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Abbrevations

Akt-1: RAC-alpha serine/threonine-protein kinase
BNP: B-type natriuretic peptide

BW: body weight

COX: cyclooxygenase

DOX: doxycycline

EF: ejection fraction

ERK 1/2: extracellular signal-regulated kinase 1/2
FS: fractional shortening

GSK-3: glycogen synthase kinase-3[3

HF: heart failure

iNOS: inducible nitric oxide synthase

I/R: ischemia-reperfusion

IVS: thickness of interventricular septum

LV: left ventricle

LVEDV: left ventricular end-diastolic volume
LVESV: left ventricular end-systolic volume
MAPK: mitogen-activated protein kinase

MI: myocardial infarction

NF-KB: nuclear factor kappa B

NT: nitrotyrosine

PW: thickness of left ventricular posterior wall
RES: resveratrol (3,5,4’-trihydroxystilbene)
ROS: reactive oxygen species

SEM: standard error of mean

TL: tibia length

VW: ventricular weight

WKY': Wistar-Kyoto Rat



Introduction

Definition 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.” Heart failure (HF) is often, but not always, resulted from a myocardial dysfunction,
caused by myocardial ischemia, myocarditis or primer myocardial diseases. 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.

Prevalence 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.

Causes and pathophisiology of heart failure

Heart failure can be caused by a wide number of heredited or acquired conditions. A reduced stroke
volume may occur as a result of a failure of systole, diastole or both. Along with these macroscopic
changes several pathological processes are activated at a cellular level: activation of different signal
transduction pathways, reactive oxygen species (ROS) overproduction etc. resulting in myocyte death
due to apoptosis or necrosis.

Oxidative stress in heart failure and role of mitochondria

There are increasing evidence suggesting that chronic exposure to ROS play major pathological role in
the development and progression of heart failure.

Mitochondria are primarily responsible for ATP synthesis but under pathophysiological conditions, they
become the main sources of endogenous ROS production. 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 H»O; that can further react to form highly reactive hydroxyl radicals.

A balance in mitochondrial fusion and fission is essential in the maintenance of mitochondrial networks
and critical for cardiac metabolism and heart function. Oxidative conditions deteriorate this subtle
balance. Mitochondrial fusion and fission are regulated by dynamin-like guanosine triphosphatases
(GTPases) such as mitofusin 2 (Mfn-2), optic atrophy 1 (OPA-1) and dynamin-related protein 1 Drp-1,
which are markedly induced by oxidative stress. Regarding Mfn-1 and Mfn-2 they both produce

connected mitochondria and make large mitochondrial networks. 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 (Fig. 1).
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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
of Florence Burté et al. Disturbed mitchondrial dynamics and neurodegenrative disorders (Nature Rewievs
Neurology 11, 11-24 (2015))

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.

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-33 — GSK-3B) towards the activation of disadvantageous signaling factors



(p38-mitogen activated protein kinase - p38-MAPK, inducible nitrogen oxide synthase - iNOS,
cyclooxigenase-2 - COX-2).

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). 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.

Growing data suggest that aiming the modulation of MAPK cascades could be a promising target to
treat cardiomyocyte hypertrophy and HF. The exact role of MAPKSs 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 and dual specificity mitogen-activated protein kinase kinase 1/2 (MEK1/2)

protects the heart from ischemia induced apoptotic insults in mice.

New therapeutic approaches in the treatment 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. Our
working group has also several promising preclinical results with different PARP inhibitors on cardiac
hypertrophy, remodeling and vascular damage of hypertension. 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 mitochondrium.

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) inhibitory effect, which is believed to be the base of its major
protective effect. Accordingly, pre-clinical studies showed that timed treatment with doxycycline
significantly attenuates post-infarct LV remodeling. Moreover, doxycycline has showed a
cardioprotective effect in isolated animal hearts subjected to ischaemia/reperfusion injury. 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.

Resveratrol, a natural polyphenolic compound with numerous beneficial cardiac effects
Resveratrol (3,5,4’-trinydroxystilbene) (RES) - Figure (Fig) 7 - is primarily found in grapes, red wine,
nuts and some type of berries. Numerous experimental studies have verified that RES interferes with

several pathological processes in different cardiovascular diseases such as myocardial ischemia,


https://www.drugs.com/mcd/urinary-tract-infection-uti
https://www.drugs.com/mcd/gonorrhea
https://www.drugs.com/mcd/chlamydia

myocarditis, cardiac hypertrophy and heart failure. In my present work | will mainly focus on the effect
of RES in heart failure in an animal model. Different molecular mechanisms are involved in RES

treatment but the most frequently mentioned protective effect was its antioxidant property.

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.

1. To further clarify the cardioprotective effect of doxycycline in HF we examined its effect on ROS
production and mitochondrial dynamics and fragmentation, cardiac fibrosis, severity of HF featured by
BNP, LVEF, gravimetric parameters.

2. To further examine the cardioprotective effect of resveratrol in HF, the following experiments were
carried out: measurements of echocardiographic parameters with high-resolution imaging system
assessing interstitial fibrosis and oxidative stress on histological samples and evaluation of 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 iNOS.



Examination of doxycycline in a postinfarction heart failure model

Methods

Cell viability assay, detection of mitochondrial fragmentation with fluorescent microscopy and
mtochondrial membrane potential measurement with JC-1 assay for fluorescent microscopy

The effect of DOX on cell viability was measured with SRB assay. To visualize the mitochondria, 50
nM of MitoTracker Red (Molecular Probes) was added and incubated for 15 minutes. Representative
merged images of three independent experiments are presented. The mitochondrial membrane potential
(A¥m) was measured using the mitochondrial membrane potential-specific fluorescent probe, JC-1
(Molecular Probes). All experiments were repeated in triplicate.

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). We used the ISO-induced myocardial infarct model that is a relevant murine model
of postinfarction heart failure.

Experimental protocol

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; 1ISO group (ISO, n = 7) received two
subcutaneous injections of ISO at a dosage of 80 mg/b.w.(kg) and clear tap water afterwards;
ISO+doxycycline group (ISO+DOX or ISO+RES, n = 7), received 5 mg/b.w.(kg)/day or RES or clean
water was administered. We set the dosage of resveratrol to 15 mg/kg/day. doxycycline after 1ISO
treatment; doxycycline group (DOX or RES, 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.

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).



Non-invasive evaluation of cardiac function

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] and FS (%) was calculated as left ventricular end-diastolic
diameter (LVEDD) minus lef ventricular end-systolic diameter (LVESD) over the LVEDD x 100.

Histology

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

Western blot analysis

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), 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), ERK1/2Th83-Tyri8  COX -
2 (1:1000), and iNOS (1:1000).. The results of Western blots were quantified using the NIH ImageJ

program.

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.



Results

Protective effect of doxycycline against the free radical-induced injury of cardiomyocytes
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Doxycycline attenuates oxidative stress—induced mitochondrial fragmentation and Doxycycline

hyperpolarizes the mitochondrial membrane of H9c2 cardiomyocytes
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Fig 3. Mitochondrial depolarization and fragmentation in H9c2 cardiomyocytes.

(A) Doxycycline reduced or completely prevented ROS—induced mitochondrial fragmentation at the concentration
of 5 uM. (B) DOX protected H9¢2 cells from cell death by preventing the depolarization of the mitochondrial
membrane. (#P < 0.05, C vs. H202 and *P < 0.05, H,0; vs. DOX+H,0,).



Doxycycline improves left ventricular function and moderates left ventricular hypertrophy in 1SO

treated rats

Table 2. Effects of doxycycline on the echocardiographic parameters.

Baseline Control DOX ISO 1ISO+DOX
EF (%) 76.42+3.58 73.75+1.39 72.81+£1.51 58.84+1.27%  68.39+0.94"
FS (%) 46.933.29 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"
LLVIDd (mm) 8.210.21 8.64+0.29 8.30+0.18 8.46+ 0.07 8.31+0.22
LVIDs (mm) 436+033 4.77+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+2242
LVESV (ul) 86.31+15.86 107.52+5.73 103.24£9.85 147.16 £3.26" 121.42+4.86"
LV mass (mg)  991.69 +58.51 989.30 £ 63.91  953.00 £21.05 1212.24 = 48.30% 990.93 + 59.33"

Control group (C) (n=5); doxycycline group (DOX) (n=6); isoproterenol group (ISO) (n=7); 1SO+ doxycycline
group (ISO+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. ISO.
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Fig 4. Representative echocardiographic M-mode images of left ventricles of control, DOX, I1SO and
ISO+DOX groups.



Doxycycline treatment improves the gravimetric parameters in an 1ISO—induced heart failure model and
Doxycycline inhibits the heart failure—induced elevation of plasma BNP level

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

Group Control DOX ISO 1ISO+DOX

Weight (g) 56420 £21.55 569.67+23.04 51571 +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

zfenltri)cu'af weight/body  weight 5 554 012 2.27+0.09 2.87+0.13 2.39+0.06"
mg/g

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. 1SO)

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); 1SO+ doxycycline group (ISO+DOX)
(n=7). The results were expressed as mean = S.E.M. #P < 0.05 vs. Control, *P < (.05 vs. ISO.

Doxycycline decreases the interstitial collagen deposition and the oxidative stress marker nitrotyrosine
in the myocardium
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Effect of doxycycline on the expression of OPA-1 and Mfn-2 and phosphorylation of Drp-1%°%
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Discussion

We investigated the effect of DOX on H9c2 cardiomyocyte cell culture and on an isoproterenol-induced
heart failure animal model. LV systolic function is a strong predictor of cardiac mortality and morbidity.
ISO 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, ventricular diameter, fibrotic tissue
formation and free radicals (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. Our working group verified for the first time
that DOX strikingly reduces the severity of postinfarction heart failure in an advanced stage.

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. Defects in mitochondrial dynamics have been associated with various disorders, including
heart failure, ischemia/reperfusion injury, diabetes, and aging. We first 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.

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. In our animal model, 1SO
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).

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 HI9C2 cardiomyocytes.



Examination of resveratrol in a postinfarction heart failure model

Resveratrol (3,5,4’-trihydroxystilbene) (RES) (Fig 7.) is a natural phytoalexin found in a wide variety
of plant species including grapes and nuts and present in varying concentration in red wines. Numerous
experimental studies have verified that RES interferes with several pathological processes in different
cardiovascular diseases such as myocardial ischemia, myocarditis, cardiac hypertrophy and heart failure.
Multiple mechanisms have been proposed to be responsible for the protective effects of RES in HF. The
aim of the present study was to further examine RES in a postinfarction heart failure animal model,
where isoproterenol, a strong sympathetic agent was used to induce myocardial infarction, causing
patchy, predominantly subendocardial necrosis and fibrosis. We examined the effect of RES on left
ventricular function, myocyte hypertrophy, collagen deposition, ROS production and intracellular
signaling pathways taking part in the process of cardiac remodeling and heart failure.

Similarly to the study with doxycycline, myocardial infarction was induced with subcutaneous
administration of 80 mg/kg ISO in two consecutive days. Control animals received 1ml/kg saline
solution. The surviving animals were divided randomly into 2 groups 24 hours after the second injection:
one group (ISO+RES) was given 15mg/kg/day RES dissolved in tap water, the orher group did not
receive any other treatment (ISO group). The other two groups were age matched Conrol (C) and RES

OH
e

treated only (RES) groups.

OH
Fig 7. Chemical structure of resveratrol (RES).

Results

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

Group Control RES ISO 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# 1.35+0.01*
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 (mg/mm) 26.03+0.47 25.33+0.33 29.96+0.28#  27.02+0.13*
Table 4. Effects of RES and 1SO on the gravimetric parameters. Eight weeks after ISO-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.



Resveratrol decreased the heart failure-induced elevation of plasma BNP level
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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 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. ISO, #P<0.05 vs C.

Resveratrol improved left ventricular function and moderated left ventricular hypertrophy in

ISO-treated rats

Baseline C RES 1ISO 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 8.44+0.22 8.43+0.17 7.88+0.12 8.41+0.23
LVIDs (mm) 4.42+0.08 4.85+0.09 4.69+0.19 5.70+0.2% 4.90+0.12"

LVEDV (ul)  364.23+10.38
LVESV (ul)  88.83+4.40

LV mass (mg) 994.1+21.8

393.36+19.32
109.9+4.53

1035.31+59.79

386.40+16.82 365.54+6.64 401.59+18.63
106.14+7.26  157.71£7.29% 130.27+6.69"

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); 1ISO+ resveratrol

group (ISO+RES). EF: ejection 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.



Resveratrol decreased interstitial collagen deposition in the myocardium
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Marked scar tissue formation was
revealed by histological analysis after
ISO 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).

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 (I1SO),

immunostaining was significantly more extensive (P<0.05, C vs. 1SO), but this increase was attenuated
by RES treatment (P < 0.05, ISO vs. ISO+RES; Fig. 10B).

Resveratrol favourably influenced the phosphorylation of Akt-1%¢"7 GSK-3/%" in failing myocardium
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Fig 11. Effect of resveratrol treatment
on Akt-1Ser473, GSK-3BSer9. Values
are mean + SEM, #P <0.05 vs. Control,
*P<0.05 vs. ISO, yP<0.05 C vs. RES.
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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. Our working group has previously demonstrated
the beneficial effects of an alcohol-free red wine extract in a postinfarction heart failure murine model.
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. RES was capable of preserving LV function, decrease
fibrosis and free radical formation and moderated the severity of heart failure (Table 5.).

In our investigation phosphorylation of Akt-1 and GSK-3f 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.



In our study, the phosphorylation of p38-MAPKT80-Cly-Tyr182 gng ERK1/2T"83-Tyri8 \yas elevated in
ISO-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. In accordance with this, the amount of
MKP-1 was increased in the RES-treated groups compared to untreated animals.

Whereas COX-1 plays a housekeeping role, COX-2 plays a major part in inflammation, atherosclerosis
and tumor formation. Previous studies showed that COX-2 is upregulated by p38-MAPK and ERK1/2.
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 ISO treatment (Fig 13.). Previous in vivo
animal and human studies demonstrated the elevated expression of iNOS in heart failure. 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 ERK1/2T"183-Tyr185)
suggesting a strong relation between oxidative stress and intracellular signal transduction.

In our study RES treatment moderated the severity of HF by decreasing oxidative stress, increasing the
activity of pro-survival signaling pathways (Aktl, GSK-3p) 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-
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Summary of new findings

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.

Summary of new findings of RES treatment in an ISO induced animal model of HF
1. RES improved left ventricular function, and decreased the VW/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).
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Roviditések jegyzéke

AKT: protein kinaz B (PKB)

BNP: B-tipusu natriuretikus peptid

BW: testtomeg

COX: ciklooxigenaz-2

DOX: doxiciklin

EF: ejekcids frakeio

ERK 1/2: extracellularis szignal-regulalt kinaz

FS: frakcionalis rovidiilés

GSK-3f: glikogén szintaz kinaz-3f

HF: heart failure (szivelégtelenség)

IR: iszkémia-reperfiizid

iNOS: indukalhatd nitrogen-oxid szintaz

IVS (d): interventrikularis szeptum vastagsag diasztoléban
IVS (S): interventrikularis Szeptum vastagsag szisztoléban
LVEDV: bal kamra végdiasztolés térfogat

LVESV: bal kamra végszisztolés térfogat

LVID (d): bal kamra végdiasztolés atmérd

LVID (s): bal kamra végszisztolés atméro

MAPK: mitogén aktivalt protein kinaz

PW (d): bal kamra poszterior fal vastagsag diasztoléban
PW (s): bal kamra poszterior fal vastagsag szisztoléban
RES: rezveratrol

ROS: reaktiv oxigén gyok

TBS: TRIS-pufferelt sdoldat

TL: tibia hossz

WKY': Wistar-Kyoto patkany



Bevezetés

Definicio

A szivelégtelenség egy komplex Klinikai szindroma, melyet a sziv olyan strukturalis és/vagy
funkcionalis elvaltozasai okoznak, melyek eredményeképpen terhelés alatt vagy akar nyugalomban is a
sziv nem képes a sziikséges perctérfogatot normalis végdiasztolés nyomas mellett elérni. Hatterében
leggyakrabban a csokkent pumpafunkciot okozé iszkémias szivbetegség all, de egyéb okok pl.
miokarditisz, volumen - vagy nyomasterhelés, toxicus artalmak, vagy a miokardiumot érinté primer
megbetegedések allhatnak. Fontos idében felismerni és kezelni a szivelégtelenség hajlamosito tényezdit,

és megeldzni a betegség kialakulasat.

Prevalencia
A korszerli gyogyszeres kezelés és az invaziv kardiologia legujabb vivmanyai ellenére a
szivelégtelenség még mindig a vezetd halalok Eurépaban és Eszak-Amerikdban egyarant, amely a 70

év feleti populacio 10%-4t érinti.

A szivelégtelenség patomechanizmusa

A normal perctérfogat fenntartasara kompenzatérikus mechanizmusok aktivalédnak, melyek koziil a
legfontosabbak a szimpatikus idegrendszer, valamint a renin-angiotenzin-aldoszteron rendszer
aktivalodasa, a kardialis szoveti hormonok (ANP, BNP) fokozott termel6dése, a szivizom hypertrophia
és a fetalis gének expresszidja. Mindezek mellett szamos, egyéb maladaptiv folyamat aktivalodik, az
oxidativ foszforilacid zavart szenved, reaktiv oxigén szabadgyokok termelddnek, a sziv energia

haztartasa felborul, és végiil a szivizomsejtek elpusztulnak.

A mitokondriumok és az oxidativ stressz szerepe a szivelégtelenség kialakuldasaban
Egyre szélesebb korben bizonyitott, hogy a megnovekedett ROS termelés kdzponti szerepet jatszik a

szivelégtelenség kialakulasaban és progresszidjaban.
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1. abra: Mitokondrialis dinamika és interakciok. (Nature Rewievs Neurology 11, 11-24 (2015)

A mitokondriumok f6 feladata az ATP szintézis, azonban patolégias koriilmények kozott a ROS képzbédés 6

s

egyensulya tartja fenn. Ezt a kényes egyensulyt a szabadgyokok talzott termelédése konnyen megtori. A Mfn-2,
OPA-1, Drp-1 és a hozzajuk hasonldé GTP-azok szabalyozzak a mitokondridlis dinamikat (1. abra). Oxidativ

stressz sordn a Mfn-2 kacsolatot létesit az ER és a mikondriumok membranja kozott, elésegitve a Ca?* bearamlést,

crer

amely szintén fragmentacié irdnyaba mozditja a mitokondrialis dinamikat. Szivelégtelenség kapcsan is
megfigyelhetd a mitokondrialis halozat fragmentacidja, melynek kovetkeztében a mitokondrialis energiatermeld

folyamatok és ATP képzés csokken, mely végsé soron szivelégtelenséghez vezet.

Az intracellularis jelatviteli utak szerepe a szivelégtelenség kialakuldsaban

Patholdgias koriilmények k6zott a karos (p38-MAPK, iINOS, COX-2) és a talélést eldsegitd (pl. Akt-1,
GSK-3) jelatviteli utak aktivitasa is felerésodik, azonban az utobbiaké nem elenged6 mértékben.

Az Akt-1 és a GSK-3p kozponti szerepet toltenek be a sziv angiogenezisében, és a szivizom hypertrofia
és a kovetkezményes szivelégtelenség kifejlodésének gatlasaban.

A p38-MAPK és ERK 1/2 altal aktivalt COX-2 kontraktilitas csokkenéshez, apoptozishoz és karos
remodellinghez vezet. Ezen feliil, hossza tava, tulzott sejten beliili COX-2 aktivitas, fokozatos
kontraktilitas csokkenéshez, és végiil szivelégtelenség kialakulasdhoz vezet. Az iINOS hatasara nagy
mennyiségli NO szabadgydk szabadul fel, amely oxidativ karosodast idéz el6 a szivizomsejtekben.

A MAPK csalad (p-38MAP, ERK 1/2, JNK) szerepe még nem teljesen tisztazott kronikus
szivelégtelenségben, de a legtobbb irodalmi adat alapjan ezen kaszkad gatlasa, a szivizom-hipertrofiaval

és szivelételenséggel szemben igéretes lehet.

Uj terdpids megkozelitések a szivelégtelenség kezelésében
Az Eurodpai Kardiologus Tarsasag Szivizom funkciokkal fogalkoz6 munkacsoportja altal 2014-ben

publikalt allasfoglalas alapjan a kovetkezd potencialis hatdoanyagokat és terapias célpontokat tekintette



igéretesnek: ,,omecamtiv mecarbil” (miozin aktivator), nitroxil (HNO) donorok (pl.: CXL-1020 javitja
a szivizom funkciot), ciklosporin A (gatolja a mitokondriumok ioncsatornainak megnyilasat és a
sejthalalt), SERCA2a (szarkoplazmatikus/endoplazmatikus Ca?* ATP4z 2a, néveli a Ca?* felvételt a
szarkoplazmas retikulumba), neuregulinl (elésegiti a talélést aktivalo jelatvitelt), VEGF-A, VEGF-B
(szabalyozza az angiogenezist) stb.

Dominaldan oxidativ karosodas és mitokondrialis diszfunkcio, mint koroki tényez6 tekintetében elészor
a Q-SYMBIO vizsgalat és a Coenzim Q10 hasznalata mutatott pozitiv eredményeket. A mitokondrialis
dinamika komplexitasat jol szemlélteti, hogy eddig a legtdbb, klinikai gyakorlatban kiprobalt
gyogyszernek nem sikeriilt a mitokondrialis energiametbolizmust valoban kedvezd iranyba

befolyasolnia.

Doxiciklin: egy, a klinikai gyakorlatban ismert antibiotikum vj arca

A doxiciklin, a mindennapi gyakorlatban jol ismert antibiotikum hatasos olyan fert6zések lekiizdésében,
mint a klamidia, gonorrhea és a Lyme-kor. Kevésbé ismert tulajdonsaga a matrix metaloproteinase gatlo
hatasa, amelyhez kotheté szivizomhipetrofia-gatlo hatasa is. Pre-klinika vizsgalatok azt mutattak, hogy
a DOX sikeresen alkalmazhat6 bal kamrai remodeling gatlasaban és iszkémia-reperfizos karosodas
kivédésében. Ezen el6zményekbdl kiindulva, egy alkalommal eredményesen hasznaltak human klinikai
vizsgalatban, ST elevacios infarktuson atesett betegeken, az infarktusos teriilet csékkentése céljabol

coronaria intervencio utan.

A rezveratrol, mely szamos elényds kardiovaszkularis hatdassal bir

Szdmos kisérletes tanulmany bizonyitotta, hogy a sz6lében és egyéb bogyos gyiimdlcsokben és a
vorosborban is valtozd koncentrdcidban megtalalhatd rezveratrol védo hatassal rendelkezik olyan
kardiovaszkularis betegségek kivédésében, mint a koronariabetegségek, miokarditisz, hipertenziv
szivbetegség vagy a szivelégtelenség. Jelen kisérletiinkben egy allatmodellen vizsgaltuk a RES hatasat

a szivelégtelenség progresszidjara.



Célkitiizéseink
1. Els6 kisérletiink célja: a doxiciklin szivelégtelenségre gyakorolt hatasait vizsgaltuk:

1.1. Kardiomiocita sejtvonalon a doxiciklin sejttalélésre, mitokondrialis fragmentaciora és

mitokondialis membran potencialra gyakorolt hatasat vizsgaltuk oxidativ kdrnyezetben.

1.2. Allatmodellben vizsgaltuk hogyan befolyasolja a doxiciklin a szivizom fibrozist, az
oxidativ stresszt és a mitokondridlis dinamikat szabalyozo faktorok aktivitasat, mint az

OPA-1, Mfn-2 és Drpl.
2. A rezeveratrolnak az izoproterenol-indukalta szivelégtelenségre gyakorolt hatasait vizsgaltuk:

2.1. Echokradiografiaval mértiik a bal kamra funkciot és szovettani analizist végeztiink a
fibrozis s az oxidativ stressz mértékének meghatarozasara. A szivelégtelenség sulyossagat

a plazma BNP szint valtozasaval is kovettiik.

2.2. Vizsgaltuk tovabba a rezveratrol szivelégtelenség kialakulasaban fontos szerepet jatszo

jelatviteli utakra gyakorolt hatasat (Akt-1, GSK-3B, p38-MAPK, ERK 1/2, MKP-1,
COX-2 és iNOS).

Doxciklin hatasainak vizsgalata poszt-infarktusos szivelégtelenség

modellben

Modszerek

Sejttulélés, mitokondridalis fragmentdcio és mitOkondrialis membran depolarizacio vizsgalata
kardiomiocita sejtvonalon
A sejttalélést SRB assay-vel vizsgaltuk. A mitokondrialis fragmentacio mértékének meghatarozasat

Mitotracker red festéssel, a membran polaritast JC-1 festéssel végeztiik.

Posztinfarktusos szivelégtelenség model

Him WKY patkanyokban a miokardialis infarktust (MI) 80 mg/kg 1SO subcutan adasaval idéztiik eld,
mig a kontroll allatok fiziologias sdoldatot kaptak (1 ml/kg). 24 6raval a masodik injekcio utan, a taléld
patkanyokat véletlenszeriien 4 csoportra osztottuk: két csoport 5 mg/kg/nap DOX-t (DOX és ISO+DOX
csoportok) kapott ivovizben feloldva. A masik két csoport a kortars kontroll (C), illetve a csak 1ISO-t
(1SO) kapott csoportok voltak.



Gravimetrias paraméterek
Az allatokat ketamin hidroklorid tiladagolasaval altattuk tal. A pitvarokat és a nagy ereket
levalasztottuk a kamrakrol, megmértiik a kamrak tomegét, ezt normalizaltuk a testtdmegre és a jobb

sipcsont hosszara (szivizom hipertrofia mértékét jelzi).

Plazma B-tipusu natriuretikus peptid szint meghatdrozasa
A vérmintdkat EDTA-t tartalmazé Lavender Vacutainer csdvekbe vettiik le. A plazma B-tipusu

natriuretikus peptid-45 szintjét (BNP-45) enzimatikus immunoassay modszerrel mértiik meg.

Szovettan

Formalinban fixalt kamrakat lemetszettiik és paraffinba agyaztuk. 5 um vastagsagu metszeteket vagtunk
a bazistol a csucsig. Az 1 mm-enként nyert szeleteket megfestettiik. A metszeteket pikrosziriusz vordssel
vagy Masson trikrom festésével festettiik meg, hogy detektaljuk az intersticialis fibrézis mértékét. A

metszeteket NIH ImageJ program segitségével elemeztiik.

A szivfunkciok noninvaziv mérése
A kisérlet kezdetén és végén minden allatnal szivultrahangos vizsgalat tortént. A sziv dimenzioit és
funkcioit a rovid és hossztengelyi metszetekbdl vizsgaltuk a kozépsé papillaris izom szintjében VEVO

770 nagy felbontasu ultrahang rendszerrel (VisualSonics, Toronto, Canada) 37.5 MHz-es transzducerrel

Western blot analizis

A szivmintakat jéghideg, 8-as pH-ju homogenizalé pufferben dolgoztuk fel, amely 50 mM-os Tris
puffert tartalmazott (valamint 1:100-szoros higitisban 50 mM natrium metavanadatot), majd 2Xx-es
toménységli SDS-poliakrilamid gél elektroforézis minta pufferben folytattuk tovabb a feldolgozast. A
fehérjéket 10%-0s SDS-poliakrilamid gélben valasztottuk szét. Blokkolas utadn (2h, 3%-0s zsirmentes
tejjel, Tris pufferalt sooldatban) a membranokat egy éjszakan at 4°C-on az elsGdleges antitesttel
inkubdltuk, majd masnap a masodlagos antitesttel. A kialakult komplexeket az ,,enhanced”
kemilumineszcencia modszerével tettiik lathatova. Szkennelés utdn az eredményeket a NIH Imagel

program segitségével értékeltiik



Eredmények

A doxiciklin védé hatasa a szabadgydkok okozta kardiomiocita pusztuldssal szemben

2 105 - 2. abra: H9c¢2 kardiomiocitakat
100
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A doxiciklin  megakadalyozta az oxidativ-stressz indukadlta mitokondridlis fragmentdciot és

hiperpolarizdiciot a H9¢2 kardiomiocitik mitokondriumainak kiilsé membranjaban
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3. abra: H9¢2 kardiomiocitak mitokondrialis depolarizaciéja és fragmentacioja.
mitokondrialis fragmentaciot. (B) DOX megakadalyozta a mitokondrialis membran depolarizacot a H9c2
sejtekben (#P < 0.05, C vs. H20O2 and *P < 0.05, H20; vs. DOX+H,0,).



Az ISO kezelt dllatokban, DOX hatdsara, javult a bal kamra funkcio, csékkent a bal kamra hipertréfia

Kezdeti Kontroll DOX ISO ISO+DOX
EF (%) 76.42+3.58 7375+ 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"
Szeptum (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+033  4.77+£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% 121.42+4.86"
LV mass (mg) 991.69 +£58.51 989.30 £63.91 953.00£21.05 1212.24 +48.30% 990.93 = 59.33"

2. Tablazat: A doxiciklin hatasa az echokardiografias paraméterekre. Kontroll csoport (C) (n=5);
doxiciklin csoport (DOX) (n=6); izoproterenol csoport (ISO) (n=7); 1SO+doxiciklin csoport (ISO+DOX) (n=7).
EF: ejekcios frakeid, FS: frakcionalis rovidiilés, PW: hatso fal, LVIDd: a bal kamra vég-diasztolés belsé atmérdje,
LVIDs: a bal kamra vég-szisztolés belsé atméréje, LVEDV: a bal kamra vég-diasztolés térfogata, LVESV: a bal

kamra vég-szisztolés térfogata, LV mass: szamitott bal kamrai tomeg. #P < 0.05 vs. Kontroll, *P < 0.05 vs. I1SO.
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4. abra: Reprezentativ echokardiografias M-méd képek a Kontrol, DOX, ISO and ISO+DOX csoportokrol.



Doxiciklin kezelés hatasara javultak a gravimetrikus paraméterek és csokkent a plazma BNP szintje

Csoport Kontroll DOX ISO 1ISO+DOX
Testtomeg (g) 56420 +£21.55  569.67+23.04 515.71+19.66 550.86 + 14.89
Kamratémeg (g) 1.27 £ 0.02 1.28+0.02 1.46 + 0.03* 1.31+0.02"
Tibia hossz (mm) 48.00 + 0.55 48.50+0.76 48.86 +0.51 49.43 £0.49
2.28+0.12 2.27+0.09 2.87+0.13 2.39+0.06"

Kamratdmeg / Testtomeg (mg/g)
Kamratémeg / Tibia hossz (mg/mm) 25.54 +0.28 26.51 £0.69 29.95 + 0.47* 26.6 +0.92"
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)

3. tablazat: A doxiciklin hatdsa a bal kamra sily/tibiahossz aranyra és a plazma BNP szintre. 8 héttel az
ISO-kivaltotta infarktus utan, testtomeg kamratomeg ¢és tibiahossz méréseket végeztink. Kamratomeg /
Testtomeg (mg/g) és Kamratomeg / Tibia hossz (mg/mm) aranyokat martiink. Plazma B-tipust Natriuretikus
Peptid (p-BNP) szintet hataroztunk meg ELISA segitségével. Kontroll csoport (C) (n=5); doxiciklin csoport
(DOX) (n=6); izoproterenol csoport (ISO) (n=7); ISO+ doxiciklin csoport (ISO+DOX)

A doxiciklin hatasa az intersticialis kollagen felhalmozodasdara és a nitrotirozin mennyiségére a
szivizom mintdkban

B
o e S 5. abra: Szovettani vizsgalat erdteljes

kollagén felhalmozoddast és nitrotirozin
képz6dést mutatott ISO  stresszt
kovetéen (P < 0.05). A doxiciklin

1SO+DOX

kezelés szignifikansan csokkentette a
fibrézis mértékét és a ROS képzddést
(P<0.05). (5A Abra).
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Doxiciklin hatisa az OPA-1 és a Mfin-2 expresszidjara és a Drp-13"foszforilaciojdra

6. Abra: A DOX kedvezden
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Kovetkeztetések

H9c2 kardiomiocitakon és izoproterenol indukalta szivelégtelenség modellben vizsgaltuk a doxiciklin
hatasait. Az ISO kezelés hatasara szignifikansan csokkent a bal kamra funkci6. DOX hatasara
megtartotta valt a balkamra funkcio, a falvastagsagok, és az liregméretek, tovabba, csokkent a fibrozis
mértéke és a szabadgyok képzodés. (2. tablazat, 4. abra). Ezekkel az eredményekkel 6sszhangban
csokkent a plazma BNP szint is (3. tablazat).

Jelen vizsgalatunk kdzéppontjaban a mitokondriumok voltak, mivel ezek a sejtalkotok kdzponti szerepet
jatszanak az endogén ROS termelddésben és integritasuk fenntartasa elenegedhetetlen a sziv normal
energia metabolizmusaban. Eloszor SRB assay-vel H9c2 kardiomiocitakon teszteltiik a DOX hatasait
oxidativ kdrnyezetben. (Fig 2.), majd a mitokondrialis fragmentaciora és membranpotencial valtozasra
gyakorolt hatasait vizsgaltuk. Kisérleteink bizonyitottak, hogy a DOX kezelés megeldzte a ROS okozta

mitokondrialis fragmentaciot és a mitokondrialis membran potencial 6sszeomlasat.

Ezt kovetden allatkisérletes modellben vizsgaltuk azoknak a GTPazoknak aktivitasat, amelyek részt
vesznek a mitokondrialis dinamika szabalyozasdban. A Mfn-2 biztositja az 0Osszekottetést az
endoplazmatikus retikulum (ER) és a mitokondriumok kdzott, ezzel szabalyozza a Ca?* bedramlasat az
ER fel6l. ISO modelliinkben a DOX kedvezbéen befolyasolta a mitokondrialis fuzidt elésegité OPA-1,
és a fragmentaciot okozo Drp-1 és Mfn-2 sejten beliili aktivitasat.

Eredményeink azt mutatjak, hogy a posztinfarktusos szivelégtelenség progresszidja csokkentheté DOX
kezeléssel. Bizonyitottuk, hogy az eddig ismert szivizomhipertrofiat csokkentd hatasan tal, csokkenti a

szabadgyok termelddést és kedvez6 iranyba billenti a mitokondrialis dinamika egyensulyi allapotat.



Rezveratrol hatasainak vizsgalata poszt-infarktusos szivelégtelenség

modellben

A sz6l6ben, magvakban és elsdsorban bogyds novényekben is megtalalhatd természetes polifenol
resveratrol (3,5,4’-trihydroxystilbene) (RES) (Fig 7.) jotékony hatdsat mar szamos kadiovaszkularis
megbetegedéssel kapcsolatban bizonyitottak. Ezen hatasok hatterében tobbféle mechanizmust
feltételeztek. Jelen kisérletiink célja, hogy a RES-t egy isoproterenollal l1étrehozott posztinfarktusos
modellben, a szivelégtelenség késobbi fazisaban is megvizsgaljuk, melynek soran vizsgaltuk a bal
kamra funkciot, bal kamra hipertrofiat, hegszovet kialakulasat, ROS termelddést és intracellularis

jelatviteli utakra gyakorolt hatésait.

A doxiciklinnel végzett kisérlethez hasonldéan, miokardialis infarktust (MI) 80 mg/kg ISO subcutan
adasaval idéztiik el6 (két egymast kovetd napon adva), mig a kontroll allatok fizioldgias sooldatot kaptak
(1ml/kg). 24 oraval a masodik 1SO injekcid utan, a tulélé patkanyokat véletlenszeriien 2 csoportra
osztottuk, az egyik csoport 15 mg/kg/nap RES-t (ISO+RES csoport) kapott ivovizben feloldva, a masik

nem kapott tovabbi kezelést (ISO). A masik két csoport kortars kontroll (C), illetve a csak resveratrol

kezelt (RES) csoportok voltak.
OH
HO O S O
OH
7. Abra: A rezveratrol (RES) molekulaképlete.

Eredmények

Rezveratrol kezelés hatdasdra javultak a gravimetrias paraméterek az ISO-Kezelt dllatokban

Csoport Kontroll RES I1ISO ISO+RES
Testtomeg (2) 595 86415.15 (5)96.00¢21 3 g44.50ﬂ 1.6 i93.86i18.4
Kamratomeg (g) 1.330.01 1.3120.01 1.53£0.02#  1.35+0.01*
Tibia hossz (mm) 5143072 51574072 50.86:0.55  49.86+0.35
Kamratmeg / Testtomeg (mg/g) 2.25+0.06 22140.08  2.81£0.06#  2.29+0.09*

Kamratomeg / Tibia hossz (Mg/mm) 56 031047 25332033 29.96£0284  27.02£0.13*
4. Tablazat: 8 héttel az ISO-kivaltotta infarktus utdn, testtomeg, kamratomeg és tibiahossz méréseket végeztiink.
Kamratomeg / Testtomeg (mg/g) és Kamratomeg / Tibia hossz (mg/mm) aranyokat mértiink +£S.E.M. #P<0.05 vs.
Control. *P<0.05 vs. ISO.



A rezveratrol kezelés csokkentette a plazma BNP szintet

8. Abra: Plazma B-tipusu Natriuretikus Peptid
szintet hataroztunk meg ELISA segitségével.
Control csoport (C) (n=5); doxiciklin csoport (DOX)

BNP
#
2 (n=6); izoproterenol csoport (ISO) (n=7); ISO+
doxiciklin csoport (ISO+DOX) (n=7). #P < 0.05 vs.
Control, *P < 0.05 vs. 1SO.
’ Cc RES 1SO

ISO+RES

mean of absorbance

Az ISO kezelt allatokban RES hatdsara javult a balkamra funkcio és csékkent a hipertrofia

Kiindulas 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 8.44+0.22 8.43+0.17 7.88+0.12 8.41+0.23
LVIDs (mm)  4.42+0.08 4.85+0.09 4.69+0.19 5.70+0.2% 4.90+0.12"
LVEDV (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"
5. Tablazat: kontroll csoport (C); rezveratrol csoport (RES); izoproterenol-kezelt csoport: (ISO); 1SO+ rezveratrol
csoport (ISO+RES). EF: ejekcids frakeid, FS: frakcionalis rovidiilés, PW: hatsé fal, LVIDd: a bal kamra vég-
diasztolés belsd atmérdje, LVIDs: a bal kamra vég-szisztolés belsé atmérdje, LVEDV: a bal kamra vég-diasztolés
térfogata, LVESV: a bal kamra vég-szisztolés térfogata, LV mass: szamitott bal kamrai tomeg. . #P < 0.05 vs.
Kontroll, *P < 0.05 vs. 1SO.

Rezveratrol hatasara csokkent az intersticialis kollagén és az oxidativ stresszt jelzé nitrotirozin

mennyisége

Masson's trichrome 10.4bra: Szovettani vizsgalat erdteljes
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(P<0.05). (10A Abra, 10B Abra).
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A rezveratrol kezelés kedvezéen befolydsolta az Akt-1"", GSK-3/°" foszforilacios dallapotat

11. Abra. Rezveratrol hatdsa az Akt-
1Serd473, GSK-38Ser9 foszforilaciora. +
SEM, #P <0.05 vs. Control, *P<0.05 vs.

& & &£ ISO, yP<0.05 C vs. RES.
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A rezveratrol csékkentette a COX-2 és iNOS expresszidjat

13. Abra. A rezveratrol hatdsa a COX-2
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Kovetkeztetés

Néhany irodalmi adat all rendelkezésre a rezveratrol, izoproterenol kivaltotta szivizomhipertrofidban és
a remodelling korai fazisaban kifejtett véd6 hatasarol. Kutatocsoportunk korabban megallapitotta egy
vorosbor kivonat jotékony hatasat, posztinfarktusos allatmodellben. Ezattal a RES oxidativ stresszre

gyakorolt és a jelatviteli utakra kifejtett hatasat vizsgaltuk kifejlodott szivelégtelenség modellben.

Kisérletiinkben az Akt-1 és a GSK-3p foszforilaciojanak emelkedését figyeltilk meg minden csoportban.
Ennek hatterében az endogén ,,prosurvival” jelatviteli utak aktivalodasa allhat, melyek a RES kezelés
hatdsara tovabb novekedtek. A p38-MAPKTM0-Cl-Tyr182 ¢ ERK1/2T83-Ty18  foszforilacidja
szignifikdnsan csokkent RES kezelés hatdsdra. Ennek hatterében, legaldbbis részben, az MKP-1

megndvekedett expresszidja allhatott.

A p38-MAPK és ERK1/2 altal is aktivalt COX-2 szerepe jol ismert a gyulladasos folyamatokban.
Hosszu tava COX-2 aktivacié miokardium diszfunkcidhoz, végiil szivelégtelenséghez vezet. A RES
kezelés csokkentette ezeknek a karos jelatviteli utaknak sejten beliili aktivalodasat, valamint az iNOS
expressziot, amely szintén karos peroxinitrit szabadgyok képzodéshez vezet. Ez utobbit nitrotirozin

immunhisztokémiai modszerrel is igazoltuk.

14. Abra. A rezveratrol elényos hatasainak
Osszefogaldja: Akt-1: RAC-alpha
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Az 4j eredmények osszefoglalasa

A DOX kezelés uj eredményeinek osszefoglalasa:

1. Kutatécsoportunk elséként bizonyitotta, hogy a doxiciklin kezelés megallitjia a

szivelégtelenség késobbi fazisanak progressziojat.

2. A ROS okozta mitokondrialis fragmentacioval és membran depolarizaciéval szemben a

DOX védo hatastnak bizonyult.

3. A mitokondrialis dinamikara kifejtett elonyds tulajdonsdga hatterében, az OPA-1

megnovekedett, a Mfn-2 csokkent expresszidja és a DRP-1 csokkent foszforilacioja allhat.
A RES kezelés uj eredményeinek osszefoglalasa:

1. A RES kezelés kivédte az ISO indukalta bal kamra funkcio csOkkenést, csOkkentette a

miokardium fibrotikus atalakulasat, és lassitotta a szivelégtelenség progressziojat.

2. A RES védo hatasanak hatterében a csokkent oxidativ stressz, és a jelatviteli utakra (Akt-1,
GSK-3B, p38-MAPK, ERK1/2, MKP-1, COX-2 és iNOS) gyakorolt elényos hatasa allhat.
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