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1 Abbrevations

ACE-I: angiotensin converting enzyme inhibitor
Akt-1: RAC-alpha serine/threonine-protein kinase
AMPK: AMP-activated protein kinase

ARB: aldosteron receptor blocking drug

BNP: B-type natriuretic peptide

BW: body weight

CAD: coronary artery disease

COX: cyclooxygenase

CHF: Chronic Heart Failure

DOX: doxycycline

Drp-1: dynamin-related protein 1

EF: ejection fraction

ERK 1/2: extracellular signal-regulated kinase 1/2
ESC: European Society of Cardiology

ETC: electron transport chain

FS: fractional shortening

GAPDH: Glycerolaldehyde-3-phosphate dehydrogenase
GSK-3p: glycogen synthase kinase-3[3

HF: heart failure

HFpEF: HF with preserved EF

HFrEF: HF with reduced EF
HFmrEF: heart failure with mid-range ejection fraction

INOS: inducible nitric oxide synthase

I/R: ischemia-reperfusion

ISO: isoproterenol hydrochloride

IVS (d): thickness of interventricular septum in diastole
IVS (s): thickness of interventricular septum in systole
JC-1: cationic carbocyanine dye

LAD: left anterior descending

LC-3: Microtubule-associated protein 1A/1B-light chain 3
LV: left ventricle

LVEDV: left ventricular end-diastolic volume



LVESV: left ventricular end-systolic volume

LVID (d): left ventricular end-diastolic diameter

LVID (-s): left ventricular end-systolic diameter

MAPK: mitogen-activated protein kinase

Mfn-2: mitofusin-2

MI: myocrdial infarction

MKP-1: mitogen-activated protein (MAP) kinase-phophatase-1
MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
NF-KB: nuclear factor kappa B

NIH: National Institute of Health

NT: nitrotyrosine

OPA-1: mitochondrial dynamin-related GTPase

PAR: poly(ADP-ribose) polymer

PARP: poly(ADP-ribose) polymerase

PKC: protein kinase ¢

PO: pressure overload

PW (d): thickness of left ventricular posterior wall in diastole
PW (s): thickness of left ventricular posterior wall in systole
RAAS: renin-angiotensin-aldosterone system

RES: resveratrol (3,5,4’-trihydroxystilbene)

ROS: reactive oxygen species

RyR: ryanodine receptor

RWT: relative wall thickness

SEM: standard error of mean

SIRT1: sirtuin 1

TAC: transverse aortic constriction

TBS: TRIS-buffered saline

TL.: tibia length

VW: ventricular weight

VO: volume overload

WKY': Wistar-Kyoto Rat



2 Introduction

2.1 Definition and forms of heart failure

The 2016 European Society of Cardiology Guidelines for the diagnosis and treatment of acut
and chronic heart failure defines heart failure as a ,,clinical syndrome characterized by typical
symptoms (e.g. breathlessness, ankle swelling and fatigue) that may be accompanied by signs
(e.g. elevated jugular venous pressure, pulmonary crackles and peripheral oedema) caused by
a structural and/or functional cardiac abnormality, resulting in a reduced cardiac output and/or
elevated intracardiac pressures at rest or during stress.” (1)

Heart failure (HF) is often, but not always, resulted from a myocardial dysfunction, caused by
myocardial ischemia, myocarditis or primer myocardial diseases. In other cases a sudden load
exceeds the capacity of the heart (e.g. acute aortic regurgitation, tachyarrhytmias) or the
ventricular filling is impaired (e.g. mitral stenosis, constrictive pericarditis). Before clinical
symptoms become apparent, it is important to recognize the causes and precipitating factors of
HF and start treating them to prevent poor outcomes (2).

Focusing on hemodynamics we can talk about forward versus backward HF. In forward HF the
clinical symptoms are mainly due to the inadequate delivery of blood into the arterial system
causing organ failure, most tipically renal failure. In backward HF the ventricle fails to empty
its contents, blood accumulates and pressure rises in the atrium and venous system increasing
the fluid in lungs, liver, subcutan tissues and serous cavities. Depending on the initially affected
cardiac chamber we may define left-sided versus right-sided HF. We may also distinguish acut
versus chronic HF depending on the rate at which syndrome develops. Low-output HF refers
to the marked reduction in the stroke volume causing systemic vasoconstriction while high-
output HF may develop in thyrotoxicosis and anemia. We can also define systolic versus
diastolic HF. In systolic HF mainly the systole, in diastolic HF principally the ventricular filling
(diastole) is affected (2).

There are two major types of HF based on the measurement of the left ventricular ejection
fraction (LVEF): 1. Patients with normal LVEF (typically considered as >50%), referred to as
HF with preserved EF (HFpEF). 2. Patients with reduced LVEF (typically considered as below
40%), referred to as HF with reduced EF (HFrEF). Patients with an LVEF in the range of 40—
49% represent a ‘grey area’, which we now define as heart failure with mid-range ejection

fraction (HFmrEF). In my present work | mainly focus on HFrEF (3).



2.2 Epidemiology of heart failure

Despite advances in pharmacological and interventional cardiology heart failure remains a
leading cause of morbidity and mortality in Europe or North America. The prevalence of HF
depends on the definition applied, but is approximately 2% of the adult population in developed
countries, rising to >10% among people >70 years of age (4). From the 1970s to 1990s, a
dramatic increase in the prevalence of HF and number of HF hospitalizations was observed,
and an epidemic was declared. Most of the HF burden is borne by individuals aged >65 years,
who account for more than 80% of the deaths and prevalent cases in the USA and Europe. The
growing prevalence of HF might reflect increasing incidence, an aging population,
improvements in the treatment of acute cardiovascular disease and HF or a combination of these
factors (5).

2.3 Pathophysiology of heart failure

Heart failure can be caused by a wide number of conditions, including coronary artery disease
(myocardial infarction or chronic hypoperfusion), long-term hypertension, valvular and
pericardial diseases, toxic agents (alcohol or drugs), cardiac infections and inflammation, long
term arrythmias, congenital diseases (cardiomyopathies), and high-output states (anemia,
thyreotoxicosis). A reduced stroke volume may occur as a result of a failure of systole, diastole
or both.

When heart failure develops several adaptive mechanisms are activated to maintain normal
circulation. Most important among these are 1. the Frank-Starling mechanism in which an
increased preload helps to maintain cardiac performance; 2. activation of the renin-angiotensin-
aldoszteron system (RAAS), the sympathetic nervous system and other neurohumoral factors
(natriuretic peptides, vasopressin, endothelin etc.) aimed to increase cardiac contractility and
maintain arterial pressure and perfusion of vital organs; 3. myocardial remodeling in which the
mass of contractile tissue is augmented. The first two of these adaptive mechanisms developes
rapidly, while myocardial remodeling and hypertrophy develops slowly and play an important
role in long term adaptation. However the prolonged or severe activation of these processes
leads to maladaptive changes in the myocardium causing progressive hypertrophy, increased
myocardial stiffness due to increased collagen accumulation and eventually dilatation. Along
with these macroscopic changes several pathological processes are activated at a cellular level
including fetal gene expression, altered calcium handling, adenosine triphosphate (ATP)

depletion, energy starvation, activation of different signal transduction pathways, reactive



oxygen species (ROS) overproduction etc. resulting in myocyte death due to apoptosis or

necrosis (6).

2.3.1 Oxidative stress in heart failure and role of mitochondria

There are increasing evidence suggesting that ROS play major pathological role in the
development and progression of heart failure (7).

ROS can damage cardiac tissue through oxidation of lipids, proteins and DNA, producing
diverse effects such as reduced cardiac contractility, malfunction of ion transporters, and
calcium cycling (8). Their toxic effects are limited by free radical scavengers such as superoxide
dismutase (SOD) which catalyzes the formation of hydrogen-peroxide (H20) from superoxide
(O27), glutathione peroxidase, catalase which catalyzes the breakdown of H.O, to water, and
other non-enzymatic antioxidants such as vitamins E, C and p-carotene, ubiquinone (coenzyme
Q10), lipoic acid and urate (9). There is no deficiency of these enzymatic defenses in heart
failure, although manganese SOD protein may be reduced; hence damage may ensue from
excessive production of ROS. In addition, ROS can also act as an intracellular signaling
mechanism, affecting transcription factors such as NF-KB and activator protein-1. The chronic
exposure to ROS leads to further deterioration of heart muscle resulting in cardiac remodeling,
apoptosis, necrosis, and fibrosis (10).

Mitochondria are primarily responsible for ATP synthesis but under pathophysiological
conditions, they become the main sources of endogenous ROS production (11). Side reactions
of oxygen with mitochondrial respiratory enzymes (primarily complex | and I1I) directly
generate superoxide anion radical. The superoxide radicals can react with nitric oxide (NO) to
form peroxynitrite, a highly reactive and deleterious free radical species, or can be converted
by SOD to H20- that can further react to form highly reactive hydroxyl radicals. Mitochondrial-
generated ROS can lead to extensive oxidative damage to proteins, DNA, and lipids,
particularly targeting proximal mitochondrial components including mitochondrial respiratory
enzymes, matrix enzymes (e.g., aconitase), and membrane phospholipids, such as cardiolipin.

Mitochondria are dynamic intracellular organelles, and they change their morphology by
undergoing either fusion or fission, resulting in either elongated, tubular, interconnected
mitochondrial networks or fragmented, discontinuous mitochondria, respectively.

A balance in mitochondrial fusion and fission is essential in the maintenance of mitochondrial
networks and critical for cardiac metabolism and heart function (12). Oxidative conditions
deteriorate this subtle balance (13). Mitochondrial fusion and fission are regulated by dynamin-

like guanosine triphosphatases (GTPases) such as mitofusin 2 (Mfn-2), optic atrophy 1 (OPA-
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1) and dynamin-related protein 1 Drp-1 (14, 15), which are markedly induced by oxidative
stress (16). Regarding Mfn-1 and Mfn-2 they both produce connected mitochondria and make
large mitochondrial networks (13). However, only Mfn-2 connects mitochondria to the
endoplasmatic reticuli. This connection between ER and mitochondria results in Ca2+ influx
into the mitochondria, leading to fragmentation (17, 18) (Fig. 1).

¢ reticulum

Fusion

‘Mitochondrion

Fig 1: Mitochondrial dynamics and interactions: Mitochondria-associated ER membranes (MAM) is a
mechanism which results from communication between endoplasmic reticulum (ER) and mitochondria, this
linkage consist of some proteins and a region on ER containing lipid biosynthetic enzyme connected reversibly to
mitochondria. Mitochondria associated membranes are involved in the transport of calcium from the ER to
mitochondria. This interaction is important for rapid uptake of calcium by mitochondria through Voltage
dependent anion channels (VDACS), which are located at the outer mitochondrial membrane (OMM) mitofusin 2
(Mfn-2), optic atrophy 1 (OPA-1) and dynamin-related protein 1 Drp-1. OPA-1, Mfn-1 and Mfn-2 are essential
mediators of the sequential fusion of the outer and inner membranes of adjacent mitochondria. During fission,
DRP1 is recruited from the cytosol to the outer mitochondrial membrane. This figure was inserted from the article
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of Florence Burté et al. Disturbed mitchondrial dynamics and neurodegenrative disorders (Nature Rewievs
Neurology 11, 11-24 (2015))

According to the literature inhibition of Mfn-2 leads to large mitochondrial networks without
connecting the mitochondria to the ER, preventing fragmentation. Mfn-1 and Mfn-2 both
induce outer mitochondrial membrane fusion and fission, whereas OPA-1 is required for inner
mitochondrial membrane fusion and it was observed that uncleaved, fusion active OPA-1 is
sufficient to maintain cardiac activity (19). Fragmentation is also executed by Drp-1, a cytosolic
protein that is recruited to the mitochondrial surface by phosphorylation in response to oxidative
stress. A fragmentation of the mitochondrial network occurs in response to cellular stress and
IS observed in a wide variety of disease conditions, including heart failure via the modulation
of ion transporters and calcium cycling (20-22).

2.3.2 The role of intracellular signaling pathways in the pathophysiology of heart failure

Pathological remodeling of the heart is accompanied by alterations in cardiac gene expression
resulting in the shift from the activation of prosurvival factors (RAC-alpha serine/threonine-
protein kinase - Akt-1, glycogen synthase kinase-3B — GSK-3p) towards the activation of
disadvantageous signaling factors (p38-mitogen activated protein kinase - p38-MAPK,
inducible nitrogen oxide synthase - iINOS, cyclooxigenase-2 - COX-2, nuclear factor- kB - NF-
kB) (23).

NF-kB, COX-2 and iNOS promotes adverse remodeling, apoptosis and the downregulation of
cardiomyocyte contractility. Previous studies showed that COX-2 is upregulated by p38-MAPK
and extracellular signal-regulated kinase 1/2 (ERK1/2) (24). Moreover, prolonged activation of
COX-2 produces cardiac cell death, leading to gradual loss of myocardial function and
eventually heart failure. The inducible nitric oxide synthase (iNOS) generates a prolonged
release of large amounts of nitrogen-oxide (NO) which may be cytotoxic and/or inhibit myocyte
contractility (25, 26).

Large number of physiological, pharmacological and pathological stimuli initiate cardiac
hypertrophy. In addition, cardiac hypertrophy is associated with alterations in intracellular
signal transduction pathways, including alterations of G-protein-coupled receptor signaling,
mitogen activated protein kinase (MAPK), protein kinase C (PKC), calcineurin and calmodulin.
Various signaling pathways are involved in the complicated interactions that finally promote
cardiac hypertrophy and HF (27, 28).
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There are increasing numbers of evidence suggesting that normal cardiac growth and exercise-
induced hypertrophy are mainly regulated by the phosphatidil-inositol-3 kinase (PI3K)/Akt
pathway. Akt has multiple downstream targets: one of them is GSK-3p. Recent studies revealed
an important role for Akt-signaling in cardiac angiogenesis and in blocking the transition from
hypertrophy to HF (29).

Growing data suggest that aiming the modulation of MAPK cascades could be a promising
target to treat cardiomyocyte hypertrophy and HF. The MAPKSs are elements of three-tiered
protein kinase cascades and comprise basically three subfamilies, the ERKS, c-jun N-terminal
kinases (JNKSs) and the p38-MAPKSs. The exact role of MAPKS is still controversial in chronic
heart failure (CHF). It was reported that ERK 1/2 activation leads to a concentric form of
hypertrophy with enhanced cardiac function (19) and dual specificity mitogen-activated protein
kinase kinase 1/2 (MEK1/2) protects the heart from ischemia induced apoptotic insults in mice
(23).

2.4 Current pharmacological treatment strategies in chronic heart failure

Heart failure (HF) is a major health problem in the western world, in spite of the development
in its treatment over the last 30 years. The greatest advance has been the application of agents
that inhibit harmful neurohormonal activation in the treatment of HF. Inhibiton of the RAAS
with angiotensin converting enzyme inhibitors (ACE-1) or angiotensin receptor blockers (ARB)
if ACE-Is are contraindicated or not tolerated, and inhibition of the sympathetic nervous system
with beta-adrenergic blocking agents are first-line threrapy for people with chronic heart failure
(1).

Mineralocorticoid/aldosterone receptor antagonists (spironolactone, eplerenone) have also
shown to reduce both morbidity and mortality of HFrEF patients in large clinical trials.
Therefore current guidelines from the American Heart Association and ESC recommend their
use in all symptomatic HFrEF patients with LVEF <35%, to reduce mortality and HF
hospitalization (30, 31).

Ivabradine should also be considered to reduce symptoms and hospitalization in symptomatic
patients with LVEF <35%, in sinus rthythm and a resting heart rate >70 bpm despite treatment
with an evidence-based dose of beta blocker (or maximal tolerated dose), ACE-I (or ARB), and
an mineralocorticoid receptor antagonists (MRA) (30, 31).

With the exception of the aldosterone antagonists, diuretics do not influence the natural history

of HF. However diuretics improve congestive sympoms and may also slow the progression of
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ventricular remodeling by reducing ventricular filling pressure and wall stress. It should also be
emphasized that the overdose of diuretics increase the activity of the adrenergic system.
Digoxin, long-acting nitrate, vasodilators can also be used to reduce symptoms and
hospitalizations (1, 30).

2.5 New therapeutic approaches in the treatment of HF

For years, therapeutic approaches for heart failure (HF) relied on vasodilators and diuretics
which relieve cardiac workload and HF symptoms. The introduction of antiadrenergic agents
and the inhibitors of the renin-angiotensin-aldosterone system has substantially ameliorated
survival. The current therapy, though, is still unable to restore muscle function fully, and the
development of novel therapeutic targets are essential in the future therapy of HF.
Understanding the molecular basis of myocardial dysfunction and remodeling may help
researchers for developing new treatments capable of restoring muscle function or slow the
progression of HF. In A position paper from the Working Group on Myocardial Function of
the ESC titled ,, Targeting myocardial remodeling to develop novel therapies for heart failure”
discusses novel molecular targets with potential therapeutic impact including omecamtiv
mecarbil (a myosin activator), nitroxyl (HNO) donors (like CXL-1020 improving myocyte
function), cyclosporin A (inhibiting mitochondrial permeability transition pore opening and cell
death), SERCAZ2a (sarcoplasmic/endoplasmic Ca?* ATPase 2a, improving Ca?* uptake in the
sarcoplasmic reticulum), neuregulinl (enhancing protective signaling), VEGF-A, VEGF-B
(regulating cardiac angiogenesis) and others (32).

Our working group has also several promising preclinical results with different PARP inhibitors
on cardiac hypertrophy (23), remodeling (29) and vascular damage of hypertension (33).
Furthermore many studies have previously examined drugs targeting mitochondrial energy
metabolism and ROS production, but most of them have failed to alleviate cardiac damage in
clinical investigations, demonstrating the complexity of the processes occurring in the
mitochondria (8).

2.6  Cardiac effects of a well-known antibiotic: doxycycline

Doxycycline (Dox) is a well-known antibiotic agent with a minimal amount of side-effects. It
is used in the treatment of many bacterial infections, such as acne, urinary, gastrointestinal or eye
infections, gonorrhea, chlamydia and Lyme’s disease. Besides DOX has a well established matrix
metalloproteinase (MMP) (MMP-2 and 9) (34, 35) inhibitory effect, which is believed to be the
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base of its major protective effect in the acute phase of myocardial infarction and in the early
phase of myocardial remodeling (36, 37) (38). Matrix metalloproteinases (MMPs) are a family
of proteolytic enzymes responsible for myocardial extracellular protein degradation. Several
MMP species may be dysregulated in congestive heart failure leading to left ventricular (LV)
remodeling. Tissue inhibitors of the MMPs (TIMPs) are locally synthesized proteins that bind
to active MMPs and thereby regulate net proteolytic activity. However, there is no concomitant
increase in myocardial TIMPs during the LV remodeling, and a persistent MMP activation state
within the myocardium likely contributes to the LV remodeling process (39). Doxycycline is a
potent inhibitor of MMPs and exhibits MMPs inhibition in vivo at blood levels lower than those
required for its antibacterial effect (40). It effectively crosses cell membranes, accumulates
preferentially in cardiomyocytes (41), and inhibits mainly the MMP-9 and -2,(42) which are
largely up-regulated in the setting of animal(43) and human(44) remodelled hearts after MI.
Accordingly, pre-clinical studies showed that timed treatment with doxycycline significantly
attenuates post-infarct LV remodeling (45). Moreover, doxycycline has showed a
cardioprotective effect in isolated animal hearts subjected to ischaemia/reperfusion injury (46,
47). Given the clinical availability and well-recognized safety profile of Dox it has been used
in one clinical trial in patients with acute ST-elevation myocardial infarction with LV

dysfunction, where DOX reduced myocardial infarct size and adverse LV remodeling (48).

2.7 Resveratrol, a natural polyphenolic compound with numerous beneficial cardiac effects

Phenolic compounds are chemically classified into flavonoids and non-flavonoids. Flavonoids
include flavonols (quercetin, kaempferol, etc.), flavones (apigenin, luteolin, etc.), flavan-3-ols
(catechin, epicatechin, etc.), proanthocyanidins (procyanidins B1, B2, etc.), flavanones
(hesperidin, etc.), anthocyanins (malvidin, cyanidin, etc.) and isoflavones (genistein, etc.). Non-
flavonoids (49) include hydroxycinnamic acids (chlorogenic acid, caffeic acid, etc.),
hydrolyzable tannins such as ellagitannins (punicalagin, etc.) and gallotannins (pentagalloyl
glucose, etc.), hydroxybenzoic acids (gallic acid, etc.) and stilbenes (resveratrol, piceid,
viniferins, etc (50). Resveratrol (3,5,4’-trihydroxystilbene) (RES) - Figure (Fig) 7 - is primarily
found in grapes, red wine, nuts and some type of berries (51). Numerous experimental studies
have verified that RES interferes with several pathological processes in different cardiovascular
diseases such as myocardial ischemia (52), myocarditis (53), cardiac hypertrophy (54) and heart
failure (55). Multiple mechanisms have been proposed to be responsible for the protective effect
of resveratrol, including reducing oxidative stress and inflammation (56, 57), inhibition of

pathological hypertrophic signaling and Ca2+ handling (55, 58), affecting different intracellular
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signaling pathways, such as sirtuin 1 (SIRT1) (59), AMP-activated protein kinase (AMPK),
mitochondrial function, fibrosis etc (60). The vast majority of these studies are in vitro or animal
studies, and only a few clinical studies can be found (50). Previously our working group
examined RES in a clinical study in patients with established coronary artery disease (CAD)
and verified that RES improved left ventricle diastolic function (no efffect on systolic function
was observed), endothelial function, lowered LDL-cholesterol level and protected against
unfavourable hemorheological changes after 3 months of oral administration of 10 mg RES
(61).

In my present work | will mainly focus on the effect of RES in heart failure in an animal model.
Sung et al summarized all animal studies available in the literature regarding the cardiac effects,
doses, duration and possible molecular mechanism of RES treatment in different heart failure
models including myocardial infarction, pressure overload, hypertensive, myocarditis or
chemotherapy induced and genetic models of HF (Table 1). As we can see in Table 1 different
-molecular mechanisms are involved in RES treatment but the most frequently mentioned

protective effect was its antioxidant property.

Table 1. Resveratrol in animal models of heart failure

Animal model Resveratrol dose Duration Effect Potential molecular
mediators
Myocardial infarction
Rats with LAD ligation 5 mg/kg/day 4 weeks Reduced ventricular Resv inhibited L-type
induced Ml starting tachycardia and calcium channels and
1-week before fibrillation and selectively enhanced
MIl—orally reduced infarct size, ATP-sensitive K+
hypertrophy, and channels
mortality
Rats with LAD ligation 0.1 or 1.0 4 weeks No effect of 0.1 Resv reduced expression
induced Ml mg/kg/day mg/kg/day on of ANP and TGFb1
i.p. starting 6 cardiac function. 1.0 mRNA
hours mg/kg/day improved
postsurgery cardiac function and
reduced infarct size
Rats with LAD ligation 2.5 mg/kg/day in 16 weeks Improved cardiac Increased SIRT1 and
induced Ml the function and survival AMPK levels
diet starting 1- rate
week
postsurgery
Mice with LAD 5 or 50 mg/kg/day 2 weeks No effect of 5 Increased SIRT1 and
ligation induced by mg/kg/day on AMPK levels and
Mla s.c. minipump at 4 cardiac function. 50 autophagy

weeks postsurgery

15

mg/kg/day improved
cardiac function and
reduced remodeling

and infarct size



Pressure overload

Rats with aortic
banding to induce
PO

Mice with TAC to
induce PO

Rats with aortic
banding to induce
PO

Rats with aortocaval
shunt to induce VO

Rats with abdominal
aortic banding

Mice with TAC to
induce POa

Hypertension

Spontaneously
hypertensive rat
(SHR)

Dahl salt-sensitive rat

Myocarditiis

Rats immunized with
cardiac myosin

Genetic models of heart

failure

2.5 mg/kg/day by
oral

gavage starting 2
weeks postsurgery

10 mg/kg/day by
oral

gavage starting 24
hours postsurgery

2.5 mg/kg/day by
oral

gavage starting at
2

or 14 days
postsurgery

2.5 mg/kg/day by
oral

gavage starting at
2

days or 14 days
postsurgery

4 mg/kg/day
starting at

4 weeks
postsurgery

320 mg/kg/day in
the

diet starting 3
weeks
postsurgery

2.5 mg/kg/day by
oral

gavage starting at
10

weeks of age

18 mg/kg/day in
the

diet starting at 3
weeks of high salt
(8% NaCl)

50 mg/kg/day i.p.
starting 1 day
before

or 1 day after
immunization

2 weeks

28 days

26 or 14 days

26 or 14 days

4, 6 or 8 weeks

2 weeks

10 weeks

8 weeks

14 or 21 days

16

Reduced cardiac
hypertrophy and
improved diastolic
function

Reduced cardiac
hypertrophy and
remodeling and
increased cardiac
function

Reduced cardiac
hypertrophy and
improved diastolic
function when
administered as a
preventive and
treatment strategy

No effect on cardiac
hypertrophy or
function

Prevented cardiac
hypertrophy,
ventricular
dilatation, fibrosis,
and systolic
dysfunction
Improved diastolic
function, cardiac
remodeling, and
survival

Prevented the
development of
cardiac hypertrophy
and systolic
dysfunction without
a change in BP
Preserved cardiac
function and survival
without a change in
BP or hypertrophy

Both treatment
protocols reduced
cardiac hypertrophy
and improved
cardiac function

Increased eNOS and
iNOS levels

Reduced cardiac
fibrosis,
inflammation,
oxidative stress, and
cardiomyocyte
apoptosis

Reduced oxidative stress

N/A

Increased SERCA2a and
RyR levels and SERCA
activity

Increased AMPK,
insulin

sensitivity, and cardiac
glucose metabolism

Reduced oxidative stress

Increased mitochondrial
content and ATP
production

Reduced inflammation
and fibrosis



TO-2 hamsters

Chemotherapy

Doxorubicin to induce
HF

Doxorubicin to induce
HF

Diet
supplemented
with 4 g
resveratrol/kg
starting at 6 weeks
of age

10 mg/kg/day i.p.
for 2

weeks
pretreatment,
during 2 weeks of
Dox and 3 weeks
after the last Dox
dose

_320 mg/kg/day
in the

diet starting at
time

of first Dox i.p.
dose

6 or 29 weeks

7 weeks

8 weeks

Improved cardiac
function and reduced
cardiac hypertrophy
and mortality

Prevented the
development of
cardiac dysfunction,
cardiac fibrosis, and
ventricular dilatation

Prevented the
development of
cardiac dysfunction,
cardiac hypertrophy,
and ventricular
dilatation and
improved exercise
capacity

Reduced oxidative stress
and cell death by
upregulating
antioxidants via
SIRT1-dependent
pathway

Reduced oxidative stress

Reduced oxidative stress
and increased
mitochondrial ETC
complexes

This table was inserted from the article of Sung & Dyck et al: Resveratrol in heart failure. 2Denotes studies where

resveratrol was administered as a treatment. Dox, doxorubicin; ETC, electron transport chain; HF, heart failure;

i.p., intraperitoneal; LAD, left anterior descending; MI, myocardial infarction; PO, pressure overload; Resv,

resveratrol; RyR, ryanodine receptor; s.c., subcutaneous; TAC, transverse aortic constriction; VO, volume

overload.
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3 Aims of the present work

The aim of our work was to further evaluate the effects of two different compounds in heart

failure: doxycycline and resveratrol.

3.1. To further clarify the cardioprotective effect of doxycycline in HF we examined its effect

on

a. ROS production and mitochondrial dynamics and fragmentation,
b. cardiac fibrosis,

c. severity of HF featured by BNP, LVEF, gravimetric parameters.

3.2. To further examine the cardioprotective effect of resveratrol in HF, the following

experiments were carried out:

a. measurements of echocardiographic parameters with high-resolution imaging
system

b. assessing interstitial fibrosis and oxidative stress on histological samples

c. evaluating the steady state phosphorylation and expression levels of intracellular
signaling factors: Akt-1, GSK-3B, p38-MAPK, ERK 1/2, MKP-1, COX-2 and
iINOS.
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4 Examination of doxycycline in a postinfarction heart failure

model

4.1 Methods

4.1.1 Cell viability assay

HOc2 rat heart myoblast cells were obtained from the European Collection of Cell Cultures
(ECACC) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10 % fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA), 4 mM glutamine, 100
IU/ml penicillin and 100 ug/ml streptomycin. The effect of H20, and doxycycline on H9c2
cardiomyocytes was investigated using the Sulforhodamine B (SRB) assay, performed
according to the method of Papazisis and colleagues (62), with modifications. H9c2 cells were
cultured in 96-well microtiter plates in a humidified 95% 02/5% CO; atmosphere at 37°C. Cells
were treated for 2 hours with different concentrations of H.O> (0.2 mM, 0.3 mM, 0.4 mM, 0.5
mM). Fifty percent of cell degradation was detected at the concentration of 0.3 mM H2Ox.
Increasing concentrations of doxycycline (50 nM, 100 nM, 300 nM, 1 uM, 10 uM) were applied
to the cells in the subsequent study. Culture medium was aspirated prior to fixation of the cells
by addition of 200 pl cold 10% trichloroacetic acid. After a 20 min incubation at 4°C, cells
were washed 5 times with deionized water. Microplates were then left to dry at room
temperature for at least 24 h. The cells were then stained with 200 pl 0.1% SRB dissolved in
1% acetic acid for at least 20 min at room temperature and subsequently washed 4 times with
1% acetic acid to remove unbound stain. The plates were left to dry at room temperature. Bound
SRB was solubilized with 200 pl 10 mM unbuffered Tris-base solution and plates were left on
a plate shaker for at least 10 min. Absorbance was read with a GloMax Multi Detection System
(Promega, USA) at 560 nm subtracting the background measurement at 620 nm. The test optical
density (OD) value was defined as the absorbance of each individual well, minus the blank
value (‘blank’ is the mean optical density of the background control wells). All experiments

were performed in triplicate.

4.1.2 Detection of mitochondrial fragmentation with fluorescent microscopy

The H9c2 rat heart myoblast cell line was obtained from the European Collection of Cell
Cultures (Salisbury, UK). The cell line was maintained in a humidified 5% CO> atmosphere at

19



37°C. H9c2 cells were cultured in Dulbecco's modified Eagle's medium (PAA Laboratories,
Colbe, Germany) containing 10% bovine serum and antibiotic solution (1% penicillin and
streptomycin mixture; Gibco/Invitrogen, Carlsbad, CA). Cells were passaged at 3 day intervals.
H9c2 cells were seeded at a starting density of 1x10° cells/well in 6 well plates on glass
coverslips and cultured at least overnight before the experiment. The next day, cells were
washed twice in PBS, and then treated with H202 with or without doxycycline. Group of cells:
Control: cells without any treatment; DOX: 5 uM doxycycline for 5 hours; H202: 400 uM H20>
for 5 hours; H202+DOX: 400 uM H202 and 5 uM doxycycline for 5 hours. After subjecting
cells to the appropriate treatment, coverslips were rinsed twice in modified Krebs-Henseleit
solution. To visualize the mitochondria, 50 nM of MitoTracker Red (Molecular Probes) was
added and incubated for 15 minutes. The cells were then washed twice in modified Krebs-
Henseleit solution and placed upside down on the top of a small chamber formed by a
microscope slide and a press-to-seal silicone isolator. The chamber was filled with modified
Krebs-Henseleit solution containing 4.5 g/L glucose. The cells were visualized using a Nikon
Eclipse Ti-U fluorescent microscope equipped with a Spot RT3 camera using a 60x objective
and epifluorescent illumination. Representative merged images of three independent

experiments are presented.

4.1.3 Mitochondrial membrane potential measurement with JC-1 assay for fluorescent

microscopy

The mitochondrial membrane potential (A¥Ym) was measured using the mitochondrial
membrane potential-specific fluorescent probe, JC-1 (Molecular Probes). H9c2 cells were
seeded on glass coverslips and cultured at least overnight before the experiment. After
treatment, cells were washed twice in ice-cold PBS and then incubated for 5 min at 37°C in
modified Krebs-Henseleit solution (118mM NaCl, 5mM KCI, 1.2 mM KH2POs, 25 mM
NaHCOs3, 5mM glucose, 1.2 mM MgSO4x7H20) containing 0.1 uM JC-1. When excited at 488
nm, the dye emits green fluorescence (530 nm) at low A¥m and red (590 nm) at high AWYm.
Following incubation, the cells were washed once with Krebs-Henseleit solution and then
imaged with a Nikon Eclipse Ti-U fluorescent microscope equipped with a Spot RT3 camera
using a 60x objective and epifluorescent illumination. All experiments were repeated in

triplicate.
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4.1.4 Animals

Male 16 week old Wistar rats (410-480 g) were used for the experiments. Animals received
care according to the Guide for the Care and Use of Laboratory Animals published by the US
National Institute of Health (NIH Publication No. 85-23, revised 1996) and the experiment was
approved by the Animal Research Review Committee of the University of Pecs, Medical School
(Permit number: BA02/2000-2/2010). The animals were housed under standardized conditions,
12 h dark-light cycle in solid bottomed polypropylene cages, and received commercial rat chew
ad libitum. Doxycycline or tap water was administered as drink ad libitum for 8 weeks. We set
the dosage of doxycycline to 5 mg/b.w.(kg)/day (29, 36).

4.1.5 Isoproterenol heart failure model

We used the 1SO-induced myocardial infarct model that is a relevant murine model of
postinfarction heart failure. Subcutaneous administration of isoproterenol produces patchy
myocardial necrosis predominantly subendocardially. The significant myocardial cell loss is
followed by consequent left ventricular hypertrophy and cardiac fibrosis, the left ventricular
function decreases and myocardial remodeling occurs. Eventually these processes are leading
to heart failure similar to the one obeserved in post-Ml patients. Because isoproterenol is rapidly
metabolized, acute adverse effects of the drug can be avoided.

4.1.6 Experimental protocol

To induce postinfarction myocardial remodeling, the rats were treated twice on two consecutive
days with 80 mg/kg 1SO (Sigma-Aldrich) or vehicle subcutaneously as previously described
(63). The animals were divided into the following four groups and were followed for 8 weeks:
control group (C, n = 5), received clear tap water without any treatment; 1SO group (ISO, n =
7) received two subcutaneous injections of ISO at a dosage of 80 mg/b.w.(kg) and clear tap
water afterwards; 1SO+doxycycline group (ISO+DOX, n = 7), received 5 mg/b.w.(kg)/day
doxycycline after ISO treatment; doxycycline group (DOX, n = 6), received 5 mg/b.w.(kg)/day
doxycycline without ISO treatment. In the ISO-treated groups, 24 hours after the second
injection the surviving animals were randomly assigned to receive either doxycycline (5
mg/b.w(kg)/day or tap water. At the end of the 8 week long treatment period, body weights
were measured, animals were sacrificed and the hearts were removed. The atria and great

vessels were trimmed from the ventricles and the weight of the ventricles was measured and
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normalized to body mass and tibia length. The ventricles were fixed in 10% formalin for

histology or freeze clamped for Western blot analysis.

4.1.7 Determination of plasma B-type natriuretic peptide level

Blood samples were collected into VVacutainer tubes containing EDTA and aprotinin (0.6 1U/ml)
and centrifuged at 1600 g for 15 minutes at 4°C to obtain plasma, which was collected and kept
at -70°C. Plasma B-type natriuretic peptide-45 levels (BNP-45) were determined by enzyme
immunoassay (BNP-45, Rat EIA Kit, Phoenix Pharmaceuticals Inc., CA, USA) (29).

4.1.8 Non-invasive evaluation of cardiac function

The investigators were blinded to the treatment protocol. Under baseline conditions, all animals
were examined by means of echocardiography to exclude rats with any pre-existing heart
abnormalities. Transthoracic two-dimensional echocardiography was performed under
inhalation anesthesia at the beginning of the experiment and on final day, prior to sacrificing
the animals. The rats were lightly anesthetized with a mixture of 1.5% isoflurane and 98.5%
oxygen. The chest of each animal was shaved, acoustic coupling gel was applied, and a warming
pad was used to maintain normothermia. The animals were imaged in the left lateral position.
Cardiac diameters and function were measured parasternal from the short- and long-axis views
at the midpapillary level by using a VEVO 770 high-resolution ultrasound imaging system
(VisualSonics, Toronto, Canada), which was equipped with a 25 MHz transducer. Left
ventricular (LV) systolic function (ejection fraction-EF), LV end-diastolic volume (LVEDV),
LV end-systolic volume (LVESV), as well as the thickness of the septum and posterior wall
(PW) were determined. EF (%) was calculated as 100x[(LVEDV - LVESV)/ LVEDV] (29) and
FS (%) was calculated as left ventricular end-diastolic diameter (LVEDD) minus lef ventricular
end-systolic diameter (LVESD) over the LVEDD x 100.

4.1.9 Histology

After fixation in formalin, the ventricles were sliced and embedded in paraftfin. Sections (5 pm
thick) were cut serially from base to apex. Sections were stained with Masson’s trichrome stain
to detect interstitial fibrosis, and quantified by the NIH ImageJ image processing program via

its color deconvolution plugin (29).
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4.1.10 Nitrotyrosine immunohistochemical staining

We performed immunohistochemical staining for nitrotyrosine, a marker of nitrooxidative
stress, using a previously described method (64). Extensively stained area was also quantified
using the NIH ImageJ image processing program via its color deconvolution plugin.

4.1.11 Western blot analysis

Fifty milligrams of heart samples were homogenized in ice-cold Tris buffer (50 mmol/l, pH
8.0) containing 50 mM sodium vanadate and protease inhibitor cocktail (Sigma-Aldrich Co.,
Budapest, Hungary) and harvested in 2x concentrated SDS-polyacrylamide gel electrophoresis
sample buffer. Proteins were separated on a 12% SDS-polyacrylamide gel and transferred to
nitrocellulose membranes. After blocking (2 h with 3% nonfat milk in Tris-buffered saline),
membranes were probed overnight at 4 °C with antibodies recognizing the following antigens:
mitofusin-2 (Mfn-2; 80 kDa; 1:1000; Cell Signaling), optic atrophy protein-1 (OPA-1; 100-110
kDa, 1:1000; Abcam), Drp-1 and phospho-specific Drp-1 Ser®® (95 kDa; 1:1000, Cell
Signaling). Membranes were washed six times for 5 min in Tris-buffered saline (pH 7.5)
containing 0.2% Tween (TBST) before addition of goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody (1:3000 dilution; Bio-Rad, Budapest, Hungary). Membranes
were washed six times for 5 min in TBST and the antibody—antigen complexes were visualized
by means of enhanced chemiluminescence. The results of Western blots were quantified using

the NIH ImageJ program.

4.1.12 Statistical analysis

Statistical analysis was performed by analysis of variance and all of the data were expressed as
the mean £ SEM. The homogeneity of the groups was tested by F-test (Levene’s test). There
were no significant differences among the groups. Comparisons among groups were performed
using one-way ANOVA followed by Bonferroni correction in SPSS for Windows, version 21.0.
All data are expressed as mean + S.E.M. A value of p < 0.05 was considered statistically

significant.
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4.2 Results

4.2.1 Protective effect of doxycycline against the free radical-induced injury of

cardiomyocytes

H9c2 cardiomyocytes were exposed to different concentrations of H2O, for 24 hours. Fifty
percent of myocyte cell death was detected at a concentration of 0.3 mM H2O,. Increasing
concentrations of DOX (50 nM, 100 nM, 300 nM, 1 uM, 10uM) were able to significantly

improve cell survival (P <0.01; Fig 2).
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Fig 2. DOX protects against the H2O>—induced cell death
A wide range of doxycycline concentrations (50 nM, 100 nM, 300 nM, 1 uM, 10 uM) were applied to H,O, —
stressed (0.3 mM, 3h) H9c2 cells. All concentrations of DOX significantly improved the cell viability (**P < 0.01).

4.2.2 Doxycycline attenuates oxidative stress—induced mitochondrial fragmentation

Hydrogen peroxide induces mitochondrial fission resulting in fragmented mitochondria within
4 to 6 hours. This can be detected with MitoTracker dyes, or mitochondria—directed fluorescent
proteins. The effect of doxycycline on hydrogen peroxide—induced mitochondrial
fragmentation was analyzed by labeling the mitochondria with mitochondria—directed
Advanced Red Fluorescent Protein (mMARFP). Mitochondrial fragmentation was induced in
H9c¢2 cells after incubation with 400 uM H»O; for 5 hours, at which time the mitochondrial

filaments disappeared and fragmented mitochondria with lengths shorter than 2 um were
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observed instead. Doxycycline reduced ROS-induced mitochondrial fragmentation at a
concentration of 5 uM (P < 0.05, C vs. H202 and P < 0.05, H.O2 vs. DOX+ H202; Fig 3A).
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Fig 3. Mitochondrial depolarization and fragmentation in H9c2 cardiomyocytes.

(A) Mitochondrial fragmentation was induced in H9c2 cells after incubation with 400 uM H,O; for 5 hours, at
which time the mitochondrial filaments disappeared and fragmented mitochondria with lengths shorter than 2 pm
were observed instead. Doxycycline reduced or completely prevented ROS—induced mitochondrial fragmentation
at the concentration of 5 uM. (B) DOX protected H9c2 cells from cell death by preventing the depolarization of
the mitochondrial membrane. Green and red fluorescence images of the same field were acquired using a
fluorescent microscope equipped with a digital camera. The images were merged to demonstrate depolarization of

Av in vivo, indicated by loss of the red component of the merged image. Some red fragments can also be seen,
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representing the fragmented mitochondria. Representative merged images of three independent experiments are
presented (#P < 0.05, C vs. H202 and *P < 0.05, H,0; vs. DOX+H0,).

4.2.3 Doxycycline hyperpolarizes the mitochondrial membrane of H9c2 cardiomyocytes

We studied the mitochondrial membrane potential of control, DOX (5 uM), H202 (400 uM),
and H202+DOX-treated cells. After a5 hour long treatment, cells were loaded with the voltage—
sensitive fluorescent mitochondrial dye —JC1 —then red and green fluorescence was determined
by fluorescent microscopy. DOX effectively prevented mitochondrial membrane depolarization
(P <0.05, C vs. HO2 and P < 0.05, H202 vs. DOX+ H.0-; Fig 3B).

4.2.4 Doxycycline improves left ventricular function and moderates left ventricular

hypertrophy in 1SO treated rats

The echocardiographic parameters of animals did not differ significantly from each other at the
beginning of the study. Heart rate did not differ significantly among the groups during the
anesthesia. The thickness of the septum and posterior wall were also increased in the ISO group
(indicating the presence of ventricular hypertrophy) compared to the control group (P < 0.05,
ISO vs. C). Doxycycline treatment significantly reduced these unfavorable alterations. Systolic
left ventricular function (EF %) and fractional shortening (FS %) were significantly lower in
the 1SO group (P < 0.05, ISO vs. C) and these deterioration was significantly improved by
doxycycline administration (P < 0.05, 1ISO vs. ISO+DOX; Table 2; Fig 4).
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Table 2. Effects of doxycycline on the echocardiographic parameters.

Baseline Control DOX ISO ISO+DOX
EF (%) 76.42+3.58  73.75+1.39 72.81 + 1.51 58.84 +1.27% 68.39 + 0.94"
FS (%) 46.93 3.29 4421 + 1.41 43.62 +1.32 33.29+0.19 39.96 +0.56"
Septum (mm)  1.52+0.05 1.55+0.04 1.46 + 0.04 1.79 + 0.08% 1.57 £0.04"
PW (mm) 1.50+0.12 1.49 + 0.74 1.42 +0.03 1.72 + 0.05% 1.51 £0.04"
LVIDd (mm) 8.210.21 8.64 £ 0.29 8.30+0.18 8.46+ 0.07 8.31+0.22
LVIDs (mm) 436 +0.33 477 +0.09 4.69+0.19 5.34 +0.07% 4.84+0.12"
LVEDV (ul) 365.83£20.43 415.11+£32.63  375.50+£17.64 371.34+8.83  387.42+22.42

LVESV (ul) 86.31+15.86 107.52+5.73  103.24+9.85 147.16+ 3.26

LV mass (mg)  991.69 +58.51 989.30+63.91  953.00+21.05 1212.24 +48.30" 990.93 +59.33

121.42 +4.86"

*

Control group (C) (n=5); doxycycline group (DOX) (n=6); isoproterenol group (ISO) (n=7); 1SO+ doxycycline

group (1ISO+DOX) (n=7). EF: ejection fraction, FS: fractional shortening, PW: posterior wall, LVIDd: diastolic

left-ventricular inner diameter, LVIDs: systolic left-ventricular inner diameter, LVEDV: left ventricular end-

diastolic volume, LVESV: left-ventricular end-systolic volume, LV mass: calculated left vantricular mass. Values

are mean = S.E.M. #P < 0.05 vs. Control, *P < 0.05 vs. I1SO.
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Fig 4. Representative echocardiographic M-mode images of left ventricles of control,

DOX, ISO and ISO+DOX groups.
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4.2.5 Doxycycline treatment improves the gravimetric parameters in an 1SO-induced heart

failure model

There was no significant difference in body weight between the groups at the beginning or the
end of the experiment. Gravimetric measurements were performed and significantly elevated
ventricular weight (WV, g, C: 1.27 £ 0.02; DOX: 1.28 + 0.02; ISO: 1.46 + 0.03; ISO+DOX:
1.31 £ 0.02; P < 0.05, C vs. I1SO) as well as ventricular weight normalized to body weight
(WV/BW, mg/g, C: 2.28 £0.12; DOX: 2.27 + 0.09; ISO: 2.87 £ 0.13; ISO+DOX: 2.39 £ 0.06;
P <0.05, C vs. ISO) and to tibia length (TL) (WV/TL, mg/mm, C: 25.54 £+ 0.28; DOX: 26.51
+ 0.69; ISO: 29.95 £ 0.47; ISO+DOX: 26.66 = 0.92; P < 0.05, C vs. ISO) were detected.
Doxycycline treatment prevented the unfavorable changes in gravimetric parameters in the
ISO+DOX group (P < 0.05, ISO+DOX vs. I1SO) (Table 3).

Table 3. Effect of doxycycline on the ventricular weight/tibia length (VW/TL) ratio and on plasma
BNP.

Group Control DOX ISO ISO+DOX
Weight (g) 56420 £21.55 569.67+23.04 515.71+19.66 550.86 = 14.89
Ventricular weight (g) 1.27 £ 0.02 1.28 +0.02 1.46 + 0.03* 1.31+£0.02"
Tibia length (mm) 48.00+0.55  48.50+0.76  48.86+0.51  49.43+0.49
Ventricular weight/body weight

2.28+0.12 2.27 +0.09 2.87+0.13 2.39+0.06"
(mg/q)

Ventricular weight/tibia length .
25.54 £0.28 26.51 £0.69 29.95+0.47*  26.6+0.92
(mg/mm)

p-BNP (ng/ml) 1.62+£0.11 1.61£0.01 2.29 £ 0.06" 1.66 £0.10

(#P < 0.05 vs. control, *P < 0.05 vs. ISO)
Eight weeks after 1ISO-induced myocardial infarction, body weight, mass of ventricles and tibia length were measured.
Ventricular weight/body weight (mg/g) and ventricular weight/tibia length (mg/mm) ratios were calculated. Plasma B-type
Natriuretic Pepetide (p-BNP) level was determined by ELISA. Control group (C) (n=5); doxycycline group (DOX) (n=6);
isoproterenol group (ISO) (n=7); ISO+ doxycycline group (ISO+DOX) (n=7). The results were expressed as mean = S.E.M.
#P < 0.05 vs. Control, *P < 0.05 vs. ISO.

4.2.6 Doxycycline inhibits the heart failure—induced elevation of plasma BNP level

Elevation in plasma BNP levels was strongly associated with the severity of heart failure. The
BNP level increased significantly in the 1ISO group 8 weeks after myocardial infarction (P <
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0.05, C vs. ISO). However, doxycycline could significantly reduce the plasma BNP level (P <
0.05, ISO vs. ISO+DOX) suggesting that doxycycline decreased the severity of postinfarction
heart failure. There was no significant difference between the control and the DOX groups
(Table 3).

4.2.7 Doxycycline decreases the interstitial collagen deposition in the myocardium

Histological analysis revealed marked scar tissue formation after ISO stress in failing rat hearts
compared to the control group (P < 0.05). Doxycycline treatment significantly decreased the
extent of interstitial fibrosis (P < 0.05). Doxycycline alone did not cause any alterations in
myocardial hypertrophy or interstitial collagen deposition (Fig 5A).
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Fig 5. DOX reduces ISO-induced interstitial collagen deposition and protein nitrosylation in 1ISO—-induced heart
failure.

(A) Sections stained with Masson’s trichrome (scale bar: 500um, magnifications 5-fold). Control: age-matched rats,
DOX: age-matched animals treated with doxycycline for 8 weeks, 1SO: age-matched animals 8 weeks after 1SO
administration, ISO+DOX: age-matched animals treated with doxycycline, 8 weeks after ISO administration. Values are
mean = SEM. #P < 0.05 (ISO vs. control group), *P < 0.05 (ISO+DOX vs. ISO group). (B) Representative
immunohistochemical stainings for nitrotyrosine (NT, brown staining, scale bar: 500um, magnifications 5-fold) in the
myocardium of control: age-matched rats, DOX: age-matched animals treated with doxycycline for 8 weeks, 1SO: age-
matched animals 8 weeks after ISO administration, ISO+DOX: age-matched animals treated with doxycycline, 8 weeks
after ISO administration. Values are mean + SEM. #P < 0.05 (ISO vs. control group), *P < 0.05 (ISO+DOX vs. ISO

group).
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4.2.8 Effects of doxycycline on the oxidative stress marker nitrotyrosine

The presence of oxidative stress was been confirmed in our rodent heart failure model by the
investigation of a lipid peroxidation product, NT. Myocardial sections from the control group
showed almost no immunostaining for NT. In contrast, in animals with heart failure (1SO),
immunostaining notably increased (P < 0.05, C vs. ISO), but this increase was attenuated by
DOX treatment (P < 0.05, 1ISO vs. ISO+DOX; Fig 5B).

4.2.9 Effect of doxycycline on the expression of OPA-1 and Mfn-2 and phosphorylation of
Drp_lser‘GlG

OPA-1 expression significantly increased in the DOX treated groups compared to the control
and 1SO groups (P < 0.05, control vs. DOX and P < 0.05, ISO vs. ISO+DOX) whereas the
expression of Mfn-2 decreased significantly in the ISO+DOX group compared to the ISO group
(P <0.05, ISO vs. ISO+DOX). The phosphorylation level of Drp-15%®1¢ increased significantly
in the ISO group and decreased significantly in the ISO+DOX group (P < 0.05, C vs. ISO and
P < 0.05, ISO vs. ISO+DOX). Protein levels were measured with Nanodrop and GAPDH was

used as loading control (Fig 6).
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Fig 6. DOX favorably modulates the expression of Mfn-2, OPA-1 and the phosphorylation of Drp-1.
Representative western blot analysis of Mfn-2, OPA-1, Drp-1 and pDrp-15%1¢ and densitometric evaluation is
shown. PhosphoDrp-1%¢%16 hands were normalized to the appropriate Drp-1 bands. Representative blots and bar
diagrams of three independent experiments are presented. C: control animals, 1SO: animals 8 weeks after 1ISO
administration; 1ISO + DOX: animals treated with doxycycline, 8 weeks after ISO administration; DOX: animals
treated with doxycycline for 8 weeks. Values are mean + SEM. #P < 0.05 vs control, *P < 0.05 vs. ISO.

4.3 Discussion

We investigated the effect of DOX on H9c2 cardiomyocyte cell culture and on an
isoproterenol-induced heart failure animal model. Subcutaneous administration of
isoproterenol produces diffuse myocardial necrosis predominantly subendocardially (28, 65).
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The significant myocardial cell loss is followed by hypertrophy and remodeling leading to
impaired left ventricular function and heart failure similar to that observed in post-MI patients.
LV systolic function is a strong predictor of cardiac mortality and morbidity (66). 1SO treatment
significantly decreased the systolic left ventricular function, elevated ventricular wall thickness
and diameter and caused significant myocyte hypertrophy. DOX was capable of preserving LV
systolic function (EF%, FS%) and normalized wall thickness and ventricular diameter (Table
2, Fig 4). In accordance with these results, plasma BNP levels increased in the ISO—treated
animals, and this increase was attenuated by DOX treatment (Table 3). There are data in the
literature about the protective effect of doxycycline on isoproterenol induced cardiac
hypertrophy and on the early phase of remodeling (36, 37). Our working group verified for the
first time that DOX strikingly reduces the severity of postinfarction heart failure in an advanced
stage.

Our histological examinations showed that ISO treatment induced excessive fibrosis, which
was highly reduced by DOX treatment (Fig 5A). This effect is presumably based on its matrix
metalloproteinase inhibition which has been described previously (67, 68). The effect of DOX
was so prominent in our animal model, that we wanted to further clarify its action on myocardial
protection.

Recently emerging evidence indicates that myocardial oxidative stress contributes to heart
failure (69, 70). To establish the presence of oxidative damage in our animal model, we
performed nitrotyrosine immunohistochemical analysis on the rat heart samples. Rats treated
with ISO showed increased ROS production, which was highly attenuated by DOX treatment
(Fig 5B).

There are some data in the literature about the antioxidant and scavenging properties of
doxycycline (71). Doxycycline has a multiple-substituted phenol ring which is the key to its
ROS-scavenging abilities. The reaction of the phenol ring with a free radical generates a
phenolic radical that becomes relatively stable and unreactive (72). It is also supposed that
doxycycline may inhibit MMPs by attenuating the oxidative stress (73).

Since mitochondria are a major source (and target) of ROS and play a critical role in energy
production, we turned our attention to these organelles. Intensive research on the mitochondria
has previously demonstrated that their structural and functional integrity is essential for
maintaining normal myocardial function (8). The tightly controlled balance between
mitochondrial fusion and fission is important in high energy demanding cells, such as
cardiomyocytes. Defects in mitochondrial dynamics have been associated with various

disorders, including heart failure, ischemia/reperfusion injury, diabetes, and aging (13). We first
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tested the effect of DOX on a H9c2 cardiomyocyte cell culture, where DOX protected
cardiomyocytes against oxidative injury in the SRB assay (Fig 2). Next we examined the effect
of DOX on ROS-induced mitochondrial fragmentation and membrane potential. Our results
showed that DOX protected mitochondria against ROS—induced mitochondrial fragmentation
(Fig 3A) and prevented ROS—induced collapse of the mitochondrial membrane potential (Fig
3B), processes that cause rapid impairment of mitochondrial and cellular function leading to
necrotic and apoptotic cell death (74-76).

We further investigated the effect of DOX on the expression of dynamin-like GTPases (OPA-
1, Mfn-2, DRP-1) responsible for mitochondrial dynamics in western blot analysis of rat heart
samples. It has been reported that Mfn-2 is markedly induced by oxidative stress in H9c2
cardiomyocytes and Mfn-2 creates physical connection between mitochondria and endoplasmic
reticulum (17). After mitochondria is connected to the endoplasmic reticulum, a high amount
of calcium enters the mitochondria from the ER and induces mitochondrial fragmentation (18,
77) (Fig.1). It is also known that elevated steady state level of OPA-1 leads to mitochondrial
fusion and improves cell survival. On the contrary DRP-1 phosphorylation on Ser616 leads to
mitochondrial fragmentation. It was reported earlier that pharmacological inhibition of Drp-1
attenuates mitochondrial membrane depolarization and protects the heart from
ichemia/reperfusion injury, and Drp-1 expression is reduced in Mfn-2 knockout hearts (16, 19).
Reduced expression of Mfn-2 makes mitochondria more tolerant to oxidative stress and Ca?*
overload (17). In our animal model, ISO treatment decreased OPA-1 and increased Mfn-2
levels, and augmented the phosphorylation of Drp-1. DOX was able to favorably modulate the
steady state level of OPA-1, Mfn-2 and the phosphorylation of Drp-1, which prevented
mitochondrial fragmentation and improved cell survival (Fig 6).

Some mitochondria targeted drugs such as PT pore inhibitors, NO analogs, antioxidants,
potassium channel openers, metabolic modulators, have been examined in various clinical trials
(9, 78). Unfortunately, many of these drugs have failed, while others are still under investigation
(79, 80), showing that effective modification of this fine balance in mitochondrial metabolism
is difficult.

According to our results, DOX might be a promising agent in the treatment of postinfarction
heart failure. Besides its well-known protective effect on cardiac hypertrophy, remodeling and
fibrosis, we could demonstrate that DOX was able to decrease the ROS-induced mitochondrial
fragmentation and depolarisation on H9C2 cardiomyocytes, and beneficially modulated the
steady state level of OPA-1, Mfn-2 and the phosphorylation of Drp-1 in our postinfarction heart
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failure model. Further investigations are needed to better understand its protective effect on

mitochondrial metabolism, ROS production and cell survival.
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5 Examination of resveratrol in a postinfarction heart failure

model

OH

HO SN

OH

Fig 7. Chemical structure of resveratrol (RES).
5.1 Methods

5.1.1 Experimental protocol

Male 20-week-old Wistar rats (410-480 g) were used for the experiments. Animals received
care according to the Guide for the Care and Use of Laboratory Animals published by the US
National Institute of Health (NIH Publication No. 85-23, revised 1996) and the experiment was
approved by the Animal Research Review Committee of the University of Pecs, Medical School
(Permit number: BA02/2000-2/2010). The animals were housed under standardized conditions,
12 h dark-light cycle in solid bottomed polypropylene cages, and received commercial rat chew
ad libitum. RES or clean water was administered as drink ad libitum for 8 weeks. We set the
dosage of resveratrol to 15 mg/kg/day (61, 81, 82).

The rats were treated twice on two consecutive days with 80 mg/kg ISO (Sigma-Aldrich) or
vehicle subcutaneously to induce postinfarction remodeling as previously described. The
animals were divided into four groups: Control group (C), received clear water without ISO
treatment; the second group of rats received two subcutaneous injections of isoproterenol at the
dosage of 80 mg/kg (ISO); ISO + RES group (ISO+RES), received resveratrol with 1SO
treatment; resveratrol group (RES), received resveratrol without ISO treatment. RES inhibitor
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treatment was delayed 24 h to avoid suppression of infarct size. At the end of the 8-week-long
period, body weights were measured, animals were sacrificed and the hearts were removed.
Atria and great vessels were trimmed from ventricles; the weight of the ventricles was measured
and normalized to body mass. Afterwards, ventricles were fixed in 10% formalin for histology

or freeze clamped for Western blot analysis.

5.1.2 Isoproterenol heart failure model

For both experimental protocol we used the ISO-induced myocardial infarct model that is a
relevant murine model of postinfarction heart failure. Subcutaneous administration of
isoproterenol produces patchy myocardial necrosis predominantly subendocardially. The
significant myocardial cell loss is followed by consequent left ventricular hypertrophy and
cardiac fibrosis, the left ventricular function decreases and myocardial remodeling occurs.
Eventually these processes are leading to heart failure similar to the one obeserved in post-MI
patients. Because isoproterenol is rapidly metabolized, acute adverse effects of the drug can be

avoided.

5.1.3 Noninvasive evaluation of cardiac structure and function

Under baseline conditions, all animals were examined by means of echocardiography to
exclude rats with any heart abnormalities. Transthoracic echocardiography was performed
under inhalation anaesthesia at the beginning of the experiment and on the day of sacrifice. The
rats were lightly anaesthetized with a mixture of 1.5% isoflurane and 98.5% oxygen. The chest
of the animals was shaved, acoustic coupling gel was applied, and a warming pad was used to
maintain normothermia. The animals were imaged in the left lateral position. Cardiac diameter
and functions were measured from short- and long-axis views at the mid-papillary level using
a VEVO 770 high-resolution ultrasound imaging system (VisualSonics, Toronto, Canada),
which is equipped with a 25-MHz transducer. The investigators were blinded to the treatment
protocol. Left ventricular (LV), ejection fraction (EF), LV end-diastolic volume, LV end-
systolic volume, and the thickness of the septum and posterior wall were determined. EF
(percentage) was calculated by 100 x [(LVEDV - LVESV)/LVEDV]. (29).
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5.1.4 Histology

For histologic examnination ventricles were fixed in formalin and sliced and embedded in
paraffin. Sections (5-um thick) were cut serially from base to apex. LV sections were stained
with Masson’s trichrome to detect the interstitial fibrosis, and quantified by the NIH ImageJ

image processing program via its colour deconvolution plugin (29).

5.1.5 Nitrotyrosine immunohistochemical staining

We performed immunohistochemical staining for nitrotyrosine, a nitro-oxidative stress-
marker, using a previously described method. Extensively stained areas were also quantified

using the NIH ImageJ image processing program via its colour deconvolution plugin (64).

5.1.6 Determination of plasma B-type natriuretic peptide level

Blood samples were collected into Vacutainer tubes containing EDTA and aprotinin (0.6 1U/ml)
and centrifuged at 1600 g for 15 minutes at 4°C to obtain plasma, which was collected and kept
at -70°C. Plasma B-type natriuretic peptide-45 levels (BNP-45) were determined by enzyme
immunoassay method (BNP-45, Rat EIA Kit, Phoenix Pharmaceuticals Inc., CA, USA) (29).

5.1.7 Western blot analysis

Fifty milligrams of heart samples were homogenized in ice-cold Tris buffer (50 mmol/l, pH
8.0) containing 50 mM sodium vanadate and protease inhibitor cocktail (Sigma-Aldrich Co.,
Budapest, Hungary) and harvested in 2x concentrated SDS-polyacrylamide gel electrophoresis
sample buffer. Proteins were separated on 12% SDS-polyacrylamide gel and transferred to
nitrocellulose membranes. After blocking (2 h with 3% nonfat milk in Tris-buffered saline),
membranes were probed overnight at 4 °C with antibodies recognizing the following antigens:
phospho-specific mitogen-activated protein (MAP) kinase phosphatase-1 (MKP-1) Ser359
(1:1000), phospho-specific Akt-1/protein kinase B-a Ser473 (1:1000), phosphospecific
glycogen synthase kinase (GSK)-3p Ser9 (1:1000), phospho-specific p38 mitogenactivated
protein kinase (p38-MAPK) Thr180-Gly-Tyr182 (1:1000), ERK1/2T83-Tyri8 — cOX-2
(1:1000), and iNOS (1:1000). Membranes were washed six times for 5 min in Tris-buffered
saline (pH 7.5) containing 0.2% Tween (TBST) before the addition of goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody (1:3000 dilution; Bio-Rad, Budapest,

Hungary). Membranes were washed six times for 5 min in TBST and the antibody—antigen
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complexes were visualized by means of enhanced chemiluminescence. The results of Western

blots were quantified using the NIH ImageJ program.

5.1.8 Statistical analysis

Statistical analysis was performed by analysis of variance and all of the data were expressed as
the mean = SEM. The homogeneity of the groups was tested by F-test (Levene’s test). There
were no significant differences among the groups. Comparisons among groups were made by
one-way ANOVA followed by Bonferroni correction or Tukey HSD’s post hoc tests in SPSS
for Windows, version 21.0. All data are expressed as mean + S.E.M. A value of p<0.05 was

considered statistically significant.

5.2 Results

5.2.1 Resveratrol treatment improved the gravimetric parameters in 1ISO-induced heart

failure model

Body weights did not differ significantly among the four groups at the beginning or the end of
the experiment. Gravimetric measurements were performed and significantly elevated
ventricular weight (WV, g) (C: 1.33+0.01; RES: 1.31+0.01; ISO: 1.53+0.02; ISO+RES:
1.35+0.01) (C vs. ISO P<0.05) as well as ventricular weight normalized to body weight
(WV/BW, mg/g) (C: 2.25+0.06; RES: 2.21+0.08; ISO: 2.81+0.06; ISO+RES: 2.29+0.09) (C
vs. ISO P < 0.05) and to tibia length (TL) (WV/TL, mg/mm) (C: 26.03+0.47; RES: 25.33+0.33;
ISO: 29.96+0.28; ISO+RES: 27.02+0.13) (C vs. ISO P<0.05) were detected. Resveratrol
treatment prevented the unfavourable changes in gravimetric parameters indicating hypertrophy
in the ISO+RES group (ISO+RES vs. 1ISO p<0.05). (Table 4).
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Table 4. Effects of RES and I1SO on the gravimetric parameters.

Group Control RES 1ISO ISO+RES
weight (g) 595.86£15.15  596.00+21.30 544.50+11.63 593.86+18.41
ventricular weight (g) 1.33+0.01 1.31+0.01 1.53+0.02# 1.3540.01%*
tibia length (mm) 51.43+£0.72 51.57+0.72 50.86+0.55 49.86+0.35
ventricular weight/body weight (mg/g) 2.25+0.06 2.21+0.08 2.81+0.06# 2.29+0.09*

ventricular weight/tibia length
26.03+0.47 25.33+0.33 29.96+0.28#  27.02+0.13*
(mg/mm)
Eight weeks after 1SO-induced myocardial infarction, body weight, mass of ventricles and tibia length were
measured. Ventricular weight/body weight (mg/g) and ventricular weight/tibia length (mg/mm) ratios were

calculated. The results are expressed as mean+S.E.M. #P<0.05 vs. Control. *P<0.05 vs. 1SO.

5.2.2 Resveratrol decreased the heart failure-induced elevation of plasma BNP level

ISO administration led to a significant increase in BNP level in the 1SO group 8 weeks after
myocardial infarction in our study (C vs. 1SO P<0.05). However resveratrol significantly
attenuated this response (ISO+RES vs. ISO P<0.05) suggesting that resveratrol decreases the
severity of postinfarction heart failure. There was no significant difference between the C and
the RES groups (Fig. 8) .
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Fig 8. RES inhibited the heart failure-induced elevation of plasma BNP level. Plasma BNP level was

determined using an ELISA method as described in the Materials and methods. C: control animals; RES: animals
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treated with resveratrol for 8 weeks; 1SO: animals 8 weeks after ISO administration; 1ISO + RES: animals treated

with resveratrol, 8 weeks after ISO administration. Values are mean = SEM, *P<0.05 vs. 1SO, #P<0.05 vs C.

5.2.3 Resveratrol improved left ventricular function and moderated left ventricular
hypertrophy in 1ISO-treated rats

The echocardiographic parameters of animals did not differ significantly from each other at the
beginning of the study. Heart rate did not differ significantly during anaesthesia among the
groups. LVESV and LVIDs were significantly higher in the 1ISO group (ISO vs. C and 1SO vs.
RES p<0.05). The thickness of the septum and posterior wall and calculated LV mass were also
higher in the ISO group (indicating the presence of ventricular hypertrophy) compared to the
control group (ISO vs. C p<0.05). Resveratrol treatment significantly reduced these
unfavourable alterations. Systolic left ventricular function (EF %) were significantly lower in
the 1SO group (ISO vs. C p<0.05) and this deterioration was significantly improved by
resveratrol administration (ISO vs. ISO+RES, p<0.05) (Table 5, Fig. 9).

Baseline C RES ISO ISO+RES
EF (%) 75.62+0.87 71.70+1.61 72.47+1.69 56.96+1.43%  67.49+1.14"
Septum (mm) 1.63+0.05 1.65+0.10 1.61+0.03 1.82+0.03% 1.70+0.02"
PW (mm) 1.57+0.03 1.59+0.07 1.59+0.03 1.81+0.06" 1.60+0.02"
LVIDd (mm) 8.19+0.11 8.4440.22 8.43+0.17 7.88+0.12 8.4140.23
LVIDs (mm) 4.42+0.08 4.85+0.09 4.69+0.19 5.70+0.2" 4.90+0.12"
LVEDYV (ul) 364.23£10.38  393.36£19.32  386.40+16.82  365.54+6.64  401.59+18.63
LVESV (ul) 88.83+4.40 109.9+4.53 106.14£7.26  157.71£7.29%  130.27+6.69"

LV mass (mg) 994.1+21.8 1035.31£59.79  1038.38+44.44 1239.14+76.5% 1041.85+35.50"
Table 5. Resveratrol improved left ventricular function in 1SO-treated rats and reduced left ventricular
hypertrophy Control group (C); resveratrol group (RES); isoproterenol-treated group: (ISO); ISO+ resveratrol
group (ISO+RES). EF: gjection fraction, LVESV: left-ventricular end-systolic volume, LVEDV: left ventricular
end-diastolic volume, LVIDd: diastolic left ventricular inner diameter, LVIDs: systolic left-ventricular inner

diameter.
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Fig 9. Representative echocardiographic M-mode images of left ventricles of animals from Control, RES,
ISO and ISO+RES groups.

5.2.4 Resveratrol decreased interstitial collagen deposition in the myocardium

Marked scar tissue formation was revealed by histological analysis after 1SO stress in failing
rat hearts compared to the control group (P<0.05). Resveratrol treatment significantly decreased
the extent of interstitial fibrosis (P<0.05). Resveratrol alone did not cause any significant
alterations in physiological conditions related to myocardial hypertrophy or interstitial collagen
deposition (Fig 10A).
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Fig 10. RES treatment moderated 1SO-induced interstitial collagen deposition and protein nitrosylation in
ISO-induced heart failure. (A) Representative sections stained with Masson’s trichrome, scale bar: 500 um,
magnifications 10-fold. Control: age-matched control rats. RES: age-matched animals treated with resveratrol for
8 weeks. 1SO: age-matched animals 8 weeks after ISO administration; ISO+RES: age-matched animals treated
with resveratrol, 8 weeks after ISO administration. Values are mean = SEM, P<0.05 (ISO vs. Control group),
P<0.05 (ISO+RES vs. I1SO group). (B) Representative immunohistochemical stainings for nitrotyrosine (NT,
brown staining, scale bar: 500 um, 10x magnification) in the myocardium of: Control: age-matched control rats;
RES: age-matched animals treated with resveratrol for 8 weeks; 1SO: age-matched animals 8 weeks after 1SO
administration; ISO+RES: age-matched animals treated with resveratrol, 8 weeks after ISO administration. Values
are mean + SEM, #P<0.05 (ISO vs. Control group), *P<0.05 (ISO+RES vs. ISO group).

5.2.5 Effects of resveratrol on the oxidative stress marker nitrotyrosine

The presence of oxidative stress was confirmed in our rodent heart failure model by the
measurement of NT, which is a product of tyrosine nitration. Almost no immunostaining for
NT was observed in myocardial sections of the control group. In contrast, in animals with heart
failure (1SO), immunostaining was significantly more extensive (P<0.05, C vs. ISO), but this
increase was attenuated by RES treatment (P < 0.05, ISO vs. ISO+RES; Fig. 10B).
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5.2.6 Resveratrol favourably influenced the phosphorylation of Akt-15¢™72 GSK-34%" in

failing myocardium

The level of Akt-15¢7 was significantly higher in the RES and 1ISO+RES groups compared to
the control and 1SO groups (P<0.05) respectively. Although the level of Akt-15¢%7 was
significantly elevated in ISO-treated animals (ISO vs. C P<0.05), the highest activities were
observed in the ISO+RES group (ISO vs. ISO+RES P<0.05). The level of GSK-3p%"° was also
slightly elevated in the RES group compared to the control group and significantly decreased
in ISO animals compared to control animals (P<0.05 C vs. ISO). The elevation in the ISO+RES
group was significant compared to the 1ISO group too (P<0.05 ISO+RES vs. ISO) GAPDH was

used as a loading control (Fig 11).
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Fig 11. Effect of resveratrol treatment on Akt-15¢773 GSK-38%¢"°, Representative western blot analysis of Akt-
15e473/GSK -3/3%¢ phosphorylation and densitometric evaluation is shown. GAPDH was used as a loading control.
Representative blots and bar diagrams of three independent experiments are presented. C: control animals; RES:
animals treated with resveratrol for 8 weeks; 1SO: animals 8 weeks after ISO administration; 1SO + RES: animals
treated with resveratrol, 8 weeks after ISO administration. Values are mean + SEM, #P <0.05 vs. Control, *P<0.05
vs. ISO, yP<0.05 C vs. RES.

5.2.7 Resveratrol attenuated the phosphorylation of p38-MAPKT180-Cly-Tyrl82 ' pRi 1/ Thri83-

Y185 and increased the amount of MKP-1 in 1SO-stressed hearts

The level of phosphorylation of p38-MAPKTNM80-Gly-Tyrl82 and ERK1/2TN183-Tyri85 \yag
significantly elevated in the ISO group compared to the control group (C vs. 1ISO P<0.05). There
was a significant reduction in the phosphorylation level of p38-MAPKT™80-Cly-Tyr182 jn the
ISO+RES group versus the ISO group (P<0.05, ISO vs. ISO+RES). The activation of
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ERK1/2T183-Tyr85 \was also significantly reduced in the ISO+RES group, compared to the 1ISO
group (P<0.05, 1SO vs. ISO+RES). Consequently the steady state amount of MKP-1 was
significantly elevated in the ISO+RES group compared to the ISO group. Interestingly there
was a strong and significant elevation in the RES group compared to the control group (P<0.05
C vs. RES). GAPDH was used as a loading control (Fig 12).
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Fig 12. Effect of resveratrol treatment on the phosphorylation of p38-MAPKT80-Gly-Tyrig2 FRK 1/2Thr18s-
18 and on the amount of MKP-1. Representative western blot analysis of p38-MAPKTM180-Cly-yr182 FRK1/2
phosphorylation and MKP-1 level; a densitometric evaluation is shown. GAPDH was used as a loading control.
Representative blots and bar diagrams of three independent experiments are presented. C: control animals; RES:
animals treated with resveratrol for 8 weeks; 1SO: animals 8 weeks after 1ISO administration; ISO + RES: animals
treated with resveratrol, 8 weeks after ISO administration. Values are mean + SEM, #P <0.05 Control vs. I1SO,

yP<0.01 Cvs. RES, *P<0.05 ISO vs. ISO+RES.
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5.2.8 Resveratrol decreased the expression of COX-2 and iNOS

The expression of COX-2 and iNOS was significantly elevated in ISO compared to the control
(P<0.05, C vs. ISO) and significantly decreased in ISO+RES compared to ISO (P<0.05, ISO
vs. ISO+RES). Although the activation level of COX-2 was slightly decreased in RES

compared to the control, the only significant difference was between ISO+RES and ISO.

GAPDH was used as a loading control (Fig 13).
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Fig 13. Effect of resveratrol treatment on COX-2 and iNOS. Representative western blot analysis of COX-2
and iNOS activation and densitometric evaluation is shown. GAPDH was used as a loading control. Representative
blots and bar diagrams of three independent experiments are presented. C: control animals; RES: animals treated
with resveratrol for 8 weeks; 1SO: animals 8 weeks after ISO administration; 1ISO + RES: animals treated with
resveratrol, 8 weeks after ISO administration. Values are mean = SEM # P<0.05 Control vs. 1SO, *P<0.05 ISO
vs. ISO+RES.

47



5.3 Discussion

There are data in the literature about the protective effect of resveratrol on isoproterenol induced
cardiac hypertrophy and on the earlier phase of remodeling (55, 83). Our working group has
previously demonstrated the beneficial effects of an alcohol-free red wine extract in a
postinfarction heart failure murine model (54). This time we aimed to test the cardioprotective
effect of RES on oxidative stress and different signaling pathways in an advanced stage of heart
failure. Subcutaneous administration of ISO produces patchy myocardial necrosis with
subsequent hypertrophy, fibrosis and remodeling leading to heart failure similar to that
observed in patients after myocardial infarction (65).

Plasma BNP levels, left ventricular wall thickness and dimensions were increased and the
systolic left ventricular function was significantly decreased in 1SO-treated animals. RES was
capable of preserving LV function and moderated the severity of heart failure (Table 5.).
Excessive collagen deposition is the main histological characteristic of ventricular remodeling
Damaged myocardium is replaced by scar tissue stabilizing the ventricular wall, but leading to
systolic and diastolic dysfunction and arrhythmias. In our study RES prevented the marked
fibrosis induced by 1SO treatment (Fig 10A).

There is a large amount of evidence that ROS release plays a pivotal role in the development
of heart failure (70). We observed increased immunohistochemical staining against
nitrotyrosine (NT) -a marker of oxidative stress- on ISO-treated animal heart samples, which
was significantly decreased by RES treatment (Fig 10B) indicating that RES was able to reduce
myocardial ROS production. Excessive ROS formation induces different intracellular signaling
pathways regulating cardiac remodeling, myocyte survival, apoptosis and necrosis (84).

In vitro studies have already shown that RES reduced the toxic effects of oxidative stress,
decreased apoptosis via suppression of the p38-MAPK pathway, reduced autophagy and cell
apoptosis through SIRT1 and the p-Akt pathway (58, 85-87). In animal studies, it was also
proved that RES reversed LV remodeling and ameliorated heart failure after myocardial
infarction by increasing the LC3-11/LC3-I ratio (60).

Here we investigated the effect of RES on the ERK 1/2, p38-MAPK, Akt-1 and GSK-3p
pathways which play a critical role in cardiac hypertrophy and ventricular dilatation (88),
myocyte survival, apoptosis, autophagy and necrosis (88-90). Akt activation inhibits
cardiomyocyte apoptosis and improves surviving of cardiomyocytes in the ischemic heart (91).
Akt exerts its protective effect through phosphorylation of the Bcl-2 family and GSK-3p (92).
Akt-1 is a key molecule in the signaling of physiological hypertrophy and it has a pivotal role
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in the prevention of pathological cardiac growth (88). In our investigation phosphorylation of
Akt-1 and GSK-3p were elevated in all groups compared to the control group but the highest
level of phosphorylations were in the ISO+RES group (Fig 11.), indicating that RES facilitated
the activity of endogenous prosurvival signaling pathways.

There are conflicting data in the literature regarding the role of MAP kinases in the regulation
of cell survival (27, 88, 89, 93-95). A wide variety of extra and intracellular stress signals can
induce sequential phosphorylation and activation of MAPK kinases via phosphorylation on
both threonine and tyrosine residues (90). Activation of MAPKSs are observed in various heart
diseases in humans and in the animal model of HCM, DCM, I/R injury and postinfarction heart
failure (96, 97). It was shown that resveratrol can influence the activation of MAPK cascades
(54, 96). In our study, the phosphorylation of p38-MAPKT80-Cly-Tyr182 gng ERK 1/2Thr183-Tyrlss
was elevated in 1ISO-treated groups but RES treatment significantly decreased this elevation.
These changes in the activation state of signaling molecules were probably due to the increased
production of MAPK phospatase-1 (MKP-1) which is the major regulator of MAPKSs (90, 95,
98). In accordance with this, the amount of MKP-1 was increased in the RES-treated groups
compared to untreated animals (84, 86, 99).

Whereas COX-1 plays a housekeeping role, COX-2 plays a major part in inflammation,
atherosclerosis and tumor formation (100-103). Previous studies showed that COX-2 is
upregulated by p38-MAPK and ERK1/2 (24). Moreover, prolonged activation of COX-2
produces cardiac cell death, leading to gradual loss of myocardial function and eventually heart
failure. We found in our postinfarction animal model that RES was able to reduce the activation
of COX-2 induced by I1SO treatment (Fig 13.).

Previous in vivo animal and human studies demonstrated the elevated expression of iNOS in
heart failure (26). Overexpression of iNOS in the myocardium of mice resulted in peroxynitrite
generation (104-107), and it has also been demonstrated that elevated nitrotyrosine formation
results in an increase in iNOS levels, creating a vicious circle of harmful effects (108). These
data indicates that iNOS is also a signifant factor in the development of postinfarction heart
failure (109). In our study ISO increased both nitrotyrosin formation (Fig.10B) and iNOS
activity (Fig.13.) which was efficiently attenuated by RES treatment. It has also been shown
that INOS, as well as COX-2 expression level is strongly correlated with the phosphorylation
level of the MAPK-s (p38-MAPK and ERK1/2™8-Ty185) (110-112) suggesting a strong

relation between oxidative stress and intracellular signal transduction.
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In our study RES treatment moderated the severity of HF by decreasing oxidative stress,
increasing the activity of pro-survival signaling pathways (Aktl, GSK-3B) and decreasing

p38MAPK and ERK1/2 stress signaling pathways (Fig. 14.):
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Fig 14. Summary of the beneficial effect of RES treatment in our HF model. Akt-1: RAC-alpha
serine/threonine-protein kinase, COX: cyclooxygenase, ERK 1/2: extracellular signal-regulated kinase 1/2, GSK-
3B: glycogen synthase kinase-33, MAPK: mitogen-activated protein kinase, MKP-1: mitogen-activated protein
(MAP) kinase-phophatase-1, iNOS: inducible nitric oxide synthase.
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6 Summary of new findings

6.1 Summary of new findings of DOX treatment.

1. Our working group verified for the first time that DOX strikingly reduces the severity of

postinfarction heart failure in an advanced stage of HF.

2. DOX protected mitochondria against ROS—induced mitochondrial fragmentation and
prevented ROS-induced collapse of the mitochondrial membrane potential in H9c2

cardiomyocytes

3. DOX increased OPA-1 and decreased Mfn-2 level, and decreased the phosphorylation of
Drp-1 in an ISO induced animal model of HF. Through these processes beneficially

influenced mitochondrial dynamics and cell survival.
4. Presumably these new findings are mainly based upon its antioxidant property.
6.2 Summary of new findings of RES treatment in an ISO induced animal model of HF

1. RES improved left ventricular function, and decreased the VWI/TL ratio, collagen

deposition in the myocardium and the plasma BNP level.

2. RES exerted its beneficial effects through modifying several intracellular signaling
pathways (Akt-1, GSK-3B, p38-MAPK, ERK1/2, MKP-1, COX-2 and iNOS).

3. The major effect of RES presumably based on its antioxidant capacity.

Both DOX and RES seems to be a promising agent in the future treatment of heart failure.
Based on our findings they exerts these new cardioprotective effects mainly by decreasing the

oxidative injury of the heart.
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