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Abstract

Heart failure (HF) remains a major cause of disability, suffering, and death world-
wide. The prevalence of HF increases with age and at an alarming pace in the elderly
population aged 65 years or more. Importantly, the increase in HF prevalence, first
seen in developed countries and currently in developing countries as well, has taken
place despite tremendous advances in HF therapy and efforts to encourage imple-
mentation of management guidelines. The magnitude of this HF pandemic is stag-
gering, affecting nearly 26 million people across the world. There are several reasons
for this continued increase in HF prevalence despite optimal therapy; of these, two
that stand out include (i) the aging-induced cardiovascular (CV) remodeling that
modifies disease expression and response to therapy and aging-related increase in
reactive oxygen species (ROS) and oxidative stress (OXS) that augment adverse left
ventricular remodeling after myocardial injury; ii) the lifelong exposure to CV dis-
ease (CVD) risk factors that increase ROS and OXS, as well as inflammation. Other
pathways and mechanisms leading to HF that are yet to be addressed may also
involve OXS and inflammation. This chapter focuses on the evidence for ROS-
induced myocardial damage during HF progression and some potential pharmaco-
logical interventions and strategies for reducing the damage. In addition, some key
issues facing translation of experimental successes with antioxidant therapy into
successes in clinical practice on the real-world stage are addressed.
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Abbreviations

ACS acute coronary syndrome

ACE angiotensin-converting enzyme
ACEIs angiotensin-converting-enzyme inhibitors
ADAM a disintegrin and metalloproteinase
AMP adenosine monophosphate

AngII angiotensin II

ARB angiotensin II type 1 receptor blocker
ARNI angiotensin receptor neprilysin inhibitor
ATP adenosine triphosphate

BH4 tetrahydrobiopterin

BNP N-terminal B-type natriuretic peptide
CABG coronary artery bypass surgery

CAD coronary artery disease

CANTOS  Canakinumab Anti-Inflammatory Thrombosis Outcomes Study
CARE cholesterol and recurrent events
cGMP cyclic guanosine monophosphate
CKD chronic kidney disease

CMR cardiac magnetic resonance

CPB cardiopulmonary bypass

CRP C-reactive protein

CVD cardiovascular disease

DM2 type 2 diabetes mellitus

ECG electrocardiogram

ECM extracellular matrix

eNOS endothelial nitric oxide synthase

EPR electron paramagnetic resonance

ESR electron spin resonance

ET endothelin

ETC electron transfer chain

GDF growth differentiation factor

GLP-1 antidiabetic glucagon-like peptide-1
GLP-1RA  glucagon-like peptide/receptor agonist
H202 hydrogen peroxide

HDL high-density lipoprotein

HF heart failure

HFmrEF heart failure with midrange ejection fraction
HFpEF heart failure with preserved ejection fraction
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HFrEF
hs-CRP
IGF

IL
IL-1ra
iNOS
I/R
IRA

1z
LDL
LV
LVAD
MACE
MI
MMP
MPO
MRA
MRI
MUGA
NDEA
NEP
NADPH
NDMA
NIZ
*NO
NOO~
NOS
NOX
NSTEMI
02
OFRs
OPN
OXS
*OH
PCI
PDGF
PKG
PPCI
02e
RAAS
RCT
RIPC
ROS
SGLT2
SLPI

heart failure with reduced ejection fraction
high-sensitivity C-reactive protein
insulin-like growth factor

interleukin

recombinant IL-1 receptor antagonist
inducible nitric oxide synthase
ischemia-reperfusion

infarct-related artery

infarct zone

low-density lipoprotein

left ventricular

LV assist device

major adverse cardiovascular events
myocardial infarction

matrix metalloproteinase
myeloperoxidase

mineralocorticoid receptor antagonist
magnetic resonance imaging
multigated acquisition scan
N-nitrosodiethylamine

neprilysin

nicotinamide adenine dinucleotide phosphate
N-nitrosodimethylamine

noninfarct zone

nitric oxide

NO-derived peroxynitrite

nitric oxide synthase

NADPH oxidase

non-ST-segment elevation MI
oxygen

oxygen free radicals

osteopontin

oxidative stress

hydroxyl radical

percutaneous coronary intervention
platelet-derived growth factor
phosphokinase G

primary PCI

superoxide anion radical
renin-angiotensin-aldosterone system
randomized clinical trial

remote ischemic preconditioning
reactive oxygen species

sodium glucose cotransporter-2
secretory leucocyte protease inhibitor
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SOD superoxide dismutase

SPARC secreted protein acidic and rich in cysteine
STEMI ST-segment elevation MI

TIMP tissue inhibitor of metalloproteinase

TGF transforming growth factor

TNF tumor necrosis factor

VSMC vascular smooth muscle cell

11.1 Introduction

In this second decade of the twenty-first century, heart failure (HF) remains a major
cause of disability, suffering, and death worldwide [1-13]. The prevalence of HF
increases with age and reaches alarming proportions in elderly people aged >65
years, a group that is growing steadily [14—19]. Over the last two decades alone, HF
has grown into a serious pandemic, affecting nearly 26 million people in developed
and developing countries across the world [3—6]. In Europe, both the prevalence and
risk of HF in the adult and aging population are significant; it is reported that HF
occurs in about 1-2% of adults and rises to more than 10% in those who are older
than 70 years [1]; the lifetime risk of HF in people aged 55 years is reported at 33%
for men and 28% for women [20]. In the United States, HF prevalence in people
aged >20 years is reported to have increased from 5.7 million over 2009-2012 to
6.5 million over 2011-2014, with a projected increase by 46% over 2012-2030,
which equates to over 8 million people aged >18 years with HF [6]; HF incidence
in people aged >65 years approached 21 per 1000 or 2.1%, and HF risk was highest
among African Americans [6]; the lifetime risk of HF was 20-45% for people aged
45-95 years and was higher for people with hypertension (HTN) and obesity irre-
spective of age [6]. Across Asia, estimates of HF prevalence ranged between 1.26
and 6.7% [6, 21]. Taken together, the global burden of HF in the aging population is
clearly and undeniably staggering [3-6, 14-16, 22, 23]. Importantly, this increase in
HF prevalence, first in developed countries and currently in developing countries as
well, has taken place despite tremendous advances in HF therapy and efforts to
encourage implementation of management guidelines [1, 2, 7-13].

There are many causes for HF (Fig. 11.1) and these have been extensively
reviewed [1, 8]. New pathophysiological mechanisms leading to HF continue to be
elucidated, and potential targets are being identified for therapeutic intervention
[24, 25]. The two leading causes of HF remain myocardial infarction (MI) and HTN
[1-19]. In his 2015 Lancet lecture, Braunwald boldly stated that it is “time to declare
war on HF” and nicely underpinned several targets for urgent action [26]. However,
as depicted in Fig. 11.2, one additional target that needs urgent action concerns the
lifelong onslaught from reactive oxygen species (ROS), oxygen free radicals
(OFRs), and oxidative stress (OXS) associated with exposure to cardiovascular dis-
ease (CVD) risk factors, such as hyperlipidemia, obesity, type 2 diabetes mellitus
(DM2), HTN, and aging; although OXS has been recognized as an important
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Fig. 11.2 The roles of ROS/OXS and inflammation in the cardiovascular disease continuum and
the progression to heart failure. Adapted and modified from Jugdutt (2014) [18, 19]
sCardiovascular risk factors tied to 1 ROS, OXS, and inflammation. Other abbreviations as in text:
ECM extracellular matrix, HFpEF heart failure with preserved ejection fraction, HFrEF heart
failure with reduced ejection fraction, I/R ischemia-reperfusion, LV left ventricular, OXS oxidative
stress, PPCI primary percutaneous coronary intervention, ROS reactive oxygen species, STEMI
ST-segment elevation myocardial infarction

mechanism of HF and a major contributor to both aging [16, 18] and HF progres-
sion [27, 28], definitive therapy for quenching increased levels of ROS/OFRs, and
thereby limiting OXS and its potential contribution to excess morbidity and mortal-
ity in the aging population with HF, is still lacking [22]. Another target that needs
urgent action is inflammation, which is also related to lifelong exposure to the same
CVD risk factors and is exacerbated by acute triggers such as ischemia, ischemia-
reperfusion (I/R), and MI, and appears to interact synergistically with OXS to inten-
sify myocardial damage and HF progression [16, 18, 19, 28], as depicted in Fig. 11.3.
In that context, inflammation can be viewed as the fuse that ignites the smouldering
background fire of OXS into the raging flames of a wildfire that exacerbates HF
progression.

Extensive research over the last four decades has elucidated the underlying cel-
lular, subcellular, and molecular mechanisms involved in the generation of ROS/
OFRs and OXS as well as the central role of mitochondria [29, 30] and identified
several key signaling pathways that could serve as potential targets for pharmaco-
logical intervention [31-33]. An in-depth review of all the mechanisms and path-
ways illustrating the role of OXS in HF would be too lengthy for this one chapter,
and several of them are addressed in other chapters of this book. The chapter here
focuses on some potential future pharmacological interventions aimed at reducing
ROS-induced damage during HF progression in the clinical setting. In addition,
some key issues facing the translation of experimental successes with antioxidant
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Fig. 11.3 Schematic of putative interactions between CVD risk factors and aging, comorbidities,
increased ROS and OXS, increased inflammation, fibrosis, vascular, and LV dysfunction in the
march to HFpEF

Abbreviations as in text: CAD coronary artery disease, CVD cardiovascular disease, ECM extracel-
lular matrix, HDL high-density lipoprotein, HFpEF heart failure with preserved ejection fraction,
HFrEF heart failure with reduced ejection fraction, I/R ischemia-reperfusion, LDL low-density
lipoprotein, LV left ventricular, M1 myocardial infarction, OXS oxidative stress, ROS reactive oxy-
gen species

therapy into successes in clinical practice on the real-world stage are addressed, and
the importance of proper validation in carefully designed randomized clinical trials
(RCTs) is discussed.

11.2 Pathophysiology of Progressive Remodeling in Heart
Failure

Six points about the pathophysiology of the progressive adverse remodeling leading

to progression in HF severity need emphasis.

11.2.1 Multiple Causes of the HF Syndrome

It is important to appreciate that multiple etiologies (Fig. 11.1), via diverse patho-

physiological mechanisms, converge to produce the final clinical syndrome of HF [1,
8]. In the final analysis, HF represents a failure of homeostasis on several fronts;
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simply put, the left heart fails to pump enough oxygenated blood forward and main-
tain optimal perfusion of the tissues in the systemic circuit, whereas the right heart
fails to pump all venous blood returned from the tissues to the lungs for reoxygen-
ation in the pulmonary circuit; the congested lungs in turn fail to optimally reoxygen-
ate the venous blood and return it all to the left heart to maintain circulatory flow. The
reduced cardiac output generated by the failing heart can no longer match the meta-
bolic demands of normal activities of daily life. The net effect of these failures at the
level of the heart, systemic and pulmonary circulatory circuits, and the backup of
blood in the lungs and tissues manifest themselves in the patient’s typical complaints
of generalized weakness and fatigue, shortness of breath, and swelling of the ankles
and legs; on examination, the patients show characteristic signs such as prominent
neck veins with elevated jugular venous pressure, congestion of the lungs with typi-
cal crackles on auscultation, evidence of edema in the extremities, hemodynamic
evidence of reduced cardiac output and/or elevated intracardiac pressures at rest or
with exercise stress, and bedside two-dimensional (2D) or three-dimensional (3D)
echocardiographic evidence of left ventricular (LV) global and regional systolic dys-
function with reduced LV ejection fraction (LVEF), as well as evidence of LV dia-
stolic dysfunction and remodeling of LV structure and shape [35-46]. Laboratory
test panels often display metabolic abnormalities related to the severity and duration
of stress on different organs and tissues, such as reduced mixed venous oxygen satu-
ration and arteriovenous oxygen difference, metabolic and respiratory acidosis with
elevated lactate levels, altered blood profile with anemia, electrolyte imbalance with
changes in serum sodium (Na+) and potassium (K+) levels, changes in serum creati-
nine (kidney stress), serum albumin and liver enzymes (liver stress), and biomarkers
such as N-terminal B-type natriuretic peptide (BNP) and NT-proBNP (cardiac stress)
and C-reactive protein (CRP; for inflammation). Metabolic panels reveal evidence of
neurohormonal activations such as the sympathetic nervous system, renin-angioten-
sin-aldosterone system (RAAS), and endothelin (ET) system. Evidence of hypothy-
roidism is often present in the blood test. Other tests, such as electrocardiogram
(ECG), chest X-ray, multigated acquisition (MUGA) scan, nuclear stress test, mag-
netic resonance imaging (MRI) or cardiac magnetic resonance (CMR), contrast echo
with 2D and 3D imaging, pharmacologic stress test, and cardiac catheterization with
angiography, provide clues regarding the precise etiology. No routine blood tests are
currently done to screen for OXS.

11.2.2 Two Main Subsets of HF with Divergent LV Remodeling

Notwithstanding the multiplicity of etiologies leading to HF (Fig. 11.1), the two
commonest aforementioned causes are MI and HTN, and they account for the
majority of cases of HF seen in clinical practice and show nearly equal distribution
(about 50% with MI and about 50% with HTN) [1, 2, 7-13]. The type and degree of
adverse cardiac remodeling in HF depend on the underlying cause; dilative and
eccentric remodeling with eccentric LV hypertrophy develops after ST-elevation MI
(STEMI) and volume overload conditions; and concentric remodeling with
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concentric LV hypertrophy develops in HTN and other pressure overload conditions
(Fig. 11.2). The progressive, adaptive, and maladaptive remodeling of cardiac struc-
ture, geometric shape, and function that occurs over time in survivors of the differ-
ent types of CVD insults takes different paths, as illustrated by MI [34—44] and
HTN [45, 46], as well as various cardiomyopathies, including those associated with
DM2 and obesity.

11.2.3 Different Subsets of HF Based on LVEF

Stratification of HF on the basis of LVEF has unmasked three categories with
distinct phenotypes that are now recognized in the latest HF management guide-
lines [1, 2]: (i) HF with reduced LVEF <40% (HFrEF); (ii) HF with preserved
LVEF >50% (HFpEF); and (iii) most recently, an intermediate group with mid-
range LVEF 40-49% (HFmrEF). Besides the difference in LVEFs, the criteria
for diagnosis of HFpEF and HFmrEF both include the presence of elevated BNP
levels and either LV diastolic dysfunction or abnormal structure reflected in LV
hypertrophy and/or left atrial enlargement [1]. In survivors of the acute phase of
the insults, MRI or CMR can be used, where available, not only to quantify
ventricular volumes, LVEF, and LV mass but also to assess fibrosis and scar
size, and provide clues as to the precise etiology in various cardiomyopathies [1,
2]. In the context of ROS and OXS, the most data currently available is for these
two main categories of HF, namely, HFrEF and HFpEF.

11.2.4 Divergent Types of Remodeling in the Two Subsets of HF
Based on LVEF

Over the last four decades, the underlying structural, biochemical, cellular, subcel-
lular, molecular, and metabolic derangements in HF following MI and HTN have
been extensively researched, and key pathways and molecules have been identified
and targeted by therapeutic interventions that have undisputedly reduced the num-
ber of patients dying and suffering from this debilitating chronic disease [1, 2, 25—
35]. It is well appreciated that the nature of the insults and rates of progression of
remodeling after MI and HTN are very different (Figs. 11.2 and 11.3). Typically,
remodeling after anterior transmural MI or STEMI has two components; an early,
dramatic, and rapidly developing regional expansion of the infarct zone with thin-
ning and dilation (infarct expansion), followed by more gradual dilative global LV
remodeling of both the IZ and NIZ during the healing and repair phases. Both these
two components of remodeling are associated with HFrEF and poor outcome [34,
3943, 52-58], and cumulative evidence suggests that both OXS and inflammation
play distinct pathophysiologic roles in the two components of remodeling during
the development and progression of HFrEF [27-44, 48-58]. In contrast, remodeling
in HTN progresses at a much slower pace, in parallel with progression of the hyper-
tensive disease and increasing blood pressure; this results in progressive concentric
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Fig. 11.4 Schematic showing steps in myocardial remodeling in HFpEF versus HFrEF. Adapted
from Paulus and Tschope (2013) [46]
Abbreviations: as in text

LV remodeling with development of HFpEF and poor outcome [45, 46]. Cumulative
evidence over the last two decades indicates that OXS and inflammation also play
important pathophysiologic roles in the development and progression of HFpEF,
often with significant contribution from various comorbidities [27-33, 59-69].
These current concepts are summarized in Figs. 11.3 and 11.4. Furthermore,
research has shed light on the various mechanisms leading to OXS and inflamma-
tion and their roles in the pathophysiology of CVD and the progression to HF via
the chains of ischemia-MI-I/R-/HFrEF and HTN-HFpEEF, as illustrated in Figs. 11.2,
11.3, and 11.4. Research has also suggested novel potential therapeutic targets.

11.2.5 Evidence on the Roles of OXS and Inflammation in HFrEF
and HFpEF

Evidence for the roles of OXS and/or inflammation in the progression of HFrEF and
HFpEF were addressed in several studies, and some key reports are summarized
below.
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11.2.5.1 Multiple Biomarkers

In a clinical study of the different biological pathways that characterize HFrEF and
HFpEF, Tromp et al. [59] analyzed 92 biomarkers in a cohort of 804 elderly HF
patients (47% HFrEF, 27% HFpEF; mean age 74 years); they found that key mark-
ers of HFrEF were BNP, growth differentiation factor-15 (GDF-15), IL-1 receptor-
like 1, and activating transcription factor 2, whereas key markers in HFpEF were
integrin subunit beta-2 and catenin beta-1. They concluded that biomarker profiles
in HFrEF are related to regulation of sequence-specific DNA-binding transcription,
smooth muscle cell proliferation, and nitric oxide (NO) biosynthesis and metabo-
lism, whereas those for HFpEF were related to cell adhesion, leucocyte migration,
cytokine response and inflammation, neutrophil degranulation, and ECM organiza-
tion, and the profile for HFmrEF was intermediate between those of HFrEF and
HFpEF [59]. However, OXS was not addressed.

11.2.5.2 Multiple Comorbidities

In a small experimental study of multiple comorbidities in swine with chronic
streptozotocin-induced diabetes, high-fat diet, and HTN induced by renal artery
embolization over 6 months, Sorop et al. [60] documented that increased blood
glucose and triglyceride, kidney dysfunction, and HTN were associated with evi-
dence of systemic inflammation (increased IL-6 and tumor necrosis factor-a
[TNF-a]), myocardial OXS (with increased superoxide or O2¢~, NADPH oxidase
or NOX activity, and endothelial NO synthase or eNOS uncoupling), coronary
microvascular dysfunction (with decreased NO and impaired endothelial-depen-
dent vasodilation), as well as increased myocardial collagen, decreased capillary/
fiber ratio, with hemodynamic evidence of increased passive myocardial stiffness,
LV diastolic dysfunction, and HFpEF [60]. However, OXS was not directly
addressed in that study.

11.2.5.3 Microvascular Dysfunction

In a small clinicopathologic study of LV biopsies in 3 groups of patients (HFpEF,
n = 36; aortic stenosis, n = 67; and HFrEF, n = 43), van Heerebeek et al. [65]
found that protein kinase G (PKG) activity was lower in patients with HFpEF
than in patients with aortic stenosis or HFrEF; importantly, the lower PKG level
was associated with lower cyclic guanosine monophosphate (cGMP) concentra-
tion and higher nitrosative-OXS as well as a higher cardiomyocyte resting ten-
sion which was normalized by in vitro exogenous PKG administration [65].
They also noted that higher nitrosative-OXS, reflected in higher myocardial
nitrotyrosine content in HFpEF than in HFrEF (and aortic stenosis) and known
to impair NO-cGMP-PKG signaling, might result from the higher prevalence of
associated comorbidities that increase OXS and inflammation (such as HTN,
obesity, and DM2) in the HFpEF group. The patients in that study were older
adults with a mean age of 60—65 years [65]. The overall findings suggested that
microvascular dysfunction and PKG might be useful targets in HFpEF, but these
need validation.
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11.2.5.4 Coronary Flow Reserve and Microvascular Dysfunction

In a prospective observational study of coronary flow reserve in 202 patients with
HFpEF and without unvascularized large vessel CAD, Shah et al. [62] documented
a high prevalence of coronary microvascular dysfunction reflected in endothelial
dysfunction (low reactive hyperemic index), higher albumin/creatinine ratio,
NT-proBNP, and right ventricular dysfunction [62]. The patients in that study were
elderly (mean age 72-75 years) with several comorbidities (such as HTN, obesity,
DM2, hyperlipidemia, chronic kidney disease [CKD], cigarette smoking) known to
increase OXS and inflammation.

In another study of coronary flow reserve using phase contrast cine-MRI of the
coronary sinus to assess flow as an index of LV microvascular function in elderly
patients (25 HFpEF, mean age 73 years; 13 hypertensive LV hypertrophy, age 67; 18
controls, age 65), Kato et al. documented that coronary flow reserve was lower in
76% of the HFpEF patients compared to that in patients with hypertensive LV
hypertrophy and the controls; in addition, they found that coronary flow reserve cor-
related with serum BNP levels [64]. The findings suggested that impairment of
coronary flow reserve might be related to the severity of HFpEF [64]. The patients
in that study had several comorbidities (such as HTN, DM2, hyperlipidemia, ciga-
rette smoking) that are known to increase OXS and inflammation.

11.2.5.5 OXS Markers

Despite these compelling reports of the role of OXS and inflammation in HFpEF,
controversy exists. In one small study of 50 patients with and without HFpEF, Negi
et al. [69] measured various OXS markers (such as derivatives of reactive oxidative
metabolites, F2-isoprostanes, ratios of oxidized to reduced glutathione and cyste-
ine) and angiotensin-converting-enzyme (ACE) levels and activity; while they
found an association between HFpEF and male gender and higher body mass index
(BMI), they did not find significant evidence of systemic renin-angiotensin system
(RAS) activation or OXS, leading them to conclude that their finding may explain
the failure of RAS inhibitors to alter outcomes in HFpEF [69].

11.2.5.6 Unexplained Mode of Death in HFpEF

In a systematic review of 1608 papers on HFpEF from 1985 to 2015, the authors
found that about 25% of deaths were sudden, calling for a longitudinal multicenter
global registry [70]. Whether there is an arrhythmic and/or ischemic contribution to
the mode of death in HFpEF is not currently established; however, this appears very
likely in view of the increased OXS [60-63, 65, 67—69], inflammation [59-61, 63],
ECM and fibrosis [59-69], microvascular disease [62, 63], impaired coronary flow
reserve [64, 66], and impaired bioenergetics [67], as depicted in Fig. 11.3.

11.2.5.7 Merits of RCT Versus Observational Data in HF

From another review of electronic databases on observational nonrandomized stud-
ies versus those in RCTs until the end of 2017 for the association between drug
therapy and mortality in HF patients, the authors concluded that “treatment effects
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cannot be estimated from observational data” [71]. That finding supports the need
for RCTs to guide therapy.

In summary, cumulative evidence supports the role of CVD risk factors in pro-
moting OXS and inflammation (Figs. 11.2, 11.3, and 11.4), thereby leading to coro-
nary microvascular dysfunction, subendocardial ischemia, regional and diffuse
fibrosis, cardiac steatosis, vascular stiffness, and adverse LV remodeling.

11.2.6 Impact of Multiple Etiologies and Comorbidities on HF
Therapy

The distinction between the two HF categories based on severity of systolic
dysfunction is logical from a treatment perspective because the specific cate-
gory might dictate the specific therapeutic approach to be recommended in com-
pliance with the management guidelines [1, 2, 10-13]. Since the two main
categories of HF (HFrEF and HFpEF) based on LVEF are characterized by two
divergent types of LV remodeling (Fig. 11.2), it is not surprising that therapies
recommended for the management of the two distinct categories of HF in the
updated published guidelines should be quite different [1, 2, 10-13], as reflected
in the summaries shown in Tables 11.1, 11.2, and 11.3. However, it should be
noted that, whereas therapies for HFrEF are fairly well-defined (Tables 11.1 and
11.2), those for HFpEF still remain to be defined (Table 11.3); this is partly due
to the heterogeneous causations and the presence of multiple CV comorbidities
in HFpEF [66], such as HTN, obesity, metabolic syndrome, DM2, hyperlipid-
emias, CAD, atrial fibrillation, ventricular arrhythmias, renal dysfunction, and
pulmonary hypertension (Fig. 11.3), and these require different specific thera-
pies (Table 11.3). They also have several non-CV comorbidities, including
osteoarthritis, hypothyroidism, chronic obstructive lung disease, sleep apnea,
CKD, iron-deficiency anemia, anxiety, and depression, that require separate
therapies. In addition, RCTs have not distinguished between HFpEF and
HFmrEF because the phenotypes are still being characterized [72]; as a result,
the recommendations have tended to lump the two categories into a single
HFpEF category at this time [1, 2]. Furthermore and as mentioned before, at
least 50% of HF patients have HFpEF, and they tend to be elderly, and aging is
an important CV risk factor as shown in Figs. 11.3, 11.4, and 11.5.

11.2.7 Management Guidelines for HF Therapy and HF
Pathophysiology

It should also be noted that management guidelines that are updated by the major
CV societies worldwide represent the consensus opinion of experts based on avail-
able evidence mainly from RCTs, are meant to guide therapy, and do not address all
pertinent issues [1, 2]. Guideline-driven management of HF centers around improv-
ing clinical status, functional capacity, and quality of life and reducing
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Table 11.1 Recommended
pharmacologic therapies
during acute STEMI and
reperfusion

During acute STEMI and
reperfusion

Thrombolytics

Antiplatelet agents

P2Y, inhibitor (prasugrel,
ticagrelor), clopidogrel

Aspirin

GPII/III, inhibitors

Cangrelor

Anticoagulants

Unfractionated heparin

Bivalirudin

Enoxaparin

Fondaparinux

Fibrinolytics

Fibrin-specific agent
(tenecteplase, alteplase,
reteplase)

Antiplatelet agents (aspirin,
clopidogrel, P2Y , inhibitor)

Anticoagulants (enoxaparin,
unfractionated heparin)

During maintenance after
STEMI

Antithrombotic agents

Aspirin

Antiplatelet agents

Proton pump inhibitors

Oral anticoagulants
Beta-blockers
Metoprolol

Lipid-lowering agents

Statins

Ezetimide
PCSKO9 inhibitors
Nitrates

Calcium antagonists

Angiotensin-converting-enzyme

inhibitors (ACEIs)

Angiotensin II receptor blockers

(ARBs)

Mineralocorticoid/aldosterone

receptor antagonists (MRAs)
Eplerenone

Summarized and adapted from
Ponokowski et al. (2016) [1]
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Table 11.2 Recommended
pharmacologic therapies for
HFEF

HFrEF

Angiotensin-converting-enzyme
inhibitors (ACEIs)

Captopril, enalapril, lisinopril,
ramipril, trandolapril

Beta-blockers

Bisoprolol, carvedilol, metoprolol,
nebivolol

Angiotensin type I receptor blockers
(ARBs)

Candesartan, valsartan, losartan

Mineralocorticoid/aldosterone
receptor antagonists (MRAs)

Eplerenone, spironolactone

Angiotensin receptor neprilysin
inhibitors (ARNIs)

Sacubitril/valsartan

If-channel blocker

Ivabradine

Diuretics

Loop diuretics

Furosemide, bumetanide,
torasemide

Thiazides

Bendroflumethiazide,
hydrochlorothiazide, metolazone,
indapamide

Potassium-sparing diuretics

Spironolactone/eplerenone,
amiloride, triamterene

Other drugs

Hydralazine and isosorbide dinitrate

Digoxin

N-3 PUFA (polyunsaturated fatty
acid)

Drugs of unproven benefit

3-Hydroxy-3-methylglutaryl-
coenzyme A reductase inhibitors
(statins)

Oral anticoagulants and antiplatelet
therapy

Renin inhibitors

Drugs not recommended/
contraindicated

Non-dihydropyridine calcium-
channel blockers (CCBs)

Verapamil and diltiazem unsafe

Amlodipine and felodipine safe,
only if compelling indication

Summarized and  adapted  from
Ponokowski et al. (2016) [1]
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Table 11.3 Recommended and other pharmacologic therapies for HFpEF

In the absence of irrevocably positive RCT evidence that any drug treatment reduces
mortality or morbidity in HFpEF, 2016 management guidelines recommend the
following:

Treatment of cardiovascular comorbidities

Treatment of noncardiovascular comorbidities

Treatment of HF symptoms and signs of congestion with diuretics

Treatment effects on “symptom relief”” reported as follows:

Diuretics: usually positive, as for HFrEF

ACEIs: evidence inconsistent
ARBs: evidence inconsistent except for candesartan (improve NYHA class)
Beta-blockers and MRAs: no evidence
Treatment effects on ‘“HF hospitalizations™ as follows:
ACEIs, ARBs

Patients in sinus rhythm: some evidence of benefit with nebivolol, digoxin, spironolactone,
and candesartan

Patients in atrial fibrillation: evidence inconclusive for beta-blockers, absent for digoxin
Treatment effects on “mortality” as follows:
No RCT evidence for ACEIs, ARBs, beta-blockers, and MRAs except
Nebivolol reduced the “combined death and cardiovascular hospitalization endpoint”
Other drugs for specific comorbidities:
Atrial fibrillation:
Anticoagulants: positive evidence for reducing risk of thromboembolism
Antiplatelet agents: no proven benefit
Non-vitamin K oral anticoagulants (NOACS), such as apixaban, dabigatran, rivaroxaban:
increase risk of hemorrhage in renal dysfunction, use contraindicated

Rate control: aggressive control might be deleterious

Digoxin, beta-blockers or rate-limiting CCBs, monotherapy or used in combination

Verapamil or diltiazem should not be combined with a beta-blocker
Hypertension:
Non-RCT evidence favors treatment of systolic blood pressure in HFpEF with
Diuretics, ACEIs, ARBs, and MRAs all effective; patients on ACEIs and beta-blockers
should not receive the ARB olmesartan based on one study
Beta-blockers may be less effective
Type 2 diabetes:
Metformin, considered first-line drug
Type 2 diabetes and cardiovascular risk prevention:
Empagliflozin, sodium glucose cotransporter-2 (SGLT2): induces diuresis, natriuresis,
weight loss; lowers blood pressure, preload/afterload; RCT evidence on efficacy of this drug
for reducing blood glucose, HbA,C, and body weight (probably by increased glucose
excretion and osmotic diuresis); reducing HF hospitalization and cardiovascular mortality;
reduce cardiovascular events and heart failure. Warning: aggressive management of
dysglycemia may be harmful

Liraglutide, glucagon-like peptide/receptor agonist (GLP1RA): improve glycemic control,
reduce risk of myocardial infarction, cerebrovascular accident, cardiovascular death in
adults with type 2 diabetes and cardiovascular disease. Warning: stop drug if pancreatitis is
suspected or confirmed

(continued)


http://reference.medscape.com/drug/eliquis-apixaban-999805
http://reference.medscape.com/drug/dabigatran-342135
http://reference.medscape.com/drug/xarelto-rivaroxaban-999670?src=wgt_edit_news_lsm&lc=int_mb_1001

11 Oxidative Stress and Heart Failure 273

Table 11.3 (continued)

Myocardial ischemia:
Treatment as per published management guidelines for angina and HFrEF
Exercise intolerance:

Combined endurance/resistance training
Obesity:
Diet and exercise

Various weight-loss drugs (FDA approved and non-FDA approved)
Hyperlipidemias:
Lipid-lowering agents as in myocardial ischemia, infarction, and HFrEF

Statins

Ezetimide

PCSKDY inhibitors
Other drugs proposed for HFpEF
LCZ696 (sacubitril/valsartan), angiotensin receptor neprilysin inhibitor: approved for
treatment of HFrEF in 2015; trials in HFpEF are in progress and results are pending

Summarized and adapted from Ponokowski et al. (2016) [1], and updated from 2018 Congresses
of the American College of Cardiology, European Society of Cardiology, and American Heart
Association

Abbreviations as in text

hospitalization, morbidity, and mortality [1, 2]. It is recognized that several drugs
that show efficacy in the short term may prove to be harmful in the long term [1, 2].

In HFrEF, pharmacotherapy consists of diuretics and neurohumoral antagonists
such as ACE inhibitors (ACEIs), mineralocorticoid receptor antagonists (MRAs),
and beta-blockers in the absence of contraindications or intolerance [Table 11.2].
Based on the results of a single RCT showing that the new compound LCZ696,
which combines moieties of the angiotensin I (Ang II) type 1 receptor blocker
(ARB) valsartan and the neprilysin (NEP) inhibitor sacubitril in a single molecule
that is an angiotensin receptor neprilysin inhibitor (ARNI) and acts on both the
RAAS and the neutral endopeptidase system, was superior to the ACEI enalapril in
reducing HF mortality and hospitalization [73], it was recommended to replace
ACEIs in HFrEF patients who continue to be symptomatic despite optimal therapy
[1, 2, 74-76]. Several reports supported the replacement of ACEI with sacubitril/
valsartan in patients with HFrEF [75, 76]. Moreover, since ARBs do not consis-
tently reduce mortality, they are only used in ACEl-intolerant patients [1, 2]. The
If-channel blocker ivabradine is used to control elevated heart rate above 70 beats
per minute [1, 2].

Some safety issues with the ARNI sacubitril/valsartan include hypotension and
angioedema [1, 2]. Recent reports in 2018 of contamination with human carcino-
gens N-nitrosodiethylamine (NDEA) in irbesartan and both N-nitrosodimethylamine
(NDMA) and NDEA in valsartan supplied by certain pharmaceutical firms have
raised additional concern that needs to be addressed. Of note, the recently updated
recall list of the Food and Drug Administration (FDA) in the United States includes
the ARB losartan for the same reason.
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In the absence of firm and specific recommendations for HFpEF in the 2016

management guidelines [1, 2], several studies have been evaluating the efficacy of
LCZ696 in HFpEF; while the final RCT results are still pending, there is consider-
able enthusiasm and hope of a positive outcome [76-81]. While awaiting RCT
results in HFpEEF, physicians in current clinical practice have tended to use therapies
recommended for HFrEF to treat the HF component, including diuretics, beta-
blockers, MRAs, ACEIs, and ARBs [1, 2], in addition to other specific therapies for
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common comorbidities such as HTN and DM2, an approach that has resulted in
partial benefit [1, 2]. As summarized in Table 11.3, newer therapies, such as the
sodium glucose cotransporter-2 (SGLT2) inhibitor empagliflozin and the glucagon-
like peptide/receptor agonist (GLP-1RA) liraglutide, which were recently shown to
improve control of DM2 as well as CV events and CV risks [80, 82, 83], are being
implemented. However, there have been several negative studies; a large RCT of
spironolactone in HFpEF failed to show benefit [84]. Although in patients with
HFpEF an RCT with the phosphodiesterase-5 inhibitor sildenafil on exercise capac-
ity [85] and another randomized double-blind crossover study with isosorbide
mononitrate on daily activity [86] were negative, a subsequent meta-analysis of
RCTs showed the benefit of exercise in HFpEF [87].

11.2.8 Studies on the Role of Inflammation
in the Pathophysiology of HF Progression

The critical roles of acute and chronic inflammation during acute MI and the subse-
quent healing processes, and the progressive remodeling that spans these processes
during remote MI and well beyond over years into the chronic HF stage, have been
well documented, and various anti-inflammatory strategies have been proposed over
the last five decades [34-36, 39, 41-44, 48-55, 58, 88—102]. These studies and oth-
ers have underscored several pertinent points that need consideration when develop-
ing therapy for HFrEF after MI. The main points include the following.

11.2.8.1 Timing of Events Post-MlI

The events that follow an acute MI all take place in tandem fashion (Table 11.4);
early damage of muscle, matrix, and microvasculature triggers the healing process,
which through a timed sequence of acute and chronic inflammation and associated
biochemical, molecular, cellular, and subcellular reactions lead to formation of a
fibrotic scar in the 1Z, followed by fibrosis and hypertrophy in the NIZ and signifi-
cant remodeling of structure, shape, and function [34-36, 41, 42, 49, 51-55, 101,
103]. Considering a single factor, such as the time interval needed for collagen
deposition to reach a plateau during healing and repair after MI, this varies from
weeks to months depending on the species, infarct size, reperfusion, and other fac-
tors; it usually takes a few days in mice, about 1 week in rats, 6 weeks in dogs, and
3 to 6 months in humans [51]. As reviewed before [51], this timing of the various
events during the progression of fibrosis after MI is clearly important when deciding
on timing and duration of therapies for HFrEF post-MI [34, 42, 99].

11.2.8.2 Multiple Cellular and Molecular Processes

An additional consideration with respect to therapy for HFrEF post-MI is the diver-
sity and multiplicity of the cellular and molecular processes, cell types, and changes
involved in the four main stages after STEMI or reperfused STEMI [50], as sum-
marized in Table 11.4. Briefly, the early infarction phase over the first few hours
involves damage to cardiomyocytes by apoptosis and necrosis, extracellular matrix
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Table 11.4 Cell types and Infarction phase, damage stage (hours)
processes during stages of Cardiomyocyte apoptosis and necrosis
healing after MI and the ECM damage and vascular damage
march to HFrEF S g

Cardiomyocyte autophagy
Early healing phase, inflammation stage
(days/weeks)
Different cell types:
Neutrophils
Monocytes: Ly-6Chieh, Ly-6C'o™
Macrophages: M1, M2
Mast cells
Lymphocytes: Treg

Dendritic cells

Late healing phase, proliferation stage
(weeks/months)

Monocytes: Ly-6C"
Macrophages: M2
Dendritic cells

Fibroblasts and myofibroblasts

Collagen/ECM deposition and ECM
remodeling

Angiogenesis and vascular remodeling
Pericyte/endothelial cell

Maturation phase and scar formation
stage (weeks/months)

Myofibroblasts

ECM remodeling

Collagen cross-link formation

Scar remodeling: contraction, late thinning;
scar compaction; late scar expansion

Structural remodeling, during and after
healing (days/months/years)

Early remodeling with infarct expansion
(stretching, thinning, dilatation)

Scar remodeling (persistent myofibroblasts)
Structural remodeling
Infarct and noninfarct zones

Infarcted left ventricular chamber
(dilatation, hypertrophy)
Other cardiac chambers: left atrium, right
ventricle, right atrium
Left ventricular systolic and diastolic
dysfunction

Left ventricular volume overload
Heart failure (HFrEF)
End-stage heart disease

Adapted and updated from Jugdutt (2013) [51]
Abbreviations as in text
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(ECM) by matrix metalloproteinases (MMPs), and vascular cells by apoptosis and
necrosis; the early healing phase with inflammation over days involves neutrophils,
monocytes, macrophages, and mast cells; late healing with proliferation over weeks
involves fibroblasts, myofibroblasts, collagen/ECM deposition, ECM remodeling,
angiogenesis and vascular remodeling, and maturation with further ECM remodel-
ing by cross-link formation, and scar formation, structural remodeling of the IZ and
NIZ, and LV systolic and diastolic dysfunction [50]. The key modulators and medi-
ators involved during the healing, repair, and fibrosis phases after MI and in the
march to HFrEF, several of which can be targeted, have been reviewed before [51,
103] and are summarized in Table 11.5. Over all the phases leading to HFrEF, the
three neurohumoral systems (RAAS, ET, and adrenergic) and OXS exert important
modulating effects.

11.2.8.3 Persistent Inflammation Post-MI

The trickle of evidence over the last three decades indicates that low-grade inflam-
mation and ECM remodeling both continue beyond the MI and collagen plateau
phases during healing into the later phase of progression to the chronic HF phase, as
reviewed elsewhere [101-108]; this is also an important consideration for timing
and duration of therapy. During healing post-MI, the release of key factors that
modulate healing, such as chemokines, cytokines, matrikines, growth factors includ-
ing transforming growth factor-p (TGF-f), MMPs, and other matrix proteins, is
quite precisely timed to orchestrate the sequence of acute and chronic inflammation
with formation of granulation tissue, tissue repair with proliferation of fibroblasts,
deposition of ECM, formation of myofibroblasts and scars, structural and functional
remodeling of IZ and NIZ myocardium with cardiomyocyte hypertrophy and very
little regeneration, and some angiogenesis [34, 51, 101-103, 108].

11.2.8.4 Timing of Remodeling Post-MlI

The remodeling in post-MI survivors also occurs in a timed sequence, is progres-
sive, and spans the infarction (first 24—48 h in humans) and healing (6 weeks to 3
months in humans) phases and far beyond (months to years) [34, 35, 40—44, 49, 51];
it is also modulated by multiple factors that orchestrate post-MI remodeling of myo-
cardium, vascular tissue, ECM, and over time other cardiac chambers, tissues, cells,
and molecules, resulting in a vicious cycle leading to end-stage HF. The additional
role of exposure to CV risk factors that exacerbate OXS and inflammation in aging
post-MI survivors during the march to HFrEF, just as in aging HTN victims in the
march toward HFpEF as depicted in Figs. 11.2 and 11.3, in the progression of
adverse remodeling needs to be recognized and addressed. Furthermore, the added
contribution of non-CV risk factors in exacerbating OXS and inflammation and
thereby promoting progressive adverse remodeling in the marches to both HFrEF
and HFpEF need to be addressed.
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Table 11.5 Some key modulators and mediators during healing, repair, and fibrosis phases after

Ml in the cascade to HFrEF

Infarction phase

RAAS, Ang II, ROS, ET, adrenergic overtone

Cardiomyocyte damage

Necrosis

Nuclear factor kB (NFkB), Toll-like receptor 4 (TLR4)

Apoptosis

Caspases, etc.

Autophagy

AMP-activated kinase (AMPK), Beclin-1, NR4A2 (NR4A
orphan nucleus receptor family member)

Vascular damage

Neutrophils, nuclear factor NF-kB (transcription factor family);
TNEa, IL-1, chemokines (IL8), adhesion molecule ICAM-1,
etc.

ECM damage

Proteases: matrix metalloproteinases (MMPs); stromelysin
MMP-13; membrane-type MMP-14, MTP-MMP; collagenases:
MMP-1, MMP-8, MMP-18; gelatinases: MMP-2, MMP-9;
chymase/tryptase; MMP inhibitors, TIMP-1, TIMP-2, TIMP-3,
TIMP-4

Early healing phase

Complement cascade

Acute inflammation

Cytokines: Tumor necrosis factor-a (TNF- a); interleukin
(IL)-6; IL-1p; IL-18

Different cell types:

Chemokines: monocyte chemoattractant protein-1 (MCP-1)

Neutrophils, monocytes,
macrophages, mast cells,
lymphocytes: Treg,
dendritic cells

Selectins, integrins, histamine

Monocyte subsets Ly-6Chie", Ly-6C'o™

Macrophage receptors, macrophage subsets M1, M2

Late healing phase

Chronic inflammation

Monocyte subset Ly-6C"*", macrophages: M2

Proliferation

Growth factors:

Monocytes, macrophages,
dendritic cells

Transforming growth factor-p (TGFp) — Smad signaling

Fibroblasts and
myofibroblasts

Basic fibroblast growth factor (bFGF)

Collagen/ECM deposition

Platelet-derived growth factor (PDGF)

Pericytes, endothelial cells

Connective tissue growth factor (CTGF)

Myocardial-related transcription factor-A

Maturation phase

Matricellular proteins/ECM remodeling:

Myofibroblasts

Secreted protein acidic and rich in cysteine (SPARC);
osteopontin (OPN); Thrombospondin (TSP)-1

Collagen/ECM remodeling

Matrixins: A disintegrin and metalloproteinase (ADAM)-10,
ADAM-17

Collagen cross-link

Protease inhibitors: Secretory leucocyte protease inhibitor

formation (SLPI)
Growth differentiation factor (GDF)-5; bone morphogenetic
protein (BMP-2); bone morphogenetic protein (BMP)/growth
differentiation factor-5 or BMP-14/GDF-5 (1 scarring post-MI)
Fibrosis Secreted frizzled-related protein-2 (sSFRP-2); galectin-3;

myocardin-related transcription factor (MRTF)-A

(continued)
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Table 11.5 (continued)

Infarction phase RAAS, Ang II, ROS, ET, adrenergic overtone
Angiogenesis and vascular | Vascular endothelial growth factor (VEGF), etc.
remodeling
Repair Stem cells: Akt-mesenchymal stem cell (MSC); Wnt signaling
Blood flow; metabolism; mitochondrial pathways

Structural LV remodeling (infarct/noninfarct zone)

Scar formation, contraction, compaction, expansion
Structural remodeling of other cardiac chambers

Left atrium, right atrium, right ventricle
Development of LV systolic and diastolic dysfunction
Development of heart failure/HFrEF

Adapted and updated from Jugdutt (2013) [51]

11.2.8.5 Addressing Residual Inflammation in the Progression
of Atherosclerosis Post-MI

It is well-known that (i) inflammation plays major roles in the initiation as well as
the progression of atherosclerosis, as indicated by increased levels of the marker of
inflammation, namely, high-sensitivity CRP (hs-CRP); and (ii) statins, through a
pleotropic effect, reduce the residual inflammatory risk after MI [109-113].
However, the importance of “residual inflammation” in the progression of athero-
sclerosis in post-MI patients was only underscored in two recent RCTs [114, 115].
In the first report of the Canakinumab Anti-Inflammatory Thrombosis Outcomes
Study (CANTOS) group, anti-inflammatory therapy with canakinumab to target
IL-1P in 10,061 stable post-MI patients with evidence of residual inflammation,
assessed by elevated hs-CRP levels, resulted in reducing the hs-CRP level and
recurrence of CV events, independent of lipid-lowering [114]. In the second report
of the CANTOS group, canakinumab therapy in 4833 patients with atherosclerosis
showed that those patients in whom the IL-6 levels were lowered benefited from a
reduction in major adverse CV events (MACE), hospitalization for unstable angina,
and lower CV mortality as well as lower all-cause mortality independent of lipid-
lowering. These findings suggested that modulation of the IL-6 proinflammatory
pathway is beneficial for limiting vascular and CV events [115]. In the previous
cholesterol and recurrent events (CARE) trial in MI survivors, levels of CRP
increased over 5 years, indicating an increase in residual inflammation. Importantly,
in that study, while therapy with the lipid-lowering agent pravastatin prevented the
increase in CRP levels after MI, this benefit was not related to the extent of lipid-
lowering, suggesting that a pleiotropic effect of the drug was involved [113]. In the
more recent report of a cohort of 385 patients with hospitalization for HF from the
original 10,061 patients with prior MI and elevated hs-CRP in CANTOS, the IL-1§
inhibitor canakinumab showed a dose-dependent reduction in HF hospitalization
and the composite endpoint of hospitalization for HF or HF-related mortality [116].
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11.2.8.6 Addressing Inflammation in the ACS: Shift in Focus
to Prevention of Mli

In the last two decades, the thinking relating to the role of inflammation in acute
coronary syndromes (ACS) and MI has shifted from the focus on treatment of the
atherosclerotic plaque and epicardial coronary artery thrombosis, and the use of
statins for lipid reduction and CV prevention, to the use of anti-inflammatory strate-
gies for atherosclerosis and other strategies for ACS without thrombosis [117]. The
CANTOS group continues to study IL-1 blockade with the IL-1f inhibitor
canakinumab for interrupting the IL-1/IL-6 cascade and thereby reducing inflam-
matory risk in different settings [114, 115, 118, 119]. A small phase II RCT of 182
patients with non-ST elevation ACS showed that the recombinant IL-1 receptor
antagonist (IL-1ra) anakinra reduced the elevated CRP, suggesting that IL-1 may be
driving CRP elevation in ACS [120]. Interestingly, in that study, the CRP level rose
again 16 days after treatment was stopped [120], suggesting that the persistent
inflammation requires longer-term therapy. Furthermore, although the patients in
CANTOS and the other studies with interleukin inhibitors were mostly older with
mean ages of 60-64 years [114—-116, 118, 120], and several factors in aging hearts
are known to lead to increased ROS, O2¢~, and myocardial Ang II which in turn
trigger increased proinflammatory cytokines, MMPs, and OXS markers and thereby
modulate post-MI healing and repair and progression of HF, OXS markers were not
measured in those studies.

11.2.8.7 Role of IL-8 in Enhanced Damage After STEMI

While the canine aging study of Jugdutt et al. drew attention to the role of IL-6
as one important mediator of adverse LV remodeling after STEMI [58], other
chemokines and proinflammatory cytokines may also be involved [121]. In a
recent study of 258 patients with STEMI undergoing percutaneous coronary
intervention (PCI) and who were followed for a median of 70 months, high levels
of IL-8 in serially drawn blood samples were associated with large infarct size,
impaired LV functional recovery, and adverse clinical outcome [122].
Interestingly, in that study, levels of IL-8 remained higher in nonsurvivors com-
pared to survivors at 4 months [122]. While that study supports targeting of IL-8
for suppressing post-MI inflammation [122], the authors did not measure mark-
ers of OXS. Of note, the patients in that study were older adults, with an average
age of 60 years (range 53-66 years) [122].

11.2.8.8 Surge of ROS and OXS After Reperfused STEMI

It is known that after STEMI, the extent of myocardial injury is massive and with
reperfusion after a time delay; both the intensity of the inflammatory response and
the extent of damage caused by the initial MI and the subsequent delayed reperfu-
sion can be significant [48, 58]. Myocardial damage after STEMI is further exacer-
bated by the burst of OFR release and OXS with reperfusion as shown by Bolli et al.
[123]. In that study, Bolli et al. showed that the levels of ROS, measured by electron
paramagnetic resonance (EPR) and a spin trap, also called electron spin resonance
(ESR), spectroscopy in the venous effluent from the stunned zone of myocardium in
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the dog model and sampled via a catheter positioned in the anterior interventricular
vein, increased significantly to a peak over the first 20 minutes and persisted for
several hours after reperfusion [116].

11.2.8.9 Role of Dysregulation of Inmune Pathways in Adverse
Post-MI Remodeling and HF

In a review on the topic, Prabhu and Frangogiannis [124] summarized the innate
immune mechanisms involved in the four main steps of the cascade between MI and
scar formation: (i) danger signals from necrotic cells in MI lead to activation of
innate immune pathways that trigger inflammation; (ii) increased expression of pro-
inflammatory cytokines (such as IL-1 and TNF-a)) and chemokines (such as mono-
cyte chemoattractant protein-1/CCL2) in response to stimulation of Toll-like
receptor (TLR) signaling and complement promotes adhesive interactions between
leukocytes and endothelial cells that lead to extravasation of neutrophils and mono-
cytes; (iii) activation of repair mechanisms with suppression of inflammatory
response cells leads to fibroblast proliferation and differentiation into myofibro-
blasts (driven by the RAAS and TGF-p), increase in ECM proteins, and scar forma-
tion; and (iv) scar maturation follows, with cross-linking of the collagen matrix, and
removal of granulation tissue by apoptosis. The authors suggested that the combina-
tion of dysregulation of the immune pathways, impaired suppression or resolution
of post-MI inflammation, failure of spatial containment of the inflammatory
response, and excessive fibrosis contributes to adverse post-MI remodeling and HF
[124]; however, they did not mention the possible contributions of persistent OXS,
residual inflammation, the interaction between OXS, and inflammation in the pro-
gression from MI to HFrEF. While there is a vast body of compelling research evi-
dence that supports therapeutic modulation of the inflammatory and repair responses
after MI [124], Granger and Kochar pointed out that targeting inflammation in acute
MI with a specific inflammatory agent might be “an elusive goal” [125]. In fact, the
management guidelines up to 2016 recommend that anti-inflammatory agents such
as steroids and nonsteroidal anti-inflammatory agents should be avoided after
STEMI [1, 2, 109, 110].

11.2.8.10 Role of Different Monocyte Subsets in Post-MI Healing
and HF

In another provocative review of innate immune mechanisms during healing after
MI, Nahrendorf et al. [102] underscored the importance of two populations of
monocytes involved in post-MI healing and found in both mice and humans [102,
126]; briefly, they noted that there is a biphasic response post-MI in the mouse, with
Ly-6C"¢" monocytes (resembling CD16~ monocytes in humans) that are dominant
in the early inflammatory phase and Ly-6C"** monocytes (resembling CD 16" mono-
cytes in humans) that are dominant in the subsequent reparative phase [102]. They
also noted that monocyte numbers are increased in atherosclerosis and increased
recruitment of Ly-6C"¢" monocytes after plaque rupture impairs healing of MI and
promotes HF via a cascade of increased chemokines (such as TNF-a), increased
protease activity (such as MMPs, cathepsins), resolution of inflammation (with
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decreased TGF-f), and decreased collagen synthesis, based on previous findings in
apoE~~ mice [102, 127]; importantly, they postulated a bell-shaped parabolic rela-
tion between monocyte numbers and healing after MI, in which both too little or too
many of the monocytes can impair healing [102]. The authors proposed “shifting
the monocyte response to a hypothetical vertex that denotes ‘optimal” healing” as a
goal of therapy for preventing HF [102]. They also suggested tailoring therapy to
modulate the recruitment of monocyte subsets [102].

In a more recent study, Ruparelia et al. found that the patterns of gene expression
associated with monocytes in inflammation and proliferation are switched on before
they infiltrate the injured myocardium, suggesting that early therapy might be ben-
eficial [126]. Of note, in that study, the average ages of the control and STEMI
groups of human subjects were 63 and 60 years, respectively [126]. It should also
be noted that during the early inflammatory response, the recruited neutrophils,
macrophages, and monocytes release OFRs and contribute to OXS.

Together, these studies underscore the need to address the possible contributions
of continued inflammation and OXS as well as ECM remodeling during healing
after MI and the progression to HFrEF in post-MI survivors.

11.2.9 Role of Aging on the Pathophysiology of HF Progression

The importance of aging in the progression of adverse ventricular remodeling and
HF (Fig. 11.4) is slowly becoming appreciated since the publication of several criti-
cal reviews and books on the topic [1-4, 14-19, 128]. The main points are summa-
rized below.

11.2.9.1 Aging-Related Changes and HFpEF

As reviewed before [14, 15, 18, 19, 46-51, 103, 128], the progressive physiological,
biological, and structural changes that characterize CV aging lead to increased ECM
deposition and fibrosis (driven by increased Ang II, aldosterone, and TGFp) in the
heart, thereby increasing ventricular-arterial stiffening and LV diastolic dysfunction
resulting in HFpEF (Fig. 11.5). In addition, increased ECM deposition and fibrosis
plus decreased elastin (associated with increased MMP-9, MMP-12, cysteine pro-
teinases cathepsins S, K, L, and serine proteinase neutrophil elastase from inflamma-
tory cells) lead to increased aortic stiffness which in turn leads to the chain of
increased aortic pulse wave velocity, systolic blood pressure, and afterload, which
results in systolic HTN, LVH, and fibrosis (driven by increased Ang II, aldosterone,
and TGFp). As pulse pressure widens, a decrease in diastolic blood pressure below
70 mmHg can lead to the J-curve effect and thereby decrease diastolic myocardial
perfusion, which in turn can trigger subendocardial ischemia and increase CV risk
[128]. In that construct, the physiological changes during aging predispose the sub-
ject to HFpEF (Fig. 11.4); the added insults from HTN and the associated combined
effects of LV pressure overload, LV hypertrophy, excess LV and aortic ECM and
fibrosis, and decrease in aortic elastin collaborate to drive the concentric LV remod-
eling in the initial stage of HFpEF. Exposure to other CVD risk factors cooperates in
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exacerbating OXS, inflammation, and microvascular dysfunction in the survivors,
thereby contributing to the progressive adverse remodeling and the march toward
increasing severity of HFpEF progression (Figs. 11.2, 11.3, 11.4, and 11.5). Later, as
a result of acute ischemia or other aggravating factors, a mixture of the two types of
LV remodeling may develop and lead to HFrEF superimposed on HFpEF, thereby
accelerating the march toward end-stage disease (Figs. 11.2, 11.3, and 11.4).

11.2.9.2 Aging-Related Changes and HFrEF

In the aging patient who develops acute STEMI, the background physiological
changes of CV aging that predispose the patient to HFpEF alter and augment the
responses to acute injury; the combination of enhanced damage to the myocardium,
ECM, microcirculation, and endothelium with STEMI drives the development of dila-
tive LV remodeling and the shift toward HFrEF (Fig. 11.4). The continued exposure
to risk factors that exacerbate OXS and inflammation in the survivor contributes to
progressive adverse remodeling (Figs. 11.2, 11.3, and 11.4). Furthermore, reperfusion
therapy with restoration of coronary blood flow in the infarct-related artery (IRA)
after STEMI leads to an acute surge in OXS, which, in combination with the intense
acute inflammation, exacerbates the damage [19, 31, 34, 48-52, 58, 101, 102].

11.2.9.3 Aging-Related Changes in Healing and Post-STEMI
Remodeling

As mentioned before, progressive adverse remodeling that takes place during the sub-
sequent healing, repair, and beyond the healing/repair phases in survivors of STEMI
spurs on the progression to HFrEF (Fig. 11.2). Expanding on that general theme, it is
now established that with aging (Fig. 11.5), adverse post-MI remodeling is more
severe [14—19]. This is due to impaired healing and repair of the damaged tissue
resulting from a dysregulation of the pathways that are involved [15, 18]. The aug-
mented adverse remodeling affects the entire left ventricle and, in time, leads to
remodeling of the left atrium and right ventricle as well (Fig. 11.3). Of note, cardio-
myocyte hypertrophy and fibrosis after STEMI develop in both the spared myocar-
dium within the IZ and the myocardium in the NIZ [51]. In the aging mouse model of
reperfused MI, Bujak et al. showed that enhanced adverse remodeling was associated
with suppression of the inflammatory response, delayed granulation tissue formation,
and reduced collagen deposition [48]. In the aging canine model of reperfused STEMI,
with reperfusion after 90 minutes of ischemia after coronary occlusion, Jugdutt et al.
[58] showed age-dependent early increases in markers of damage (increased ischemic
injury, infarct size, cardiomyocyte apoptosis, blood flow impairment and no-reflow),
structural remodeling (increased LV dilation and dysfunction) and matrix remodeling
(increased expression of secretory leucocyte protease inhibitor [SLPI], secreted pro-
tein acidic and rich in cysteine [SPARC], osteopontin [OPN], a disintegrin and metal-
loproteinase [ADAM]-10 and ADAM-17, and MMP-9 and MMP-2), and inflammation
(with increased inducible NO synthase [iINOS], proinflammatory cytokines IL-6 and
TNF-a, and TGF-1, and decreased anti-inflammatory cytokine IL-10). Importantly
in that study, early therapy with the ARB candesartan, initiated at the time of reperfu-
sion, attenuated these adverse age-dependent changes [58].
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As reviewed previously [50], the main changes in molecular and cellular
responses during healing and repair after STEMI/reperfused STEMI in older sub-
jects include (i) increased RAAS, Ang II, and ROS activity; (ii) impaired or defec-
tive healing, with amplification of damage in the infarction phase (reflected in
increased apoptosis, necrosis, and ECM degradation), dysregulation of inflamma-
tion in the early inflammation phase (with decreased antioxidant response), and
defective healing and repair in the late phase (reflected in decreased myofibroblasts,
collagen/ECM, angiogenesis, and telomere lengths) resulting in a defective scar.
The ECM changes during repair include increased collagen type III (more elastic
and pliable) and decreased collagen type I (more rigid) and cross-linking [50].

11.2.9.3.1 Aging-Related Changes in Mitochondrial OXS

and Inflammation During HF Progression
The roles of aging, mitochondrial OXS, inflammation, and CVD risk factors during
HF progression have been underlined here in Figs. 11.2, 11.3, 11.4, 11.5, 11.6 and
11.7, and the pertinent advances recently reviewed by Paneni et al. [128] are sum-
marized below under 14 subheadings.
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Fig. 11.6 Schematic of main sources of oxidants, superoxide, and peroxynitrite. Adapted from
Bartesaghi and Radi (2018) [98]

Peroxynitrite (ONOO-) is cytotoxic and enhances cell damage during reperfusion following isch-
emia and can cause protein tyrosine nitration which can serve as a biomarker of oxidative stress.
The nitrite radical NO2e is a strong oxidizing and nitrating agent. Protein tyrosine nitration is
pertinent in reperfusion and inflammation. The carbonate radical CO3e- is involved mainly in
nitro-oxidative damage

Abbreviations: NOX NADPH oxidases, NOS nitric oxide synthases
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Data based on studies in the canine model by Jugdutt BI et al. using histopathology for myocardial
damage (necrosis and apoptosis), inflammation, collagen and fibrosis, and biochemistry for col-
lagen, MMP, and TIMP [18, 34-36, 42, 44, 49-51, 55, 58, 92, 94, 98, 103, 128, 129] and Bolli
et al. using electron paramagnetic resonance and a spin trap for reactive oxygen species [123], and
a review of inflammation and repair postinfarction by Nahrendorf et al. based initially on data in
mouse [102]

Abbreviations: MMP matrix metalloproteinase, TIMP tissue inhibitor of metalloproteinase

Other Abbreviations as in text

11.2.9.3.2 The Problem of Changing Demographics of HF with Aging
Expanding on previous reviews on aging and HF [14-19, 50, 51], Paneni et al.
reemphasized the impact of lifelong vascular remodeling on the development of
CVD risk and HF [128]. Updating previous demographic data on aging [14], they
underline the projected doubling of the population aged >65 years from 12% in
2010 to 22% in 2040 [128]. Importantly, they point out that the prevalence of CVD
is increasing in people aged >65 years, more so in those aged >80 years, and will
increase by 10% over the next 20 years [128]. More alarming, the projected increases
between 2010 and 2030 are for 27 million more people with HTN, 8 million more
with CHD, 4 million more with stroke, and 3 million more with HF, and these will
be mainly in the expanding elderly group [128]. They also underscore several
important points that are pertinent for therapeutic interventions [128] and are out-
lined below.

11.2.9.3.3 Molecular Mechanisms in Aging-Related Vascular Remodeling

The evidence for how the changes associated with aging-related vascular remodel-
ing contribute to CVD risk and adverse CV events and what key cellular mecha-
nisms and pathways are involved in endothelial dysfunction [128] are as follows: (i)
decreased cofactor tetrahydrobiopterin (BH4), in eNOS-mediated generation of NO
from L-arginine, leads to eNOS uncoupling with decreased NO release and increased
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formation of the pro-oxidant superoxide anion (O2¢7); (ii) increased arginase activ-
ity leads to reduced L-arginine and decreased NO production and bioavailability;
(iii) increased ROS can also increase NO degradation, which is mediated in part by
chronic inflammation, and thereby results in NO depletion [128]; (iv) increased
TNF-a and NADPH oxidase lead to increased superoxide (O2e¢~) that reacts with
NO to form peroxynitrite (NOO~), which nitrosylates eNOS and antioxidant
enzymes; (v) increased RAAS and Ang II activities contribute to NO inactivation;
(vi) increased RAAS and Ang II activities also activate NADPH oxidase, thereby
increasing ROS which, in turn, promotes vascular inflammation; (vii) increased
H202 activates NF-kB, which in turn leads to release of proinflammatory cytokines
(such as IL-6), chemokines (such as TNF-a), and adhesion molecules that are
known to mediate atherogenesis; (viii) increased ET-1 levels in the blood and aortic
wall promote vasoconstriction and impair endothelium-dependent dilatation; ix)
increased cyclooxygenase (COX)-derived eicosanoids (such as prostaglandin [PG]-
H2, thromboxane [Tx]-A2, and PGF2a) that are known to promote vasoconstriction
and thrombosis, combined with decreased prostacyclin (PG-I,) that is known to
prevent these effects, result in increased vasoconstrictor tone and thrombogenicity;
(x) increased collagen (from increased collagen deposition and decreased break-
down, as well as increased advanced glycation end-products [AGEs]) and decreased
elastin (via the aforementioned increase in MMP-9, MMP-12, cysteine proteinases
cathepsins S, K, L, and serine proteinase neutrophil elastase from inflammatory
cells with elastolytic activity) lead to increased arterial stiffness (especially the tho-
racic aorta) and reduced distensibility of large elastic arteries; and (xi) increased
TGF-f activity, which induces increased synthesis of interstitial collagen by the
adjacent vascular smooth muscle cells (VSMCs) and increased RAAS, Ang II, and
TGFp, which increase both synthesis of collagen and lysis of elastin in the arterial
wall, contribute further to arterial stiffness [128]. Taken together, vascular aging is
associated with arterial stiffening, endothelial dysfunction with decreased
endothelial-dependent vasodilation and antithrombotic property, and increased
OXS and proinflammatory cytokines, which act in concert to increase the predispo-
sition to atherosclerosis, thrombosis, and CVD [128].

11.2.9.3.4 Impact of Lack of Evidence-Based Therapy for HFpEF
in the Elderly

As mentioned before, whereas aging-related adverse myocardial and vascular
remodeling are known to lead to HTN and HFpEF in the elderly, the lack of
evidence-based effective therapies for HFpEF further predisposes the patients to
increased risk of myocardial ischemia, MI, ischemic cardiomyopathy, and a switch
to HFrEF [128]. Furthermore, while aging is associated with decreased skeletal
calcium, the elderly develop increased risk of calcific aortic stenosis that is partly
due to increased inflammation and can contribute to increase in afterload, LVH, and
subendocardial ischemia. Paradoxically, statins appear to hasten coronary artery
calcification [128]. In addition, aging-related frailty with sarcopenia (i.e., loss of
muscle mass and function) results in increased sensitivity to drugs used for treating
HTN in the elderly [15, 19, 128]. The diagnosis of frailty is complicated by the
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associated osteoporosis and obesity (that is partly due to the proinflammatory state)
[128]. Frailty also appears to interact with the increased prevalence of CVD in the
elderly, thereby resulting in increased vulnerability to stressors and OXS.

11.2.9.3.5 Aging-Related Increased Incidence of Cardiac Amyloidosis

OXS and inflammation may play a role in cardiac amyloidosis. Increase in light-
chain amyloidosis is associated with the increase in multiple myeloma with aging,
whereas cardiac amyloidosis is associated with wild-type transthyretin (wtTTR)
that is more common in older men. Imaging detected wtTTR cardiac amyloidosis in
about 13% of patients with HFpEF aged >60 years, whereas autopsy showed it in
about 20% of people who died at age >80 years [128]. Although there is no proven
treatment for wtTTR cardiac amyloidosis, several trials are under way. Chemotherapy
is used in light-chain amyloidosis.

11.2.9.3.6 Aging-Related Telomere Shortening During Cellular
Senescence

As previously reviewed [19], evidence suggests that telomere shortening is associ-
ated with increased risk of CVD during aging. It is well established that aging-
related increase in senescent cells in the vascular wall and heart contributes to
adverse remodeling [128]. Telomeres consist of repetitive nucleotide sequences
(TTAGGG on one strand and AATCCC on the other strand) at the ends of mamma-
lian chromosomes. These act as caps that preserve chromosome stability and integ-
rity by preventing deterioration or fusion with neighboring chromosomes; every cell
division shortens telomeric DNA. When a critical length is reached, the capping
function is lost, leading to DNA damage and apoptosis. Studies have shown an
association between decreased leukocyte telomere length (TL) and vascular cell
senescence, aortic stenosis, CV risk factors (such as HTN, DM2, obesity, and smok-
ing), and risk of atherothrombotic events. Other studies showed correlations between
leukocyte TL and atherosclerosis, ischemic and hemorrhagic stroke, and between
reduced leukocyte TL and risk of plaque and its progression [128]. A meta-analysis
(43,725 participants; CVD, 8400) showed that patients with the shortest leukocyte
TL had a higher risk of coronary heart disease and cerebrovascular disease [129].

11.2.9.3.7 Mitochondrial Oxidative Stress and Cardiovascular Aging:
Role of the p66°' Gene

The molecular events in CV aging, mitochondrial OXS, chromatin remodeling, and
genomic instability may all be linked [128]. Six lines of evidence from translational
studies support the idea that mitochondrial OXS contributes to cellular senescence
through a chain of O2¢~ or H202 formation, ROS overload, senescence, DNA dam-
age, inflammation, and cell death pathways including apoptosis [128]. The evidence
supporting the role of the mitochondrial adaptor p665™ gene in this chain of cellular
events is as follows: (i) cells lacking p665" show reduced intracellular ROS, whereas
mice lacking p665™ have reduced ROS upon exposure to high OXS, and mice with
p663 deletion show increased longevity; (ii) aging p665-deficient mice have
reduced ROS and preserved NO bioavailability and are protected from both
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systemic and cerebral endothelial dysfunctions; (iii) p66S*-deficient mice with
brain injury from I/R show reduced ROS production in the brain and reduced stroke
size, and in vivo postischemic silencing of p665" prevents I/R brain injury in mice;
(iv) increased p66°™ expression found in stroke patients correlates with neurologi-
cal deficits; (v) increased p66°™ is present in peripheral blood mononuclear cells of
patients with ACS and DM2; and (vi) p665™ protein activation is found in patients
with CV risk factors, including hyperglycemia, oxidized low-density lipoprotein,
smoking, and HTN. Together, these findings suggest that p665" may be a potential
therapeutic target for age-related CVD and increased mitochondrial ROS [128].

11.2.9.3.8 Mitochondrial Oxidative Stress and Cardiovascular Aging:
Role of JunD

Evidence suggests that the activated protein-1 (AP-1) transcription factor JunD
mediates aging-related OXS [128]. JunD, which is formed from dimeric complexes
from three main families of DNA-binding proteins (Jun, Fos, and ATF/CREB), is
involved in regulation of cell growth and survival, as well as in protection against
OXS by modulating genes involved in antioxidant defense and ROS production
[128]. Five lines of evidence that support the role of JunD are as follows: (i) JunD
levels are lower in the aorta of the aging mouse and in peripheral blood mononu-
clear cells from old compared to those in young healthy humans; (ii) young mice
lacking JunD show endothelial dysfunction and vascular senescence similar to that
found in old wild-type mice; (iii) JunD null mice show increased aging markers
p53 and pl16INK4a, reduced telomerase activity, and mitochondrial DNA damage
in their aortas, whereas overexpression of JunD rescues vascular aging features in
old mice; (iv) the age-associated decrease in JunD leads to an imbalance between
the oxidant NADPH oxidase and scavenger enzymes manganese superoxide dis-
mutase (MnSOD) and aldehyde dehydrogenase 2, which results in early redox
changes, mitochondrial dysfunction, and vascular senescence; and (v) mice lack-
ing JunD develop less hypertrophy after mechanical pressure overload whereas
mice with cardiomyocyte-specific expression of JunD develop LV dilatation and
contractile dysfunction; moreover, fra-1 transgenic mice overexpressing the AP-1
member fos-related antigen and lacking JunD develop dilated cardiomyopathy
associated with defective mitochondria and increased cardiomyocyte apoptosis;
the findings suggested that JunD promotes adaptive or maladaptive hypertrophy
depending on its level [130].

11.2.9.3.9 Mitochondrial Oxidative Stress and Cardiovascular Aging:
Role of Sirtuin-1

The evidence supporting the beneficial role of the sirtuins (silent information reg-
ulator [SIR] genes), which are NAD*-dependent enzymes of the big nicotinamide
adenine dinucleotide (NAD)-dependent protein family, in human aging [128] is as
follows: (i) endogenous sirtuin-1 (SIRT1) expression in VSMCs correlates
inversely with donor age, and age-related loss of SIRT1 correlates with reduced
stress response and increased senescence; (ii) endothelial-specific SIRT1 overex-
pression or chronic exposure to a SIRT1 activator in hypercholesterolemic mice
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decreases atherogenesis, whereas reduced SIRT1 increases atherosclerosis; (iii)
inhibition of SIRT1 by immunosuppressant drugs (such as sirolimus and everoli-
mus) leads to endothelial senescence; (iv) inhibition of SIRT 1 with sirtinol impairs
eNOS function, while activation of SIRT1 improves endothelial NO availability;
(v) inhibition of SIRT1 with the endogenous inhibitor, microRNA-217, suppresses
SIRT1-dependent eNOS function and promotes endothelial senescence; (vi)
SIRT1 has been shown to regulate p663" transcription, whereas reduced SIRT1
leads to NF-kB p65 acetylation, resulting in increased inflammatory genes; (vii)
SIRT1 has been shown to repress pathways of arterial aging, thereby preventing
DNA damage, cell cycle arrest, and oxidative stress; and (vii) SIRT1 has been
shown to activate the energy regulator enzyme 5’-adenosine monophosphate
(AMP)-activated protein kinase involved in glucose homeostasis, thereby main-
taining cellular ATP levels and maintaining endothelial integrity via regulation of
eNOS activity and autophagy [128]. Together, the findings suggest that activation
of SIRT1 may preserve endothelial function during aging and contribute to pre-
vention of CVD and progression to HF.

11.2.9.3.10 Mitochondrial Oxidative Stress and Cardiovascular Aging:
Role of Klotho

Recent evidence suggests that Klotho is an important antiaging gene and Klotho
protein acts as a circulating hormone, which binds to a cell-surface receptor and
thereby suppresses intracellular signals of insulin and IGF-1that are known to favor
longevity [128]. Studies show that (i) Klotho deletion in mice induces premature
aging and reduces life span, whereas overexpression increases life span and protects
against age-related CV and kidney dysfunction; (ii) high plasma levels of Klotho in
patients are associated with a reduced risk of CVD, whereas low serum Klotho
concentrations predict CAD and arterial stiffness [128]. Together, these findings
suggest that Klotho may be a useful biomarker and a potential target for limiting
age-related CVD and stalling progression to HFE.

11.2.9.3.11 Aging-Related Dysregulation of DNA Repair and Damaged
DNA Overload

Evidence suggests that the buildup of damaged genetic material throughout life and
defects in the DNA repair mechanism after damage (caused by chemicals, muta-
tions, and epigenetic alterations [i.e., “‘change in gene activity without change in
DNA sequence”]) might result in genomic instability and cellular senescence and
thereby promote CV aging and dysfunction [128]. Studies have shown that (i)
extensive nuclear DNA damage in the Hutchinson-Gilford progeria syndrome is
associated with premature atherosclerosis and CVD that lead to early MI or stroke;
(i1) mice with genomic instability from defective repair genes develop premature
aging that is associated with endothelial cell senescence, vascular stiffness, and
HTN, thought to be due to dysregulation of eNOS and sirtuin and to increased
NADPH oxidase; and (iii) humans develop sporadic genomic mutations, as sup-
ported by findings of (a) DNA damage in circulating cells and plaques of patients
with atherosclerosis, (b) chromosomal damage and mitochondrial DNA deletions in
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peripheral blood mononuclear cells of patients with coronary heart disease that cor-
relate with severity of the disease, (c) association between variation in nucleotide
excision repair components and carotid-femoral pulse wave velocity, and (d)
increased phosphodiesterase type 1 (PDE1A) expression and impaired NO-cGMP
signaling and endothelial dysfunction in senescent VSMCs, and association between
PDE1A polymorphisms and diastolic blood pressure and carotid intima-media
thickness in patients [128]. Together, these findings suggest that preserving genome
stability may limit age-related CVD that contributes to HF progression.

11.2.9.3.12 Aging-Related Defects in Angiogenesis

Evidence suggests that defects in angiogenesis during CV aging lead to (i) increased
stroke, peripheral artery disease, and MI in elderly, with worse outcomes compared
to younger patients; (ii) increased mortality and rate of limb amputation after acute
limb ischemia; (iii) reduced capillary density, associated with microvascular dis-
ease, defective eNOS functionality, and impaired insulin sensitivity in elderly men;
(iv) decreased proliferative capacity, telomerase activity, and production of angio-
genic growth factors such as VEGF-A in senescent endothelial cells; (v) impaired
endothelial migration leading to reduced tube formation; (vi) reduced hypoxia-
inducible factor la (HIFla) activity, due mainly to increased degradation and
reduced nuclear translocation by importin «; (vii) reduced activity of the transcrip-
tional coactivator PGC-1a that is associated with hypoxia-driven angiogenesis; and
(viii) dysregulation of angiogenic pathways associated with an age-dependent
decrease in the number and function of stem and progenitor cells [128]. These find-
ings are pertinent for the development of therapies for the elderly.

11.2.9.3.13 Aging-Related Vascular Remodeling via Nongenomic
Regulation of Changes in Chromatin

Recent evidence suggests that, besides the well-recognized gene-driven regulation
of aging, nongenomic regulation of aging via epigenetic modifications of transcrip-
tion programs in OXS, inflammation, angiogenesis, and metabolism can also pro-
mote maladaptive pathways leading to vascular aging [128]. The epigenetic
modifications that are acquired throughout life appear to be quite stable and explain
how environmental factors may interact with genomic DNA and change gene
expression. Importantly, epigenetic changes may be transmitted down or inherited
and thereby contribute to senescent traits and CVD in young adults [128]. Epigenetic
processes that modify chromatin include DNA methylation, acetylation, phosphor-
ylation, ubiquitination, and sumoylation. Studies have shown that (i) DNA methyla-
tion, which is the most widely studied, decreases with age, whereas the rate of
demethylation correlates inversely with age in mice and humans; (ii) unmethylated
or partially methylated CpG (cytosine-guanine) islands are present in atheroscle-
rotic plaques and leukocytes from patients and atherosclerosis-prone mice; (iii)
changes in DNA methylation localize at promoter sites of several regulatory genes,
including NOS and the vascular endothelial growth factor receptor, that are involved
in atherosclerosis and aging; (iv) histone methylation has been implicated in regu-
lating life span and vascular homeostasis that involves endothelial NF-kB, SIRT1,
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and other genes, including methyltransferase Set7 expression which is increased in
peripheral blood mononuclear cells from DM?2 patients and correlates with NF-kB-
mediated inflammation, OXS, and endothelial dysfunction; (v) histone deacety-
lation by SIRT1 may influence age-related CVD and transgenic overexpression of
SIRT1 was shown to improve metabolic efficiency and endothelial function in old
mice; and (vi) SIRT6 can prevent endothelial dysfunction and atherosclerosis by
epigenetic modulation of multiple atherosclerosis-related genes, including the pro-
atherogenic gene of the TNF family [128]. Together, these findings implicate chro-
matin modifications in aging-related CVD.

11.2.9.3.14 Aging-Related Changes and Stem Cell-Based Therapies
for Vascular Repair in the Elderly

With regard to the status of vascular repair and of autologous bone marrow-derived
stem cell transplantation in the elderly, the conflicting results of RCTs of stem cell-
based therapies in MI may be explained by the fact that, in most cases, the aged
bone marrow cells have been down the senescence pathways and the substrate in the
elderly involved activation of pathways that may impair the healing ability of trans-
planted stem cells. Therapies that can potentially modulate epigenetic modifications
of chromatin and thereby restore gene expression may be useful [128]. Another
consideration is the supplementation with adjunctive therapy for targeting both
increased OXS and inflammation in elderly patients. Other aging-related molecular
remodeling including impaired adrenergic signaling and calcium handling are dis-
cussed in detail elsewhere [16, 19].

11.2.9.4 Aging-Related Increase in Mitochondrial ROS
and Autophagy

A prevalent theory is that aging is general, including CV aging, and involves
increased generation of ROS from dysfunctional mitochondria leading to ROS-
induced cumulative cellular damage [131, 132]; the dysfunctional mitochondria are
thought to accumulate during cellular aging due to decreased autophagy [131, 133].
Autophagy, which performs cellular housekeeping and maintains homeostasis in
the cell by renewing or recycling cytoplasmic materials and organelles (including
mitochondria), removing toxic protein aggregates and harmful ROS, and providing
essential energy and biomolecules to cells, is a cytoprotective function that has been
shown to decline with aging [133, 134]. With aging, evidence for both the increase
in basal ROS levels [135] and the increase in dysfunctional mitochondria from
reduced or dysregulated autophagy [134] have been documented. Since cardiomyo-
cytes are not frequently replaced, they are subjected to OXS and oxidative damage
during aging [135]. Dai et al. have reviewed the interactions among mitochondrial
ROS, redox, and other cellular signaling pathways as well as various therapeutic
strategies and drugs (such as mitochondrial antioxidants MitoQ, SkQ1, and the
mitochondrial protective peptide SS-31) that can potentially improve mitochondrial
function during aging [132].

Evidence shows that homeostasis by autophagy is maintained through cues from
“danger-associated molecular patterns” (DAMPs), such as ROS, mitochondrial
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DNA, and extracellular ATP that are detected by “pattern recognition receptors”
(PRRs) comprised of several families, including “Toll-like receptors” (TLRs) and
“NOD-like receptors” (NLRs), which control autophagy and are also involved in
innate and adaptive immune response [136]. DAMPs activate the NLRP3 inflamma-
some in response to ROS and other stimuli, such as extracellular ATP and lysosomal
disruption [136]. Evidence suggests that autophagy and inflammation are interde-
pendent [137]. As mentioned before, impaired autophagy is associated with an
increase in defective mitochondria and levels of ROS and leads to increased inflam-
matory cytokine levels; evidence suggests that increased ROS activates inflamma-
somes which process IL-1p.

While preclinical studies are consistent with decreased autophagy during aging
(Fig. 11.5) and autophagy-driven regulation of the degree of inflammation, whether
the decrease in autophagy with aging leads to increased basal levels of inflammation
and OXS in the human heart or the CV system during HF needs further study. The
studies reviewed by Linton et al. did not specifically address this question but the
results were interesting [136]. In one small study of 9 HF patients with idiopathic
ischemic cardiomyopathy maintained on an LV assist device (LVAD), LV biopsies
showed a downregulation of the autophagy gene mRNA and protein [138]. In
another study of 170 patients undergoing coronary artery bypass surgery (CABG),
22% who developed postoperative atrial fibrillation showed evidence of impaired
autophagy in their atrial biopsies, while levels of hs-CRP, inflammation, fibrosis,
and other markers were similar for patients with or without postoperative atrial
fibrillation [139]. In a further study of 19 patients undergoing surgery with cardio-
pulmonary bypass (CPB), the test results suggested depletion of autophagy proteins
[140]. In another study of patients undergoing heart surgery with I/R, biopsies of the
right atrial appendage showed evidence of upregulation of autophagy-related genes
in 13% and downregulation in 4% [141]. A small study of patients undergoing
CABG and remote ischemic preconditioning (RIPC) failed to show changes in
autophagy in LV biopsies [142], probably due to issues with study design [136]. In
a cohort of older cardiac surgery patients (mean age 62 years, range 33-87 years)
who had right atrial biopsies before and after CPB, Linton’s group found evidence
for a “robust” autophagic response to the ischemic stress that was age-independent,
albeit as assessed by lipidation of the autophagy protein LC3 which is somewhat
controversial [143]. Another pertinent finding with respect to exposure to comor-
bidities is that animals with metabolic syndrome and DM2 show suppression of
autophagy; in a cohort of their surgical patients, Linton’s group found evidence for
impaired autophagy in those DM2 patients with poor glycemic control and HbA,C
level > 7% [136].

Several studies addressed the role of autophagy in postremodeling and HF; in
one study in young mice with chronic MI, the autophagy inhibitor bafilomycin A1
worsened remodeling, whereas the autophagy enhancer rapamycin attenuated
remodeling, suggesting that autophagy might protect against adverse post-MI
remodeling [144]; another more recent study in young mice with chronic MI showed
that TLR3 upregulation contributes to persistent autophagy which promotes HF and
death, whereas TLR3 deletion inhibits autophagy, reduces MI size, attenuates HF,
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and improves survival, and the autophagy inducer rapamycin abolishes these bene-
fits [145].

11.2.9.5 Role of AGEs and RAGEs in OXS and Heart Failure

AGE:s are condensates of glucose that nonenzymatically form cross-links between
collagen molecules, thereby rendering them resistant to enzymatic degradation
[128]. AGEs are known to accumulate in vessel walls and contribute to both micro-
vascular and macrovascular complications through formation of cross-links. They
exert adverse effects through either receptor or nonreceptor mechanisms; in the
receptor mechanism, they bind to specific cell-surface receptors for AGEs (RAGEs)
thereby activating RAGE and leading to a chain of NF-kB upregulation, proinflam-
matory cytokine (such as TNF-a, IL-1p) activation, growth factors (such as PDGF,
IGF-1), adhesion molecules (such as VCAM-1), and increased ROS which con-
verge on tissue damage. While soluble AGEs activate monocytes, basement mem-
brane AGEs inhibit monocytes; AGE-bound RAGE increases endothelial
permeability; AGEs block NO activity and induce ROS production; AGEs have also
been implicated in diabetic vascular injury [146, 147]. Prasad et al. [147] referred to
the adverse effects of AGE and AGE-RAGE as “AGE-RAGE stress” and its endog-
enous defense mechanisms as “antistressors”; the endogenous antistressor mecha-
nism involves enzyme-mediated (through glyoxalase 1 and 2) and AGE
receptor-mediated (AGER-1 and AGER-2) degradation of AGE, and increased sol-
uble receptor of AGE (sRAGE); exogenous defense strategies include decreasing
AGE  consumption, preventing AGE formation, and downregulating
RAGE. Pharmacological agents known to reduce AGE formation include those used
to treat HFrEF and HTN (ACEIs, ARBs), DM2 (anti-DM?2 drugs; aminoguanidine)
and CVD risk (statins), and others [147]. Drugs that elevate SRAGE include ACEIs,
statins, and antidiabetic drugs [147].

11.2.9.6 Role of Synergism Between OXS and Inflammation in HF
Progression

The topic of stress and disease has raised concern since ancient times. Selye stud-
ied the role of stress in health and disease, focusing mainly on its role in the brain
and related disorders [148]. Interest in the role of OXS as an important mediator
of CVD was rekindled in the 1980s [31-33]. The vast literature on the biology,
physiology, and biochemistry of OFRs, ROS, and OXS that stemmed from exten-
sive basic, translational, and clinical research over nearly 5 decades since the
1970s has been recently reviewed elsewhere [31-33]. This has improved our
understanding of the pathobiology, biochemistry, and pharmacology of OFRs
(Fig. 11.6) and unveiled the mechanisms leading to OXS and its contribution to
the pathophysiology of CVD, including myocardial ischemia, I/R and MI, and
subsequent initiation and progression to HFrEF [27, 28, 31-33, 128]. In addition,
the realization that both OXS and inflammation contribute to the progression of
HFpEF and HFrEF has perked interest in the critical roles of OXS and inflamma-
tion in HF progression and underscored the importance of OXS and inflammation
as potential targets for stalling HF progression [28-33]. The additional
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contributions of CVD risk factors in increasing both OXS and inflammation have
also been underscored [31-33]. With the passage of time during aging, OXS and
inflammation appear to propel the progression of HF forward toward end-stage
heart disease (Figs. 11.2 and 11.4). However, more research is needed to unravel
the mechanisms of how exactly CVD risk factors lead to increased OXS and
inflammation and thereby mediate HF progression.

We hypothesize that the synergism between OXS and inflammation is an impor-
tant factor in accelerating HF progression toward end-stage heart disease, and both
OXS and inflammation need to be targeted for optimal results.

11.2.9.6.1 OXS and Inflammation in Post-STEMI Remodeling and HF
Progression

The OXS-inflammation interaction during post-STEMI cardiac remodeling and
its contribution during HF progression have been a topical issue for the last two
decades (Figs. 11.2, 11.3, and 11.4). Although persistent inflammation has been
addressed recently in several aforementioned RCTs showing the benefit of some
anti-inflammatory strategies during post-MI HF progression [114, 115], RCTs
that target persistent OXS alone or the OXS-inflammation interaction have not
been launched.

11.2.9.6.2 Development of ROS Overload and OXS Post-STEMI and HF

The development of ROS overload and OXS in HF represents a breakdown of
homeostasis that occurs whenever the production of OFRs far exceeds the capacity
of endogenous antioxidant defense mechanisms to neutralize them; when that hap-
pens, the result is damage to the myocardium and other CV tissues. It is known that
during aerobic respiration, molecular oxygen (O2) acts as the final acceptor of elec-
trons in the ETC, thereby leading to generation of adenosine triphosphate (ATP)
through the Krebs cycle in the mitochondria. The ATP supplies the energy needed
for maintaining contractile function, cardiac output, and organ perfusion. Under
physiological conditions, oxygen molecules are reduced to the ROS superoxide
(O2¢7) which is converted to hydrogen peroxide (H202) by the endogenous antioxi-
dant superoxide dismutase (SOD); H202 is then broken down into H20 by other
antioxidants (such as catalase or glutathione peroxidase), as shown in Fig. 11.6.
However, under pathological conditions (such as myocardial ischemia, I/R, MI, and
HF), the formation of ROS or OFRs including O2¢~, H202, hydroxyl radical (¢*OH),
hypochlorite (HOCI), and NO-derived peroxynitrite (NOO~) increases; the scav-
enging ability of the antioxidants is exceeded, thereby resulting in ROS overload
and OXS (Fig. 11.6) [30, 31, 149]. H202 is converted to the reactive (*OH) via the
Fenton or Haber-Weiss reactions (Fig. 11.6). Increased NO from inducible NOS
(INOS) leads to increase in the reactive NOO~ (Fig. 11.6). Whereas most ROSs are
lipid insoluble and remain within the cell, H202 can cross cell membranes and
thereby cause damage at remote regions [149]. Endogenous antioxidants include
SOD, glutathione peroxidases, catalase, and peroxiredoxins [149] (Fig. 11.6).
Sources of ROS include enzymes in mitochondrial ETC, plasma membrane, peroxi-
somes, endoplasmic reticulum and nuclear membrane, and other enzymes such as
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xanthine oxidase, MPO, and cytochrome P450 enzymes (monooxygenases), some
of which are found in macrophages and neutrophils that accompany inflammation,
NADPH oxidases, and soluble heme proteins [149]. ROS produced by cardiomyo-
cytes and infiltrating inflammatory cells leads to cellular damage through disruption
of membranes, proteins, and nucleic acids and activation of cell death pathways that
trigger apoptosis [150, 151] (Fig. 11.6). During postischemic reperfusion after MI,
ROS may be produced by both enzymatic and nonenzymatic systems and in both
cardiomyocytes and infiltrating inflammatory cells. Reperfusion stimulates neutro-
phil activation and lipid peroxidation in membranes which result in increased
ROS. Although NO is nonreactive, iNOS generates reactive ®NO from NO; NOXs
generate reactive superoxide (O2¢7) from O2; the *NO and O2e~ interact to yield
highly reactive peroxynitrite (NOO~) (Fig. 11.6). Evidence suggests that peroxyni-
trite leads to the formation of hydroxyl, nitrite, and carbonate radicals, which medi-
ate cell damage (Fig. 11.6), and tyrosine nitration which serves as a biomarker of
OXS [149]. Besides protein nitration, increased ROS and NOO™ also lead to lipid
peroxidation, single-strand nucleic acid breaks, and chromosomal changes [149].
Some pertinent harmful effects of ROS overload during I/R include (i) stimulation
of platelets to release platelet activating factor, thereby attracting more neutrophils
that exacerbate damage; (ii) attenuation of NO function, thereby enhancing endo-
thelial dysfunction through NOO~ formation and augmenting damage; and (iii)
blunting of endothelium-dependent vasodilation and enhanced ET-1-induced vaso-
constriction, which together aggravate the decrease in reflow.

11.2.9.6.3 Reasons for Failure to Reduce ROS Overload and OXS Post-

STEMI and HF in Patients
Despite experimental animal studies suggesting that administration of exogenous
antioxidants including SOD, xanthine oxidase inhibitors (such as allopurinol),
N-acetyl cysteine, vitamin E, and vitamin C during after I/R and Ml yields favorable
results, overall clinical experience has been disappointing [1, 2].

There are several possible reasons for the lack of clinical benefit of antioxidants
during and after I/R and MI at the bedside. These include the following: (i) in the
setting of I/R and MI, the presence of intense inflammation can have many harmful
effects as mentioned before, including increased ROS and activation of platelets
which aggregate and provide the matrix scaffold for thrombi to form and plug blood
vessels, thereby augmenting cardiomyocyte damage; (ii) the acute inflammation
after STEMI also induces vascular damage, which (as mentioned before) is aug-
mented by reperfusion, and involves sequential activation of resident macrophages,
release of proinflammatory cytokines (such as IL-1 and TNF-a), upregulation of
vascular adhesion molecules (such as selectins, integrins, and ICAM-1) and CXC
chemokines (such as IL-8, macrophage inflammatory protein-2 [MIP-2]), neutro-
phil adhesion and transmigration, damage to endothelial cells, basement membrane
and matrix, and increased permeability with microvascular hemorrhage; impor-
tantly, the intensity of the inflammatory response is regulated by the balance between
proinflammatory cytokines (such as TNF-a, IL-1, and CXC chemokines) and anti-
inflammatory cytokines (such as IL-10 and IL-13); (iii) the intense inflammatory



296 B.I. Jugdutt and B. A. Jugdutt

CV Risk factors Comorbidities Environmental factors
Epigenetics
Aging X\ i /
+T Autophagy
T ROS >

*P Inflammasome
+T Inflammation

+T ECMffibrosis

[TROS —> Tlnflammation]
Synergism

TAGES/RAGESs / T
1ROS Iscllll;mia Tlnfl;m::tlon o
. . R
T inflammation STEMI 1ECM remodeling

Ti . , €5 stimulation of.

Abbreviations: as in text.

Fig. 11.8 Schematic depicting concept of synergism between persistent ROS and inflammation in
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response with I/R and reperfused STEMI appears to collaborate in the early surge in
ROS in the first 2-10 min and the persistence for several hours thereafter (Figs. 11.7
and 11.8) [123]; since inflammation extends far beyond reperfusion and generates
ROS as discussed before (Fig. 11.7), it can be expected to contribute to the ROS
pool far beyond the early postreperfusion phase into the subsequent phase of heal-
ing and repair, with obvious pathophysiological and therapeutic implications; of
note, SOD plus catalase, given over 15 min before and continued for 30 min after
reflow, blocked ROS production in the stunned zone, and improved functional
recovery in the dog model [152]; (iv) intracellular remodeling after I/R injury is
associated with increased proteolytic enzyme activity and alterations in gene expres-
sion and translation mechanisms which can have persistent effects [153]; (v) humans
with STEMI are middle-aged or older adults, or elderly, with a host of aging-related
issues as discussed before (Fig. 11.5); for example, aging may blunt the response to
therapy, as found with an ARB after reperfused STEMI in dogs [58] and with post-
ischemic conditioning in mice [97]; aging may also modify inflammation, healing,
and repair [48, 58, 124]; (vi) in the context of aging, age equivalence should be
considered when assessing therapies in animal models with the goal of translation
to humans. For example, a 6-week-old mouse or rat would be equivalent to a young
human child by age, and not even to a young adult [99]; (vii) persistent ROS pro-
duction over the healing phases of acute and chronic inflammation [48, 50, 97,
101-103], and far beyond, during progressive remodeling and HF as discussed
below; (viii) the rate of reperfusion differs between animal models and humans,
being usually more abrupt in most animal models than in humans who undergo PCI
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and/or thrombolysis after STEMI [97]; (ix) besides SOD and catalase, other protec-
tive endogenous mechanisms against ROS include adenosine, opening of ATP-
sensitive potassium (K-ATP) channels, and release of NO [154]; (x) ROS overload
and OXS-induced damage after reperfusion of STEMI and thereafter in humans
may be enhanced by comorbidities such as hyperlipidemia, HTN, and DM2
(Figs. 11.2 and 11.3) that aggravate endothelial dysfunction and lead to adverse
vascular remodeling [110, 111, 128]; (xi) targeting I/R injury and OXS in humans
is further complicated by the multiple factors, players, mechanisms, mediators, sig-
naling pathways, background drugs, pathologies, approaches, and timings involved
[109-111] (Figs. 11.3, 11.4, 11.5, 11.6, and 11.7); and xii) despite successful pri-
mary percutaneous coronary intervention (PPCI) after STEMI and achieving TIMI
grade 3 flow in IRAs, reperfusion at the tissue level is often incomplete in as many
as 9-15 % of patients due to a combination of microvascular damage and distal
embolization of bits of thrombi and debris from atherosclerotic plaques [155, 156].
Taken together, these points should be considered in designing RCTs to demon-
strate the benefit of therapies targeting ROS overload and alleviate OXS in HFrEF
and HFpEF. Importantly, rather than targeting ROS alone, both ROS and inflamma-
tion need to be targeted.

11.2.9.6.4 ROS-Driven Progression of Early and Late Remodeling Post-
STEMI and HF in Patients

The mechanisms that modulate post-STEMI cardiac remodeling have been
addressed above and elsewhere before [34, 39-43, 52-58], as has the contribution
of inflammation [27-44, 48-58, 102, 124, 126]. However, the molecular and cel-
lular mechanisms that modulate ROS-driven progression of early and late remod-
eling after STEMI and thereby contribute to chronic HF were not addressed.
Grieve et al. very nicely underlined some of the evidence implicating ROS, OXS,
and redox signaling in the progression of early and late remodeling after STEMI
[157]. They noted that under physiological conditions, ROS can (i) act as second
messengers in several cellular functions, including reacting with cysteine residues
in sulthydryl groups of proteins, and thereby induce conformational changes that
mediate signal transduction; (ii) stimulate DNA synthesis and induce expression
of growth-related genes (such as c-fos, c-jun, and c-myc); and (iii) alter the activ-
ity of redox-sensitive phosphatases and kinases such as mitogen-activated protein
kinases (MAPK), thereby leading to changes in gene transcription and cell pheno-
type. Under pathophysiological conditions, they suggested a chain of increased
intracellular ROS, ROS-induced activation of kinases (such as p38MAPK, extra-
cellular signal-related kinase [ERK]-1/2, c-Jun N-terminal kinase [JNK], protein
kinase B/C, and protein tyrosine phosphatase/tyrosine protein kinase c-Src),
redox-sensitive gene transcription, and the development and progression of early
and late ventricular remodeling [157].

Increased ROS and OXS have been documented in animal models of IR, MI, and
HF and in patients with chronic HF in early studies almost two decades ago [27,
123, 152, 158-162]. Hill et al. showed that rats with MI have marginal increases in
SOD, glutathione peroxidase and catalase activities, and vitamin E levels during the
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nonfailure stage at 1 week but develop increased redox state (reduced/oxidized glu-
tathione ratio) and lipid peroxidation associated with decreased SOD, glutathione
peroxidase and catalase activities, and vitamin E levels during moderate to severe
HF at 16 weeks, suggesting that HF post-MI is associated with an antioxidant-
deficit and increased OXS [158]. Kinugawa et al. showed, using ESR spectroscopy
in mice with MI, that the hydroxyl radical (*OH) scavenger dimethylthiourea
(DMTU) attenuated the increase in *OH as well as MMP-2 in the NIZ [159]. Singh
et al. suggested that antioxidant vitamins reduced OXS in patients with suspected
MI [160]. Dhalla et al. showed that aortic banding in guinea pigs induced hypertro-
phy associated with decreased OXS (increased redox state) at 10 weeks followed by
HF with increased OXS at 20 weeks; importantly, chronic vitamin E therapy
improved the reserve of endogenous vitamin E, reduced OXS (decreased glutathi-
one/oxidized glutathione ratio), and ultrastructural damage at 20 weeks, suggesting
that long-term antioxidant therapy can potentially attenuate or prevent HF [161].
Ide et al. showed, using the dog model of congestive HF induced by 4 weeks of
rapid ventricular pacing, that ROS (using ESR spectroscopy for measuring ROS
superoxide anion) increased nearly threefold in HF; this was due to a functional
block of electron transport at complex I (reflected in decreased complex I enzymatic
activity) and uncoupling of the respiratory chain, leading to increased production of
mitochondrial ROS and resulting in contractile dysfunction and structural damage
to the myocardium during HF [162]. Kim et al. showed, using adenoviral-mediated
gene transfer of a racl gene product in VSMCs in culture, that inhibition of racl
blocks the release of ROS upon reoxygenation (as with reperfusion) and protects
against reoxygenation-induced cell damage [163]. Talukder et al. used
cardiomyocyte-specific overexpression of active rac to show that increased myocar-
dial rac leads to increased injury, contractile dysfunction, and MI after I/R [164].

It is clear that there are multiple sources of ROS during HF, including inflamma-
tory cells such as neutrophils and monocytes [49, 51, 157], cardiomyocyte mito-
chondria [29-31, 162, 165], xanthine oxidases [157], phagocytic-type NADPH
oxidases [157, 166, 167], and dysfunctional NO synthase [157, 168, 169]. Vascular
injury can occur not only during the initial MI but also with recurrent ischemia, I/R,
and MI during progression of both HFrEF and HFpEF (Figs. 11.3 and 11.7). As
mentioned before, acute inflammation appears to be regulated by anti-inflammatory
mediators (such as IL-10, IL-13, and SLPI) that in turn can regulate NF-kB activa-
tion and dampen the release of proinflammatory mediators (such as TNFa and
IL-1), thereby attenuating the damaging effects of oxidants and proteases derived
from recruited neutrophils [170]. Lentsch et al. suggested that therapy to limit vas-
cular injury should be based on anti-inflammatory mediators [170]. Many other
studies have implicated other specific pathways involved in ROS overload and
potential signaling pathways and molecules that could be targeted to quench ROS
overload and reduce OXS during the adverse remodeling and progression to HF
after MI [27-33].



11 Oxidative Stress and Heart Failure 299

11.2.9.6.5 Role of ECM Remodeling in Progression of LV Remodeling
in HFrEF After STEMI

The evidence for the role of the ECM in cardiac remodeling has been reviewed else-
where [18, 34-37, 42, 44, 49-58]. Several points need emphasis: (i) dramatic ECM
remodeling in early STEMI is driven by the sharp and early rise in MMP levels
(Fig. 11.7), causing a chain of MMP/TIMP imbalance, ECM degradation, decreased
collagen, adverse LV remodeling, LV dysfunction, HFrEF, and adverse outcome; (ii)
the disturbed ECM homeostasis after acute injury continues during healing and
repair phases, and beyond initial scar formation in survivors, and contributes to fur-
ther progressive ECM and LV remodeling and HF progression; whereas the MMP
and TIMP levels subside over weeks as inflammation subsides and the early rise in
ROS falls (Fig. 11.7); chronically high MMP/TIMP ratios may promote continued
ECM degradation and contribute to the commonly observed progressive LV dilation
during healing and remote MI and progressive increase in severity of HFrEF; (iii)
continued low-grade inflammation and low level of ROS production (Figs. 11.7 and
11.8), in part due to the continued inflammation itself, contribute further to the pro-
gression of HFrEF; (iv) in contrast to that construct, a chronically low MMP/TIMP
ratio can contribute to increased ECM and fibrosis in both the IZ and NIZ and thereby
lead to increased stiffness and diastolic dysfunction and aggravate LV systolic dys-
function over time; (v) defective ECM and fibrosis together with increased cross-
linking can also augment adverse LV remodeling and systolic/diastolic dysfunction;
in addition, decreased ECM deposition and fibrosis and/or defective ECM (with
increased type III collagen and decreased or abnormal cross-linking) can further
exacerbate adverse LV remodeling, LV systolic dysfunction, and LV rupture; (vi)
whereas LV remodeling is a major mechanism for LV enlargement leading to HF
after STEMLI, it is the ECM disruption that mediates the initial step in LV dilatation
and is the key mechanism underlying LV structural remodeling and Ang II (a primary
effector molecule of the RAAS) that drives both ECM and LV remodeling [34, 35];
(vii) the aforementioned mix of cells (inflammatory cells, fibroblast, and vascular
cells) together with a mix of molecules (growth factors, cytokines, chemokines, and
matrikines) in the healing post-MI substrate act in concert to further modulate LV
remodeling [36]; (viii) fibroblasts regulate ECM synthesis/deposition and mediate
ECM degradation/turnover through MMP/TIMP balance, and various MMPs
(including MMP-1, MMP-2, and MMP-9) modulate ECM remodeling; concurrently,
growth factors (such as TGF-f) and proinflammatory cytokines (such as Ang II, IL-6,
and TNF-a) that are released after MI modulate MMP/TIMP imbalance, ECM deg-
radation or interstitial fibrosis, and remodeling [36]; (ix) diffusion of proteins and
migration of cells from the IZ to borders and the NIZ may extend fibrotic remodeling
to those areas, whereas MMP-9 can interact with inflammatory response proteins in
the post-MI inflammatory response (such as activator protein-1, specificity protein-1
and NF-kB) and, in fact, shows correlation with various inflammatory markers (such
as IL-6, hs-CRP, and fibrinogen), LV hypertrophy, adverse remodeling with LV dila-
tion, dysfunction in HFrEF and HFpEF as well as CV mortality [49, 50, 96]; (x)
TIMP-3 also regulates inflammation and inhibits ADAM-17 and ADAM-10, which
in turn can alter integrins (cell-surface matrix receptors) and thereby disrupt
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cell-matrix interactions, degrade ECM, and contribute to LV dilation; xi) ADAMS
also interact with inflammatory cytokines and alter MMPs and thereby impact LV
remodeling and/or injury; these interactions between the matrix proteins and inflam-
matory cytokines may modulate ECM damage; (xii) since inflammation is a key
modulator of healing/repair after MI and impacts both ECM and cardiac remodeling,
tight regulation of the inflammatory response is essential not only for adequate heal-
ing/repair and scar formation but also during the subsequent progression to HF and
beyond; it follows that dysregulation of the inflammatory response can result in
defective scars, increased adverse ECM and LV remodeling, and more rapid progres-
sion to HFrEF and end-stage disease; (xiii) the inflammatory cells also release MMPs
and oxidants; infiltrating neutrophils release MMPs such as MMP-9; activated neu-
trophils and monocytes produce MPO which enhances remodeling through genera-
tion of oxidants and MMP activation; the aforementioned Ly-6C"¢" monocytes
secrete inflammatory cytokines, ROS, and matrix-degrading proteases, whereas the
Ly-6C*" monocytes trigger collagen/ECM synthesis by myofibroblasts and promote
healthy infarct scar formation. Myofibroblasts persist in the infarct scar and maintain
ECM; xiv) ROS modulates fibroblast proliferation and collagen synthesis and acti-
vates MMPs [171-173] which are redox-sensitive [172—174]; and various cytokines
(such as Ang II, cytokines, and cyclic load) stimulate both ECM remodeling and
intracellular ROS generation [175-177]; and (xv) ACEIs and ARBs attenuate both
adverse post-MI remodeling and OXS [178-182]; chronic treatment with the ROS
scavenger DMTU was shown to inhibit adverse LV remodeling and HF, and reduce
collagen deposition, MMP-2 activity, LV hypertrophy, and dilatation in mice [159];
the antioxidant probucol was shown to improve LV function, prevent LV dilatation,
and reduce cardiac fibrosis post-MI in rats [183]. Although a time-course analysis
showed nuclear-mitochondrial cross-talk in global myocardial ischemia, the effect of
HF therapies on the cross-talk needs further study [184].

Taken together, the findings support the idea that interactions between ROS and
inflammation after STEMI contribute to adverse ECM and cardiac remodeling and
progression to HFpEF.

11.3 Conclusion and Future Directions

The rising trend in disability and death from HF has persisted despite adherence to
therapies recommended in the published management guidelines from major societ-
ies including the American Heart Association, American College of Cardiology, and
European Society of Cardiology [1-5, 7]. Clearly, this trend burdens the available
healthcare resources [9]. As mentioned before, HF prevalence in Europe is reported
to be about 1-2% in adults, rising to over 10% in those older than 70 years [1], and
the lifetime risk of HF in people aged 55 years is 33% in men and 28% for women
[20]. In the United States, the lifetime risk of HF was 20-45% for people aged
45-95 years and was higher for people with HTN and obesity irrespective of age
[6]. The recommended pharmacologic therapies in the guidelines for ST-segment
elevation MI (STEMI) and HF are listed in Tables 11.1, 11.2, and 11.3, respectively.
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Whereas mortality and morbidity after ACS and MI have improved dramatically
over the last four decades due to adherence to guideline-driven timely reperfusion
and adjunctive therapies [1, 2, 74], there remains a 7% mortality and 22% morbidity
in patients with STEMI at 1 year after prompt reperfusion and PPCI [1, 110, 111].
Although several pharmacological interventions were shown to be effective for pre-
venting and limiting the ravages of ROS and OXS during myocardial ischemia, I/R,
MI, and HF in animal models, they did not prove to be effective in patients [1, 2, 7,
12, 109, 110]. The guidelines therefore did not recommend the use of antioxidants
in the setting of myocardial ischemia, I/R, MI, and HF [1, 2, 7-10, 12, 109, 110].

As is clear from the discussions in this chapter, the area of prevention of OXS
on the clinical front is complex. While there are several reasons for the continued
increase in HF prevalence despite optimal approved therapy, three reasons that
stand out include (i) the aging-induced CV remodeling that modifies disease
expression and response to therapy; (ii) the lifelong exposure to CVD risk factors
that increase ROS and OXS as well as inflammation (Fig. 11.4); and (iii) the
contribution of synergism between ROS overload/OXS and inflammation as pro-
posed here (Fig. 11.8) and other yet to be addressed pathways and mechanisms
leading to HF.

The multiplicity of CVD risk factors, comorbidities, and pathophysiological
mechanisms and pathways involved in HFpEF, coupled with the lack of
guideline-approved therapy for HFpEF in 2018, actually provides unique
opportunities for drug development in this area. As shown in Fig. 11.8, whereas
OXS and inflammation appear to show synergism in mediating damage, this
aspect of the background mechanisms still remains to be fully characterized
and addressed. Whereas there are recommended therapies for HFrEF, the per-
sistence of background levels of inflammation as well as ROS and MMPs, as
shown in Fig. 11.7, also provides unique opportunities for drug development in
this area. Already, the CANTOS trial group has tested effective adjunctive anti-
inflammatory therapy for limiting the residual inflammation on top of back-
ground therapies in post-STEMI/HFrEF patients [114, 115]. A similar approach
can be used to test a carefully selected antioxidant or pathway in a well-
designed RCT for HFrEF and HFpEF. It is also important to select a biomarker
or panel of biomarkers for OXS that can be used to assess response to therapy
and to predefine realistic endpoints.

In this war against OXS, the matter of background therapy is an important con-
sideration when undertaking RCTs. Background drugs used by both HFrEF and
HFpEF patients include ACEIs, ARBs, MRAs, beta-blockers, and other drugs that
already decrease OXS. In addition, in spite of the lack of support for the use of anti-
oxidants in the management guidelines, off-the-counter vitamins and other related
drugs that are advertised to reduce OXS are widely used, especially in the elderly.
Furthermore, the health-conscious patients are already on diet and exercise pro-
grams that reduce OXS.

Thus, the selection of the appropriate placebo arm of an OXS-RCT becomes a
difficult task. It is essential for investigators designing the RCTs to limit OXS to
have a clear appreciation of the key basic mechanisms and problems facing the
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translation of strategies that are found to be effective when tested in research studies
carried out in appropriate animal models. Well-designed preliminary clinical studies
in humans are also essential before launching equally well-designed RCTs and
before moving to application at the bedside of patients suffering from HF. What,
when, and exactly how best to target OXS and translate promising experimental
therapy to the real-world by well-designed RCTs before application at the bedside
by practicing cardiologists and physicians remains an unanswered question. Waging
war on OXS is a worthy goal but it can be challenging.
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