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Abstract

Effects of Exercise on Epigenetic Pathways in Persons with Heart Failure
By Brittany Butts

Introduction: Inflammation contributes to heart failure (HF) progression and interleukin
(IL)-1 cytokines IL-1P and IL-18 are implicated in this process. The adaptor protein
ASC (apoptosis associated speck-like protein containing a caspase recruitment domain) is
necessary for inflammasome activation of IL-1 and IL-18. Lower ASC methylation is
associated with worse outcomes in HF. The purpose of this study was to examine the
effects of exercise on changes in ASC methylation and activation of interleukin-1 family
cytokines IL-1pB and IL-18 in persons with HF.

Methods: Participants (N=54) were randomized to receive exercise intervention (n=38)
or attention control (n=16) for 3 months and were followed for an additional 3 months
post-intervention. Blood samples for measures of percent methylation of the ASC gene,
plasma IL-1p, IL-18, and ASC mRNA were obtained at baseline, 3 months, and 6
months.

Results: ASC methylation was higher in the exercise group as compared to control at 3
months (6.10+0.5% vs. 5.80£0.4%; p=.04) and 6 months (6.07+0.4 vs. 5.82+0.4; p=.04).
Plasma IL-1p was lower in the exercise group at 3 months (1.43+0.5 pg/mL vs. 2.09+1.3
pg/mL; p=.02) and 6 months (1.49+0.5 pg/mL vs. 2.13+1.4 pg/mL; p=.004). In the
exercise group, ASC methylation was higher at 3 months as compared to baseline
(p=.009), and IL-1p was lower than baseline at both 3 (p<.001) and 6 months (p=.04).
ASC mRNA expression was negatively associated with ASC methylation at baseline (r=-
.97, p=.001), 3 months (r=-.90, p=.001), and 6 months (r=-.81, p=.001). ASC mRNA
was lower than baseline at 3 months (p=.004) and 6 months (p=.002) among those in the
exercise group. Significant group differences in change scores from baseline to 3 months
were found for IL-1p (t=3.73, p=.001) and ASC methylation (t=-2.71, p=.01).

Conclusions: Exercise was related to increased mean percent ASC methylation and
decreased IL-1p and ASC mRNA gene expression in HF. Epigenetic regulation of ASC
may be a biological mechanism by which exercise can promote better outcomes in HF.
Further research examining mechanisms of change can lead to improved understanding
of physiological adaptations and more precise prediction of adverse outcomes in persons
with HF.
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CHAPTER |

INTRODUCTION

Statement of the Problem

The syndrome of heart failure (HF) results from various structural or functional
impairments in cardiac function leading to an inability to maintain normal cardiac output
at normal filling pressures.? HF remains a major cause of morbidity and mortality in the
United States and is the leading cause of hospitalization among individuals over age 65
years, leading to current costs of care exceeding 34 billion dollars annually.®> Over the
past two decades, advances in pharmacological and device therapies for HF have
significantly improved prognosis for HF patients with low ejection fraction. However,
the overall prognosis continues to be poor for these patients with mortality rates
approaching 50% in 5 years.* Therefore, attenuating HF disease progression remains an
important research and clinical goal. Identification of novel pathways and effectively
intervening on potential therapeutic targets may slow disease progression in HF.

It is known that HF is associated with a chronic low-grade inflammation leading
to adverse cardiac remodeling and disease progression.® This chronic inflammation is
characterized by the formation and activation of an intracellular protein complex, the
inflammasome, which in turn activates inflammatory cytokines that promote cardiac
hypertrophy and myocardial apoptosis.>”’ Increased inflammatory cytokines are
associated with increased HF progression, severity, and death.»®-1° IL-1B and IL-18 are
pleiotropic, inflammatory cytokines theorized to play a prognostic and mechanistic role

in HF;11%12 increased levels have been shown to contribute significantly to worsening HF



severity and mortality.>8° IL-1B and IL-18 increase during acute HF decompensation,
suggesting a role in myocardial dysfunction.® IL-18 induces the production of tumor
necrosis factor-alpha (TNFa),!! while IL-1B induces nitric oxide production, as
evidenced by a corresponding increase in the production of inducible nitric oxide
synthase (iNOS), leading to worsening of ventricular remodeling in HF.2

IL-1p is expressed as proform 1L-1 upon immune activation while 1L-18 is
constitutively expressed as proform IL-18; both molecules require caspase-1 dependent
proteolytic cleavage for activation.!? Caspase-1 is recruited by an adaptor molecule, ASC,
which leads to IL-1B and IL-18 activation.®> ASC expression is epigenetically controlled
by CpG methylation.!* Increased methylation inversely correlates with ASC expression,
ASC methylation has been shown to increase with aerobic exercise.'*

The 2013 American Heart Association recommendations for HF include aerobic
exercise (AEX) as a safe and effective non-pharmacological therapy that improves
physical and psychological function, reduces hospital readmission rates, lowers
mortality in some studies and improves quality of life.2>1" Chronic alterations in
myocardial load are characteristic of HF and lead to ventricular remodeling, a strong
prognostic indicator of adverse clinical outcomes. Proposed mechanisms of abnormal
ventricular remodeling in HF center on inflammatory and oxidative processes.®81% AEX
has been shown to partially reverse some of these mechanisms and improve clinical
outcomes 2221 hut a modifiable pathway has yet to be established in HF. This study
proposed a pathway in which a short-term AEX intervention reduces IL-1B and IL-18 in
HF and, in turn, reduces circulating TNF-alpha and iNOS, thus potentially improving

outcomes.



Purpose

The purpose of this study was to examine the effects of aerobic exercise (AEX)
on changes in ASC (apoptosis-associated speck-like protein containing a caspase
recruitment domain) methylation and to determine whether this initiates a downstream
change in inflammatory cytokines (interleukin-1p [IL-1p], interleukin-18 [IL-18]) known
to worsen outcomes in persons with heart failure (HF). Because HF remains a leading
cause of morbidity and mortality in the United States,>® identification of novel
therapeutic targets that may slow disease progression are urgently needed. Modification
of the inflammasome has been proposed as a lower-risk alternative to current
pharmacological trials targeting circulating cytokines, but only trials using murine
models have been reported to date.?? Therefore, this study proposed a non-
pharmacological, modifiable molecular pathway, ASC methylation, as an aerobic

exercise intervention target for persons with HF.

Specific Aims

Aiml: Examine the effects of AEX on ASC methylation in persons with heart failure.
H1: Persons with HF, who participate in a 3-month AEX intervention, will have

increased ASC methylation at the completion of the intervention as compared to persons

with HF in an attention-control group.

RQ1: Are intervention effects on ASC methylation sustained at 6 months, 3

months after completing the AEX intervention?



Aim2: Examine the relationship of ASC methylation and inflammatory cytokines in
persons with HF.
H2: Increased ASC methylation will be related to decreased plasma IL-1p, IL-18,

and TNFa and with decreased iNOS mRNA expression in persons with HF.

RQ?2a: Does increased ASC methylation, in response to AEX intervention, target
IL-18 activation, as evidenced by changes in the ratio of proform IL-18 mRNA to plasma

IL-187

RQ2b: Does increased ASC methylation have a mediating effect on changes in

circulating IL-1pB and IL-18 in persons with HF?

Exploratory Aim: Examine the relationships between percent ASC methylation, plasma

IL-1pB, and plasma IL-18 with aerobic capacity, as measured by peak VO, in persons with

HF.

Conceptual Framework

The conceptual model for this study, portrayed in Figure 1.1, is the underlying
physiological mechanisms of IL-1p and IL-18 activation, inflammation in HF and ASC
methylation changes after aerobic exercise. This model outlines the pathway proposed in
this study and ties together the different pieces of work previously established along the

proposed pathway.
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Figure 1.1 Conceptual Framework The conceptual model for this study is the
underlying physiological mechanisms of IL-1p and IL-18 activation, inflammation in HF
and ASC methylation changes after aerobic exercise. This model outlines the pathway
proposed in this study and ties together the different pieces of work previously

established along the proposed pathway.

Relevance of the Study

Inflammatory pathways and inflammasome modulation have been proposed as
novel therapeutic targets in HF,23 but few non-pharmacological treatments or
interventions targeting a modifiable inflammatory pathway are currently proposed in HF.
Further, epigenetic regulation of the inflammatory response has been identified as an
important therapeutic approach to disease management,?*2 but trials in persons with HF

have not been reported to date. This study examines a biobehavioral-based non-



pharmacological intervention, aerobic exercise, as a method of epigenetic regulation of
the inflammasome, a key mediator of inflammation in HF. This study examines aerobic
exercise as an anti-inflammatory therapy in HF using inherent mechanisms of
inflammasome modulation, and will bridge the gap between the current understanding of

the role of exercise in immune responses and potential underlying mechanisms in HF.

BACKGROUND

Importance of Inflammation in Heart Failure

Several hypotheses have been generated in the search to explain the myocardial
changes that lead to the progression of HF. Based on the etiology of HF symptoms, the
“hemodynamic hypothesis” implicated hemodynamic stressors as the sole driver of HF
progression.?® However, studies using vasodilator drugs and positive inotropic drugs
showed little support for hemodynamics as a driver of the myocardial remodeling leading
to progression of HF.2"?® Studies using angiotensin-converting enzyme (ACE)
inhibitors, beta-adrenergic blocking drugs, and inotropic agents tested the
“neurohormonal hypothesis”, which states that heart failure progression is due to
overexpression of endogenous neurohormones that chronically activate the sympathetic
nervous system and renin-angiotensin system.?® While the neurohormonal hypothesis did
not provide a full explanation of HF progression, as evidenced by high HF morbidity and
mortality despite ACE inhibitor and beta-blocker drug therapy, it demonstrates a shift in
the way researchers thought about the mechanisms of disease. Research began to
investigate how the cause of HF triggered endogenous mediators that lead to myocardial

damage and loss of myocardial cells. Inflammatory cytokines, such as TNFa, IL-1, IL-6



and c-reactive protein (CRP), were found to be increased in those with HF. Further,
levels of circulating cytokines were found to increase with HF severity and worsened
prognosis.®® Increased levels of circulating cytokines were hypothesized to lead to
myocardial remodeling, cardiomyocyte hypertrophy and apoptosis, decreased myocardial
contractility, myocardial fibrosis, and other structural changes that lead to HF
progression,20:31:32

The consistent findings of increasing circulating inflammatory cytokines in
worsening HF led to the “cytokine hypothesis” of HF.3 The cytokine hypothesis states
that high concentrations of circulating cytokines exert harmful effects on the heart,
leading to myocardial remodeling and exacerbation of hemodynamic abnormalities.3%:32
Although some early findings suggested that inflammatory cytokines in HF are
representative of a mere epiphenomenon, recent evidence is more suggestive of a
mechanistic role in the disease process.®® Initial studies of cytokines implicated in the
pathogenesis of heart failure primarily focused on identifying individual cytokines, such
as TNFa and IL-6. However, delving deeper to uncover the pathophysiological processes
of myocardial remodeling that lead to the development and exacerbation of HF requires
further study of the inflammatory pathways and underlying mechanisms of cytokine

activation.

Danger-Associated Molecular Patterns (DAMPS)
Inflammation in HF is initiated by danger-associated molecular patterns
(DAMPSs), which are host-derived molecules indicative of cellular damage and has been

shown to modulate irreversible myocardial changes, such as fibrotic changes,



cardiomyocyte apoptosis, and cardiomyocyte hypertrophy.®243 Proposed mechanisms of
DAMP formation in HF include mitochondrial dysfunction, cellular death, ischemia,
cardiac load and oxidative stress.?*3%-3% Mitochondrial dysfunction and necrotic or
apoptotic cardiomyocyte death lead to the release of cellular components such as
mitochondrial and nuclear nucleic acids, reactive oxygen species, N-formyl proteins,
extracellular ATP, protein aggregates, and other debris.?*364% Transient ischemia and
reperfusion injury, under perfusion of myocardial tissue, and other sources of oxidative
stress lead to the production of reactive oxygen and nitrogen products, which are
powerful DAMPs associated with ventricular remodeling.1*! Increased ventricular filling
pressures, cavity distension, systemic congestion, increased shear stress, and other
chronic alterations in loading conditions lead to myocardial injury. Byproducts of this
injury are detected by myocytes and immune cells as DAMPs and lead to an accelerated
sterile inflammation in HF.3"“2 The inflammatory response amplifies the production of
DAMPs, resulting in a positive-feedback loop accelerating HF pathophysiology.2*
Increased cardiac pressure and poor pump function directly trigger activation of
inflammatory cells, such as peripheral monocytes, which aggregate in the heart and are
released into circulation.*?*® Activated inflammatory cells release pro-inflammatory
cytokines, such as TNFa, which magnify the inflammatory process and contribute to

fibrotic changes in the myocardium and progressive remodeling.>344344

NLRP3 Inflammasome
DAMP-activated inflammation occurs via the inflammasome, a complex of

intracellular interaction proteins that recognizes DAMPs and triggers maturation of



inflammatory cytokines to initiate and amplify the inflammatory response.3®444¢ The
inflammasome is composed of a NOD (nucleotide-binding oligomerization domain)-like
receptor, ASC (apoptosis-associated speck-like protein containing a caspase recruitment
domain, also known as PYCARD), and pro-caspase-1.1%474 The activated
inflammasome cleaves pro-caspase-1 into active caspase-1.1%4° Caspase-1 in turn,
activates the interleukin (IL)-1 family inflammatory cytokines IL-1p and IL-18, by
cleavage of pro-1L-1p and pro-1L-18 into active forms.1214°0 Thus, the inflammasome is
a powerful mediator of the immune response via caspase-1 activation of IL-1f3 and 1L-18.
The NLRP3 inflammasome can also induce pyroptosis, caspase-1-dependent apoptosis.>!
Loss of cardiomyocytes via pyroptosis reduces contractile reserve leading to HF
progression.® In addition, as cytosolic components are released with pyroptosis,
extracellular ASC becomes a danger signal and functions to initiate further
inflammasome formation. ASC in extracellular space continues to activate caspase-1,

propagating the inflammatory cascade.>?

NLRP3 Inflammasome Activation

Both exogenous (pathogens, toxins) and endogenous (DAMPs) molecules activate
the NLRP3 inflammasome.1%°354 Inflammasome formation and activation require two
signals: a priming signal and an activating signal.>! First, danger signals (DAMPS)
activate the transcription factor NF-«B, leading to the production of NLRP3 and pro-IL-
1B.54 Other components of the NLRP3 inflammasome pathway (ASC, pro-caspase-1,
and pro-1L-18) are readily available in steady state.>® While the definitive mechanism of

NLRP3 inflammasome activation has yet to be uncovered, proposed mechanisms include
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cation movement (such as K* efflux or Ca2* influx), mitochondrial membrane
dysfunction, frustrated phagocytosis, production of reactive oxygen species, and direct
binding of oxidized mitochondrial DNA to NLRP3 itself.5153%° Thijs two-step process
likely represents a regulatory checkpoint in inflammasome activation. Assembly of the
inflammasome occurs when the N-terminal pyrin domain (PYD) of NLRP3 interacts with
the PYD of ASC in a homotypic fashion, leading to recruitment and activation of
caspase-1.3447"°15" Eyrther work is needed to elucidate mechanisms of inflammasome

activation in HF.

NACHT, LRR, and PYD Domains-Containing Protein 3

NACHT, LRR, and PYD domains-containing protein 3 (NLRP3, aka NALP3 or
cryopyrin) is a pattern recognition receptor (PRR) implicated in the pathogenesis of
inflammation in chronic disease.!® NLRP3 transcription is regulated by nuclear factor kB
(NF-xB) in the presence of a danger signal, e.g. DAMPs. NLRP3 is made up of 3
functional domains: C-terminal leucine-rich repeats (LRR) with regulatory function, a
NACHT domain that has ATPase activity, and PYD that serves as a death-fold
domain.1%474% NLRs are believed to play a role in the cytosol analogous to that of the
toll-like receptors (TLRS) in the plasma membrane. Like other NLR family receptors,
NLRP3 functions to guard the intracellular environment to maintain homeostasis.*®
NLRP3 differs from other nod-like receptors in that physiological expression levels are
not sufficient for inflammasome activation. NLRP3 expression is up-regulated via NF-xB
upon the sensing of a danger signal. NLRP3 functions as both an intracellular PRR,

surveying the cytosol for danger signals, and as a platform protein in inflammasome
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formation, initiating an inflammatory response.®® NLRP3 is expressed in a number of
cells, e.g. leukocytes, myocytes, and cardiac fibroblasts.®® NLRP3 knockout mice have
smaller areas of infarct in an experimental model of acute myocardial infarction;
constitutively active NLRP3 leads to uncontrolled activation of the inflammasome.®°

There is no evidence of transcriptional control of NLRP3 to date.

Apoptosis Associated Speck-Like Protein Containing a Caspase Recruitment
Domain

ASC is a vital component of the inflammasome and functions to recruit caspase-1
to the inflammasome complex.>®14% ASC is necessary for activation of pro-caspase-1
into caspase-1, which in turn is necessary for activation of IL-1 family cytokines, such as
IL-1pB and IL-18.>% ASC deficiency lessens inflammatory response to ischemia-
reperfusion injury in the myocardium.3* ASC plays a vital role in the activation of the
inflammasome and in the inflammatory response to danger signals. ASC expression is
controlled through epigenetic modification via methylation. ASC methylation is inversely
correlated with ASC protein expression and is silenced by overexpression of DNA
methyltransferase.*®* Hypermethylation leads to an inactive state in which no ASC
protein is expressed while complete demethylation induces cellular apoptosis via p53 and
TRAK activation.®! Thus, inflammasome formation and activation may be reduced via
increased ASC methylation. Increased ASC expression corresponds to a decrease in
methylation.®> Moderate intensity aerobic exercise has been associated with increased
ASC methylation in one study.'* However, this study did not compare changes in ASC

methylation before and after an exercise program but rather compared ASC methylation
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of a group that had completed an exercise program to a control group. Further, this study
did not compare changes in ASC methylation to ASC gene expression or circulating
cytokines, such as IL-1p or IL-18. No studies have examined the effects of exercise on

DNA methylation in persons with HF.

Caspase-1

Caspase-1 is a cysteine protease that functions as an effector protein in the
NLRP3 inflammasome. Caspase-1 is produced by the cell as a zymogen, pro-caspase-1,
which undergoes autocatalysis for activation upon a homotypic interaction with the
CARD domain on ASC.** Activated caspase-1 is involved in the recruitment of innate
immune cells to sites of inflammation, induces pyroptosis, and is the primary activator of

IL-1pB and IL-18.

Attempts to Modulate the Inflammasome

Strategies to alter inflammasome function in mice have included: genetic
knockouts of inflammasome proteins and interleukin-1p; binding circulating proteins
(e.g., IL-1 Trap); IL-1 receptor antagonists (e.g., anakinra); and siRNA silencing. These
studies have demonstrated reduced ventricular remodeling in myocardial infarction-
induced or ischemic models of HF. Preliminary studies using the IL-1 receptor antagonist
anakinra post ST-segment elevation myocardial infarction (STEMI) in humans reduced
the incidence of subsequent HF,*%® demonstrating that a reduction in IL-1B activity

decreases ventricular remodeling. A recent trial of an intermediate substrate in the
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synthesis of glyburide (16673-34-0) demonstrated inhibition of NLRP3 in a mouse model
of acute myocardial infarction.%

The main translational focus of immune modulation in HF has been on cytokine
proteins; however, clinical trials targeting pro-inflammatory cytokines, such as anti-
TNFa therapy, have yet to demonstrate improvements in HF therapy.?*® Efforts at
immune modulation using disease-modifying agents of rheumatoid diseases (DMARDS),
such as anakinra and methotrexate, have demonstrated improvements for chronic
inflammatory diseases, such as rheumatoid arthritis, gout and more recently post-
infarction HF, but at a cost physically to the patient.?* Potent anti-inflammatory therapy,
anti-TNFa and anti-IL-1p in particular, has a risk for infection that is higher than or equal
to the benefit of the therapy.?* Alternative methods, such as epigenetic regulation of the
inflammatory response and targeting upstream components of the signaling cascade have
been proposed,?* however no successful trials in humans have been reported to date.

The NLRP3 inflammasome has been shown to contribute to the development of
HF after myocardial infarction.®> ASC is a key component of the NLRP3 inflammasome
and is necessary for caspase-1 mediated activation of IL-1p and IL-18. Inflammation in
HF can be regulated by ASC methylation (Figure 1.1). This pathway is important to our
understanding of the pathological processes behind myocardial remodeling in HF as our
current understanding does not distinguish the individual contributions of the cytokines

involved.

Interleukin-1p and Interleukin-18 in Heart Failure
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IL-1 is a pyrogenic, pro-inflammatory cytokine that functions as a potent
mediator of the inflammatory response and plays a role in cellular activities such as cell
proliferation, differentiation, and apoptosis.*®®® [L-1p induces calcium leakage from the
sarcoplasmic reticulum in cardiomyocytes, impairing cardiac contractility.®”% 1L-1pB
stimulates nitric oxide production, as evidenced by a corresponding increase in
circulating inducible nitric oxide synthase (iINOS), leading to cardiomyocyte apoptosis
and tissue remodeling.%>®® IL-1B is increased in HF, contributes to poor exercise
tolerance in persons with systolic HF, and is the key mediator in myocardial remodeling
after ischemia-reperfusion injury.*®® Modulation of IL-1p attenuates myocardial
enlargement and ventricular dysfunction.®®

IL-18 is a pleiotropic, pro-inflammatory cytokine theorized to play a prognostic
and mechanistic role in HF.81% Increased IL-18 levels are positively correlated with New
York Heart Association (NYHA) class and are significantly related to HF severity and
mortality.>® IL-18 has been shown to increase during acute HF decompensation and
remain elevated 90 days after resolution of the acute episode,® suggesting a role in
myocardial dysfunction. Further, IL-18 is increased in patients with decompensated
HF.2 In the non-failing myocardium, IL-18 is found in precursor form; in contrast, IL-
18 in the failing heart is almost completely processed to the active form.2° 1L-18 induces
the production of tumor necrosis factor-alpha (TNFa).2"° While the inflammatory
sequelae of IL-18 in HF have been investigated, modifiable pathways that influence IL-
18 production in HF are not well studied.

IL-1B is produced as a precursor protein in response to an inflammatory

stimulus.*666."1 1-18 is constitutively expressed as a biologically inactive precursor
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molecule that lacks a signal peptide. IL-18 mRNA has a long half-life, thus contributing
to steady state production of IL-18. Proform IL-1f and proform IL-18 require caspase-1
dependent proteolytic cleavage for activation.’®’ In response to a danger signal,
caspase-1 is recruited by the adaptor molecule ASC, which leads to inflammasome
formation and subsequent IL-1p and IL-18 activation.!® ASC expression is epigenetically
controlled; increased methylation inversely correlates with ASC expression and has been
shown to increase with aerobic exercise.’* Thus, exercise-induced methylation of ASC

may prove to be a regulatory pathway of IL-18 expression in HF.

Inducible Nitric Oxide Synthase

Reactive nitrogen species (RNS) are a family of molecules primarily derived from
a small, uncharged molecule, NO, primarily produced by nitric oxide (NO) synthases,
such as inducible nitric oxide synthase (iNOS).'83" While physiological levels of RNS
are vital in the maintenance of vascular and cardiac cell function, excessive levels lead to
cellular toxicity and become highly reactive with other radicals.’® Excessive RNS levels
lead to oxidative stress, an imbalance between free radical generation and
detoxification.!® Oxidative stress is involved in the onset and progression of
cardiovascular disease, and increased levels of oxidative stress are found in persons with
HF. Oxidative stress decreases cardiac contractility, myocardial Ca®* regulation, and
mitochondrial function; the reactive species peroxynitrite (NO- + -OH- - ONOO-) has
been shown to decrease myocardial contractility and disrupt the mitochondrial inner
membrane in HF.1® Aerobic exercise training modulates oxidative stress in animal

models of HF,*! but has not been studied in humans.
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Nitric oxide synthases are a family of enzymes that catalyze the production of NO
from the amino acid L-arginine.’® iNOS produces large amounts of NO, which is a key
mediator in modulating microcirculatory changes and leukocyte-endothelial
interactions.'4! Overexpression of iNOS leads to increased NO production and
maladaptive ventricular remodeling and is implicated in the pathogenesis of heart failure
and myocardial dysfunction.3”3® While NO may be cardioprotective in some forms, NO
specifically produced by iNOS leads to myocardial injury.®® IL-1B is a powerful inducer
if INOS production.®® IL-18 has been shown to induce iNOS overexpression and the
subsequent release of NO in the inflamed pancreas,’® however the relationship of 1L-18
and INOS production has not been studied in HF. The aims of this study were to link
exercise-induced ASC methylation with decreased circulating IL-1p and IL-18 and

subsequently decreased iNOS expression in persons with HF.

Tumor necrosis factor-alpha

Tumor necrosis factor-alpha (TNFa) is an acute phase pro-inflammatory cytokine
implicated in the pathogenesis of heart failure.® Animal models have demonstrated that
increased circulating TNFa leads to left ventricle dysfunction and cardiomyopathy and
worsens heart failure by stimulating cardiomyocyte hypertrophy and induction of
myocardial remodeling.®*® TNFa has immediate negative inotropic effects on the
myocardium by decreasing intracellular Ca?* release.3** In addition, TNFa directly
induces cardiomyocyte hypertrophy and apoptosis.?®’2" Increased circulating TNFa is

correlated with worsening HF, poor prognosis, and sudden death.3’2 Exercise trials have
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demonstrated that aerobic exercise significantly reduces circulating TNFa in persons with

HE 17,74-77

Exercise in Heart Failure

Aerobic exercise (AEX) has been shown to be beneficial for most HF patients by
altering the deleterious peripheral and central mechanisms, such as inflammatory
cytokines, that contribute to HF exacerbations, worsened symptom severity, and poor
clinical outcomes.1”427475.77 1n addition, AEX reduces vascular resistance and improves
endothelial function as well as the oxidative capacity of peripheral muscles, without a
deleterious effect on left ventricular remodeling.*®"*"" Lower rates of hospitalization,
improved physical function and enhanced health-related quality of life (HRQOL) are
reported in HF patients who routinely exercise;!” a meta-analysis of 81 studies also
showed trends (p<0.06) for lower mortality.”

The HF-ACTION trial®® established the safety and efficacy of moderate-intensity
aerobic exercise in patients with stable HF. Participants in the exercise arm completing 4
to 6 metabolic equivalents (MET) hours or more of exercise per week experienced an
18% to 26% reduction in risk, respectively, for the combined endpoint of all-cause
mortality and hospitalization.'>?! A recent meta-analyses also showed significant
reductions in brain natriuretic peptide (BNP), a strong prognostic indicator in HF, when
weekly energy expenditure exceeded 400 kilocalories (kcals).” AEX reduces
inflammatory cytokines, including TNF-a, but the effect of aerobic exercise on ASC

methylation and IL-18 in persons with HF has not been previously examined.
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Peak Oxygen Consumption

Persons with HF often have reduced aerobic capacity and low ventilatory
efficiency, leading to poor quality of life.8 Clinical evaluation of aerobic capacity is
measured by peak VO., measure of oxygen consumption during effort in a treadmill
exercise test, and is a prognostic indicator of decompensation and mortality in HF 5880
Cardiac rehabilitation exercise training has been shown to increase peak VOg; this
increase in aerobic capacity is significantly related to decreased BNP and decreased
oxidative stress.®! A two-week treatment with anakinra, an 1L-1 receptor antagonist,
improved peak VO2 in persons with HF in the absence of an exercise intervention.®
Thus, aerobic capacity in HF may be related to increased circulating inflammatory
cytokines, such as IL-1p and 1L-18. AEX-induced ASC methylation may be a non-
pharmacologic method of inflammasome modulation leading to decreased inflammation
and improved aerobic capacity in HF; however, models of inflammasome modulation

related to aerobic capacity have not been reported to date.

Anti-Inflammatory Therapy in Heart Failure

Historically, pharmacologic anti-inflammatory therapies, particularly NSAIDs
and the TNFa inhibitors infliximab and etanercept, have either not provided therapeutic
benefits or have actually worsened cardiac function in HF.2%%® TNFa antagonism is
thought to have deleterious effects in HF. TNFa confers cytoprotective physiological
responses in the heart during acute injury, and loss of that benefit can worsen HF .82
Additionally, TNFa therapy, such as infliximab, may be cytotoxic to cells due to the

drug’s effects of fixing complement in cells that express TNFa.8? Other drugs, such as
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interacept, functions to stabilize TNFa, leading to accumulation of increased
concentrations of immunoreactive TNFa in peripheral circulation and increasing the
duration of TNFa bioactivity.22  While recent trials with other DMARDs, such as
anakinra, have demonstrated prevention of cardiac remodeling post-STEMI,*353 the cost-
benefit ratio of pharmacologic anti-inflammatory therapy in chronic diseases is
worrisome. Additionally, anti-inflammatory drug therapy can lead to compromised host
defense or further amplification of inflammatory processes due to the many
redundancies.?* Further exploration of drug therapy that targets the inflammasome is
needed. Off-label uses of existing drugs or the development of new drugs may be
required. One promising new drug, 16673-34-0 (5-chloro-2-methoxy-N-[2-(4-
sulfamoylphenyl)ethyl]benzamide), was found to inhibit cardiomyocyte inflammasome
formation post-acute MI in the mouse.®* Similar drug trials in HF are greatly needed.
Decreased ASC expression through epigenetic control may play an important role
in the regulation of inflammation, dampening adverse inflammatory processes without
disrupting cellular and tissue homeostasis. The involvement of the inflammasome
components in various pathways makes finding specific pharmacologic inflammasome
targets a challenge, as it may lead to unintended consequences. For example, by
suppressing NLRP3 function, it may be possible also to remove an important intracellular
surveyor of danger signals. Some inflammation is necessary for proper healing after
insult or injury. The study by Nakajima et al. demonstrated an increase in ASC
methylation in older healthy adults after a moderate intensity aerobic exercise program.
This study found that ASC methylation is decreased with age and that these age-related

changes can be modified with moderate intensity aerobic exercise. While this study did
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not examine inflammatory markers related to levels of ASC methylation, regular aerobic
exercise may prove to be an effective non-pharmacological modulator of inflammasome
activation in HF. In addition, aerobic exercise reduces vascular resistance and improves
endothelial function as well as the oxidative capacity of peripheral muscles, without a
deleterious effect on ventricular remodeling.*%™

Persons with HF often have reduced aerobic capacity and low ventilatory
efficiency, leading to worsening symptom severity and poor quality of life.8 We know
that aerobic exercise reduces inflammatory cytokines, including TNF-a, but the effect of
aerobic exercise on ASC methylation and IL-18 in persons with HF has not been
previously examined. Aerobic exercise-induced ASC methylation may be a non-
pharmacologic method of inflammasome modulation leading to decreased inflammation
and improved outcomes in HF. We know that aerobic exercise reduces inflammatory
cytokines, but the effects of aerobic exercise on ASC methylation, 1L-18 and IL-1p have
not previously been examined. Further, no studies have been reported to date on changes
in DNA methylation in response to exercise in persons with HF. Epigenetic regulation of
ASC can be a biological mechanism by which exercise can promote better outcomes in
HF. Further research examining mechanisms of change can lead to improved
understanding of physiological adaptations and more precise prediction of adverse

outcomes in persons with HF.
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RESEARCH METHODS AND DESIGN

Research Design

This study was an exploratory sub-study of a 3-year randomized controlled
intervention feasibility study. Fifty-four participants were recruited from the Centers of
Heart Failure Therapy of Emory University Hospitals. Participants were randomized to
receive AEX intervention (N=38) or attention control (N=16) for 3 months. Both groups
received two home baseline (BL) visits and bi-monthly phone calls during the
maintenance phase, from 3 months to 6 months. Blood draws took place at BL,
intervention completion (3 months) and after a 3-month maintenance period (6 months).
Outcomes included post-intervention changes in physiological measures (ASC
methylation and cytokines) at 3 months and maintenance of changes at 6 months (Table
1.1). Participants were recruited into this sub-study on an opt-in basis by checking a box
on the parent study consent form authorizing analysis of DNA methylation (Appendix

A).

Table 1.1 Study Variables, Measures, and Time of Evaluation

Variable Measure Time of Evaluation

Demographics and Age, gender, Charlson Comorbidity Index, LVEF,

e . NYHA class, time with HF, etiology of HF, Baseline (BL)
clinical information "
medications
Physical Function Peak oxygen consumption (Modified Balke) BL, 3 months (m)
Physiological Status ASC methylation, IL-1p, IL-18, iINOS BL, 3m, 6m

Polar HR (intensity duration and frequency), walk

calendars, pedometer, nurse telephonic log 3m, 6m

Exercise Adherence
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Sample Size

The recruitment goal for the larger feasibility study was 60 participants; therefore,
this study was also anticipated to have a sample size of 60. Post-hoc analysis using
G*Power software was used to detect a medium-to-large effect size (r>=0.12) using an
estimated sample size of 60, based on multiple linear regression used in Aim 2, which is
the most robust aim. However, a sample size of 60 at 80% power can detect large effect
sizes in the repeated measures ANOVA (f=0.37 for group main effect, f=0.41 for time
main effect and f=0.41 for the group-x-time interaction effect) using an F-Test with a

significance level (alpha) of 0.05.

Variables and Measures

Demographics and medical history were collected through chart review and a
self-report questionnaire at BL (Table 1.1). Co-morbidities were analyzed using the
Charlson comorbidity index (CCI), developed to quantify the risk of death from
comorbid diseases. The CCI was developed empirically from 604 patients admitted to a
hospital medical service to predict risk of death from comorbid conditions, and compares
favorably with the more established Kaplan and Feinstein system.8?

The plasma cytokines IL-1p, IL-18, and TNFa, were analyzed from plasma that
had been separated from collected whole blood and stored at -80°C immediately after
collection at the Clinical Research Network (CRN). Plasma cytokines were measured in
duplicate using commercially available ELISA kits (eBioscience). Plates were read on a
BioTek microplate reader and analyzed using Gen5 software. Curve fitting was selected

among linear, quadratic and 4-point based on the best regression coefficient.
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DNA for ASC methylation analysis and RNA for pro-1L-18 mRNA, iNOS, and
ASC analysis were extracted from the buffy coat that had been separated from collected
whole blood and stored at -80°C immediately after collected at the CRN. DNA for ASC
methylation was extracted using a commercial kit (PureLink™ Genomic DNA mini kit,

Invitrogen), bisulfite treated and sent to EpigenDx for pyrosequencing assays (Table 1.2).

Table 1.2 Primers and PCR Conditions for ASC Methylation Analysis

Forward primers! Reverse primers? Sequencing primers

PCR1 TGTATTAGTTGGTGTAAG CACACCCACAACAAC

TTTAGAGATAAGTAG TTCAACTTAA
PCR conditions
95°C-5m, (95°C-30s;50° C-30s,72°C-305s) x3,(95°C-30s,58°C-305s,72°C-30s) x47,72°C-
5m

Nested AGGGGATTAAGGGTG B-CTCCTCCACCAT GGGATTTTGGAG
PCR 2
CAAATTCTC
TAGTAAGGAA TTATG
PCR conditions
95°C-5m, (95° C-30s;58 °C-30s, 72° C-20s) x50, 72° C-5m

LAll primers are listed 5° to 3’
’B = biotinylated 5’ end

mRNA was extracted using a commercial kit (NRNA Catcher™ Plus,
Invitrogen). mRNA was converted to cDNA reverse transcriptase PCR (High-Capacity
cDNA Reverse Transcription Kit, Applied Biosystems). IL-18, ASC, and iNOS mRNA
were quantified via quantitative real-time PCR (QRT-PCR). GAPDH was used as the
reference gene. Primers used for qRT-PCR are listed in Table 1.3. mRNA quantification

results were calculated using the AACT method.?*
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Table 1.3 Primers for gRT-PCR

Name Forward Reverse

GAPDH  5-GACCACAGTCCATGCCATCAC-3' 5-GTCCACCACCCTGTTGCTGTA-3'

ASC 5'-GCCGAGCTCACCGCTAACG-3' 5-CATCCAGCAGCCACTCAACG-3'
IL-18 5’-CAAGGAAATCGGCCTCTATT-3’ 5’-TCCTGGGACACTTCTCTGAA-3’
iINOS 5’-CAAGCCTACCCCTCCAGATG-3’ 5’-CATCTCCCGTCAGTTGGTAGGT-3’

Aerobic capacity was assessed using the modified Balke maximal symptom-
limited treadmill test®>®® to determine peak oxygen consumption (peak VO.).
Continuous gas exchange (VMAX Spectra 29 CPET Instrument, Yorba Linda, CA),
telemetry, blood pressure, rating of perceived exertion, and oxygen saturation were
assessed for each patient 1 minute before , during, and 4 minutes after the exercise test
according to American Heart Association guidelines.® The test protocol was as follows:
0% incline at 2.0 mph on motorized treadmill for 3 minutes with an increase in incline of
3.5% every 3 minutes for 18 minutes. At 18 minutes, speed increased to 3.0 mph and

incline decreased to 12.5%. No participants progressed beyond this point.

Blood Collection Procedures

Baseline, three month and six-month measures were taken at the CRN of the
Atlanta Clinical Translational Science Institute by a trained data collector blinded to
group assignment. Blood samples were drawn between 7 am and 9 am from patients in a
fasting state after quietly resting for 15 minutes according to study protocol by nurses in

the CRN. Blood was collected in a vacutainer (10 mL) with EDTA, separated into plasma
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and buffy coat, and stored at -80°C in the CRN until processed. The three time points for

each participant were analyzed in triplicate.

Intervention description

Both groups received Usual Care (UC) + group assignment (attention control
stretching, or moderate intensity AEX) after baseline measures conducted at the CRN.
UC includes pharmacologic therapy according to the American College of Cardiology
guidelines® and patient education and HF self-management. All study patients were
given standard printed educational materials (Heart Failure Society of America Modules
1 and 3) regarding HF. Group assignments, schedules and procedures are outlined in
Table 1.4. Education, flexibility and stretching provided control for the possible
confounding variable of receiving attention from a healthcare professional. Instruction
on stretching and flexibility movements was also expected to reduce attrition and patient
dissatisfaction and to ensure better concealment of group allocation. These time-
equivalent, flexibility/stretching movements served as the placebo exercise condition. In
previous pilot evaluations, they were well received but were not strong enough to
influence outcomes. The AC education placebo component was delivered as soon as
feasible after baseline (T1). The first two weeks of the intervention phase included two
home visits to demonstrate stretching and flexibility movements and to discuss
educational materials. Weekly telephone calls were then made for the next 10 weeks to
discuss educational materials and to answer questions about stretching movements. An
appointment was made for participants to come to the CRN to collect T2 measures; this

occurred at weeks 13 and 14. From weeks 15-24 bi-monthly telephone contact was used
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to encourage continued adherence to the AC intervention. At the end of 24 weeks, a final

visit to the CRN was arranged, and T3 measures were taken.

Table 1.4 Intervention Group Schedules

3-12 13-14 15-24 24-25
Group T 1-2 Weeks Weeks Weeks Weeks Weeks
uc Baseline 2 home visits for HF Weekly 3-month  Bi-monthly  6-month
measures education & stretching calls measures calls measures
Baseline 2 home visits for HF Weekly 3-month  Bi-monthly  6-month
AEX : .
measures  education & supervised walk calls measures calls measures

Exercise prescription

The AEX group received the exercise prescription using a progressive, moderate
intensity aerobic protocol. To ensure that participants achieve adequate training stimulus,
dose-specific exercise was based on maximum heart rate (HR) obtained during symptom-
limited, modified Balke treadmill tests®8 conducted by an exercise physiologist and
supervising cardiologist or nurse practitioner in the CRN. Target heart rate (THR) using
the 60% to 70% of maximum HR achieved on the cardiopulmonary exercise test (CPET)
was used to monitor the intensity and training response for aerobic exercise. Each
participant was provided with an individualized THR zone based on CPET results.®®
Under the supervision of a research nurse, participants began the walking sessions at 60%
of THR and increase to 70% by week five as shown in Table 1.5. Pilot studies
demonstrated that a progressive, moderate intensity level exercise program yielded
positive outcomes with no adverse events, was appealing to participants and resulted in
adherence rates of 80% and higher.®” The first two weeks of the study consisted of two

consecutive weekly home visits by the research nurse to demonstrate the use of the HR
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monitor and pedometer. The research nurse supervised one walking session during the
first two weeks to ensure the safety of the participant and that he/she understood how to
use the Polar HR monitor and pedometer and how to complete the walking logs. The
weekly schedules are provided in Table 1.5. The time points were chosen based on
previous studies that showed the ability to document change in physical function and
psychological outcomes at three months; other reports have shown change within 4-12
weeks in this population. The six-month time point was chosen to determine if

the changes persisted post exercise intervention, or were diminished.

Table 1.5 Aerobic Exercise Progression

Week 1-2 Week 3-4 Week 5-7 Week 8-9 Week 10-12
Intensity 60% 60% 70% 70% 70%
Duration 30 mins 45 mins 45 mins 45 mins 45 mins
Frequency 3x/wk 3x/wk 3x/wk 3x/wk 3x/wk

Exercise adherence

To be 100% adherent for exercise sessions, participants in the AEX group must
have documented walking 3 times each week at the prescribed intensity/duration on the
exercise log. Participants recorded exercise sessions on a calendar provided: maximum
HR achieved; the rate of perceived exertion (RPE) during walking; and number of steps
walked during the walking sessions. Polar HR monitors and pedometers were used to
objectively document exercise intensity (i.e., maximum HR and RPE achieved), duration,
walking adherence and progression. The Polar HR monitor and pedometer data were

downloaded during each home visit during the first two weeks to track exercise duration
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and steps walked. At T2, data collected from the HR monitors and pedometers were also
downloaded to document exercise adherence. A total summary adherence score was
calculated by summing and dividing weekly adherence scores by total number of weeks

walked.

Protection of Human Subjects
All study protocols were reviewed and approved by the Institutional Review
Board of Emory University (IRB #60752).

Participant Characteristics

All participants in the study met the following criteria. Inclusion criteria
included: documented medical diagnosis of NYHA class Il or 111, aged 40-75 years; left
ventricular ejection fraction (LVEF) >10% documented within the last year by
echocardiogram, cardiac catheterization ventriculography, or radionuclide
ventriculography; and receiving medication therapy for HF according to the American
College of Cardiology/American Heart Association recommendation guidelines for at
least 8 weeks prior to study enrollment. Exclusion criteria included: medical diagnosis of
NYHA class | or IV; change in HF therapy within the previous 8 weeks; worsening HF
symptoms within the last 5 days; unstable angina; renal insufficiency (serum creatinine >
3.0 mg/dL); fixed rate pacemaker; uncontrolled hypertension, involved in any structured
exercise program or exercising 3 or more times per week for a minimum of 30 minutes;
hospitalization within the previous 30 days; and any disorder precluding an exercise

treadmill test.
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Severity of illness was controlled by limiting participants to NYHA class 11 and
I11, who are more similar in response to exercise than class | and IV. In addition, severity
of illness was controlled by LVEF limitations (LVEF > 10%) and optimal medication
therapy for HF. Duration of HF is commonly recorded as NYHA class and LVEF; over
time, as therapies become less effective, LVEF decreases and NYHA class increases.
Currently, there is little evidence that duration of HF affects outcomes independent of

severity, as measured by LVEF and NYHA class.

Rationale for sample characteristics

The age range was selected to avoid confounding effects of age and sarcopenia
with outcomes, such as aerobic capacity; participants below the age of 40 years are likely
to have HF for other reasons than the majority of the general HF population. Older age
(>75) is associated with reduced exercise capacity which may confound the physical
function outcome measurement. In addition, persons over the age of 75 are at higher risk
for adverse events during exercise testing. Both resting and exercise heart rates are
influenced by beta-blockers, which is considered optimal therapy for HF patients with
reduced ejection fraction and this was controlled for during analysis. For both exercise
testing and training, the heart rate reserve method was used, which takes into account the
patient’s resting heart rate, thereby reducing the effect of beta-blockade. Best efforts were
made to schedule patients for their exercise testing and training a minimum of three hours
after taking beta blockers. Patients with an ICD were enrolled if their heart rate limits
were set to be higher than the target heart rate for the exercise regimen. Participants with

recurrent angina, more severe symptoms, or have uncontrolled hypertension were
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excluded due to the higher risk for adverse cardiovascular events during exercise testing
and the walking intervention. Because the benefit of exercise is being evaluated,
participants who were currently or recently enrolled in an exercise program for the
previous eight weeks or were exercising at regular intervals (more than twice per week
for 30 minutes) were excluded from the study. Participation in the study was voluntary
and participants could withdraw at any time without consequences to themselves,
families or communities. The involvement of human subjects in this study involved
laboratory blood samples drawn during the same blood draw as the parent study.

Therefore, no additional venipuncture occurred for this study.

Sources of Research Materials

Sources of research material included laboratory blood samples obtained at
baseline, 3 months, and 6 months. Demographics and medical history taken from the

parent study were used for analysis in this study.

Potential Risks

Potential risks were minimal since participants were referred from an academic
health sciences center under the care of a cardiologist and receiving optimal medication
and device therapies. In addition, excluding patients who are over the age of 75 years,
NYHA class 1V and have an LVEF < 10 served to reduce the risk of adverse cardiac
events. The cardiologist was contacted and agreed that potential participants were
eligible for the exercise program. A brief history and physical examination were

conducted before aerobic capacity tests (modified Balke) at the ACTSI. If a participant
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became fatigued and did not wish to continue, he or she was rescheduled for an additional
appointment to complete the remainder of the tests.

The modified Balke, a symptom-limited treadmill test, was administered in the
ACTSI by an exercise physiologist and under the sponsorship of the study cardiologist
according to the ACC/AHA guidelines.® The treadmill test was performed with
commercially available equipment (VMAX Spectra 29 CPET Instrument, Yorba Linda,
CA\) according to the recommendations of the ACC/AHA guidelines.®® Before the
exercise testing, each participant underwent spirometry and remained seated for 2 min to
obtain resting oxygen consumption (VO>). The participant walked for 1 min to warm up
to avoid potential muscle soreness. Emergency equipment, medical and nursing staff
were immediately available in case the participant had any adverse response. A
continuous electrocardiogram and blood pressure readings every one minute were
recorded. The participant was continuously monitored during the treadmill test and vital
signs taken every one minute for five minutes after the test, then every five minutes.
Data from the HF-ACTION study provides evidence of the safety of symptom-limited
exercise tests.8>%° Of the 4,411 symptom-limited exercise tests during five years, no
deaths and only two nonfatal, major CV events occurred (0.45 events/1,000 tests). There
were also no test-related ICD discharges requiring hospitalization. Based on this review,
it was concluded that in NYHA class I1-1V patients with severe left ventricular systolic
dysfunction, that symptom-limited exercise testing is safe based on no deaths and a rate
of nonfatal major CV events that was <0.5 per 1,000 tests.%

The potential risks associated with the walking intervention were minimal. Any

potential cardiovascular (CV) events that posed a risk to the participant would likely have
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been detected during the modified Balke maximal treadmill test. In addition, the duration
of walking was limited to 30 minutes during the first 2 weeks and at an intensity level
(60%). Participants wore a Polar HR monitor so that HR and intensity level were closely
monitored. Participants underwent two supervised walking sessions prior to walking at
home unsupervised; the risk associated with the unsupervised session, therefore, was
minimal. Participants in the study were provided with detailed instructions on self-
monitoring HR, BP, and symptoms associated before, during and after walking. Each
participant was provided with a target heart rate range to stay within during the study
period. Participants were instructed to wear the Polar HR monitor during each exercise
session. The participants were instructed to take their HR, blood pressure (if machine
available), and weight prior to and after each walking session and record it in their
walking calendar. Participants were instructed to call the research nurse if their blood
pressure or HR is outside their normal range. If participants were symptomatic,
experience increased shortness of breath or have a greater than two-pound weight gain
over the previous 24 hours, they were instructed not to exercise. The participants were
instructed to take their medications as usual prior to exercise and instructed on proper
attire for exercising. Demonstrations and return demonstrations of the Polar HR monitor
ensured they knew how to wear the monitor around the chest as well as troubleshoot
when the monitor did not display a HR. They were instructed that if their HR approached
within 5-10 beats of the target HR range to slow the walking pace down. They were also
instructed if they had an ICD, to keep their HR 15 beats below the firing range at all
times (usually set at higher than 170 beats per minute, so it was unlikely to interfere with

training stimulus). In addition, they were instructed to monitor their RPE using the Borg
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6 to 20 scale, and to keep their RPE at 12-13 during the initial weeks and to progress
gradually with instructions to 15 as stipulated in the protocol. Participants in the
intervention groups were advised to carry a cell phone when they walked at home in the
event of an emergency or sudden event. Specifically, participants were instructed to slow
their pace if their HR increased to near THR as previously noted or if they became short
of breath. Participants who had ischemic heart disease and prescribed nitroglycerin
(NTG) were instructed to carry their NTG with them during each walking sessions. If
chest pain were to occur during exercise, the participants were told to stop exercising and
to take a NTG as directed by their cardiologist. The participant was also instructed to sit
down and to call a relative or friend and to take another NTG if they had chest pain that
did not subside. If they were to have chest pain that continued and not relieved by NTG
within 10 minutes they were instructed to call 911. If the participant were to become
moderately to severely dyspneic where they could not talk while walking, they were
instructed to stop walking until the dyspnea subsided. If the dyspnea were to continue
once they have stopped walking for several minutes they were instructed to call a relative
or friend; if not dissipated they were instructed to go the nearest emergency room. If a
participant were to become dizzy while walking, they were instructed to sit down and to
get up slowly once the dizziness passes. If an ICD were to fire, the participant was
instructed to call 911 if symptoms present or to notify their cardiologist if no symptoms
for possible evaluation.

The potential risk to participants in the AC control stretching/flexibility

movement group was minimal. Participants were taught how to use stretching and

flexibility movements by a research nurse.
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All patient records were kept in a locked file cabinet in the research office and
were accessible only to the PI and the research team. All data was coded by subject
identification number, and no identifying information was recorded on the data collection
forms. The master list that connected the codes to identifying information will be
secured in the research project office. All data maintained in the computerized database
(RedCap) was accessible only with a login and protected, encrypted password. After the
study is completed, all data will be kept according to regulations in a locked file.

Events

One participant became dizzy while exercising. This study related event was

reported to the IRB and determined to be an expected adverse event. One hospitalization

and two falls occurred, none of which were study related.

Recruitment and Informed Consent

Participants in the parent study entered into the sub-study on an opt-in basis by
selecting a box on the IRB-approved consent form. Participants were recruited through
two mechanisms, health provider referral and self-referral, following HIPPA guidelines.
Once eligibility was established via phone or in person, the study was fully explained and
written informed consent was obtained from each participant by a member of the research

team.

Data Analysis
Descriptive statistics were analyzed for all study variables with examination of

type and extent of missing data. Data were reviewed for normality assumptions and
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outliers, in preparation for analysis. All data were analyzed using SPSS version 23 or
SAS version 9.4 (for multilevel modeling analysis using PROC MIXED) and an alpha set
at 0.05. For hypothesis testing, data were analyzed according to intention to treat
principles. The primary analysis used to test the hypotheses employed a general linear
mixed model for repeated measures data. For most variables, the model had one between-
subjects variable GROUP with two levels and one within-subjects variable TIME with
three levels (BL, 3 and 6 months). The test of the hypotheses hinged on the GROUP by
TIME interaction as an indication of group differences in the variable of interest over
time. A given hypothesis was supported by the finding of a statistically significant
GROUP by TIME interaction, and the finding that the means are in the hypothesized
direction. Multilevel modeling, using PROC MIXED, provided separate estimates of the
means for each variable by time and treatment groups. This method allowed to control for
attrition. The linear model was fit using restricted maximum likelihood estimation with
an appropriate form for the variance-covariance among the repeated measures.
Covariates for each hypothesis were selected based on literature documentation of
relationships and performance of the data and relationships within this study. The
advantages of using PROC MIXED is that the mixed model is capable of handling
missing data through the use of restricted maximum likelihood estimation, retaining
subjects in the analysis and preserving sample size, and can accommodate covariates as
defined in the model. Following the mixed model analysis, Tukey’s posthoc comparisons

were used to assess change over time in the two groups.
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Specific Aim1: Examine the effects of AEX on ASC methylation in persons with heart

failure.

H1: Persons with HF, who participate in an AEX intervention, will have increased ASC
methylation as compared to attention-control after a 3-month AEX intervention. RQ1:
Avre intervention effects on ASC methylation sustained 3 months after completing the
AEX intervention? Multilevel modeling (PROC MIXED) was used to test group
differences in mean changes in ASC methylation from BL to 3 months (H1) and from 3

months to 6 months (RQ1).

Specific Aim2: Examine the relationship of ASC methylation and inflammatory
cytokines in persons with HF.

H2: Increased ASC methylation will be related to decreased plasma IL-1p, IL-18, TNFa
and with decreased INOS mRNA expression in persons with HF. Linear regression
analysis was used to determine significant relationships between changes in ASC
methylation and changes in plasma IL-1p, IL-18, and TNFa and with changes in iNOS
MRNA expression.

RQ2a: Does increased ASC methylation, in response to AEX intervention, affect the
ratio of proform IL-18 mRNA to plasma IL-18? Linear regression analysis was used to
determine significant relationships between ASC methylation and the IL-18 mRNA-
plasma IL-18 ratio.

RQ2b: Does increased ASC methylation have a mediating effect on changes in
circulating IL-1p and IL-18 in persons with HF? Mediation analysis using PROCESS

macro was performed to examine the indirect effects of increased ASC methylation on
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the relationship between cytokines at baseline and 3 months. Because the sample size is

underpowered to run a full mediation analysis, this research question was designed to be

exploratory.

Exploratory Aim: Examine the relationships between levels of ASC methylation,

plasma IL-1p, and plasma IL-18 with aerobic capacity, as measured by peak VOo, in
persons with HF. Correlation and multiple linear regression analysis were used to
examine significant relationships between levels of ASC methylation, plasma IL-1p and

plasma IL-18 with peak VO2 at BL and at 3 months.

Summary

HF is the leading cause of morbidity and mortality in the world, with a prevalence
that is projected to increase over time.% The economic burden of outpatient and inpatient
HF care is increasing in step with the increasing prevalence,® heightening the need for
effective HF therapies. The role of exercise in HF may prove to be a more important part
of HF management than currently realized. Examining molecular targets implicated in
the pathological disease processes of worsening HF are vital to our understanding of
exercise therapy in HF. Furthermore, uncovering novel molecular pathways in HF that
can be modified by aerobic exercise may provide us with therapeutic targets for future

HF interventions.
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Abstract

Patients with heart failure continue to suffer adverse health consequences despite
advances in therapies over the last two decades. Identification of novel therapeutic targets
that may attenuate disease progression is therefore needed. The inflammasome may play
a central role in modulating chronic inflammation and in turn affecting heart failure
progression. The inflammasome is a complex of intracellular interaction proteins that
trigger maturation of pro-inflammatory cytokines interleukin-1beta and interleukin-18 to
initiate the inflammatory response. This response is amplified through production of
tumor necrosis factor o and activation of inducible nitric oxide synthase. The purpose of
this review is to discuss recent evidence implicating this inflammatory pathway in the

pathophysiology of heart failure.
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The syndrome of heart failure (HF) results from various structural or functional
impairments in cardiac function leading to an inability to maintain cardiac output at
normal filling pressures.!> HF remains a major cause of morbidity and mortality in the
United States and is the leading cause of hospitalization among individuals over age 65,
leading to costs of care exceeding 31 billion dollars annually.® Over the past two decades,
advances in pharmacological and device therapies for HF have significantly improved
prognosis for HF patients with low ejection fraction, however, the overall prognosis
continues to be poor for these patients with mortality rates approaching 50% in 5 years.*
Therefore, attenuating HF disease progression remains an important goal. Identification
of novel pathways and effectively intervening on potential therapeutic targets may slow
HF disease progression. It is known that HF is associated with a low-grade chronic
inflammation leading to adverse cardiac remodeling.® In this review, we discuss advances

and recent evidence regarding the inflammatory pathway in the pathophysiology of HF.

Importance of Inflammation in Heart Failure

Studies with ACE inhibitors, beta-blockers, and aldosterone antagonists all
showed benefit in HF patients with low ejection fraction.® However, the persistent high
risk for mortality among these patients suggest that neurohormonal activation does not
fully explain HF progression. Inflammatory cytokines, such as tumor necrosis factor
alpha (TNFa), interleukin 1 (IL-1) and 6 (IL-6), and C-reactive protein (CRP) are all
increased in HF and their levels are related to HF severity and prognosis.” These

cytokines are thought to modulate myocardial remodeling, myocyte hypertrophy and
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apoptosis, decreased contractility, increased fibrosis, and other adverse structural
changes.®1% These findings have led to the “cytokine hypothesis” of HF progression.’
Originally it was felt that inflammatory cytokines in HF represents an epiphenomenon,
however, recent evidence is suggestive of its mechanistic role.!! Initial HF studies
focused on individual cytokines, however, uncovering pathophysiological processes of
myocardial remodeling requires further study of the inflammatory pathways and the

underlying mechanisms of cytokine activation.

Danger-associated molecular patterns (DAMPS)

Sterile inflammation in HF is initiated by danger-associated molecular patterns
(DAMPs), which are host-derived molecules indicative of cellular damage and has been
shown to modulate irreversible myocardial changes, such as fibrosis, apoptosis and
hypertrophy.*?* Proposed mechanisms of DAMP formation in HF include
mitochondrial dysfunction, cellular death, ischemia, cardiac load and oxidative stress.'>*°
Mitochondrial dysfunction and necrotic or apoptotic cardiomyocyte death lead to the
release of cellular components such as nuclear and mitochondrial nucleic acids,
extracellular ATP, protein aggregates, and other debris.*>!® Transient ischemia and
reperfusion injury, myocardial under perfusion, and other sources of oxidative stress lead
to the production of reactive oxygen and nitrogen products, which are powerful DAMPs
associated with ventricular remodeling.>?° Increased ventricular filling pressures, cavity
distension, congestion, shear stress, and other alterations in loading leads to myocardial
injury. Byproducts of this injury are detected by myocytes and immune cells as DAMPs

and lead to an accelerated sterile inflammation in HF.1"'1® The inflammatory response
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amplifies the production of DAMPs, resulting in a positive-feedback loop accelerating
HF pathophysiology.'® Increased cardiac pressure and poor pump function directly
trigger activation of inflammatory cells, such as peripheral monocytes, which aggregate
in the heart and are released into circulation.*®® Activated inflammatory cells release
pro-inflammatory cytokines, such as TNFa, which magnify the inflammatory process and

contribute to fibrotic changes in the myocardium and progressive remodeling. 14192122

NLRP3 Inflammasome

DAMP-activated inflammation occurs via the NLRP3 inflammasome, a complex
of intracellular interaction proteins that recognize DAMPs and triggers maturation of pro-
inflammatory cytokines to initiate and amplify the inflammatory response.?*% The
inflammasome is composed of a NOD (nucleotide binding oligomerization domain)-like
receptor, ASC (apoptosis-associated speck-like protein containing a caspase recruitment
domain), and pro-caspase-1 (Figure 1).26-2 The activated inflammasome cleaves pro-
caspase-1 into the active enzyme caspase-1.2° Caspase-1 in turn activates IL-1 family
proinflammatory cytokines IL-1p and IL-18, by cleavage of pro-IL-1p and pro-IL-18 into
active forms.?#30-32 Thys, the inflammasome is a powerful mediator of the immune
response via caspase-1 activation of IL-1p and IL-18. The NLRP3 inflammasome can
also induce pyroptosis in a caspase-1-dependent manner.?” Loss of cardiomyocytes via
pyroptosis reduces contractile reserve leading to HF progression. In addition, as
cytosolic components are released with pyroptosis, extracellular ASC becomes a danger
signal and functions to initiate further inflammasome formation. ASC in extracellular

space continues to activate caspase-1, propagating the inflammatory cascade.®
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Inflammasome Activation: Both exogenous (pathogens, toxins) and endogenous
(DAMPs) molecules activate NLRP3 inflammasome.?8343 Inflammasome formation
and activation requires two signals: a priming and an activating signal.*® First, danger
signals (DAMPs) activate the transcription factor NF-kB, leading to the production of
NLRP3 and pro-IL-1f (Figure 1).3* Other components of the NLRP3 inflammasome
pathway (ASC, pro-caspase-1, and pro-1L-18) are readily available in steady state.?®
While the definitive mechanism of NLRP3 inflammasome activation has yet to be
uncovered, proposed mechanisms include cation movement (such as K* efflux or Ca2*
influx), mitochondrial membrane dysfunction, frustrated phagocytosis, production of
reactive oxygen species, and direct binding of oxidized mitochondrial DNA to NLRP3
itself.282936:37 This two-step process likely represents a regulatory checkpoint in
inflammasome activation. Assembly of the inflammasome occurs when the N-terminal
pyrin domain (PYD) of NLRP3 interacts with the PYD of ASC in a homotypic fashion,
leading to recruitment and activation of caspase-1 (Figure 1).1422233¢ Fyrther work is

needed to elucidate mechanisms of inflammasome activation in HF.

NLRP3: NLR family, pyrin domain-containing 3 (NLRP3, aka NALP3 or cryopyrin) is a
pattern recognition receptor (PRR) implicated in the pathogenesis of inflammation in
chronic disease.®® NLRP3 transcription is regulated by nuclear factor kB (NF-kB) in the
presence of a danger signal, e.g. DAMPs. NLRP3 is made up of 3 functional domains: C-
terminal leucine-rich repeats (LRR) with regulatory function, a NACHT domain that has

ATPase activity, and PYD that serves as a death-fold domain.?>*°*® NLRs are believed
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to play a role in the cytosol analogous to that of the toll-like receptors (TLRS) in the
plasma membrane. Like other NLR family receptors, NLRP3 functions to guard the
intracellular environment to maintain homeostasis.?” NLRP3 differs from other nod-like
receptors in that physiological expression levels are not sufficient for inflammasome
activation. NLRP3 expression is up regulated via NF-«B upon the sensing of a danger
signal. NLRP3 functions as both an intracellular PRR, surveying the cytosol for danger
signals, and as a platform protein in inflammasome formation, initiating an inflammatory
response.?” NLRP3 is expressed in a number of cells, e.g. leukocytes, myocytes, and
cardiac fibroblasts.®® NLRP3 knockout mice have smaller areas of infarct in an
experimental model of acute myocardial infarction;® constitutively active NLRP3 leads
to uncontrolled activation of the inflammasome.® There is no evidence of transcriptional

control of NLRP3 to date.

ASC: ASC is a vital component of the inflammasome and functions to recruit caspase-1
to the inflammasome complex.>123140° ASC is necessary for activation of pro-caspase-1
into caspase-1, which in turn is necessary for activation of IL-1 family cytokines, such as
IL-1B and I1L-18.512 ASC deficiency lessens inflammatory response to ischemia-
reperfusion injury in the myocardium.** ASC plays a vital role in the activation of the

inflammasome and in the inflammatory response to danger signals.

Caspase-1: Caspase-1 is a cysteine protease that function as an effector protein in
NLRP3 inflammasome. Caspase-1 is produced by the cell as a zymogen, pro-caspase-1,

which undergoes autocatalysis for activation upon a homotypic interaction with the
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CARD domain on ASC.%"4% Activated caspase-1 is involved in the recruitment of innate
immune cells to sites of inflammation, induces pyroptosis, and is the primary activator of

IL-1pB and IL-18.

Interleukin-1p and Interleukin-18: IL-1B is a pro-inflammatory cytokine and plays a
role in cellular activities such as cell proliferation, differentiation and apoptosis *42, IL-
1B induces calcium leakage from the sarcoplasmic reticulum in myocytes, impairing
cardiac contractility 44, IL-1p stimulates nitric oxide production, as evidenced by a
corresponding increase in circulating inducible nitric oxide synthase (iNOS), leading to
cardiomyocyte apoptosis and tissue remodeling #44°. IL-1p is increased in HF and is
associated with poor exercise tolerance and with remodeling after ischemia-reperfusion
injury 1444 Modulation of IL-1 attenuates myocardial enlargement and ventricular

dysfunction “°.

IL-1P is produced as a precursor protein in response to an inflammatory stimulus,
while I1L-18 is constitutively expressed as a biologically inactive precursor molecule
lacking a signal peptide. “+4>4" Both proform IL-1p and proform IL-18 require caspase-1
dependent proteolytic cleavage for activation.*”*® Increased 1L-18 levels are correlated
with functional class and mortality in HF.*® 1L-18 is increased during acute HF and
remains elevated after discharge. ° In the non-failing myocardium, 1L-18 is found in
precursor form; in contrast, in the failing heart it is almost completely processed to active

form. 8 IL-18 induces the production of TNFa. 40 While the inflammatory squelae of
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IL-18 in have been investigated; modifiable pathways that increase IL-18 production in

HF are not well studied.

Inducible Nitric Oxide Synthase: Reactive nitrogen species (RNS) are molecules
derived from a small uncharged molecule NO-, primarily produced by nitric oxide (NO)
synthases, such as iNOS.1"** While physiological levels of RNS are vital in the
maintenance of vascular and cardiac cell function, excessive levels lead to toxicity and
become highly reactive with other radicals.>! Excessive RNS levels lead to oxidative
stress, an imbalance of free radical generation and detoxification.* Oxidative stress is
involved in the onset and progression of HF. Oxidative stress decreases cardiac
contractility, myocardial Ca®* regulation and mitochondrial function; the reactive species
peroxynitrite has been shown to decrease myocardial contractility and disrupt the
mitochondrial inner membrane in HF.%! Nitric oxide synthases are enzymes that catalyze
the production of NO.5! iNOS produces NO, which is a key mediator in modulating
microcirculatory changes and leukocyte-endothelial interactions 2%°! Over expression of
implicated in the pathogenesis of HF.1"8 While NO may be cardioprotective in some
forms, NO specifically produced by iNOS leads to myocardial injury.*® 1L-1B is a
powerful inducer of iNOS production.”® 1L-18 has been shown to induce iNOS
overexpression and the subsequent release of NO in the inflamed pancreas,> however the
relationship of IL-18 and iNOS production has not been studied in HF. The proposed
NLRP3 inflammasome pathway links ASC methylation with decreased circulating I1L-1p

and IL-18 and subsequent decreased iINOS mRNA expression in persons with HF.
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Tumor necrosis factor-alpha: TNFa is a pro-inflammatory cytokine that is not
expressed in healthy myocardium. 2 Animal models have demonstrated that increased
circulating TNFa stimulate myocyte hypertrophy and remodeling.® TNFa has negative
inotropic effects by decreasing intracellular Ca* release.’*?? In addition, TNFa directly
induces cardiomyocyte hypertrophy and apoptosis.®>3>* Increased circulating TNFa is

correlated with worsening HF, poor prognosis and sudden death.8>3

NLRP3 Inflammasome in Cardiac Remodeling

The work examining the inflammasome in cardiac remodeling and repair has
primarily focused on fibroblasts, which comprise up to two-thirds of cells in cardiac
tissue.!* The NLRP3 inflammasome in the myocardial fibroblast is the initial sensor of
DAMPs after myocardial injury, and thus is primarily responsible for the initiation of the
inflammatory response in injured cardiac tissue. Fibroblasts have been shown to activate
the inflammasome via reactive oxygen species and K+ efflux after myocardial ischemic
injury. 145

Fibroblasts are able to withstand oxidative stress and thus are able to respond to
hypoxia and initiate a hypoxic immune response. In the face of hypoxia, fibroblasts
develop an inflammatory and fibrogeneic phenotype, leading to increased cytokines,
inflammatory cell infiltration, myofibroblast transdifferentiation, and increased collagen
production.}*% Ischemic insult leads to ROS and K+ efflux, which activates the
inflammasome in the fibroblast. The activated inflammasome produces IL-1p, which
activates the initial immune response. The inflammatory fibroblast releases chemokines

that recruit macrophages and neutrophils to the site of insult. These recruited leukocytes
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also contain inflammasomes that release IL-1p and IL-18, further propagating the
inflammatory response after ischemic insult or injury. Thus, the cardiac fibroblasts play
a central role in the initiation and enhancement of myocardial injury after ischemia.

NLRP3 plays a role in cardiac fibroblast differentiation through the NACHT
domain, independent of inflammasome formation. In cardiac fibroblasts, NLRP3 was
found to localize to mitochondria as a regulator of mitochondrial ROS (mROS)
production and augment R-Smad signaling, ultimately leading to profibrotic gene
expression.>®

Using a calcineurin transgene mouse model of inflammatory and hypertrophic
cardiomyopathy, Bracey et al.}? demonstrated that the inflammasome, via IL-1pB
activation, plays a role in pyroptosis during the development of HF and has direct effects
on Ca2+ homeostasis, myocardial contractility, and excitation-contraction coupling.
NLRP3 can also play a role in myocardial death in an inflammasome-independent
manner; in cardiomyocytes, the NLRP3 inflammasome can lead to loss of myocardium
by pyroptosis, independent of IL-1p.%3

In a sample of patients with acute myocarditis, more inflammasome-containing
leukocytes were found in myocardial tissue of persons with reduced EF (<40%) and those
with more severe HF, as categorized by NYHA Class I11 and IV, than others.>” While
this is merely associative, and does not demonstrate causality, the continued presence of
increased inflammasome formation in injured and stressed myocardium suggests a
mechanistic role in the pathogenesis and worsening of HF. Although the NRLP3
inflammasome is implicated in the development of HF, the mechanisms of adverse

myocardial remodeling are not completely understood. Further work to elucidate the
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mechanisms of myocardial remodeling and repair in the pathogenesis of and worsening
of HF are warranted.
Mechanisms of Myocardial Epigenetic Regulation

The primary epigenetic mechanisms linked to the pathogenesis of HF are
chromatin modifications, histone modifications, DNA methylation, and microRNAs
(miRNA). These epigenetic mechanisms control key processes such as cardiomyocyte
hypertrophy, fibrosis and cardiac failure. Several studies have focused on genome-wide
mapping of global epigenetic differences between HF and healthy controls,*®%° which
have led to the discovery of several mechanisms and pathways of myocardial epigenetic
regulation in HF. Epigenetic changes in promoter regions of p53 response elements, such
as complete demethylation of p21 or complete methylation of cyclin D1, are related to
cell cycle arrest and have been implicated in the development of diabetic
cardiomyopathy.®! Altered Dicer expression modulates cardiac function and cardiac
electrophysiology through disturbed ion channel function, presumably through altered
miRNA expression.®? Several genes related to angiogenesis, including PCAM1, are
differentially methylated in HF, suggesting epigenetic regulation of the angiogenic
process during HF pathogenesis.®?> Changes in histone deacetylases, such as loss of
HDAC1 and HDAC2 in cardiac tissue, lead to in arrhythmias and HF.%

Pathogenic cardiac remodeling leading to HF is characterized by a re-activation of
fetal programming genes and a repression of adult genes.®* At the onset of HF,
reprogramming of gene expression leads to changes in gene expression, including
downregulation of a-MHC (major histocompatibility complex) and SERCA

(sarcoplasmic reticulum Ca2+ ATPase) genes and reactivation of the fetal cardiac genes,
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ANF (atrial natriuretic factor) and BNP (B-type natriuretic peptide). This reprogramming
causes structural and electrophysiological changes that lead to HF.%® In a model of
pressure overload-induced HF, histone acetylation and chromatin modifications led to
transcriptional reprogramming and fetal gene expression. These modifications resulted in
the de novo synthesis of contractile and structural proteins, and ultimately cardiac
hypertrophy.5

While epigenetic regulation of the myocardial changes implicated in the
pathogenesis of HF have yet to be linked to inflammasome formation, increased
circulating IL-18 had been shown to lead to epigenetic changes in the chromatin of ANF
and MyHC (myosin heavy chain) genes. These chromatin changes are associated with
cardiac hypertrophy via upregulation of B-MyHC and down regulation of a-MyHC,
indicative of fetal reprogramming.®4%” Expression of a vital regulatory component of the
NLRP3 inflammasome, ASC, is controlled through epigenetic modification via DNA
methylation. ASC methylation is inversely correlated with ASC protein expression and is
silenced by overexpression of DNA methyltransferase.®®3" Hypermethylation leads to an
inactive state in which no ASC protein is expressed, while complete demethylation
induces apoptosis via p53 and TRAK activation.® Thus, inflammasome formation and
activation may be reduced via increased ASC methylation. ASC expression increases
with age,®” while moderate intensity aerobic exercise increases ASC methylation.?*
However these exercise-induced epigenetic changes have not been correlated with
circulating cytokines, such as IL-1p or IL-18, nor has ASC methylation been assessed in

persons with HF.
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Attempts to Modulate Inflammasome

Strategies to alter inflammasome function in mice, such as genetic knockouts of
inflammasome proteins and interleukin-1p, binding circulating proteins (e.g., IL-1 Trap),
IL-1 receptor antagonist (e.g., anakinra), and siRNA silencing, have demonstrated
reduced ventricular remodeling in myocardial infarction-induced or ischemic models of
HF. Preliminary studies using anakinra post ST-segment elevation myocardial infarction
in humans reduced the incidence of subsequent HF,24?°> demonstrating that a reduction in
IL-1 activity decreases ventricular remodeling. A two-week treatment with anakinra
improved peak VO2 in persons with HFpEF in the absence of an exercise intervention.**
A recent trial of an intermediate substrate in the synthesis of glyburide (16673-34-0)
demonstrated inhibition of NLRP3 in a mouse model of acute myocardial infarction.%®
IL-18 binding protein (IL-18BP) has been shown to prevent systolic dysfunction in mice
treated with plasma from decompensated HF patients.®® Use of IL-18BP in rheumatoid
arthritis (RA) treatment demonstrated only mild to moderate adverse events.”® Anti-1L-
18 antibodies are currently under investigation for treatment of type Il diabetes mellitus,
and may prove to be an effective therapy for HF. Because IL-1 family cytokines are
important in innate immune processes, such as fever, treatment with IL-18 antibodies
may be an important component of reducing deleterious inflammatory processes initiated
by inflammasome activation with less immune suppression.

The main translational focus of immune modulation in HF has been on cytokine
proteins, however, clinical trials targeting pro-inflammatory cytokines, such as anti-
TNFa therapy, have yet to demonstrate improvements in HF outcomes and, in some

cases, have proven to be harmful 164> Efforts at immune modulation using disease-
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modifying agents of rheumatoid diseases (DMARDS), such as anakinra and methotrexate,
have demonstrated improvements for chronic inflammatory diseases, such as rheumatoid
arthritis, gout, and recently post-infarction HF.1® Potent anti-inflammatory therapy, anti-
TNFa in particular, has a risk for infection.'® Treatment of gram-positive sepsis with
anti-TNFo therapy had a higher mortality rate than those not receiving treatment.”* In
contrast, treatment of IL-1 receptor antagonist for sepsis demonstrated treatment safety
and dose-dependent efficacy with increased survival and decreased 1L-6 and cytokine
expression.” While trials in RA with anakinra demonstrated increased risk of upper
respiratory infections, it should be noted that participants also took other immune
suppressing drugs, including NSAIDs, corticosteroids, and other DMARDs. In fact,
those who took anakinra without corticosteroids had a lower infection rate than
participants not taking corticosteroids.

A large anti-cytokine study, The Canakinumab Anti-inflammatory Thrombosis

Outcomes Study (CANTOS, www.thecantos.org), is currently examining if IL-1p

inhibition via canakinumab, an IL-1p neutralizing monoclonal antibody, leads to
decreased rates of recurrent MI, stroke, and cardiovascular death in persons with
coronary artery disease and increased CRP. This study will enroll 17,500 participants
who are post-AMI and have persistently elevated CRP.” Preliminary analysis of 556
participants examined the relationship between inflammation and atherosclerosis, and
found that treatment with canakinumab decreased CRP over placebo, with no group
differences in clinical adverse events.”* This study may reveal a new approach to

preventing ischemic HF through dampening the effects of inflammasome activation.


http://www.thecantos.org/
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Anti-cytokine therapy may decrease cytokine levels below the physiologic levels needed
for myocardial repair. Alternative methods, such as epigenetic regulation of inflammatory
response and targeting upstream components of the signaling cascade have been
proposed® however no trials in humans have been reported to date. The NLRP3
inflammasome has been shown to contribute to the development of HF after myocardial
infarction.® ASC is a key component of the NLRP3 inflammasome and is necessary for
caspase-1 mediated activation of IL-1p and IL-18. Inflammation in HF can be regulated
by ASC methylation (Figure 2). This pathway is important to our understanding of the
pathological processes behind myocardial remodeling in HF as our current understanding

does not distinguish the individual contributions of the cytokines involved.

Future Directions

Historically anti-inflammatory therapies, e.g. NSAIDs and TNFa inhibitors
infliximab and etanercept were not beneficial in HF.84* While recent trials with other
DMARDs, e.g. anakinra, have demonstrated prevention of remodeling post infarction, the
over benefit of anti-inflammatory therapy in HF is unknown.?4?® Anti-inflammatory
therapy can lead to compromised host defense or amplification of inflammatory
processes due to the many redundancies.!® Further exploration of drug therapy that
targets the inflammasome is needed. One new drug, 16673-34-0 was found to inhibit
inflammasome formation post infarction in a mouse model.%
It is possible that epigenetic regulation of ASC activation in HF could dampen adverse
inflammatory processes without disrupting cellular and tissue homeostasis. The

involvement of the inflammasome components in various pathways makes finding
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specific inflammasome targets a challenge as it may lead to unintended consequences.
For example, by suppressing NALP3 function, it may be possible to also remove an
important intracellular surveyor of danger signals. Some degree of inflammation is
necessary for proper healing after insult or injury. The study by Nakajima et al.3!
demonstrated an increase in ASC methylation in older healthy adults after a moderate
intensity aerobic exercise program. This study found that ASC methylation decreases
with age and that these changes can be modified with moderate intensity aerobic exercise.
While this study did not examine inflammatory markers related to levels of ASC
methylation, regular aerobic exercise may prove to be an effective non-pharmacological
modulator of inflammasome activation in HF.

A two-week treatment with anakinra, an IL-1 receptor antagonist, improved peak
exercise oxygen consumption in HF in the absence of an exercise intervention.** Thus,
aerobic capacity in HF may be related to increase circulating inflammatory cytokines and
aerobic exercise reduces inflammatory cytokines. But the effect of aerobic exercise on
ASC methylation and 1L-18 in HF has not been previously examined. Aerobic exercise-
induced ASC methylation may be a non-pharmacologic method of inflammasome

modulation leading to decreased inflammation and improved outcomes in HF.

Conclusion

Attenuating HF disease progression by way of dampening inflammatory process
is an ongoing area of intervention research with much promise. Considering the poor
prognosis for HF patients, identification of novel inflammatory pathways and effectively

intervening to slow HF progression is an important goal for HF research. Anti-
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inflammatory drug therapy can lead to compromised host defense or further amplification
of inflammatory processes due to the many redundancies and compensatory responses
built into this complicated defense system. Targeting specific inflammatory pathways,
such as NLRP3 activation, may provide a more precise approach to reducing deleterious
inflammation in HF while leaving some innate host defense intact. Further research on

targeting the NLRP3 inflammasome in HF patients is warranted.
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Figure 2.1: The NLRP3 Inflammasome NLRP3 inflammasome is comprised of three
proteins: NLRP3, ASC and pro-caspase-1. NRLP3 has three domains: leucine-rich
repeats (LRR), NACHT domain, and a PYD domain. The adaptor protein ASC pairs with
NLRP3 via PYD domains and with pro-caspase-1 via CARD domains. DAMP (danger-
associated molecular patterns) activation via LRR triggers transcription of NLRP3 and
pro-1L-1B. The fully assembled NRLP3 inflammasome activates caspase-1, leading to

the activation and release of IL-1p and IL-18.
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Abstract
Background: Aerobic capacity, as measured by peak oxygen uptake (VO>), is one of the
most powerful predictors of prognosis in heart failure (HF). Inflammation is a key factor
contributing to alterations in aerobic capacity, and interleukin (IL)-1 family cytokines
(IL-1pB and IL-18) are implicated in this process. The adaptor protein ASC (apoptosis
associated speck-like protein containing a caspase recruitment domain) is necessary for
inflammasome activation of IL-1p and IL-18. ASC expression is controlled through
epigenetic modification, and lower ASC methylation is associated with worse outcomes
in HF.
Purpose: To examine the relationships between ASC methylation, IL-1p, and IL-18
with peak VO in persons with HF.
Methods: This cross-sectional study examined the relationship between ASC
methylation and inflammatory cytokines (IL-1p, IL-18) with peak VO in 54 stable
outpatients with HF on optimal medical therapy. All participants were NYHA class Il or
I11, not currently engaged in an exercise program, and physically able to complete a
symptom limited modified Balke exercise treadmill test.
Results: Participants were 59+ 10 years of age, 52% female, and 59% African
American. Mean peak VO, was 16.68 + 4.7 ml/kg/min. Peak VO, was positively
associated with mean percent ASC methylation (r=.47, p=.001) and negatively associated
with IL-1B (r=-.38, p=.007). A negative association was found between peak VO2and IL-
18 (r=.4, p=.044) only among those with reduced ejection fraction (<40%). Multiple
linear regression models controlling for left ventricular ejection fraction and gender

demonstrated that peak VO2 increased by 2.73 ml/kg/min for every 1% increase in mean
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ASC methylation and decreased by 2.15 ml/kg/min for every 1 pg/mL increase in plasma
IL-1P.

Conclusions: Mean percent ASC methylation and plasma IL-1p levels are associated
with clinically meaningful differences in peak VO in persons with HF. Inflammasome
activation may play a mechanistic role in determining aerobic capacity. ASC
methylation is a potentially modifiable mechanism for reducing the inflammatory
response, thereby improving aerobic capacity in HF. Future research examining
modification of ASC expression, such as exercise interventions that increase ASC

methylation, may improve aerobic capacity in persons with HF.
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Introduction

Reduced exercise capacity is a characteristic symptom of heart failure (HF), and
is accompanied by dyspnea, fatigue, and muscle weakness, even during low-intensity
exercise.? This exercise intolerance is associated with reduced aerobic capacity and low
ventilatory efficiency, leading to decreased functional capacity and poor quality of life.??
Clinical evaluation of aerobic capacity in HF is measured by peak oxygen uptake (VO2),
a measure of oxygen consumption during a maximum effort treadmill test, and is a strong
prognostic indicator of decompensation and mortality.*° Aerobic capacity is a well-
established and powerful predictor of prognosis in persons with HF.®

Aerobic capacity is determined by the integrity of the cardiovascular, respiratory,
and skeletal muscle systems, all of which are diminished in HF.1"° Inflammation
negatively affects cardiac, respiratory, and skeletal muscle pathophysiology.®? Chronic
inflammation and increased circulating cytokines contribute to the pathophysiology and
worsening of HF by altering cardiac structure and function.'® These inflammatory
cytokines also play a role in altering skeletal muscle function due to their catabolic
effects.’ In addition, chronic inflammation in HF leads to altered breathing patterns,
such as inspiratory muscle weakness.** Thus, inflammation is a key component of

pathophysiological changes that lead to decreased aerobic capacity in persons with HF.

Inflammation and Peak VO,

Aerobic capacity is negatively associated with inflammatory cytokines, in both
healthy populations and in disease states, such as HF.*> Further, changes in peak VO3 in

response to an intervention are accompanied by changes in systemic inflammatory
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cytokines, such as c-reactive protein (CRP).1>! A two-week treatment with the IL-1
cytokine blocker anakinra demonstrated a reduction in systemic inflammation and
improvement in peak VO in persons with HF in the absence of an exercise
intervention.!”® Thus, aerobic capacity in HF may be related to increased circulating IL-
1 family inflammatory cytokines.

The IL-1 family cytokines, IL-1p and IL-18, are activated by the inflammasome, a
complex of intracellular interaction proteins that triggers maturation of cytokines to
initiate and amplify the inflammatory response.?2® The inflammasome is composed of a
NOD (nucleotide-binding oligomerization domain)-like receptor, ASC (apoptosis-
associated speck-like protein containing a caspase recruitment domain), and pro-caspase-
1.2528 The activated inflammasome cleaves pro-caspase-1 into the active enzyme
caspase-1.2° Caspase-1, in turn, activates IL-1 family cytokines IL-1B and IL-18, by
cleavage of pro-1L-1p and pro-1L-18 into active forms.2430-32

The adaptor protein ASC recruits pro-caspase-1 to the inflammasome complex
and is necessary for caspase-1 mediated activation of IL-1p and I1L-18.1%22 ASC
expression is controlled by epigenetic modification via methylation of a CpG island in
the promoter region of exon 1.2-2® Increased methylation of ASC is associated with
decreased plasma IL-1p in persons with HF.%’

Higher percent ASC methylation and lower ASC mRNA expression are positively
associated with the six-minute walk test (6MWT) in persons with HF.2” Although the
6MWT has been shown to be a reliable submaximal measure of functional capacity,? a
measure of maximal aerobic capacity can provide better insight into the functional

capacity of an individual with HF. The purpose of this study, therefore, was to examine
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the relationships between ASC methylation, IL-1p, and 1L-18 with peak VO; in persons

with HF.

Methods
Study Design

This cross-sectional study examined the relationship between ASC methylation
and peak VO in stable outpatients with HF. Fifty-four participants were enrolled from 1

of 4 large urban tertiary-care hospitals that had multidisciplinary outpatient HF clinics.

Study Sample

Participants were screened for eligibility using electronic medical record review.
Inclusion criteria included: documented medical diagnosis of NYHA class Il or 11, aged
40-75 years; left ventricular ejection fraction (LVEF) >10% documented within the last
year by echocardiogram, cardiac catheterization ventriculography, or radionuclide
ventriculography; and receiving medication therapy for HF according to the American
College of Cardiology/American Heart Association recommendation guidelines,
including angiotensin-converting-enzyme inhibitors or angiotensin receptor blockers,
beta blockers, and diuretics for participants with reduced ejection fraction (LVEF <
40%)? for at least 8 weeks prior to study enrollment. Exclusion criteria included:
medical diagnosis of NYHA class | or IV; change in HF therapy within the previous 8
weeks; worsening HF symptoms within the last 5 days; unstable angina; renal
insufficiency (serum creatinine > 3.0 mg/dL); fixed rate pacemaker; uncontrolled

hypertension, involved in any structured exercise program or exercising 3 or more times
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per week for a minimum of 30 minutes; hospitalization within the previous 30 days; and
any disorder precluding an exercise treadmill test.

Severity of illness was controlled by limiting participants to NYHA class Il and
I11, who are more similar in response to exercise than class | and IV. In addition, severity
of illness was controlled by LVEF limitations (LVEF > 10%) and optimal medication
therapy for HF. The age range was selected to avoid confounding effects of age and
sarcopenia with the outcome, aerobic capacity; participants below the age of 40 years are
likely to have HF for other reasons than the majority of the general HF population.*
Older age (>75) is associated with reduced exercise capacity which may confound the
outcome measurement of peak VO,.3! In addition, persons over the age of 75 are at

higher risk for adverse events during exercise treadmill testing.*

Study Protocol

All studies were performed under research protocols approved by the Institutional
Review Boards of Emory University and participating institutions. Each subject was
informed of testing protocols and the potential risks and benefits of participation. All
participants provided written consent before participation. Blood samples were collected
in the morning after an overnight fast. Blood was collected in a vacutainer with EDTA,

separated into plasma and buffy coat, and stored at -80°C until analysis.

Measurements

Demographic and Clinical Data
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Sociodemographic and clinical variables included age, gender, race, medical
history, and medications, and were obtained from medical records and a self-report
questionnaire. The Charlson Comorbidity Index (CCI)*® was used to assess for other
chronic conditions. Height was measured with a standard stadiometer, without shoes and
recorded in centimeters. Weight was measured in kilograms using a calibrated scale with
the participant in light clothing, without shoes. Body mass index (BMI) was calculated
by the formula: BMI = (weight in kg)/(height in cm)?. Participants with LVEF <40%
were categorized as heart failure with reduced ejection fraction (HFrEF), and those with

LVEF >40% were categorized as preserved ejection fraction (HFpEF).%®

Six Minute Walk Test

The six-minute walk test (6MWT) was performed along a 30-meter marked level
hallway. Participants were asked to walk between two marked points using a
standardized protocol.?® The distance walked in meters over a measured 6-minutes was

recorded.

Cardiopulmonary Exercise Stress Test

Aerobic capacity was assessed using the modified Balke maximal symptom-
limited treadmill test3*% to determine peak oxygen consumption (peak VO,). The
treadmill test was performed on the same visit as the 6MWT, however participants were
allowed to rest for an hour after the 6MWT before beginning the treadmill protocol.
Continuous gas exchange (VMAX Spectra 29 CPET Instrument, Yorba Linda, CA),

telemetry, blood pressure, rating of perceived exertion, and oxygen saturation were
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assessed for each patient 1 minute before, continuously during exercise, and 4 minutes
after the exercise test according to American Heart Association guidelines.® The test
protocol was as follows: 0%incline at 2.0 mph on motorized treadmill for 3 minutes with
an increase in incline of 3.5% every 3 minutes for 18 minutes. At 18 minutes, speed
increased to 3.0 mph and incline decreased to 12.5%. No participants progressed beyond
this point. Participants who reached a respiratory quotient (RQ; VCO2/VO2) >1 at peak

VO, were considered to have attained anaerobic threshold.3®

ASC Methylation

Percent methylation of 7 CpG sites in the intron region of ASC was measured as
previously reported.?” In brief, genomic DNA from peripheral blood mononuclear cells
(PBMCs) was bisulfite treated and amplified by PCR followed by pyrosequencing for
methylation quantification.3” Methylation of 7 CpG sites in the promoter region of exon
1 were measured?’ and analyzed as mean percent methylation. The mean percent
methylation of the 7 CpG sites for each individual was calculated as the sum of percent

methylation of the CpG sites divided by 7.

Cytokines

IL-1P and IL-18 were analyzed from plasma that has been separated from
collected whole blood and stored at -80°C immediately after collection. Plasma
cytokines were measured in duplicate using commercially available ELISA Kits

(eBioscience). Plates were read on a BioTek microplate reader and analyzed using Gen5
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software. Curve fitting was selected among linear, quadratic and 4-point based on the

best regression coefficient.

Data Analysis

All data were reviewed for data entry errors, potential outliers, and missing data.
Clinical and demographic data were complete, and only participants who completed the
study protocol (blood draw, 6MWT, treadmill test, and physical examination) were
included in the analysis. Distributions were assessed for deviations from normality. I1L-
18 did not meet criteria for normality and was log transformed (LN) for statistical
analysis. However, non-transformed IL-18 values are presented in descriptive data.
Descriptive statistics were used to calculate means and standard deviations or percentages
for demographic and clinical data. Pearson correlation analysis was performed to
identify linear associations between variables and identify covariates for further analysis.
An unpaired Student’s t test was used to determine differences in measures between
demographic groups. Linear regression analysis was performed to examine linear
relationships between the dependent variable, aerobic capacity (as measured by peak
VO,), and the independent variables, ASC methylation and cytokines, controlling for
covariates. Linear regression analysis was performed using 2 models. Model 1 consisted
of the independent and dependent variables, without adjusting for covariates. Model 2
also included covariates (age, gender, LVEF, 6MWT, BMI and medications) based on
previous documentation and performance of the data and relationships within this study.

The variables included in the final model were selected using stepwise selection with an
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alpha set at 0.10 to minimize multicollinearity and choose the most parsimonious final

model. All analysis was performed using SPSS version 23.

Results

Patient Characteristics

Demographic and clinical data are presented in Table 1. Most participants (52%)
were female, and 59.3% were African American. LVEF ranged from 15 to 65%, and
63.0% of the participants had LVEF <40%. The most common comorbidities were
hypertension (N=36, 66.7%), dyslipidemia (N=30, 55.6%), depression (N=20, 37.0%),
and diabetes (N=19, 35.2%). One-third of participants (N=16, 29.6%) had a previous MI.
Age was positively associated with LVEF (r=.281, p=.044), and females had higher

LVEF as compared to males (38.23 + 14.9 vs. 29.44 + 13.6, respectively; t=2.26, p=.03).

Physical Measures

Six-minute walk test total distanced ranged from 168 — 492 meters, with 24.1%
(N=13) of participants walking < 300 meters, a level associated with mortality risk in
HF® (Table 2). Total treadmill time ranged from 1.8 — 18.3 minutes and peak VO,
ranged from 7.6 — 29.9 ml/kg/min. Males had higher treadmill duration and peak VO2 as
compared to females (Table 2). In addition, males had higher RQ than females (Table 2),
and a higher proportion of males met anaerobic threshold than females (42% vs 10%,
respectively). There was a negative association between 6MWT and age (r=-.46,

p=<.001). Peak VO, was positively associated with total treadmill time (r=.58, p=<.001),
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6MWT total distance (r=.29, p=.05), and negatively associated with LVEF (r=-.32,

p=.02) and BMI (r=-.31, p=.03).

ASC and Cytokines

ASC and cytokine data are presented in Table 3. Mean percent ASC methylation
ranged from 1.33 — 6.82 and was not associated with age (r=-.06, p=.69), gender (r=.04,
p=.81), or race (r=.19, p=.21). ASC methylation was negatively associated with IL-18
(r=-.44, p=.001), but not IL-18 (r=-.07, p=.64). IL-18 was lower among black
participants as compared to non-black participants (141.42 + 46.9 vs. 186.47 £ 59.8,
respectively; t=-3.15, p=.003).

Peak VO_ was positively associated with mean percent ASC methylation (r=.47,
p=.001) and negatively associated with IL-1p (r=-.38, p=.007). No association with
aerobic capacity and IL-18 was found. The sample was dichotomized into HFrEF (n=34,
63%) and HFpEF (n=20, 37%) to analyze differences in relationships among the outcome
variables in these clinically different groups. For those categorized as HFrEF, peak VO3
was positively associated with mean percent ASC methylation (r=.65, p<.001), and
negatively associated with IL-1p (r=-.49, p=.006) and I1L-18 (r=-.40, p=.044), controlling
for gender. Among those categorized as HFpEF, peak VO was associated with mean
percent ASC methylation (r=.76, p=.006) and IL-1p (r=-.45, p=.048), but not 1L-18, when
controlling for gender. The relationship between ASC methylation and IL-1 remained
significant for both HFrEF (r=-.60, p<.001) and HFpEF (r=-.74, p<.001).

A multiple linear regression was performed to predict peak VO based on mean

percent ASC methylation and plasma IL-1p levels, controlling for covariates (Table 4).
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The models demonstrated that peak VO2 increased by 2.30 ml/kg/min for every 1%
increase in mean ASC methylation and decreased by 1.91 ml/kg/min for every 1 pg/mL
increase in plasma IL-1p, adjusting for LVEF and gender. Gender remained a significant
predictor of aerobic capacity in both models, such that male gender contributed to 2.42
ml/kg/min and 2.62 ml/kg/min in the ASC and IL-1p models, respectively. A sub-
analysis was performed using only those participants who reached anaerobic threshold
(RQ > 1) to determine if these relationships remained significant among those who
performed maximal effort. Participants who reached anaerobic threshold (n=14, 26%)
during the treadmill test were mostly male (n=11, 79%). Linear regression analysis,
controlling for LVEF, was repeated with the 14 participants in the anaerobic threshold
sub-group. Because this was a mostly male population, gender was not included as a
covariate. Significant linear relationships remained between peak VO2 and ASC
methylation (B=11.14; 95% CI 3.93, 18.36; p=.006) and between peak VO, and IL-1p

(B=-2.02; 95% CI -4.46, -0.04; p=.021).

Discussion

This study demonstrated that the inflammasome pathway may impact aerobic
capacity in HF patients and serves to broaden our understanding of the biological
determinants of aerobic exercise capacity. Previously, we reported a positive linear
association between ASC methylation and 6MWT total distance in a different population
of persons with HF.2" Here, we show that ASC methylation is positively related to peak
VO,. In addition, IL-1B had a negative relationship with peak VO, suggesting the

inflammasome may play a mechanistic role in aerobic capacity in HF. Studies of short-
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term administration of IL-1 blockade (anakinra) were associated with an increase in
peak VO; in persons with both HFrEF® and HFpEF.*” Analysis of a small subset in the
HFrEF study (n=3) demonstrated a decrease in IL-1p with anakinra treatment.
However, this analysis was too small to determine statistical significance and was not
compared to changes in peak VO2. Nonetheless, the changes in peak VO after I1L-1p
blockade implicate this interleukin-1 family cytokine in the pathophysiology of decreased
aerobic capacity in HF.

Mean percent ASC methylation was 5.84 £ 0.78, which is similar to our previous
results in a different HF population.?’” The positive association of ASC methylation and
peak VO in this study adds a putative mechanism of epigenetic control of inflammatory
gene expression contributing to decreased aerobic capacity in HF. Increased ASC
methylation is associated with decreased ASC protein and mRNA expression in HF.?’
Further, decreased ASC protein expression is associated with decreased IL-1p in HF.?’

In this study, linear regression analysis revealed that mean percent ASC methylation and
plasma IL-1p levels are associated with clinically meaningful changes in peak VO in
persons with HF. Together, these data suggest inflammasome activation of IL-1p plays a
mechanistic role in physiological processes in HF.

The relationship between peak VO and IL-18 only in the HFrEF subset was
surprising, and may reflect the role of IL-18 in the pathophysiology of HFrEF.
Circulating IL-18 is significantly greater among those categorized as NYHA class IV as
compared to class Il and 111, in HFrEF as compared to HFpEF, and in decompensated HF
as compared to stable HF.2"4%%' However, studies examining IL-18 in HF have primarily

focused on post-ischemic ventricular changes or dilated cardiomyopathy related to
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systolic dysfunction. 1L-18 is regulated by an endogenous inhibitor, IL-18 binding
protein (IL-18BP), which inactivates 1L-18 when bound.*> Gene expression of IL-18, its
receptor IL-1Ra, and IL-18BP were found to be similar among persons with both mild
and severe dilated cardiomyopathy.** This suggests that alterations in the IL-18/IL-18BP
pathway occur early in the pathophysiological processes of HF, but are reflective of an
HFrEF phenotype. HFpEF is caused by multiple impairments, related to factors such as
diastolic reserve function, heart rate reserve, rhythm abnormalities, atrial dysfunction,
and stiffening of the ventricles and vasculature.***® The cellular changes in the
myocardium alter structure and function differently in HFpEF and HFrEF, leading to
different phenotypes.*” Thus, while inflammatory processes are upregulated in both
HFpEF and HFrEF, it is likely that specific inflammatory pathways differ. Overall,
studies comparing biomarkers of HFpEF and HFrEF are limited. Further examination of
changes in gene expression and signaling pathways may provide insights into the
pathophysiology and new targets for treatment in this poorly understood syndrome.
Increased ASC methylation was associated with decreased plasma IL-1B. No
association was found with ASC methylation and plasma IL-18. These findings are
similar to our findings in a previous study,?” and are likely indicative of redundancies in
function and activation of 1L-18.4¢ Unlike IL-1p, IL-18 is not involved in the acute phase
response and does not induce systemic inflammatory events, such as neutropenia and
fever.*% Monocytes can differentially secrete IL-18 or IL-1f, in response to specific
signaling, such as leptin.®* Further, while IL-1p activation is tightly regulated by the
inflammasome,>? IL-18 can be activated by non-canonical pathways (caspase-3 and Fas-

induced caspase-8) and is regulated by the endogenous inhibitor, 1L-18BP.48%35%¢ Thys,
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IL-18 may represent a common signal downstream of different inflammatory pathways,
and may occasionally function independent of IL-1p activity. Nonetheless, mechanistic
and tissue-level studies may provide more insight into this relationship.

IL-18 was higher among white participants in this HF population. This has been
reported previously in a population of persons with type 2 diabetes.>” Although no
mechanism for racial differences in IL-18 expression has been found, genetic and
anthropometric differences have been suggested.’ In HF, comorbidities and past
ischemic events may drive differences in levels of circulating IL-18. In this study of
persons with HF, a higher proportion of white participants had a previous history of
myocardial infarction (MI) and dyslipidemia as compared to AA/black participants.
Cardiac cells produce IL-18 in response to ischemia-reperfusion injury, and IL-18 is
higher in persons with ischemic cardiomyopathy as compared to those with dilated
cardiomyopathy.*® IL-18 is involved in the process of atherogenesis and is associated
with vascular events, although the mechanism has yet to be uncovered.>® Further work is
needed to determine the implications of these differences.

Gender differences in HF presentation have been previously reported.® In
particular, females with HF, tend to have higher LVEF and lower peak VO3 than males.>®
In this study, the effects of gender and LVEF on peak VO were accounted for in the
regression analysis. The relationships between ASC methylation and I1L-1 with peak
VO, remained significant when controlling for both gender and LVEF. Thus, ASC
methylation and I1L-1p appear to influence peak VO independent of gender and LVEF.

A previous study by Nakajima et al.®” found no relationship between ASC

methylation and VO2zmax in their study of healthy adults. This difference in findings



97

reported in the current study may be related to the pathophysiological and structural
changes that limit aerobic capacity in HF. In HF, aerobic capacity is measured as peak
VO, as opposed to the VO2zmax measurement in the healthy population. The measurement
of VOamax requires an individual to reach a plateau of maximum volume of oxygen used;
persons with HF are rarely able to reach and sustain this plateau. Peak VO is reduced
primarily by impaired cardiac output in both heart failure with reduced ejection fraction
(HFrEF) and preserved ejection fraction (HFpEF).? Other factors such as endothelial
dysfunction leading to vasoconstriction and decreased capacity for aerobic metabolism
contribute to the reduction in maximum oxygen uptake in HF.? These physiological
processes are amplified by a positive feedback loop of inflammation and may explain, at
least in part, the association between peak VO, and the inflammasome-related measures.
Further investigation comparing these relationships to age and gender matched healthy
controls is needed.

Increased cytokines in HF may contribute to the pathophysiology and disease
progression by altering cardiac structure and function. Inflammatory cytokines may also
contribute to peripheral alterations in vascular and skeletal muscle function. The
cardiovascular, respiratory, and skeletal muscle systems all influence aerobic capacity,?
and the individual contributions of pathophysiological changes in each system to
impaired aerobic capacity are difficult to discern. Here we show the relationship between
IL-1pB and peak VO in a systemic source (plasma), but further investigation into the
relationships and mechanisms of inflammatory cytokines in cardiovascular and skeletal

muscle tissue is warranted.
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Low aerobic capacity is a powerful predictor of premature morbidity and higher
mortality in HF,® and adding IL-1p levels may provide better prediction of adverse
outcomes in HF. Previously we demonstrated that ASC methylation, protein, and mRNA
expression are predictors of clinical events in HF.?” Taken together, this further
implicates the inflammasome pathway in the pathophysiological processes of HF.
Modification of inflammation via epigenetic modulation may be a novel target for
intervention in HF.

Moderate intensity aerobic exercise, such as a walking program, has been shown
to increase ASC methylation,” however these exercise-induced epigenetic changes have
not been correlated with circulating cytokines, such as IL-1p or IL-18, or assessed in
persons with HF. Aerobic exercise has been shown to be beneficial for most HF patients
by altering the deleterious peripheral and central mechanisms, such as inflammatory
cytokines, that contribute to HF exacerbations, worsened symptom severity, and poor
clinical outcomes.®®®* In addition, aerobic exercise reduces vascular resistance and
improves endothelial function as well as the oxidative capacity of peripheral muscles,
without worsening left ventricular remodeling.624% The HF-ACTION trial®® established
the safety and efficacy of moderate-intensity aerobic exercise in patients with stable HF.
Aerobic exercise has been shown to reduce inflammatory cytokines, but further studies
are needed to establish the effect of aerobic exercise on ASC methylation and IL-1p in

persons with HF.

Limitations
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This study was cross-sectional with a relatively small sample size of 54
participants. A larger study following changes in VO2 and ASC methylation over time
may shed more light on the dynamic relationship between these measures. Based on
analysis of individual respiratory quotient values at reported peak VO, a large proportion
of participants stopped the treadmill test before depleting their cardiac reserve. Thus, the
VO, values reported here may not reflect true maximal oxygen consumption. However,
due to the effects of inflammation on skeletal muscle dysfunction, and thus decreased
aerobic capacity, it is possible that these participants indeed reached peak cardiac reserve
exhaustion and IL-1p and ASC methylation are markers of this decreased capacity.

ASC methylation and cytokine analysis was performed using collected whole
blood. While peripheral blood mononuclear cells (PBMCs) and serum cytokine levels
are indicative of systemic inflammation, including cardiac and/or skeletal muscle biopsy
samples would provide more insight into localized inflammatory changes affecting
aerobic capacity. Further, healthy controls were not included in the study for

comparison.

Conclusion

Mean percent ASC methylation and plasma IL-1f levels are associated with peak
VO in persons with HF. This suggests inflammasome activation may play a role in
determining aerobic capacity in persons with HF. ASC methylation is a potentially
modifiable mechanism of reducing inflammation and improving functional capacity in

HF. Future research examining modification of ASC expression, such as exercise
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interventions that increase ASC methylation, may improve aerobic capacity in persons

with HF.
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Table 3.1. Demographic and Clinical Characteristics

Characteristic Mean + SD Range

N=54
Age (years) 59.46 £ 9.7 40-75
Ejection Fraction (%)  34.+14.8 15-65
BMI (kg/m?) 31.37+6.8 19.1-49.7
CClI 3.84+18 1-9
N %

Female 28 51.9%
African American 32 59.3%
HFrEF 34 63.0%
B-Blocker use 46 86.8 %
ACE inhibitor use 23 45.6%
ARB use 13 24.1%
Diuretic use 45 83.3%
Pacer/ICD Device 30 55.6%
College Education 27 50.0%

HFrEF = Heart failure with reduced ejection fraction
BMI = Body mass index

CCI = Charlson Comorbidity Index

ACE = Angiotensin converting enzyme

ARB = Angiotensin receptor blocker
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Table 3.2. Physical Measures by Gender (Mean = SD)

112

Measure 'Nl'(ztal Ferfales Mf\les p-value
=54 n=28 n=26
Peak VO, (ml/kg/min) 16.68 +4.7  1459+3.6 18.85+ 4.8 .001
Respiratory Quotient (VCO2/VO,)  0.95+0.1 0.89+0.1 1.01+0.1 <.001
Total Treadmill Time (minutes) 8.27+4.4 6.16 + 3.0 10.58 + 4.5 <.001
Six Minute Walk Test (meters) 3489+78.2 338.77+76.7 359.81+79.9 .33
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Table 3.3. ASC and Cytokines

Measure Mean + SD Range
ASC Methylation (%) 5.84 0.8 1.33-6.82
IL-1B (pg/mL) 1.72+0.8 0-5.18
IL-18 (pg/mL) 15849 +56.2  96.2—333.1

ASC = apoptosis associated speck-like protein with a caspase recruitment domain

IL = interleukin
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Table 3.4. Multivariate Analysis of Predictors of Aerobic Capacity

Aerobic Capacity (Peak VO2 ml/kg/min)

N=54 Model 1° Model 2°
Variable B B 95% ClI
Constant 0.44 4.35 [-4.41, 13.10]
:\/;l’ eﬁ_\f’y?ation 2.73" 2.30" [0.91, 3.70]
LVEF -0.78"  [-0.15, -0.002]
Gender' 2.42° [0.07, 4.76]
R? 22 40
F 12.90™ 9.72""
AR? 18
AF 6.54"
Aerobic Capacity (Peak VO2 ml/kg/min)
N=54 Model 1° Model 2¢
Variable B B 95% ClI
Constant 20.38™"  21.51™  [16.73, 26.29]
IL-1B -2.15™ 191"  [-3.32,-0.51]
LVEF -0.085™  [-0.17,-.004]
Gender' 2.62" [0.12,5.12]
R? A5 .35
F 8.47" 8.20°
AR? 20
AF 6.99"

ASC = apoptosis associated speck-like protein containing a caspase recruitment domain.

LVEF = left ventricular ejection fraction. Cl = confidence interval.

*p<.05, **p<.01 ***p<.001
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"Female is coded as 0.

dModel 1 is the direct effect of percent ASC Methylation not adjusted for covariates.
®Model 2 considered age, gender, six-minute walk test, and BMI covariates for inclusion
in the final model in addition to percent ASC Methylation: stepwise variable selection
used.

‘Model 1 is the direct effect of IL-1p not adjusted for covariates.

dModel 2 considered age, gender, six-minute walk test, and BMI covariates for inclusion

in the final model in addition to IL-1p: stepwise variable selection used.
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Abstract
Introduction: Inflammation contributes to heart failure (HF) progression and interleukin
(IL)-1 cytokines IL-1P and IL-18 are implicated in this process. The adaptor protein
ASC (apoptosis associated speck-like protein containing a caspase recruitment domain) is
necessary for inflammasome activation of IL-1f3 and IL-18. Lower ASC methylation is
associated with worse outcomes in HF.
Methods: Participants (N=54) were randomized to receive exercise intervention (n=38)
or attention control (n=16) for 3 months. Percent methylation of the ASC gene, plasma
IL-1B, and IL-18, and ASC mRNA and were obtained at baseline, 3 months, and 6
months.
Results: ASC methylation was higher in the exercise group as compared to control at 3
months (6.10+0.5% vs. 5.80+0.4%; p=.04) and 6 months (6.07+0.4 vs. 5.82+0.4; p=.04).
Plasma IL-1p was lower in the exercise group 3 months (1.43+0.5 pg/mL vs. 2.09+1.3
pg/mL; p=.02) and 6 months (1.49+0.5 pg/mL vs. 2.13+1.4 pg/mL; p=.004). In the
exercise group, ASC methylation was higher at 3 months as compared to baseline
(p=.009), and IL-1P was lower than baseline at both 3 (p<.001) and 6 months (p=.04).
ASC mRNA expression was negatively associated with ASC methylation at baseline (r=-
.97, p=.001), 3 months (r=-.90, p=.001), and 6 months (r=-.81, p=.001). ASC mRNA
was lower than baseline at 3 months (p=.004) and 6 months (p=.002) among those in the
exercise group.
Conclusions: Exercise was related to increased mean percent ASC methylation and
decreased IL-1p and ASC mRNA gene expression in HF. Epigenetic regulation of ASC

can be a biological mechanism by which exercise can promote better outcomes in HF.
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Introduction

Heart failure (HF) is a progressive, terminal illness with frequent decompensation
related to ventricular remodeling. Because HF remains a leading cause of morbidity and
mortality in the United States,!? identification of novel therapeutic targets that may slow
disease progression are urgently needed. HF results from any structural or functional
impairment of ventricular filling or ejection of blood and is associated with a chronic
sterile inflammation characterized by the formation and activation of a protein complex,
the inflammasome, which activates inflammatory cytokines that promote cardiac
hypertrophy and myocardial apoptosis.®>> The inflammasome is composed of a NOD
(nucleotide-binding oligomerization domain)-like receptor (NLRP3), apoptosis-
associated speck-like protein containing a caspase recruitment domain (ASC), and
caspase-1.58

Interleukin-1p (IL-1B) and IL-18 are pleiotropic, inflammatory cytokines
theorized to play a prognostic and mechanistic role in HF;°*2 increased levels have been
shown to significantly contribute to worsening HF severity and mortality.®'4*® IL-1B and
IL-18 increase during acute HF decompensation, suggesting a role in myocardial
dysfunction.* IL-18 induces the production of tumor necrosis factor-alpha (TNFa),!*
while IL-1B induces nitric oxide production (iNOS),® leading to worsening of
ventricular remodeling in HF. IL-1p and IL-18 are activated via caspase-1 dependent
proteolytic cleavage.'? Caspase-1 is recruited by an adaptor molecule, ASC, which leads
to IL-1B and IL-18 activation.’® Unlike NLRP3 and caspase-1, ASC has no known

independent activity outside of the inflammasome and is necessary for caspse-1
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activation.!” Thus, ASC availability is likely a limiting factor in inflammasome
activation.

ASC gene expression is epigenetically controlled by DNA methylation.!8:1°
Increased methylation of 7 CpG sites in the promoter region of exon 1 of the ASC gene is
associated with decreased ASC mRNA and protein expression.’® ASC methylation is
positively associated with six-minute walk test total distance and aerobic capacity in
HF.1°20 Increased ASC methylation has been shown to be higher in older adults who
participated in an aerobic exercise program as compared to controls.'® However, no
studies to date have examined changes in ASC methylation in response to an exercise
intervention in persons with HF.

Although no intervention studies targeting epigenetic changes with exercise in HF
have been reported to date, studies in healthy adults and adults with chronic diseases,
such as breast cancer and diabetes, have demonstrated that short-term and long-term
exercise interventions can result in genome-wide and gene-specific epigenetic changes.?!-
2> The 2013 American Heart Association recommendations for HF* include exercise as a
safe and effective non-pharmacological therapy that improves physical and psychological
function, reduces hospital readmission rates, lowers mortality in some studies, and
improves quality of life.26-28
Moderate exercise has been shown to reduce inflammation, and it has been suggested that
changes in inflammation with exercise is due to epigenetic changes.?®

The purpose of this study was to examine the effects of exercise on changes in
ASC methylation and activation of the interleukin-1 family cytokines IL-1p and IL-18 in

persons with HF. We hypothesized that: 1) persons with HF who participate in a 3-
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month aerobic exercise intervention will have increased ASC methylation at completion
of the intervention as compared to persons with HF in an attention-control group, and 2)
increased ASC methylation will be related to decreased plasma IL-1p, IL-18, and TNFa
and to INOS mRNA expression in persons with HF (Figure 1). Further, we investigated
if changes in ASC methylation, plasma IL-1p, IL-18, and TNFa were sustained 3 months

after completing the aerobic exercise intervention.

Methods
Study Design

This study was an exploratory sub-study of a 3-year randomized controlled
intervention feasibility study, as previously described.®® Fifty-four participants were
enrolled from 1 of 4 large urban tertiary-care hospitals that had multidisciplinary
outpatient HF clinics. Participants were randomized to receive an exercise intervention
(n=38) or attention control (n=16) for 3 months. Participants were followed for an
additional 3-month maintenance phase after the intervention. Both groups received two
home baseline visits, weekly phone calls during the 3-month intervention phase, and bi-
monthly phone calls during the maintenance phase, from 3 months to 6 months. The time
points were chosen to examine physiological changes over a short-term (3 month)
moderate intensity exercise program and if the changes persisted or diminished 3 months
post exercise intervention (at 6 months).

The exercise group received the exercise prescription using a progressive,
moderate intensity aerobic protocol, as previously described.®® To ensure that participants

achieve adequate training stimulus, dose-specific exercise was based on maximum heart
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rate obtained during symptom-limited, modified Balke treadmill test at baseline.
Participants in the exercise group were instructed to walk for 30 minutes 3 times per
week for the first two weeks followed by 45 minutes 3 times per week for the remaining
10 weeks. The attention control group received education and flexibility and stretching
exercises to control for the possible confounding variable of receiving attention from a
healthcare professional .

All studies were performed under research protocols approved by the Institutional
Review Boards of Emory University and participating institutions. Each subject was
informed of testing protocols and the potential risks and benefits of participation. All

participants provided written consent before participation.

Study Sample

Participants were screened for eligibility via medical record. Inclusion criteria
were: documented medical diagnosis of NYHA class Il or 111, aged 40-75 years; left
ventricular ejection fraction (LVEF) >10% documented within the last year by
echocardiogram, cardiac catheterization ventriculography, or radionuclide
ventriculography; and receiving medication therapy for HF according to the American
College of Cardiology/American Heart Association recommendation guidelines for at
least 8 weeks prior to study enrollment. Exclusion criteria were: medical diagnosis of
NYHA class | or IV; change in HF therapy within the previous 8 weeks; worsening HF
symptoms within the last 5 days; unstable angina; renal insufficiency (serum creatinine >
3.0 mg/dL); fixed rate pacemaker; uncontrolled hypertension, involved in any structured

exercise program or exercising 3 or more times per week for a minimum of 30 minutes;
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hospitalization within the previous 30 days; and any disorder precluding an exercise
treadmill test.%

Severity of illness was controlled by limiting participants to NYHA class 11 and
I11, who are more similar in response to exercise than class | and IV. In addition, severity
of illness was controlled by LVEF limitations (LVEF > 10%) and optimal medication
therapy for HF. Participants below the age of 40 years are likely to have HF for other
reasons than the majority of the general HF population. Older age (>75) is associated
with reduced exercise capacity which may confound the physiological outcome
measurements. Both resting and exercise heart rates are influenced by beta-blockers,
which is considered optimal therapy for HF patients, and this was controlled for during
analysis. For both exercise testing and training, the heart rate reserve method was used,
which takes into account the patient’s resting heart rate, thereby reducing the effect of
beta-blockade. Best efforts were made to schedule patients for their exercise testing and
training a minimum of three hours after taking beta blockers. Patients with an ICD were
enrolled if their heart rate limits were set to be higher than the target heart rate for the
exercise regimen. Participants with recurrent angina, more severe symptoms, or have
uncontrolled hypertension were excluded due to the higher risk for adverse
cardiovascular events during exercise testing and the walking intervention. Because the
benefit of exercise is being evaluated, participants who were currently or recently
enrolled in an exercise program for the previous eight weeks or were exercising at regular
intervals (more than twice per week for 30 minutes) were excluded from the study.

G*Power software was used to assess the power/effect size detectable given an

estimated sample size of 54. A sample size of 54 at 80% power can detect large effect
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sizes in the repeated measures analysis (f=0.37 for group main effect, f=0.41 for time
main effect and f=0.41 for the group-x-time interaction effect) using an F-Test with a

significance level (alpha) of 0.05.

Measurements
Demographic and Clinical Data

Sociodemographic and clinical variables included age, gender, medical history,
and medications, and were obtained from medical records and a self-report questionnaire.
The Charlson Comorbidity Index (CCI1)3! was used to assess for other chronic conditions.
Height was measured with a standard stadiometer, without shoes and recorded in
centimeters. Weight was measured in kilograms using a calibrated scale with the
participant in light clothing, without shoes. Body mass index (BMI) was calculated by
the formula: BMI = (weight in kg)/(height in cm)?2. Participants with LVEF <40% were
categorized as heart failure with reduced ejection fraction (HFrEF), and those with LVEF
>40% were categorized as preserved ejection fraction (HFpEF).

Blood draws took place at BL, intervention completion (3 months) and after a 3-
month maintenance period (6 months). Blood samples were collected in the morning after
an overnight fast. Blood was collected in a vacutainer with EDTA, separated into plasma

and buffy coat, and stored at -80°C until analysis.

Exercise Logs
Participants were provided 3 calendars to record exercise sessions completed

during each month of the intervention. Participants who documented at least 12 exercise



124

sessions per month were considered to have completed the exercise program.
Participants who recorded less than 12 exercise sessions per month or did not turn in any
completed exercise calendars were considered to have not completed the exercise

program.

Cardiopulmonary Exercise Stress Test

The dose-specific exercise was based on maximum heart rate obtained during a
modified Balke maximal symptom-limited treadmill test.3233 The test protocol and
parameters have been described previously.® In brief, heart rate, continuous gas
exchange, telemetry, blood pressure, rating of perceived exertion, and oxygen saturation
were assessed for each patient 1 minute before, during, and 4 minutes after the exercise
test according to American Heart Association guidelines.3* The test protocol began at 0%
incline at 2.0 mph on a motorized treadmill for 3 minutes with an increase in incline of
3.5% every 3 minutes for 18 minutes. All participants completed the treadmill test

regardless of group assignment.

ASC Methylation

Percent methylation of 7 CpG sites in the intron region of ASC was measured as
previously reported.t® In brief, genomic DNA from peripheral blood mononuclear cells
(PBMCs) was bisulfite treated and amplified by PCR followed by pyrosequencing for
methylation quantification.’® Methylation of 7 CpG sites in the promoter region of exon

1 were measured®® and analyzed as mean percent methylation. The mean percent
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methylation of the 7 CpG sites for each individual was calculated as the sum of percent

methylation of the CpG sites divided by 7.

Cytokines

IL-1B, IL-18, and TNFa were analyzed from plasma that has been separated from
collected whole blood and stored at -80°C immediately after collection. Plasma
cytokines were measured in duplicate using commercially available ELISA Kits
(eBioscience). Plates were read on a BioTek microplate reader and analyzed using Gen5
software. Curve fitting was selected among linear, quadratic and 4-point based on the

best regression coefficient.

MRNA

mRNA was extracted using a commercial kit (MNRNA Catcher™ Plus, Invitrogen)
and converted to cDNA using reverse transcriptase PCR (High-Capacity cDNA Reverse
Transcription Kit, Applied Biosystems). 1L-18, ASC, and iNOS mRNA were quantified
via quantitative real-time PCR (RT-PCR). GAPDH was used as the reference gene.
Primers used for RT-PCR were developed using Primer Express® software and are listed
in Table 1. To normalize gene expression relative to a non-HF reference sample, mMRNA

quantification results were calculated using the 22T method.®®

Data Analysis

Descriptive statistics were analyzed for all study variables and data were reviewed

for normality assumptions and outliers, in preparation for analysis. 1L-18 did not met
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criteria for normality and was log transformed (LN) for statistical analysis. All data were
analyzed using SAS version 9.4 with an alpha set at 0.05. Student t-tests were used to
compare group differences in demographic and clinical variables at baseline. PROC
MIXED with Bonferroni adjusted least squares mean analysis was used to compare
within GROUP and between GROUP changes across TIME. For hypothesis testing, data
was analyzed according to intention to treat principles. The primary analysis used to test
the hypotheses employed a general linear mixed model for repeated measures data. For
most variables, the model has one between-subjects variable GROUP with two levels
(control and exercise) and one within-subjects variable TIME with three levels (BL, 3
and 6 months). The test of the hypotheses hinged on the GROUP by TIME interaction as
an indication of group differences in the variable of interest over time. A given
hypothesis was supported by the finding of a statistically significant GROUP by TIME
interaction, and the finding that the means are in the hypothesized direction. Multilevel
modeling, using PROC MIXED, provided separate estimates of the means for each
variable by time and treatment groups. This method allowed to control for attrition over
time. The linear model was fit using restricted maximum likelihood estimation with an
appropriate form for the variance-covariance among the repeated measures. Covariates
for each hypothesis were selected based on literature documentation of relationships and
performance of the data and relationships within this study. PROC MIXED allowed for
the handling of missing data through the use of restricted maximum likelihood
estimation, retaining participants in the analysis and preserving sample size, and
accommodated covariates as defined in the model. Effect sizes were calculated using

Hedges’ g, which adjusts the calculation of the pooled standard deviation with weights



127

for the sample sizes.*® Mediation models to examine the indirect effects of ASC
methylation on downstream variables via IL-1 cytokines were performed using PROC

IML with PROCESS version 2.15.%°

Results

Patient Characteristics

Demographic and clinical data are presented in Table 2. No significant group
differences at baseline were found. Age varied widely, ranging from 40 to 75 years.
LVEF ranged from 15 to 65%, and 65.0% of the participants had LVEF <40%. The most
common comorbidities were hypertension (N=36, 66.7%), dyslipidemia (N=30, 55.6%),
depression (N=20, 37.0%), and diabetes (N=19, 35.2%). One-third of participants
(N=16, 29.6%) had a previous MI. Older participants had higher LVEF (r=.281, p=.044),
more comorbidities (CClI, r=.75, p<.001), and had lower total distance walked on 6MWT
(r=-.463, p<.001). Females had higher LVEF as compared to males (38.23 + 14.9 vs.

29.44 + 13.6, respectively; t=2.26, p=.03).

ASC Methylation and Cytokines by Group and over Time

ASC methylation and cytokine data are presented by group and time in Table 3.
No significant group differences at baseline were found. Mean percent ASC methylation
was higher in the exercise group as compared to the control group at 3 months and 6
months, with medium to large effects sizes of .72 and .81%, respectively (Table 3).
Plasma IL-1pB was lower among the exercise group as compared to the control group at 3

months and 6 months, with medium to large effect sizes of .83 and .79, respectively
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(Table 3). Among those in the exercise group mean percent ASC methylation was higher
at 3 months as compared to baseline, and IL-1p was significantly lower than baseline at
both 3 months and 6 months (Table 3). Significant group differences in change scores
from baseline to 3 months (Figure 2) were found for IL-1p (control 0.18 pg/mL vs
exercise -0.33 pg/mL, t=3.73, p=.001) and mean percent ASC methylation (control -
0.04% vs exercise 0.04%, t=-2.71, p=.01). In addition, group differences in change
scores from baseline to 6 months (Figure 2) were found for IL-1p (control 0.19 pg/mL vs
exercise -0.62 pg/mL, t=2.65, p=.013) and TNFa (control 0.23 pg/mL vs exercise -0.22
pg/mL, t=2.79, p=.01).

Mean percent ASC methylation was negatively associated with IL-1p at baseline
(r=-.443, p=.001), 3 months (r=-.533, p=.01), and 6 months (r=-.477, p=.009). 1L-18 was
positively associated with TNFa at 3 months (r=.467, p=.005), but not at baseline or 6
months. IL-1pB change scores were positively associated with changes in IL-18 from
baseline to 3 months (r=.422, p=.020) and from 3 months to 6 months (r=.411, p=.037).
Further, IL-1p change scores were positively associated with changes in TNFa, from

baseline to 3 months (r=.609, p=.001) and from baseline to 6 months (r=.395, p=.034).

IL-18, ASC, and iINOS mRNA

There were no significant intra-individual changes over time or inter-individual
group differences over time in IL-18 mRNA (Figure 3). There were significant
differences in ASC mRNA expression between control group and exercise group (Figure
3) at 3 months (14.95 + 2.5 vs. 8.46 + 1.3, respectively; t=2.27; p=.027) and at 6 months

(11.60 £ 3.1 vs. 6.32 £ 1.0, respectively; t=2.24, p=.29), but not at baseline (10.87 £ 2.2
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vs. 9.00 £ 2.0, respectively; t=0.55, p=.58). For the exercise group, there were within-
group changes in ASC mRNA from baseline to 3 months (t=-3.01; p=.004), from
baseline to 6 months (t=-3.21; p=.002), and from 3 months to 6 months (t=4.82; p=.001).
There were significant group differences in INOS mRNA expression between control
group at exercise group at 6 months (2.78 £ 0.2 vs. 1.72 + 0.2; t=3.51, p=.001), but not at
baseline or 3 months (Figure 3). Within the control group, there was a significant drop in
INOS mRNA expression from baseline to 3 months (t=2.33, p=.02), but the values
returned to baseline levels at 6 months (baseline to 6 months: t=-0.45, p=.65; 3 months to
6 months: t=-0.31, p=.003). There were significant within-group iNOS mRNA changes
for the exercise group from baseline to 3 months (t=3.32, p=.002), which remained
significant at 6 months (t=2.65, p=.011).

ASC mRNA was negatively associated with mean percent ASC methylation at
baseline (r=-.97, p=.001), 3 months (r=-.90, p=.01), and 6 months (r=-.89, p=.001) and
was positively associated with plasma IL-1p levels at baseline (r=.39, p=.003), 3 months
(r=.48, p=.004), and 6 months (r=.42, p=.02). iNOS mRNA was positively related to
plasma IL-1p levels at baseline (r=.72, p=.001) and 6 months (r=.84, p=.001) and was
negatively associated with mean percent ASC methylation at baseline (r=-.34, p=.011)
and 6 months (r=-.45, p=.015). iNOS mRNA was positively associated with plasma
TNFa levels at 6 months (r=.49, p=.007). We hypothesized that increased ASC
methylation would be related to decreased iNOS expression caused by a decrease in IL-
1B. Due to the multicollinearity between ASC methylation, INOS mRNA, and IL-1p, we
tested a mediation model in which IL-1B mediates the relationship between ASC

methylation and iINOS mRNA expression. There was a significant indirect effect of ASC
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methylation on iINOS mRNA expression via IL-1p at baseline (effect -0.62, 95% CI [-

1.15, -0.41]) and 6 months (effect -0.23, 95% CI [-0.80, -0.04].

Multilevel Models for Change

To examine factors related to ASC and cytokine levels and to factors related to
rate of change over time, clinical and demographic variables theorized to be related to
inflammation were used as predictors in the multilevel model for change (Table 4).
Models were created for the combined sample to examine effects of the exercise
intervention and for the exercise only group to examine factors related to changes over

time within the exercise intervention.

Combined Sample

Mean percent ASC methylation at baseline was positively associated with LVEF
and the interaction effect of peak VO, and gender. Group assignment was associated
with rate of change over time such that participants in the intervention group had a higher
rate of change than the control group (Table 4). Baseline plasma IL-1p levels were
negatively associated with LVEF and the interaction effect of peak VO2 and gender.
While group assignment to the exercise group was associated with a negative rate of
change in IL-1B ($=-0.11), the rate of change was higher among those who reported they
completed the prescribed exercise program (B=-0.6). Although peak VO was positively
associated with mean percent ASC methylation (r=.47, p=.001) and negatively associated
with IL-1B (r=-.38, p=.007) at baseline, the interaction of peak VO, and gender was used

in the models due to the significant differences in peak VO, between males and females
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(18.85 + 4.8 vs 14.59 + 3.6, respectively; t=-3.54, p=.001). No group by time effects
using multilevel modeling were found for 1L-18, however significant fixed effects were
found for race (B=46.34, SE=13.8, p=.003) and BMI ($=2.48, SE=1.0, p=.02). No

significant models for TNFa were found.

Exercise Group

In the exercise group analysis, mean percent ASC methylation at baseline
remained positively associated with LVEF and the interaction effect of peak VO, and
gender (Table 5). Rate of change for participants in the exercise intervention was
associated with gender, race, and level of education. Male gender ($=0.04) and having
attended college (B=0.04) were associated with a higher rate of change in ASC
methylation. The rate of change in ASC methylation was lower for those who identified
as non-black (=-0.06). The exercise group analysis for IL-1p produced results that were
similar to the whole group analysis (Table 5). LVEF and the interaction effect of peak
VO; and gender remained negatively associated with IL-1p at baseline. Within in the
exercise group, those who reported they had completed the exercise program had a

negative rate of change (f=-0.06)

Discussion

This is the first study, to our knowledge, to examine the effects of an exercise
intervention on epigenetic changes in persons with HF. We hypothesized that persons
with HF who participated in a 3-month aerobic exercise intervention would have

increased ASC methylation at the completion of the intervention as compared to persons
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with HF in an attention-control group. A 3-month exercise intervention in persons with
HF was associated with increased ASC methylation and decreased IL-1p at 3 months
with medium to large effect sizes, supporting this hypothesis. The increase in ASC
methylation after exercise was associated with a decrease in ASC mRNA expression,
suggesting that exercise may decrease inflammation in HF via epigenetic control of
inflammasome formation due to decreased bioavailability of ASC.

A meta-analysis of changes in DNA methylation associated with exercise found
that effect size of DNA methylation change across 16 different publications and 1580
people was large, with a Cohen’s d of 1.20.%® Further, analyses indicated that the effect
size of DNA methylation change with exercise was greater for participants over 40 years
of age as compared to participants under 40 years, particularly with regard to studies
measuring increases in DNA methylation.3 Genome-wide DNA methylation has been
shown to decrease with age,>**? and thus, the epigenetic protective effects of exercise are
likely more apparent in the face of the age-related changes in DNA methylation of older
adults as compared to the younger population. In this study, we only included
participants who were at least 40 years of age, and our hypothesis was to find an increase
in DNA methylation of ASC after the exercise intervention. Combined with the previous
evidence demonstrating higher ASC methylation among older adults (> 40 years of age)
who exercised as compared to a control group,® the medium to large effect sizes related
to changes in DNA methylation in this study were not surprising.

Secondly, we hypothesized that increased ASC methylation would be related to
decreased plasma IL-1p, IL-18, and TNFa and to iNOS mRNA expression in persons

with HF. We also investigated if changes in ASC methylation, plasma IL-1p, IL-18, and



133

TNFa were sustained 3 months after completing the aerobic exercise intervention.
Increased ASC methylation was related to decreased IL-1p at baseline, 3 months, and 6
months but not to IL-18 or TNFa. ASC methylation was also negatively related to iNOS
MRNA expression over time, and this relationship was mediated by IL-1B. Changes in
IL-1pB over time were related to changes in IL-18 and TNFa from baseline to 3 months
and from baseline to 6 months. These data suggest that the reduction in inflammatory
cytokines after an exercise intervention occur via decreased activation of IL-1f and that
this reduction in IL-1p is related to epigenetic control of ASC production.

IL-1p is one of the most important and potent inflammatory mediators in the acute
phase response and in the pathophysiology of chronic diseases, such as heart
failure;?>#344 activation of IL-1p is tightly regulated by the inflammasome.®>?° IL-1B
stimulates nitric oxide production, as evidenced by a corresponding increase in iNOS,
leading to further activation of inflammatory mediators.>* 1L-1 is also associated with
patient report of sickness symptoms,*>#® perhaps contributing to the common symptoms
of fatigue and depression also associated with HF, and, in other studies, reduced by
exercise.*”*® Combined with the associated changes in ASC methylation and expression,
these results suggest that exercise decreases inflammation, at least in part, via decreased
inflammasome formation.

We expected to see between group and within group changes in IL-18 over time,
but none were found. The few studies examining changes in IL-18 after an exercise
intervention have had conflicting results, where some studies demonstrated a decrease in
IL-180 and other studies®'>3 did not. There have been no studies to date examining

changes in IL-18 after an exercise intervention in persons with HF. While the values of
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IL-18 and IL-1pB were not associated at any time point, changes in these two cytokines
from baseline to 3 months and from 3 months to 6 months were related.

IL-1P is produced as a precursor protein in response to an inflammatory stimulus
and inflammasome activation.2>+°¢ 1L-18 is constitutively expressed as a biologically
inactive precursor molecule that lacks a signal peptide.>”*® IL-18 mRNA has a long half-
life, thus contributing to steady state production of 1L-18.1° Although both IL-1f and IL-
18 require caspase-1 dependent proteolytic cleavage for activation,’%% |L-1p is more
tightly regulated by the inflammasome than IL-18. Additionally, IL-18 is regulated by an
endogenous inhibitor, IL-18 binding protein (IL-18BP), which inactivates IL-18 when
bound,® and thus has a more complex mechanism of function than IL-1f. There is some
evidence that IL-1pB can also induce IL-18,°2%! while other studies have shown that 1L-18
induces IL-1p.1%16 The changes in these two cytokines over time suggest that they are
changing together even if the actual levels are not related at time points. Further studies
are needed to untangle the relationships between these IL-1 family cytokines.

Like IL-18, changes in TNFa were related to changes in IL-1B. This relationship
in cytokine change may be due to a decrease in IL-1p activation of IL-18 or just coincide
with overall changes IL-1 cytokines related to changes in ASC methylation-driven
decrease in inflammasome formation. Group differences in TNFa were only found at 6
months. However, there were significant group differences in the change scores at both 3
months and 6 months, indicating a significant decrease within the exercise group. While
some studies examining the effects of an exercise intervention on changes in TNFa in HF
have reported decreased TNFa post-exercise intervention,®2%* others found no significant

changes in TNFa after an exercise intervention.®>®" A systematic review of persons with
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HF enrolled in randomized controlled trials with an exercise intervention found that of
the 11 studies measuring TNFa before and after the exercise intervention, only 4 studies
demonstrated a significant decrease in TNFa.®® Similar to this study, a trial of 45 persons
with HF found within-group changes in TNFa after the exercise intervention, but no
group differences were found over time.5? A sub-analysis within one study that found no
overall differences in TNFa after exercise but demonstrated between group changes only
in the sub-group of participants with idiopathic dilated cardiomyopathy,® suggesting that
the etiology of HF may play a role in dynamic changes in TNFa. Further examination of
the effects of exercise on TNFa and its effects in persons with HF is needed to better
assess how TNFa changes within the heterogeneous HF population.

Our second hypothesis was partially supported in that increased ASC methylation
was associated with decreased IL-1p and iNOS, but not with IL-18 and TNFa.
Inflammation in HF is initiated by danger-associated molecular patterns (DAMP), which
are host-derived molecules indicative of cellular damage.*®® It is possible that the effects
of exercise led to decreased DAMP formation, the impetus for inflammasome formation
and activation, independent of changes in ASC methylation. However, the associations
between ASC methylation, ASC mRNA expression, and IL-1p before and after the
exercise intervention suggest the changes in ASC methylation likely decrease
inflammasome formation and function, at least, to some extent.

No changes over time in IL-18 mMRNA expression were found. 1L-18 is most
abundant in a constitutively expression form,'° and these results are likely reflective the
steady-state levels of IL-18 mMRNA in peripheral blood mononuclear cells. There were

significant changes in ASC mRNA expression over time. ASC mRNA levels were
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negatively associated with ASC methylation at each time point. While we cannot
determine causation using this model, this evidence, in addition to our findings in a study
with a different HF population, is suggestive of epigenetic control of ASC gene
expression in persons with HF.X® Further mechanistic work is warranted.

In our multilevel modeling analysis, baseline ASC methylation and IL-18 levels
were related to LVEF, gender, and peak VO?, which we previously reported.?’ The
analysis of the entire sample again demonstrated that the exercise intervention was
effective in increasing mean percent ASC methylation and in decreasing plasma IL-1p.
Response to the exercise intervention was examined by analyzing factors related to rate
of change within the exercise group only. We found that males who participated in the
exercise intervention had a greater increase in ASC methylation. One study examining
DNA methylation and gene expression in skeletal muscle of healthy persons after an
exercise intervention found differential DNA methylation patterns between males and
females,’® however no specific patterns or meaningful changes were revealed. No other
studies examining gender differences in DNA methylation changes in response to
exercise have been reported to date. In this study, the gender difference in the DNA
methylation response to the exercise intervention could be related to gender differences in
baseline aerobic capacity and body composition. Male participants may have exercised
at higher intensities due to higher aerobic capacity or may have had a faster physiological
response to exercise due to a higher proportion of muscle mass than female participants.
Education could be a proxy measure for socioeconomic status and may be reflective of
better access to care, a gym, or reliable exercise space. Income data were not collected,

so we were unable to compare the measures for analysis. The IL-1p rate of change was
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related to self-reported adherence to the exercise program. This relationship suggests that
the amount of exercise is related to the level of decrease in IL-1p in HF, and further
suggests that exercise may modulate inflammasome formation or activation. The
exercise adherence measure was self-report, and we assumed in our analysis that those
who did not submit the exercise calendar did not complete the exercise. Thus, the
analysis may not have accurately captured the true level of adherence.

These results demonstrate that behavior can influence gene expression of
inflammation via epigenetic regulation of a key inflammatory protein in persons with HF.
We followed participants for an additional 3 months after the exercise intervention.

Some participants may have continued the walking program, although this was not
monitored. If they did, this could have contributed to the prolonged effect. A longer
intervention time with longer follow-up may demonstrate the effects of long-term
behavior change. Previous studies have demonstrated beneficial effects with walking
exercises in persons with HF,235 and here we support the evidence that walking is an
appropriate and beneficial level of activity in HF. The possibility that exercise may be
able to reverse epigenetic-induced changes in gene expression of inflammatory proteins
and other markers associated with HF pathophysiology, thereby improving outcomes, is

an area of research greatly in need of further exploration.

Limitations
This study used a short-term exercise program (12 weeks); longer interventions
may provide more insight into the dynamics of changes in inflammatory proteins over

time and examine the limits and rate of change of DNA methylation with exercise. We
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did not capture the level of exercise during the 3-month maintenance phase, so we were
unable to identify if changes are sustained at 3 months were due to continued exercise or
if there are short term lasting epigenetic and anti-inflammatory effects. Exercise
adherence was self-report, and some participants did not provide a self-report exercise
log, which we inferred to mean they did not adhere to the protocol as described. Thus,
we may have over or underestimated actual adherence. Real-time activity trackers could
provide more objective data to better identify the relationships between exercise intensity
and endurance with changes in DNA methylation and cytokine expression. The results of
this study are specific to the 3-month walking exercise program and may not be
generalizable to all types and durations of exercise.

This study measured DNA methylation and mRNA expression in peripheral blood
mononuclear cells (PBMCs) and circulating cytokines in plasma. We did not measure
changes in other tissues. There may be meaningful tissue-specific epigenetic changes
with exercise resulting in altered inflammatory profile in the myocardium and skeletal
muscle, and these changes may more tightly align with changes in cytokine expression.
We used PBMC:s collected from whole blood and did not control for leukocyte
differential. Intra-individual and inter-individual differences over time may be related to

different leukocyte composition that we were unable to capture.

Conclusions
We demonstrated that an exercise intervention in persons with HF is associated
with changes in DNA methylation of a key component of the inflammasome, ASC, and

that these changes are associated with decreased ASC gene expression. Further, changes
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in ASC methylation and expression were associated with decreased plasma IL-1p among
participants in the exercise intervention. Epigenetic regulation of ASC may be a
biological mechanism by which exercise can promote better outcomes in HF. Further
research examining mechanisms of change can lead to improved understanding of
physiological adaptations and more precise prediction of adverse outcomes in persons

with HF.
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Table 4.1. Real-Time PCR Primers
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Name Forward

Reverse

GAPDH 5-GCTTGAATCTAAATTATCAGTC-3'
ASC 5-GCCGAGCTCACCGCTAACG-3'
IL-18 5’-CAAGGAAATCGGCCTCTATT-3’

iINOS 5’-CAAGCCTACCCCTCCAGATG-3’

5-GAAGATTCAAATTGCATCTTAT-3'
5-CATCCAGCAGCCACTCAACG-3'
5’-TCCTGGGACACTTCTCTGAA-3’

5’-CATCTCCCGTCAGTTGGTAGGT-3’

GAPDH = Glyceraldehyde 3-phosphate dehydrogenase

ASC = Apoptosis-associated speck-like protein containing a caspase recruitment domain

IL-18 = Interleukin-18

INOS = Inducible nitric oxide synthase
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Table 4.2. Baseline Characteristics for the Total Sample and by Group

Measure Total Sample Control Group Exercise Group  Differences
(N=54) (n=16) (n=38) (p-value)*
Age (years) mean (SD) 59.46 (9.7) 58.19 (12.8) 60.0 (8.7) .54
Gender, n (%) Male 26 (48%) 5 (31%) 21 (55%) 1
Female 28 (52%) 11 (69%) 17 (45%) '
Race, n (%) AA/Black 32 (59%) 11 (69%) 21 (55%) 36
Non-black 22 (41%) 5 (31%) 17 (45%) '
LVEF, %, mean (SD) 33.67 (14.9) 35.53 (12.7) 32.85(15.9) .55
BMI (kg/m2), mean (SD) 31.37(6.8) 31.03(6.1) 31.51(7.1) 81
6MWT (m), mean (SD) 348.90 (78.2) 330.97 (84.8) 356.45 (12.2) .28
Peak VO, mean (SD) 16.68 (4.7) 15.73 (4.3) 17.02 (4.8) 40
CCl, mean (SD) 3.84 (1.8) 3.47(2.1) 4.0 (1.7) .35
Education, n (%) <HS 26 (48%) 8 (50%) 18 (47%) 90
> College 28 (52%) 8 (50%) 20 (53%) '
B-Blocker,n (%)  No 10 (13%) 4 (25%) 6 (16%) 43
Yes 44 (87%) 12 (75%) 32 (84%) '
Type of HF HFpEF 19 (35%) 6 (38%) 10 (26%) 92
HFrEF 35 (65%) 13 (62%) 23 (74%) '

p-value of group differences from Student’s t-test for continuous variables and chi-
square for categorical variables.
AA — African American

LVEF — Left ventricular ejection fraction



BMI — Body mass index

6MWT — Six-minute walk test

CClI — Charlson Comorbidity Index

HS — High school

HFpEF — Heart failure with preserved ejection fraction

HFrEF — Heart failure with reduced ejection fraction

153



154

Table 4.3. Mean Percent ASC Methylation, IL-1p, IL-18, and TNFa by Group?

% ASC methylation  IL-1p (pg/mL) IL-18 (pg/mL) TNFa (pg/mL)

Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Baseline

Control (n=16) 5.75 (0.6) 1.88 (1.0) 162.67 (62.1) 1.37 (0.5)
Exercise (n=38) 5.88 (0.9) 1.65 (0.8) 149.90 (33.8) 1.61 (0.5)

3 Months
Control (n=13) 5.80 (0.4) 2.09 (1.3) 162.86 (66.8) 1.40 (0.4)
Exercise (n=24) 6.10 (0.5)*T 1.43 (0.5)*t 138.18 (56.0) 1.43 (0.5)

6 Months
Control (n=11) 5.82 (0.4) 2.13(1.4) 160.58 (34.7) 1.48 (0.5)
Exercise (n=18) 6.07 (0.4)** 1.49 (0.5)*% 130.15 (52.9) 1.25(0.5)

4PROC MIXED with least squares mean analysis adjusting with Bonferroni was used to
compare within GROUP and between GROUP changes across TIME.

*Group differences significant at p<.05.

Difference from baseline is significant at p<.01.

! Difference from baseline significant at p<.05.

SDifference from 3 months significant at p<.05.
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Table 4.4. Multilevel Modeling for Entire Sample (N=54)

Variable Coefficient SE p-value

ASC Methylation
Fixed Effects

Intercept 5.64 0.13 <.001

LVEF? 0.2 0.01 .05

Peak VO>* x Gender® 0.02 0.01 .01
Rate of Change

Intercept -0.10 0.01 .06

Group® 0.3 0.01 .006

Interleukin-1p
Fixed Effects

Intercept 1.96 0.21 <.001

LVEF? -0.1 0.004 .05

Peak VO»* x Gender® -.04 0.01 .006
Rate of Change

Intercept -0.11 0.04 0.02

Group® -0.11 0.04 .02

Completed Intervention® -0.63 0.02 .006

3LVEF (%) and peak VO2 (ml/kg/min) were mean-centered for analysis
b0=Female, 1=Male

¢0=Control Group, 1=Exercise Group

40=Did not complete 3-month intervention, 1=Exercised for 3 months
LVEF — Left ventricular ejection fraction

VO2 — Oxygen uptake
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Table 5. Multilevel Modeling for Exercise Group Only (n=38)

Variable Coefficient SE p-value

ASC Methylation
Fixed Effects

Intercept 3.99 0.56 <.001
LVEF? 0.13 0.09 .049
Peak VO* x Gender® 0.11 0.03 .002
Rate of Change
Intercept -0.02 .001 .051
Gender® 0.04 0.01 .008
Race® -0.06 0.01 .004
College 0.04 0.01 021

Interleukin-1p
Fixed Effects

Intercept 1.96 0.21 <.001

LVEF® -.01 0.004 .050

Peak VO,* x Gender® -.04 0.01 .006
Rate of Change

Intercept -0.11 0.04 .016

Completed Interventiond -0.64 0.02 .010

3LVEF (%) and peak VO2 (ml/kg/min) were mean-centered for analysis
b0=Female, 1=Male

¢0=Control Group, 1=Exercise Group

40=Did not complete 3-month intervention, 1=Exercised for 3 months
®0=African American/Black 1=Caucasian

f0=Did not attend college 1=Attended college

LVEF — Left ventricular ejection fraction

VO2 — Oxygen uptake
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D ASC Methylation

\ \
Mean Percent ASC Methylation

Exercise in HF

3 Month Exercise Intervention

J ASC Expression

ASC mRNA Expression

J, IL-1B Activation J IL-18 Activation
Plasma IL-13 Plasma IL-18
J, iNOS Expression 4+ TNFa Production
|
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Figure 4.1. Proposed relationships related to inflammatory changes after exercise in
persons with heart failure. We proposed that a 3-month exercise intervention in
persons with heart failure would be related to increased apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC) methylation. Further, we
propose that this increase in ASC methylation would be related to decreased ASC
MRNA, decreased IL-1p, and decreased IL-18. IL-18 is thought to increase production of
TNFa, and both IL-18 and IL-1p are associated with increased expression of inducible

nitric oxide synthase (iNOS). Therefore, we proposed that after an exercise intervention
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decreased IL-18 would be related to decreased TNFa and decreased iNOS expression and

decreased IL-1p would be related to decreased iNOS expression.
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Figure 4.2. Changes in Mean Percent ASC Methylation, IL-1p, IL-18, and TNFa
over Time by Group.

a. Group differences in change scores for ASC methylation were found from baseline to
3 months (control 0.04% vs. exercise -0.04%, t=-2.71, p=.011). These changes were
sustained at 6 months for the exercise group. b. Group differences in change scores for
IL-1B were found from baseline to 3 months (control 0.18 pg/mL vs exercise -0.33
pg/mL, t=3.73, p=.001).These changes were sustained at 6 months for the exercise group.
c. No group differences in change scores over time were found for IL-18. d. Group
differences in change scores for TNFa were found from baseline to 6 months (control

0.23 pg/mL vs exercise -0.22 pg/mL, t=2.79, p=.01).
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“Significant group differences in change from baseline at p<.05

“Significant group differences in change from baseline at p<.01
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Figure 4.3. Mean ASC, IL-18, and iNOS mRNA Expression by Group over Time!
PROC MIXED with least squares mean analysis adjusting with Bonferroni was used to
compare within GROUP and between GROUP changes across TIME. To normalize gene
expression relative to a non-HF reference sample, mRNA quantification results were
calculated using the 24T method.®® Values are presented as mean + SD. a. There were
significant group differences in relative ASC mRNA expression at 3 months (t=2.27,
p=.027) and 6 months (t=2.24, p=.029). There were within-group decreases in relative
ASC mRNA expression from baseline to 3 months (t=3.01, p=.004) and from 3 months to
6 months (t=4.82, p=.001) for the exercise group. b. There were no significant inter- or
intra-individual changes in relative IL-18 mMRNA expression over time. c. There were
significant group differences in relative INOS mRNA expression at 6 months (t=3.51,
p=.009). There were within-group decreases in relative INOS mRNA expression from
baseline to 3 months (t=3.32, p=.002), and the decrease was sustained at 6 months
(t=2.65, p=.01) in the exercise group and from baseline to 3 months in the control group
(t=2.33, p=.02). Relative INOS mRNA expression returned to baseline levels in the

control group by 6 months.
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!mRNA gene expression was normalized relative to a reference sample (set at a value of
1).
“Significant group differences at p=.03

“Significant group differences at p=.01
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Chapter V
Summary and Conclusions

The purpose of this study was to examine the effects of aerobic exercise on
changes in ASC (apoptosis-associated spec-like protein containing a caspase recruitment
domain) methylation and to determine whether this initiated a downstream change in
inflammatory cytokines (interleukin-1p [IL-1p], interleukin-18 [IL-18]) known to worsen
outcomes in persons with heart failure (HF). The specific aims of the study were to
examine the effects of an aerobic exercise intervention on ASC methylation in persons
with heart failure, to examine the relationship of ASC methylation and inflammatory
cytokines in persons with HF, and to examine relationships between percent ASC
methylation, plasma IL-1p, and plasma IL-18 with aerobic capacity in persons with HF.

HF is associated with a chronic low-grade inflammation leading to adverse
cardiac remodeling and disease progression.! This chronic inflammation is characterized
by the formation and activation of an intracellular protein complex, the inflammasome,
which in turn activates inflammatory cytokines that promote cardiac hypertrophy and
myocardial apoptosis.® Increased inflammatory cytokines are associated with increased
HF progression, severity, and death.*’

Because HF remains a leading cause of morbidity and mortality in the United
States,®® identification of novel therapeutic targets that may slow disease progression are
urgently needed. Modification of the inflammasome has been proposed as a lower-risk
alternative to current pharmacological trials targeting reduction of circulating cytokines,

but only pharmacological have been reported to date.’% Therefore, this study proposed
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a non-pharmacological, modifiable molecular pathway, ASC methylation, as an aerobic
exercise intervention target for persons with HF.

In the preliminary study for this project, stored samples from 155 HF outpatients
(mean age 56.9 £+ 12.0 years, 36% female, 47% African American, and mean ejection
fraction 29.9 + 14.9%) were analyzed for percent methylation of seven CpG sites in the
intron region preceding exon-1 of the ASC gene. ASC methylation was inversely related
to ASC mRNA and protein, and ASC gene expression was positively related to IL-1p
(Figure 5.1). ASC methylation had a positive linear relationship with ejection fraction
(r=.85, p<.001), quality of life (r=.83, p<.001), and six-minute walk test (r=.59, p=.023),
and a negative linear relationship with depression (r=-.81, p<.001) and anxiety (r=-.75,
p<.001). Higher ASC methylation was associated with a lower risk for clinical events
(HR 0.16, p=.025) while higher protein (HR=1.78, p=.045) and mRNA expression
(HR=1.18, p=.05) were associated with a greater risk.'2

The preliminary study was the first study to examine ASC methylation and
outcomes in persons with HF. The preliminary data from that study demonstrated that
increased ASC methylation is a likely contributor to the pathophysiology of HF and

outcomes, and provided a foundation for the aims of this dissertation study.
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Figure 5.1. Association Between ASC Methylation, ASC Expression, and Cytokine
Expression Increased percent methylation of 7 CpG sites immediately preceding exon 1
of ASC is related to decreased ASC mRNA and protein expression. Decreased ASC
expression is significantly related to decreased IL-1p expression. No significant
relationship was found between ASC expression and I1L-18 expression.

ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain,
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase

Figure reproduced with permission from Elsevier Limited. Citation: Butts B, Gary RA,
Dunbar SB, Butler J. Methylation of Apoptosis-Associated Speck-Like Protein With a
Caspase Recruitment Domain and Outcomes in Heart Failure. J. Card. Fail. Dec 14

2015. doi:10.1016/j.cardfail.2015.12.004

The three manuscripts (Chapters 2-4) included in this dissertation outline the
evidence for inflammasome involvement in HF pathophysiology (Chapter 2), describe
the relationship between aerobic capacity and ASC methylation in HF (Chapter 3), and

demonstrate that an aerobic exercise intervention increases ASC methylation while
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decreasing inflammasome-activated cytokines in persons with HF (Chapter 4). This
research is the first to examine the effects of aerobic exercise on changes in DNA
methylation in persons with HF and provides the first evidence that exercise may be able
to reverse epigenetic-induced changes in gene expression of inflammatory proteins and
other markers associated with HF pathophysiology, thereby improving outcomes.

The first aim of this study examined the effects of exercise on ASC methylation in
persons with heart failure (N=54) and is addressed in Chapter 4. The hypothesis of this
aim was that persons with HF (mean age 59.5 + 9.7 years, 52% female, 59% African
American, and mean ejection fraction 33.67 £ 6.8%), who participated in a 3-month
exercise intervention, would have increased ASC methylation at the completion of the
intervention as compared to persons with HF in an attention-control group. The exercise
intervention consisted of a progressive, moderate-intensity walking program in which
participants were instructed to walk for 30 minutes three times per week for the first two
weeks followed by 45 minutes three times per week for the remaining ten weeks. Each
participant was provided with an individualized exercise prescription based on maximum
heart rate obtained during a symptom-limited, modified Balke treadmill test at baseline.
The attention control group received education and flexibility and stretching exercises. A
3-month exercise intervention in persons with HF was associated with increased ASC
methylation at 3 months with medium to large effect sizes, supporting this hypothesis.
The increase in ASC methylation after exercise was associated with a decrease in ASC
MRNA expression, suggesting that exercise may decrease inflammation in HF via

epigenetic control of inflammasome formation due to decreased bioavailability of ASC.
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This aim also examined ASC methylation at 6 months to determine if the
intervention effects on ASC methylation were sustained at 6 months, which was 3 months
after completing the exercise intervention. Indeed, the changes in ASC methylation
remained higher than baseline at 6 months among participants in the exercise group and
was significantly higher than ASC methylation in the control group. ASC methylation at
6 months was not significantly higher than ASC methylation at 3 months. During the
time from 3 months to 6 months, participants were in a ‘maintenance’ period, in which
they were no longer actively involved in the intervention. We did not capture the level of
exercise during the 3-month maintenance phase, so we were unable to identify if changes
sustained at 3 months were due to continued exercise or if there were short-term lasting
epigenetic effects after the exercise intervention. There may also be an upper limit to the
level of ASC methylation, even with sustained physical activity, limiting the changes in

ASC methylation with continued exercise.

The second aim of this study examined the relationships between ASC
methylation and inflammatory cytokines in persons with HF and is partially addressed in
Chapter 4. This aim hypothesized that increased ASC methylation would be related to
decreased plasma IL-1p, IL-18, and TNFa and with decreased iNOS mRNA expression
in persons with HF. Increased ASC methylation was related to decreased IL-1p at
baseline, 3 months, and 6 months but not to IL-18 or TNFa. ASC methylation was also
negatively related to INOS mRNA expression over time, and this relationship was
mediated by IL-1B. Changes in IL-1P over time were related to changes in IL-18 and

TNFa from baseline to 3 months and from baseline to 6 months. This hypothesis was
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partially supported, in that increased ASC methylation was associated with decreased IL-
1B and iNOS, but not with IL-18 and TNFa. It is possible that the effects of exercise led
to decreased formation of danger-associated molecular patterns (DAMPS), the impetus
for inflammasome formation and activation, independent of changes in ASC methylation.
However, the associations between ASC methylation, ASC mRNA expression, and IL-1§
before and after the exercise intervention suggest the changes in ASC methylation likely
decrease inflammasome formation and function, at least, to some extent. These data
suggest that the reduction in inflammatory cytokines after an exercise intervention occur
via decreased activation of IL-1p and that this reduction in IL-1f is related to epigenetic

control of ASC production.

The second aim also contained two research questions not addressed in the
previous chapters: 1. Does increased ASC methylation, in response to the exercise
intervention, triggers IL-18 activation, as evidenced by changes in the ratio of proform
IL-18 mRNA to plasma IL-18, and 2. Does increased ASC methylation have a mediating
effect on changes in circulating IL-1p and IL-18 in persons with HF? The results of these
research questions are discussed here.

Unlike IL-1B, IL-18 is constitutively expressed in peripheral blood cells.** To
examine if changes in inflammasome activity were related to changes in IL-18 activation,
the ratio of IL-18 mRNA to circulating IL-18 was analyzed. No associations were found
between changes over time in the IL-18 mRNA:protein ratio and changes in ASC
methylation or ASC mRNA. However, significant positive associations were found

between changes in the IL-18 mRNA:protein ratio and changes in IL-1p from baseline to
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6 months (r=.51, p=.006) and from 3 months to 6 months (r=.55, p=.004). Because there
were no significant changes in IL-18 mRNA over time, this data is most likely reflective
of the relationship between changes in protein levels over time. The ratio is calculated by
dividing mRNA expression by protein levels. If there are no significant changes over
time in mMRNA expression levels (numerator), any changes in the ratio values are thus due
to changes in the protein levels (denominator).

The second research question looked at the mediating effect of ASC methylation
on changes in circulating IL-1p and IL-18 in persons with HF. This research question
was purely exploratory and was underpowered for analysis. Using the PROCESS macro,
a mediation model was fit to examine the effect of the increased ASC methylation at 3
months in the relationship of IL-1beta at baseline and 3 months (Figure 5.2). Increased
ASC methylation at 3 months mediates the relationship between IL-1p at baseline and IL-
1B at 3 months, controlling for gender, race, left ventricular ejection fraction, peak VOu,
and education, evidenced by the significant indirect effect and the decrease in strength of
the relationship in the mediation model as compared to the direct effect. No mediation

effect was found for IL-18.
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Figure 5.2. Increased ASC Methylation Has a Mediating Effect on Interleukin-1p
ASC: apoptosis-associated speck-like protein containing a caspase recruitment domain
LVEF: left ventricular ejection fraction

VO,: peak oxygen consumption

ASC methylation was negatively associated with IL-1p at baseline, 3 months, and
6 months. Similarly, ASC mRNA expression was positively associated with IL-1p at
baseline, 3 months, and 6 months. Although this study could not demonstrate that the
changes in IL-1p were directly related to changes in ASC methylation and expression in
response to an exercise intervention, the strong associations over time are suggestive of
an interrelated pathway. ASC-deficient mice are unable to activate IL-1f or IL-18 upon
LPS stimulation, demonstrating that ASC is necessary for caspase-1 dependent IL-1f and
IL-18 activation.}*'6 ASC availability is likely a limiting factor in inflammasome

formation, and thus IL-1p and IL-18 activation, leading to the conclusion that decreased
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ASC gene expression via increased DNA methylation is a direct cause of decreased IL-1p
activation.

IL-18 fails to induce systemic inflammatory events, and function of IL-18 may be
more important at tissue-specific level .}’ IL-18 is produced by cardiac cells in response to
ischemic-reperfusion injury and stimulates cardiac extracellular matrix remodeling.® In
circulation, IL-18 can induce Th1l polarization. Additionally, IL-18 is thought to be
produced by vascular cells in response to stress or hypoxia.’® The pleiotropic activities of
IL-18 may account for the mixed results in this study.

IL-18 is regulated by an endogenous inhibitor, IL-18 binding protein (IL-18BP),
which inactivates IL-18 when bound.® This IL-18/IL-18BP pathway is altered in the
failing myocardium and may account for the lack of association with IL-1p in this study
over time. This study did not examine IL-18 production but rather circulating IL-18.
Therefore, the data presented in this study may not have captured all activated 1L-18,
only that which had been released from cells. In addition, this study did not measure IL-

18BP, so the dynamic nature of I1L-18 activity was not analyzed.

The third aim of this study was exploratory and is addressed in Chapter 3. The
purpose of this aim was to examine the relationships between percent ASC methylation,
plasma IL-1p, and plasma IL-18 with aerobic capacity, as measured by peak VO, in
persons with HF. Mean percent ASC methylation and plasma IL-1p levels were
associated with clinically meaningful changes over time in peak VO in persons with HF.

The positive association of ASC methylation and peak VO; in this study adds a putative
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mechanism of epigenetic control of inflammatory gene expression contributing to
decreased aerobic capacity in HF.

IL-1p has been shown to affect f-adrenergic receptor responsiveness in vitro, and
may be a key determinant of exercise capacity in HF.2® Studies in both HFrEF and
HFpEF demonstrated that a two-week treatment with an IL-1f blockade improved
aerobic capacity without any increase in physical activity.?%?! Combined with the data
from this study, level of ASC methylation may directly affect aerobic capacity in HF.
Further work examining this effect is needed.

A previous study by Nakajima et al.?? found no relationship between ASC
methylation and VOzmax in their study of healthy adults. This difference in findings in the
current study may be related to the pathophysiological and structural changes that limit
functional capacity in HF. In HF, aerobic capacity is measured as peak VO, as opposed
to the VO2max measurement in the healthy population. The measurement of VOamax
requires an individual to reach a plateau of maximum volume of oxygen used; persons
with HF are rarely able to reach and sustain this plateau. Peak VO; is reduced primarily
by impaired cardiac output in both heart failure with reduced ejection fraction (HFrEF)
and preserved ejection fraction (HFpEF).2® Other factors such as endothelial dysfunction
leading to vasoconstriction and decreased capacity for aerobic metabolism contribute to
the reduction in maximum oxygen uptake in HF.2® These physiological processes are
amplified by a positive feedback loop of inflammation and may explain, at least in part,
the association between peak VO, and the inflammasome-related measures. Further
investigation comparing these relationships to age and gender matched healthy controls is

needed.



173

Increased cytokines in HF may contribute to the pathophysiology and disease
progression by altering cardiac structure and function. In addition, inflammatory
cytokines may also contribute to peripheral alterations in vascular and skeletal muscle
function. The cardiovascular, respiratory, and skeletal muscle systems all influence
aerobic capacity,? and the individual contributions of pathophysiological changes in each
system to impaired aerobic capacity are difficult to discern. This study demonstrated a
relationship between IL-1p and peak VO in a systemic source (plasma), but further
investigation into the relationships and mechanisms of inflammatory cytokines in
cardiovascular and skeletal muscle tissue is warranted.

Low aerobic capacity is a powerful predictor of premature morbidity and higher
mortality in HF,?* and adding IL-1p levels may provide better prediction of adverse
outcomes in HF. The preliminary work for this study demonstrated that ASC
methylation, protein, and mRNA expression are predictors of clinical events in HF.?
These data further implicate inflammasome pathway in the pathophysiological processes
of HF. Moadification of inflammation via epigenetic modulation may be a novel target for
intervention in HF.

An interesting finding from this study was that the relationship between peak VO
and IL-18 was found only in the HFrEF (LVEF < 40%) subset. The pathophysiology of
HFrEF is distinct from that of HFpEF, and this finding may reflect the role of IL-18 in
the pathophysiology of HFrEF. Studies examining IL-18 in HF have primarily focused
on post-ischemic ventricular changes or dilated cardiomyopathy related to systolic
dysfunction. Alterations in the 1L-18/IL-18BP pathway are thought to occur early in the

pathophysiological processes of HF, and are reflective of an HFrEF phenotype. HFpEF
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is caused by multiple impairments, related to myriad factors such as diastolic reserve
function, heart rate reserve, rhythm abnormalities, atrial dysfunction, and stiffening of the
ventricles and vasculature.?>2® The cellular changes in the myocardium alter structure
and function differently in HFpEF and HFrEF, leading to different phenotypes.?® Thus,
while inflammatory processes are upregulated in both HFpEF and HFrEF, it is likely that
specific inflammatory pathways differ. Overall, studies comparing biomarkers of HFpEF
and HFrEF are limited. Further examination of changes in gene expression and signaling
pathways may provide insights into the pathophysiology and new targets for treatment in

this poorly understood syndrome.

Many studies of DNA methylation changes with exercise just examine genome-
wide methylation and do not examine pathways or changes in gene expression,30-34
Importantly, these studies do not address the effects of changes in DNA methylation or
what mechanisms are affected by these exercise-induced epigenetic alterations. DNA
methylation can increase or decrease with different outcomes, depending on where in the
gene region the methylation is located. As in this study, DNA methylation of CpG
islands in the promoter region generally silences gene expression.!! In contrast, CpG
methylation in exon regions often upregulates gene expression.®® Therefore, studies
examining specific gene regions that are accompanied by gene expression can shed more
light on how exercise leads to epigenetic control of physiological or pathophysiological
mechanisms.

A meta-analysis of changes in DNA methylation associated with exercise found

that effect size of DNA methylation change across 16 different publications and 1580
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people was large, with a Cohen’s d of 1.20.3° Further, they found that the effect size of
DNA methylation change with exercise was greater for participants over 40 years of age
as compared to participants under 40 years, particularly with regard to studies measuring
increases in DNA methylation.*® Genome-wide DNA methylation has been shown to
decrease with age, % and thus, the epigenetic protective effects of exercise are likely
more apparent in the face of the age-related changes in DNA methylation of older adults
as compared to the younger population. In this study, we only included participants who
were at least 40 years of age, and our hypothesis was to find an increase in DNA
methylation of ASC after the exercise intervention. Thus, combined with the previous
evidence demonstrating higher ASC methylation among older adults (> 40 years of age)
who exercised as compared to a control group,?? the medium to large effect sizes related
to changes in DNA methylation in this study were similar to previous studies.

This study found systemic changes in DNA methylation, gene expression, and
circulating cytokines after an aerobic exercise intervention in persons with HF. However,
more meaningful changes after exercise may occur at the tissue level, especially in
skeletal muscle, and these changes may significantly impact overall aerobic and
functional capacity in HF. HF is associated with muscle wasting in the absence of weight
loss.® This loss of skeletal muscle contributes to increased fatigability, decreased
endurance, and decreased aerobic capacity in HF.*® Circulating cytokines produced by
the failing heart likely affects skeletal muscle function,* but what mediates crosstalk
between cardiac tissue and skeletal muscle is currently unknown. This study measured
plasma cytokines IL-1p, IL-18, and TNFa, but the tissue of origin for these circulating

cytokines could be from multiple tissues. The aerobic exercise intervention may have
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affected the release of these cytokines differently in the various tissues or cell types, such
as resident cardiac macrophages, peripheral mononuclear cells, skeletal muscle, or
cardiac fibroblasts. Exercise has been shown to reduce TNFa, IL-1p, and iNOS in
skeletal muscle of persons with HF,*142 but the effects of exercise on expression of these
cytokines in the failing heart is largely unknown. Further research into the dynamics of
inflammasome activation and cardiac cross-talk with skeletal muscle after an exercise

intervention in persons with HF is warranted.

Limitations and Strengths

This study was the first study to examine epigenetic changes with exercise in
persons with HF and used a short-term exercise program (12 weeks). Previous studies
have demonstrated the beneficial effects of a short-term exercise intervention in persons
with HF.*3-%6 Longer interventions may provide more insight into the dynamics of
changes in inflammatory proteins over time and examine the limits and rate of change of
DNA methylation with exercise. The diverse sample in this study enhances the
generalizability to a larger HF population.

We did not capture the level of exercise during the 3-month maintenance phase,
so we were unable to identify if changes are sustained at 3 months were due to continued
exercise or if there are short term lasting epigenetic and anti-inflammatory effects.
Exercise adherence was self-report, and some participants did not provide a self-report
exercise log. Thus, we may have over or underestimated actual adherence. Real-time
activity trackers may provide more objective data to better identify the relationships

between exercise intensity and endurance with changes in DNA methylation and cytokine
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expression. The results of this study are specific to the 3-month walking exercise
program and may not be generalizable to all types and durations of exercise.

This study measured DNA methylation and mRNA expression in peripheral blood
mononuclear cells (PBMCs) and circulating cytokines in plasma. We did not measure
changes in other tissues. There may be meaningful tissue-specific epigenetic changes
with exercise resulting in altered inflammatory profile in the myocardium and skeletal
muscle, and these changes may more tightly align with changes in cytokine expression.
We used PBMC:s collected from whole blood and did not control for leukocyte
differential. Intra-individual and inter-individual differences over time may be related to
different leukocyte composition that we were unable to capture.

The aim examining the relationships between VO, and ASC methylation was
exploratory and was cross-sectional with a relatively small sample size of 54 participants.
A larger study following changes in VO, and ASC methylation over time may shed more
light on the dynamic relationship between these measures. While peripheral blood
mononuclear cells (PBMCs) and serum cytokine levels are indicative of systemic
inflammation, including cardiac and/or skeletal muscle biopsy samples would provide
more insight into localized inflammatory changes affecting aerobic capacity. Further,
healthy controls were not included in the study for comparison.

Only one study has been published to date that examined the relationship between
ASC methylation and exercise;?? that study did not examine changes in ASC methylation
before and after an exercise intervention, but rather compared DNA methylation of ASC
after an exercise intervention to a control group that had not exercised. This study was

the first to examine changes in ASC methylation before and after an exercise intervention
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and was the first study to examine changes in DNA methylation in response to exercise in
persons with HF and to examine the effects in comparison with a control group.

Although the sample size of 60 provided adequate power for the questions set
forth in this proposal, attrition of 14% throughout the study resulted in a lower sample
size over time. Multilevel linear modeling was used to analyze group effects over time.
This analysis can account for attrition, allowing for all time points collected to be
included in the model. In addition, this study was a preliminary study to explore the
effects of exercise on the inflammatory pathway, and the results serve to establish

relationships, effect sizes, and will inform future work.

Implications for Future Research and Practice

HF is the leading cause of morbidity and mortality in the world, with a prevalence
that is projected to increase over time.® The economic burden of outpatient and inpatient
HF care is increasing in step with the increasing prevalence,® heightening the need for
effective HF therapies. The role of exercise in HF may prove to be a more important part
of HF management than currently realized. Examining molecular targets implicated in
the pathological disease processes of worsening HF are vital to our understanding of
exercise therapy in HF. Furthermore, uncovering novel molecular pathways in HF that
can be modified by aerobic exercise may provide us with therapeutic targets for future
HF interventions.

Over the past two decades, advances in pharmacological and device therapies for
HF have significantly improved the prognosis for persons with HF. However, despite

these advances in HF therapies, the 5-year mortality remains at 50%.4" HF is the leading
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cause of hospitalization among individuals over age 65, leading to costs of care
exceeding 31 billion dollars annually.® Once hospitalized, persons with HF have a 30%
risk of dying within 1 year, regardless of LVEF.*® Therefore, attenuating HF disease
progression remains an important goal. Identification of novel pathways and effectively
intervening on potential therapeutic targets may slow HF disease progression.

Exercise is a low-priced, easily accessible HF treatment that has significant
positive social and economic implications. Exercise has demonstrated both physical and
psychological benefits in HF.#34%%° However, the plasticity of exercise-induced changes
and its longer-term impact on inflammation in the context of HF outcomes could be
largely dependent on epigenetic modification. Further research examining the effects of
exercise in persons with HF on epigenetic control of key pathophysiologic pathways can
serve to identify long-term benefits of exercise and relate these epigenetic changes to
physical, psychological, economic, and quality of life outcomes in persons with HF.

This study demonstrated that a short-term (12 week) walking exercise
intervention has significant epigenetic changes in HF that are related to decreased
inflammation. The exercise prescription in this study was adequate for these changes,
and may be used to inform exercise recommendations in practice. This study tested one
exercise protocol that was prescribed for 90 minutes per week at 60% intensity for two
weeks, followed by 135 minutes per week at 60% intensity for two weeks, then
progressing to 135 minutes per week at 70% intensity for the remaining five weeks.
Further studies testing other exercise strategies may provide further insight into the dose-
response relationship between aerobic exercise and epigenetic control of inflammation of

persons with HF.
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Summary

The purpose of this study was to examine the effects of exercise on ASC
methylation and IL-1 inflammatory cytokines in persons with HF. The main outcomes of
this study demonstrated that a 3-month exercise intervention increased ASC methylation
and decreased inflammatory markers in persons with HF. In addition, this study
demonstrated that ASC methylation and IL-1p are associated with aerobic capacity in
HF, providing further insight into the pathophysiological mechanisms in HF.

These findings further implicate the inflammasome as a key mediator of
inflammation in HF and suggest that exercise may modulate inflammasome formation
and/or activation. The moderate to large effect sizes found for changes in ASC
methylation after a 3-month exercise intervention were promising results and require
replication in a larger sample size, a longer intervention, and with more time points. The
strong relationship between ASC methylation/expression and IL-1f over time suggests
that the epigenetic changes that occur with exercise also reduce IL-1p in HF. However,
more meaningful changes may occur in skeletal muscle, and this should be examined in
future studies. Epigenetic regulation of ASC can be a biological mechanism by which
exercise can promote better outcomes in HF. Further research examining mechanisms of
change can lead to improved understanding of physiological adaptations and more

precise prediction of adverse outcomes in persons with HF.
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Nell Hodgson Woodruff School of Nursing, Emory University School of Medicine

CONSENT TO PARTICIPATE IN A RESEARCH STUDY

Title: Feasibility of Exercise and Cognitive Retraining to Improve
Memory,
Attention and Concentration in Heart Failure

Principal
Investigator: Rebecca Gary, RN, PhD, FAHA, FAAN

Co-

Investigators: Felicia Goldstein, PhD; Elizabeth Corwin, RN, PhD; Kenneth
Hepburn, PhD; Bryan Williams, PhD; Drenna Waldrop-

Valverde, PhD

Sponsor: National Institute of Nursing Research

Introduction
You are being asked to be in a medical research study and an optional sub-study
discussed below. This form is designed to tell you everything you need to think about
before you decide to consent (agree) to be in the study, the optional sub-study or not to be
in either study. It is entirely your choice. If you decide to take part, you can change
your mind later on and withdraw from the research study. The decision to join or not
join the research study will not cause you to lose any medical benefits. If you decide not
to take part in the main study or the optional substudy, your doctor will continue to treat
you.

Before making your decision:
e Please carefully read this form or have it read to you
e Please listen to the study doctor or study staff explain the study to you
e Please ask questions about anything that is not clear

You can take a copy of this consent form, to keep. Feel free to take your time thinking
about whether you would like to participate. You may wish to discuss your decision with
family or friends. Do not sign this consent form unless you have had a chance to ask
questions and get answers that make sense to you. By signing this form you will not give
up any legal rights.

A description of this clinical trial (main study) will be available on
www.Clinical Trials.gov, as required by U.S. law. This website will not include
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information that can identify you. At most the website will include a summary of the
results. You may search this website at any time.

Main Study Overview
The purpose of this study is to compare 3 different groups to see which group is most
effective for improving physical function, memory, thinking abilities and quality of life
of people with heart failure. The study will be conducted on Emory University’s campus
and in your home for around 12 weeks and you will receive written educational
information about your heart failure. You will be followed for an additional 12 weeks
and the same measures will be taken again at 6 months.

Procedures

If you decide to take part in the study you will be asked to come to a special part of
Emory University Hospital that provides a special space and staff for research studies,
called the Clinical Integration Network (CIN). You will be asked to give a blood sample,
answer guestions, undergo a series of memory tests and a treadmill test. In addition, two
sensors will be placed on each side of the temple area of your head for about 10 minutes
to measure the oxygen level in your brain.  All of these tests will take about 3 hours of
your time. You will do these tests before you are assigned to your group and before the
study intervention begins and again at 12 weeks. At about 6 months, the same
questionnaires and the memory tests will be performed again which will take about 1.5
hours. You will not be asked to give a blood sample, undergo a treadmill test nor have
the sensors placed on the temple area of your head at the 6 month appointment.

Your time in this study will last about 7 months. None of your appointments,
medicines or the care you receive from your doctor will be changed based on your
involvement in this research study.

You will be assigned to one of 3 groups to see which group is most effective for
improving physical function, memory, thinking abilities and quality of life. Study group
assignments are selected by a computer program; therefore you will not be able to choose
the study group. These 3 groups are described below.

First Group (stretching and flexibility)

e You will be asked to do stretching and flexibility movements three times per
week for 12 weeks for a minimum of 30 minutes.

e During the first 2 weeks of the stretching and flexibility program, a member of the
research team will come to your home to show you how to perform the
movements safely.

o After the first 2 weeks, a member of the research team will call you weekly to
monitor your stretching and flexibility progress.

e Itis expected that the stretching and flexibility movements will take about 90 to
120 minutes weekly during the study.

e You will receive heart failure educational materials that may be discussed during
the course of the study.
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Second Group (walking)

You will be asked to walk 3 times per week for 12 weeks for a minimum of 30
minutes. As you progress throughout the study period your walking time and
exertion level will increase as you become more conditioned.

During the first 2 weeks of the walking program, a member of the research team
will come to your home to walk with you to be sure you feel safe walking.

You will be asked to use a heart rate (HR) monitor and a pedometer when you go
walking. We will give you instructions on how to use this equipment.

After the first 2 weeks, a member of the research team will call you weekly to
monitor your walking progress and to change your walking duration or intensity
level based on your progress.

It is expected that the walking will take about 90 to 180 minutes weekly during
the study.

You will receive heart failure educational materials that may be discussed during
the course of the study as well.

Third group (walking and computerized memory program)

You will be asked to do the same walking routine as the second method and
receive the same instructions as previous.

In addition, you will be asked to take part in a computerized memory training
program. You will receive instructions about the computerized memory training
during the first 2 home visits along with the walking program.

After the first 2 weeks, a member of the research team will call you weekly to
monitor your progress in walking and in the computerized training program.

It is expected that the combined walking and computerized memory program will
take about 120 to 240 minutes weekly during the study.

You will receive heart failure educational materials that may be discussed during
the course of the study.

Overview of optional sub-study

The optional sub-study is no different than the main study you read about above. You
will be assigned to one of three groups and will have the same procedures we described.
You will be in the study for the same length of time. Your medical care will not be
influenced by participating in the sub-study and your participation is completely
voluntary. The only difference in the optional sub-study will be the collection of an
additional tube of blood to examine how you respond to inflammation, cardiac proteins
and gene expression. The results of the gene expression or other information from the
optional study is not designed to make any sort of clinical diagnosis. These results will
be placed in your medical record. You will not receive any results from these tests or
interpretation of the study findings.

Testing
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Testing will involve a visit to CIN at a time convenient for you and your family
before you are assigned to one of the study groups. You will be asked to fill out several
questionnaires that will take about 30 minutes or less of your time. Testing will also
include several memory and thinking tests that will take about 75 minutes of your time.
In addition, cerebral sensors will be placed against both sides of your head to measure the
oxygen in your brain which will take about 10 minutes. You may request to stop and rest
at any time during the testing procedures.

You will have about one teaspoon of blood taken from your arm. If you are in the
optional sub-study you will have an additional teaspoon of blood drawn. The extra blood
will not require an another needle stick. The blood test in the main study will be used to
see how the walking or stretching and flexibility movements affect your memory and
thinking abilities. The blood in the optional sub-study will be used to examine
inflammation, cardiac function and gene expression related to your HF and exercise.
Your blood will be coded, labeled and stored in a special freezer until it can be analyzed.
When the study is completed, the blood sample in the main study and optional sub-study
will be destroyed. Your blood sample will not be used for any other purpose than
described here.

The treadmill test will measure your fitness level and takes 30 minutes or less to
complete for most people. You will be asked to breathe in a mask while seated for about
2 minutes to measure your resting oxygen use. You will continue to wear the mask
during the treadmill test. Before getting on the treadmill, your vital signs will be taken
and you will be hooked up to a continuous electrocardiogram (EKG). You will be asked
to walk on the treadmill for one minute to warm up. Once the treadmill test starts you will
have your heart rate continuously recorded and monitored, your blood pressure will be
taken every 5 minutes. You will walk at a constant rate of 3.2 mph during the treadmill
test and a gradual incline every 2 minutes. You will be asked to continue to walk on the
treadmill until you feel that you cannot walk any further.

After all of the testing has been completed, you will be assigned to one of the study
groups. You will receive individualized instruction depending on which group you are in
during the 2 home visits.

Risks
The most common risks during the treadmill tests are:

e becoming short winded or tired,

Less commonly, you may experience:
e have arapid or irregular pulse,
e have high or low blood pressure changes,

Rarely, you may experience the following:
e develop chest pain or feel lightheaded,
e you could fall while performing the treadmill test
e experience bone or muscle pain which is also rare.
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In addition, it is possible that if you have an internal cardiac device:
e it could fire which is rare and you could fall as a result

The treadmill test will be administered in the hospital by an exercise specialist and
under the supervision of a cardiologist. In addition, if an adverse event should occur,
nurses, doctors and emergency equipment are available nearby to help you which rarely
occurs. A continuous electrocardiogram (EKG) will be taken. If there are any abnormal
EKG changes during the treadmill test, it will be stopped right away. If there are any
negative vital sign changes such as lower or higher BP, irregular heartbeats, chest pain or
dizziness the study cardiologist (Dr. Butler) will be notified. If treatment is necessary
you will receive emergency treatment in the CIN and transferred to the ER for further
evaluation, which rarely occurs.

Walking-related risks

The risks of the walking program are expected to be minimal. Any potential
cardiovascular (CV) event that poses risk to you should be detected during the treadmill
test. In addition, the walking time will be limited to 30 minutes during the first 2 weeks
and at an intensity level that is not likely to result in any heart problems; if necessary you
can rest as much needed until the 30 minute duration of walking is completed.

You will be asked to wear a special Polar Heart Rate (HR) monitor so that HR and
exertion level can be closely monitored. A research team member will walk with you at
home 2 times to better ensure your safety prior to walking at home unsupervised; the risk
associated when you are walking alone therefore, is anticipated to be very minimal. You
will be provided with detailed directions on how to self-monitor your heart rate, blood
pressure and symptoms associated before, during and after walking.

Also, you will be given a target heart rate range to stay within during the study period.
You will be asked to wear the Polar HR monitor during each walking session. You will
be asked to take your heart rate, blood pressure (if machine available) and weight prior to
and after each walking session and record it in your walking calendar. You will be asked
to call the research nurse if your heart rate or blood pressure is outside your normal
range. If you are having symptoms, experience increased shortness of breath or have a
greater than 2 pound weight gain over the previous 24 hours, you will be instructed not to
walk. You will be asked to take your medicines as usual prior to walking.

You will be shown how to wear the Polar heart rate monitor by a research nurse. When
your heart rate approaches 5-10 beats of the target heart rate range you will be asked to
slow the walking pace down. If you have an ICD, you will be asked to keep your heart
rate 15 beats below the firing range at all times. In addition, you will be instructed to
monitor your rate of perceived exertion (RPE), or how hard you feel you are working
during the walking session. You will be given instructions on how to monitor your rate
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of perceived exertion (RPE) using the Borg 6 to 20 scale, and to keep your RPE at 12-13
during the initial weeks and to gradually progress with instructions to 15 as directed.

For safety reasons, you will be asked to carry a cell phone when you walk at home in the
event of an emergency or sudden event. If you have had a heart attack before or
prescribed nitroglycerin (NTG) by your doctor you will be asked to carry your NTG with
you during each walk. If chest pain occurs during walking, you will be asked to stop
exercising and to take a NTG as directed. If chest pain continues or you become
increasingly short winded, you will be provided with specific actions to take during the
first home visit. If an ICD fires, you will be instructed to call 911 if any symptoms are
present or to notify your cardiologist if no symptoms for possible evaluation.

Other Study-Related Risks

For some people answering questions or filling out questionnaires can be emotionally
distressing. If that happens, a counselor will be made available. One of our
questionnaires will ask you about depressive symptoms. If you indicate you are having
symptoms of depression from the responses on the questionnaire, mental health referral
information will be provided and you will be asked if you would like a research team
member to assist you in setting up a referral. If at any time you indicate serious
depressive symptoms or intent to hurt yourself, a family member will be informed and/or
their primary care provider (or cardiologist) alerted.

The risk to you if you are in the memory training program is anticipated to be minimal.
You will be taught how to use the memory training program on a computer by a research
nurse. It is possible that some participants in the study may have other stress or anxiety
related to being in this program. The 2 home visits that will be used to review the
memory training program are expected to lower any unusual stress or concern about
being in the study. In addition, the research nurse will be contacting you on a weekly
basis to discuss any concerns or issues related to memory training program from weeks 3-
12. If you are in the stretching/flexibility movement group the potential risk is also
expected to be minimal. You will be taught how to use stretching and flexibility
movements by a research nurse.

There are no additional risks if you participate in the optional sub-study in relation to
findings. The results of the gene expression would not place you or your family at any
greater risks if confidentiality were breached for some reason than the results from the
main study.

Blood Draw-Related Risks

The blood sample in the main study and the optional sub-study will be collected by a
research nurse or laboratory assistant trained in phlebotomy techniques in the CIN before
the study begins and again at 3 months. No additional needle sticks are required should
you decide to participate in the optional sub-study. Slight bruising at the site of the
needle stick is possible. You may also feel dizzy or faint when your blood is drawn. If
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you are on blood thinner medications, there will be additional pressure to the site until it
stops bleeding.

Benefits

The benefits to you for taking part in this study may be that you have better memory and
thinking abilities, better abilities to perform daily activities and quality of life. What is
learned from this study may be useful to other people with similar heart conditions and
memory issues who are experiencing symptoms related to performing daily activities or
managing their affairs. Doctors and nurses may also benefit from the information in this
study by learning how to manage patients with similar heart conditions who have
memory concerns and reduced physical function. While the study is designed to benefit
you it is possible there will be no benefit from being in this study.

Alternatives

You do not have to take part in the study in order to receive treatment. Other
procedures/treatments that you have been receiving or are currently receiving from your
doctor are the usual care for your heart condition.

Confidentiality

Certain offices and people other than the researchers may look at your medical charts and
study records. Government agencies and Emory Health System employees overseeing
proper study conduct may look at your study records. These offices include the Office
for Human Research Protections, the Emory Institutional Review Board, , the Emory
Office of Research Compliance, the Office for Clinical Research, the Clinical Trials
Audit & Compliance Office, the Radiation Safety Committee, etc. Study sponsors may
also look at your study records. Emory Health System will keep any research records we
create private to the extent we are required to do so by law. A study number rather than
your name will be used on study records wherever possible. Your name and other facts
that might point to you will not appear when we present this study or publish its results.

Research Information Will Go Into the Medical Record

If you are or have been an Emory Health System patient, you have an Emory Health
System medical record. If you are not and have never been an Emory or Grady Health
System patient, you do not have one. Please note that an Emory medical record will be
created if you have any services or procedures done by an Emory Health System provider
or facility for this study.

If you agree to be in this study, a copy of the consent form and HIPAA patient form that
you sign will be placed in your Emory Health System medical record. Emory Health
System may create study information about you that can help Emory Healthcare take care
of you. For example, the results of study tests or procedures. These useful study results
will be placed in your Emory Health System medical record. Anyone who has access to
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your medical record will be able to have access to all the study information placed there,
including results form the optional sub-study. The confidentiality of the study
information in your medical record will be protected by laws like the HIPAA Privacy
Rule. On the other hand, some state and federal laws and rules may not protect the
research information from disclosure.

Emory Health System do not control results from tests and procedures done at other
places, so these results would not be placed in your Emory Health System medical
record. They will not likely be available to Emory Health System to help take care of
you. Emory Health System also do not have control over any other medical records that
you may have with other healthcare providers. Emory Health System will not send any
test or procedure results from the study to these providers. If you decide to be in this
study, it is up to you to let them know.

Compensation/Costs

You will be paid $50.00 each time you complete one of the testing time points. If you
stay in the study, you will receive a total of $150.00. You will not be paid for the home
visits or telephone calls. There will be no costs to you for taking part in the study. All
study tests are free. We will provide money to cover transportation and parking costs
associated with laboratory, memory testing and treadmill tests at the CIN

In case of injury:

If you get ill or injured from being in the study, Emory would help you to get medical
treatment. Emory and the sponsor have not, however, set aside any money to pay you or
to pay for this medical treatment. The only exception is if it is proved that your injury or
illness is directly caused by the negligence of an Emory or sponsor employee.
“Negligence” is the failure to follow a standard duty of care.

If you become ill or injured from being in this study, your insurer will be billed for your
treatment costs. If you do not have insurance, or if your insurer does not pay, then you
will have to pay these costs.

If you believe you have become ill or injured from this research, you should contact Dr.
Gary at telephone number 404-727-8360. You should also let any health care provider
who treats you know that you are in a research study.

Voluntary participation/Withdrawal

Your participation in this study is completely voluntary and you have the right to refuse
to be in this study. You can stop at any time after giving your consent. This decision
will not affect in any way your current or future medical care or any other benefits to
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which you are otherwise entitled. You will be provided with a copy of this consent form
to keep.

The study investigators may stop you from participating in this study at any time if they
decide it is in your best interest, or if you do not follow study instructions.

Contact Persons

If you have any questions about this study call Dr. Rebecca Gary at (404) 727-8360. If
you have any questions about your rights as a participant in this study, contact the Emory
University Institutional Review Board at 404-712-0720 or toll-free at 1-877-503-9797 or
irb@emory.edu.

New Information

It is possible that the researchers will learn something new during the study about the
risks of being in it. If this happens, they will tell you about it. Then you can decide if you
want to continue to be in this study or not. You may be asked to sign a new consent form
that includes the new information if you decide to stay in the study.

Entitlement to copy

You will receive a copy of this consent form to keep for your records. If you are
interested what the study findings are after the results are in and analyzed, the findings
will be available to you.

If you are willing to volunteer for research in the main study, please sign below.

Participant’s name (printed) Date Time

Participant’s name (signature) Date Time

Person Obtaining Consent Date Time
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If you are willing to volunteer for research in the optional sub-study please sign
below:

Participant’s name (printed) Date Time

Participant’s name (signature) Date Time

Person obtaining Consent Date Time
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The attached addendum outlines the specific agents that you are approved to work with in this protocol and lists
specific requirements that must be maintained.

NIH Guidelines rDNA Classification: n/a

For any additions or changes to the protocol, an amendment form needs to be submitted. The amendment form is
available at www.ehso.emory.edu.

The Biosafety assigned file number H10-169-15 needs to be included in all correspondence.

You must complete an Updated Biosafety Form by September 10, 2016. Three months prior to the expiration date,
you will receive a memorandum requesting you fo indicate your interest in continuing work on the protocol for an
additional year. Upon receipt and after review of a completed update form, completed training dates and any
occupational health requirements, the protocol will be renewed for one year.

Y
Gary W. Miller, Ph.D.
Chair, Researc){ Health and Safety Committee

Professor and Associate Dean for Research
Department of Environmental Health
Rolling School of Public Health

Emory University Tel 404.727 8863
Mailstop 0940-001-1A15 Fax 404.727 5904
1762 Clifton Road NE, Suite 1204

Atlanta, GA 30312

An equal op v afft ive goiion universiny




201

Appendix B

Permissions



14302018

RightsLink Frintakle License

ELSEVIER LICENSE
TERMS AND CONDITIONS

Jan 30, 2016

Thig 18 a License Agreement between Brittany Butts ("You") and Elsevier
("Elsevier") provided by Copyright Clearance Center ("CCC"). The
license consists of your order details, the terms and conditions provided
by Elsevier, and the payment terms and conditions.

All payments must be made in full to CCC. For paymentinstructions,; please see
information listed at the bottom of this form.
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Are you the author of this
Elsevier article?
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Title of yvour
thesis/dissertation

Elsevier Limited
The Boulevard,Langford Lane
Kidlington, Oxford, 0X5 1GB, UK

1982084

Brittany Butts

Ermory University School of Nursing

Atanta, GA 30322

3799010148547

Jan 30, 2016

Elsevier

Journal of Cardiac Failure

The Importance of NLRP3 Inflammasome in Heart Failure
Brittany Butts Rebecca &, Gary,Sandra B, Dunbar, Javed Butler
July 2015
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reuse in a thesis/dissertation
full article

both print and electronic
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Effects of Exerdse on Epigenetic Pathways in Persons with Heart
Failure
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RightsLink Printakle License

ELSEVIER LICENSE
TERMS AND CONDITIONS

Mar 07, 2016

This is a License Agreement between Brittany Butts ("You") and Elsevier
("Elsevier") provided by Copyright Clearance Center ("CCC"). The
license consists of your order details, the terms and conditions provided
by Elsevier, and the payment terms and conditions.

All payments must be made in full to CCC. For paymentinstructions, please see
information listed at the bottom of this form.
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Registered Company Number
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License number
License date
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Start Page

End Page

Type of Use
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Mumber of
figures/tables/illustrations

Format

Are you the author of this
Elzevier article?

Elzevier Limited
The Boulevard,Langford Lane
Kidlington, Oxford, OxX5 1GB, LK

1982084

Brittany Butts

Ermory University School of Mursing
Atlanta, G& 30322
3823651453077

Mar 07, 2016

Elsevier

Journal of Cardiac Failure

Methylation of Apoptosis-Associated Spedi-Like Protein With a
Caspase Recruitment Domain and Qutcomes in Heart Failure

Brittany Butts,Rebecca &, Gary,Sandra B. Dunbar Javed Butler
Awailable online 14 December 2015
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