrosine levels were reported to be higher in NYHA III HF
patients compared to NYHA II, I and controls while NO2 and total NO were higher in
NYHA III compared to NYHA I and controls [71]. Nitrotyrosine correlated with MPO,
TNF-alpha and NT-proBNP. Nitrotyrosine plasma levels are increased in moderate to severe
HF patients in relation to systemic markers of inflammation.

4.5. Galectin-3

Galectin-3 is a carbohydrate-binding lectin that increases collagen production and
cardiac fibroblast proliferation. Elevated levels of galectin-3 have been associated with
macrophage infiltration, cardiac fibrosis, and cardiac hypertrophy, which contribute to
progression of HF and poor cardiovascular outcomes. Measuring galectin-3 in conjunction
with BNP/NT-proBNP and suppression of tumorigenicity 2 (ST2) may further enhance
risk stratification to monitor and treat HF. Nguyen et al. explored mouse models of heart
disease and in patients with cardiomyopathy, focusing on the context of galectin-3 [192].
Multi-fold increases in cardiac galectin-3 expression were observed in all the mouse models
studied. There was also evidence of cardiac release of galectin-3 due to parallel changes
in plasma and cardiac galectin-3 levels alongside the presence of the trans-galectin-3
gradient, showing the mediation of galectin-3 levels during cardiac inflammation and
further supporting galectin-3′s value as a diagnostic marker of cardiac health.

The role of galectin-3 in cardiac biology is further explored in two studies on hyper-
trophied rat hearts and protein kinase C-(PKC) mediated cardiac fibrosis. Sharma et al.
investigated the cardiac health of homozygous transgenic TGRmRen2-27 (Ren-2) rats [193].
By performing myocardial biopsy before the onset of hypertrophy, galectin-3 was identified
to be significantly elevated in rats that develop HF. Furthermore, galectin-3 was observed
to colocalize with activated myocardial macrophages, inducing fibroblast proliferation, car-
diac dysfunction, and collagen deposition. Onset of ventricular dysfunction was observed
after direct infusion of low doses of galectin-3 into the pericardial sac of Sprague-Dawley
rats for 4 weeks, cementing the role of galectin-3 in HF and cardiac health. Song et al.
investigated interactions between PKC-α and galectin-3, noting a strong correlation be-
tween galectin-3 levels and collagen I production [194]. In human biology, galectin-3 has
been shown to have prognostic value in HF [72]. Another study by Medvedeva et al. in
2016 revealed evidence of elevated galectin-3 in patients with CHF as well as a positive
correlation with OS and inflammation markers [195].

Finally, elevated galectin-3 levels were also observed in several large-scale population
studies. Meijers et al. performed a detailed meta-analysis of 3 cohort studies (COACH,
PRIDE and UMD H-23258, total of 902 patients) and reported significant improvement
(42.6% continuous net improvement) in reclassification of patients with galectin-3 as an
added independent variable [73]. With its biological relevance established and effects
observed in patient cohorts, the FDA also approved galectin-3 as a novel biomarker for
predicting adverse cardiac events in 2010.
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4.6. Soluble Interleukin 1 Receptor-like 1

Another promising biomarker in cardiac biology is soluble interleukin 1 receptor-like
1 (ST2), or sST2, its soluble form. ST2 is a receptor for interleukin-33, a cytokine similar
to IL-1. IL-33 has demonstrated cardioprotective effects in laboratory models, improving
cardiac function while reducing the chance of onset of hypertrophy and fibrosis. These
effects are strictly mediated by the interaction between IL-33 and ST2L, an isoform of ST2,
whereas the interaction of IL-33 and the base form does not confer benefits. sST2 functions
as a competitor receptor that reduces the effectiveness of its isoform ST2L when highly
expressed. ST2 as a biomarker was first evaluated by Weinberg et al. using ELISA in
2003 [74]. Using the PRAISE-2 (n = 161) HF cohort as the subject population, baseline ST2
was found to be strongly correlated with BNP levels and proANP levels (p < 0.0001). In
addition, change in ST2 for univariate models was a significant predictor of mortality. This
finding is echoed in Ky et al.’s work with multi-institute studies of HF patients, which
resulted in improving risk discrimination scores by 14.9% after incorporation of sST2 into
the Seattle HF Model for prediction of adverse outcomes [75]. Bayes-Genis et al. confirmed
the results, identifying both sST2 and NT-proBNP as significant risk factors in predicting
mortality [76]. sST2 was also compared with galectin-3 for biomarker potential. While both
biomarkers predicted all-cause mortality risk, sST2 was also able to predict cardiovascular
mortality.

5. Surrogate Biomarkers
5.1. Antioxidants

High OS increases expression of antioxidant proteins, which can be measured and may
reflect the degree of inciting OS Measuring antioxidant capacity may be done at multiple
levels of gene expression. Firstly, transcription factors, for example nuclear factor erythroid
2-related factor 2 (NRF2) has been measured as a prognostic factor for several cancers,
using Western blotting and q-RT-PCR in tumour biopsies. Secondly, reductive agents such
as glutathione (GSH), thioredoxins, peroxiredoxins. Thirdly, enzymes in ROS degradation
pathways, including catalase, glutathione peroxidase 1 (GPX-) and superoxide dismutase
levels. These are generally easier to measure using antioxidant enzyme assays and stability
of sample. Fourthly, the total antioxidative capacity (TAC), generally measured as the
antioxidative activity of a sample against a generated radical, with measurement based on
colorimetric methods on spectrophotometry. Further discusssion of specific molecules are
discussed in this section.

Superoxide dismutase (SOD) is an enzyme that scavenges superoxide anion, thereby
regulating the downstream reaction of superoxide with nitric oxide to form peroxynitrite
anion, a reaction responsible for many pathological proceses [196]. SOD is a thought to
correlate directly with the body’ level of OS. In STEMI patients post-PCI, higher SOD levels
were a strong prognostic factor in predicting acute heHF, along with natriuretic peptide and
nitrite/nitrates [77]. The study further showed that modifying the GRACE (Global Registry
of Acute Coronary Events) risk stratification score with these parameters increased its
predictive ability. Another more recent study showed that higher serum SOD activity was
also poorly prognostic of long-term clinical outcomes in patients with non-ischemic dilated
cardiomyopathy (NIDCM), after multivariate adjustments [78], presumably attributed to
adaptive response to higher OS in the body. However, Li et al. found that decreasing SOD
activity was associated with deterioration of LV geometry to overt HF with concentric and
eccentric hypertrophy [197]. This may give a clue to the impact of OS in the onset of HF in
patients with existing CVD and does not necessarily contradict the outcomes of previous
studies.

5.2. Thiol-Containing Compounds

Thiol-containing compounds, including cysteine, glutathione, cysteamine and dihy-
drolipoic acid. These compounds act as a buffer to changes in oxidative/reductive stress.
In high oxidative states, thiol-containing compounds are oxidized, increasing the disul-
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fide pool and reducing OS. The reverse is true to counter reductive stress, mediated by
reductases such as NADPH or NADH. Serum-free thiols have been studied in the context
of HF, and were found to have a a strong negative correlation with OS in the form of
reactive oxygen species (dROMs), a photometric assay that measures OS based on the
Fenton reaction. Furthermore, thiol groups also had a significant negative correlation with
NYHA classification and disease duration, suggesting that it may be used for diagnostic
and monitoring purposes [198].

A study of serum-free thiols in stable chronic HF patients, found higher levels in
younger patients with better renal function lower levels of NT-proBNP and PTH. This was
also associated with favourable outcomes of decreased rehospitalisation and increased
patient survival. Interestingly, this association was found to be insignificant after adjusting
for cholesterol or established prognostic factors in HF, eGFR and NT-proBNP, suggesting a
common pathophysiological pathway. A study on patients with ischemic disease without
CAD found cystine, the oxidised form of cysteine and a marker of OS, was found to
correlate negatively with the peak filling rate and positively with the left ventricular end-
diastolic pressure, indicating that increased OS was associated with diastolic dysfunction.
Interestingly, GSH was not found to correlate to diastolic dysfunction [79].

A commonly studied thiol containing compound is GSH, a tripeptide molecule that
acts as a recycable source of cysteine to regulate OS. In an environment with high OS,
GSH is oxidised by glutathione peroxidase instead of other protein thiols, protecting them
from irreversible oxidation, which may lead to undesirable changes in protein structure
and function. A study comparing GSH levels in HF patients and healthy controls found
that GSH was decreased by 21% in NYHA class I patients with structural cardiac disease
and by 40% in symptomatic patients of NYHA II to IV [80]. Samples were also taken
from atrial appendages and found GSH levels in NYHA IV to be lower than NYHA I. In
patients with CAD, the depletion in GSH was correlated to the left ventricle dysfunction.
According to the functional NYHA class, significant depletion in blood GSH occurred
before detectable elevation in blood soluble tumor necrosis factor receptor-1 (sTNFR1), a
marker of symptomatic HF severity.

5.3. Paraoxonase-1

Paraoxonase-1 (PON1) is an antioxidizing enzyme that has an esterase and a paraox-
onase activity. PON1 hydrolyses a wide variety of substrates including lipid peroxides. OS
is thought to downregulate PON1 activity, secondary to systemic low-grade inflammation,
which results in PON1 enzymatic activity exhaustion [199]. In HF, PON1 activity was
significantly decreased, while the BNP and UA levels were significantly increased with the
severity of disease [200] PON1 activity, specifically its arylesterase activity, was also shown
to predict adverse HF [81] outcomes—low serum arylesterase activity was a significant
predictor of developing future cardiovascular events, including MI and stroke [82]. Other
than PON1 activity, the genetic marker of PON1 function has also been investigated as
a marker of OS. PON1 Q192R gene variant is the strongest genetic biomarker of PON1
activity [201]. The PON1 Q192R variant showed a dose-dependent relationship to the
severity of LVH and LV dysfunction.

5.4. Ceruloplasmin

Ceruloplasmin is a ferroxidase enzyme synthesized in the liver and the major copper-
carrying protein in the blood. Its copper-dependent oxidase ability is most well-known,
involving the oxidation of ferrous to ferric iron, allowing for transport of ferric iron via
binding to transferrin and preventing it from participating in the generation of hydroxyl
radicals. Ceruloplasmin was significantly increased in HF patients compared to controls
in several studies. Andreasova et al. found that ceruloplasmin correlated significantly
with NT-proBNP, NYHA classification and LVEF in HF patients and with NT-proBNP
in controls [83]. Xu et al. also found increased ceruloplasmin levels correlating with the
degree of HF [84]. While the ceruloplasmin levels were reportedly elevated in patients with
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advanced HF, it was accompanied by lower ferroxidase activity. This decrease in activity
was explained to be secondary to oxidation of ceruloplasmin amino acids by peroxynitrite,
produced in HF [202]. Studies have shown that peroxynitrite induces ceruloplasmin
tyrosine nitration and cysteine thiol oxidation, which significantly reduces ferroxidase
activity [85]. Reduced ferroxidase activity was associated with significant 2-year mortality,
but ceruloplasmin itself was not associated with mortality in CHF.

Ceruloplasmin may also play a beneficial role in HF by inhibiting MPO generation,
reducing hypochlorous acid production. A study comparing ceruloplasmin knockout
rats and controls found that the deficiency of ceruloplasmin leads to increased oxidation
of ascorbate due to myeloperoxidase activity. In terms of HF etiology, ceruloplasmin
was observed to be high regardless of ischemic or non-ischemic aetiology but showed
correlation with severity only in non-ischemic cardiomyopathy [203]. Serum ceruloplasmin
was reported to be an independent predictor of survival in HF over a 5-year period [204].
The predictive effect was improved when used with BNP and other cardiac indices.

6. Molecular Therapeutic Targets
6.1. NADPH Oxidase Inhibition

This group of therapeutics inhibits the formation of superoxide ions generated by
NADPH oxidase, found mainly in phagocytes and endothelial cells. Physiologically, su-
peroxide generated by NADPH is used in the oxidation and deactivation of microbial
pathogens. NADPH oxidase is a major source of superoxide ions; hence, the direct inhibi-
tion of NADPH may reduce OS and its adverse effects.

There are a wide range of compounds to inhibit NADPH with some having multiple
actions. Diphenyleneiodonium is frequently used and inhibits a wide range of flavin-
containing compounds. Diphenyleneiodonium is also known to inhibit NADH:ubiquinone
oxidoreductase (also known as Complex I in the electron transport chain), NOS, xanthine
oxidase and NADPH cytochrome p450 oxidoreductase. It then inhibits ROS generation
from multiple sources, including mitochondrial and xanthine oxidase sources. Another
NADPH oxidase inhibitor is apocynin, a new methoxy-substituted catechol that blocks
the assembly of p47phox, the phagocyte NADPH oxidase organizer, into the membrane
complex. This reduces superoxide production in rats and human vascular rings, increases
NO production and improves endothelial function in ex vivo human arteries or veins. It has
been reported that the administration in vivo of apocynin to deoxycorticosterone-acetate-
salt hypertensive rats decreases both superoxide production and blood pressure [205].
In a rabbit study, apocynin was shown to have positive cardiac effects in post-infarct
HF by reducing the decrease in cardiac sympathetic nerve terminal density and loss of
function [206]. The study suggested that NADPH oxidase activation mediates cardiac
sympathetic nerve terminal abnormalities in HF, and inhibition of NADPH oxidase could
potentially improve heart function. However, apocynin required a high concentration to be
effective.

Other studies have used chimeric peptide (gp91ds-tat). These proteins cross the cell
membrane and inhibit p47phox associated with gp91phox. This was shown to significantly
reduce Ang-II induced hypertension and vascular superoxide production. Gp91ds-tat
improved cardiac contractile dysfunction and reduced infarct size in rat hearts subjected
to ischemia-reperfusion injury when compared to controls [207]. This was thought to be
explained by the inhibition of NADPH oxidase-induced superoxide release. The second
part of the study showed that gp91ds-tat treated femoral vessels in rats. Increased NO
release was noted by the end of perfusion, suggesting that gp91ds-tat mediates ischemia-
reperfusion endothelial dysfunction.

Another compound used to inhibit NADPH is S17834, a benzo(b)pyran-4-one that
was shown to inhibit NADPH oxidase, decreasing superoxide production and attenuating
atherosclerotic lesions in apoprotein-E-deficient mice [203]. It is not known to scavenge
superoxide or inhibit xanthine oxidase or eNOS. The exact mechanism is not well known,
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but S17834 is thought to also activate adenosine monophosphate-activated protein kinase
(AMPK), which may explain its beneficial effects in animal models of atherosclerosis.

As explained previously, the most ideal marker of NADPH oxidase activity would be
sNOX2-dp, an amino acid sequence that is released into systemic circulation on NADPH
oxidase activity.

6.2. eNOS Uncoupling

BH4 has also been suggested to improve endothelial-dependent vasodilation. A
study compared the increase in forearm blood flow as measured by plethysmography in
CHF patients and healthy controls when acetylcholine intra-arterial administration was
co-infused with BH4 and found that CHF patients showed a significant increase compared
to controls [208]. Interestingly, BH4 co-infusion did not affect forearm blood flow when
acetylcholine was replaced with sodium nitroprusside, nor did BH4 alter the baseline blood
flow. Other than diabetes and hypertension, BH4 supplementation may have beneficial
effects in diastolic dysfunction due to loss of estrogen. Rats with bilateral ovariectomy
showed reduced cardiac BH4 when compared to healthy controls and was associated with
impaired myocardial relaxation, augmented filling pressures, increased collagen deposition
and thickened left ventricular walls [209]. The superoxide levels were also increased, while
the NO level was decreased in rats with loss of estrogen. Chronic BH4 supplementation
after bilateral ovariectomy improved diastolic function and attenuated left ventricular
modelling while restoring myocardial nitric oxide release and preventing reactive oxygen
species generation.

Chronic non-ischemic HF usually leads to atrial OS and electrophysiologic abnormal-
ities by depletion of BH4 and NOS uncoupling. These electrical abnormalities resulting
from non-ischemic HF may be mitigated by repletion of BH4, indicating a safe and effective
maneuver to reduce the frequency of atrial arrhythmias during HF [210]. Studies show
that acute and chronic administration of L-arginine improves vascular function in hyperc-
holesterolemia and other forms of CVS disease. While the explanation of the L-arginine
and NOS-reducing levels of OS through the reduction of NADPH levels and improving
endothelial function through NO production is logical according to its metabolic pathway,
L-arginine is found in high concentrations in cell and should not be the rate-limiting step
in the reaction. A further increase in L-arginine concentration should not increase rate
of reaction and improve endothelial function which has been reported in clinical studies.
This contradiction is known as the L-arginine paradox, with baseline concentrations of
L-arginine approximately 30 times higher than the Michaelis–Menten constant of the iso-
lated purified eNOS in vitro. Multiple explanations have been suggested for the L-arginine
paradox. One of the proposed mechanisms for improvement of endothelial function with
L-arginine supplementation is the mechanism of L-arginine antagonizing (ADMA), an
endogenous NOS inhibitor, which could potentially explain the paradox.

There is currently no known direct measurement of eNOS uncoupling activity. Measur-
ing the products of NOS uncoupling, namely superoxide and NO, are alternatives but lack
specificity and stability of products. Currently, studies on NOS uncoupling have used tissue
homogenates and anti-NOS antibodies, with secondary antibodies added subsequently
and visualized under chemiluminescence. Western blots have also been used to investigate
the ratio of the NOS homodimer to monomer [211].

7. Conclusions

We reviewed current OS biomarkers linked to disease severity and their prognostic
significance in HF. We also discussed potential biomarkers with therapeutic potential, and
representative studies are illustrated in Figure 2. Representative studies of the prognostic
value of OS biomarkers highlighting malondialdehyde (MDA), myeloperoxidase (MPO),
nitrotyrosine and UA as key prognostic markers on all-cause mortality in HF. Although
cardiac natriuretic peptides and troponins are well-established clinical biomarkers in HF,
OS biomarkers are critical for risk stratification and long-term HF monitoring.
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Even though many OS biomarkers are linked to disease severity, there is insufficient
evidence for their specificity and clinical utility. Several lipid peroxidation markers (e.g.,
MDA and MPO) are promising predictors of mortality and play a significant role in OS-
induced cardiomyopathy. UA, MDA, MPO, nitrotyrosine and oxLDL are currently the most
promising OS markers, because they have the potential to predict major adverse cardiac
events and all-cause mortality in HF. The discovery of new biomarkers (e.g., sNOX-2-dp,
AGE, nitrotyrosine, ST2 and Galectin-3) reflects the complex interplay of various signaling
components (inflammation, cardiac fibrosis, neurohumoral and matrix remodeling) related
to the HFrEF and/or HFpEF phenotypes. Furthermore, oxidative post-translational mod-
ification of cardiac proteins, such as S-nitrosylation and S-glutathionylation of cysteine,
promotes protein degradation and alters protein function irreversibly. Further enhancing
the risk classification and monitoring precision might be a multi-marker strategy combining
redox biomarkers with plasma BNP and serum cardiac troponin T. To thoroughly evaluate
and establish their clinical value, additional study is warranted.

While OS has been shown to be closely intertwined with the development of HF,
not all HF can be attributed to it. There is evidence to suggest that HF can occur in
normal or even in reductive stress. A study collected serum from 54 HF patients for
redox analysis including MDA, GSH, redox ratio (GSH/GSSG) and antioxidant enzyme
activity [212]. Patients were grouped based on the calculated redox state (GSH/MDA
ratio) into normal redox, hyper-oxidative and hyper-reductive groups. The results showed
that most HF patients were in hyper-oxidative (42%) and normal redox states (41%), with
a minority being in the hyper-reductive states (17%). Non-invasive echocardiography
was used to determine cardiac function and remodeling, which found that 55% of hyper-
oxidative patients had greater systolic dysfunction, while 62.5% of the hyper-reductive
patients had higher diastolic function. Another limitation is the non-specificity of OS
to HF. OS is implicated in many diseases other than HF such as CAD and peripheral
vascular disease. Furthermore, many patients with HF have systemic metabolic disease
with diabetes mellitus, hypertension and hyperlipidemia, all of which have been suggested
to be a consequence of, or a cause of OS, hence making the interpretation of OS biomarkers
for HF specifically a challenging task.

Classifying HF subtypes using biomarkers remain a clinical challenge. HFpEF and
HFrEF have distinct phenotypes and pathogenetic etiology in terms of cytokines, extracel-
lular matrix and inflammation. Both HFpEF and HFrEF have similar clinical characteristics,
but mortality is higher in HFrEF than HFpEF. Managing HFpEF is more difficult, because
it responds less well to treatments. Currently, only a few studies have evaluated potential
biomarkers that could distinguish HFpEF and HFrEF, including C-reactive protein and
troponin for HFrEF [213] and plasminogen activator inhibitor-1 and urinary albumin for
HFpEF [214].

In the age of proteomics, lipidomics and metabolomics, and the advancement of
techniques such as mass spectrometry, the generation of data for biomarker development is
less becoming an obstacle, with many potential markers being discovered. This discovery-
driven approach does not require previous knowledge of an existing molecule, rather it
helps generate new hypothesis to explain available data [214]. Rather, the issues lie mainly
in validation of biomarkers in clinical trials. There needs to be study designs that look
into the clinical utility of biomarkers beyond the association of markers and disease states
and severity [215]. One pitfall of OS biomarkers is their lack of specificity, and hence may
not be diagnostically powerful enough on their own to provide a clinical diagnosis [215].
However, the value of such biomarkers becomes more evident when they suggest OS as a
contributory underlying mechanism for a clinical phenotype. Subcategorizing clinically
indistinguishable diseases with biochemical markers of OS may allow for further targeted
therapy and better prognostication.
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