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1. Introduction

Cardiovascular disease constitutes a major and increasing health burden in developed
countries. Although treatments have progressed, the development of novel treatments for
patients with cardiovascular diseases remains a major research goal. Among the
cardiovascular risk factors arterial stiffness and endiothelial dysfunction are believed to be
most important. On the other hand the most common pathophysiologic causes of heart disease
are ischemic-reperfusion injury and direct toxic effect leading to apoptosis or necrosis of
cardiomyocytes. Among others the oxidative stress plays a key role in all of these different
pathophysiological processes. Understanding the physiological and pathophysiological roles
of reactive oxygen species and oxidative stress may help to investigate potential protective
drugs decreasing the cardiovascular morbidity and mortality.

1.1 Oxidative stress and myocardial damage

Oxidative stress is among major apoptotic stimuli in ischemic heart disease. During
ischemia the respiratory cytochromes become redox-reduced, allowing them to directly
transfer electrons to oxygen. Reactive oxygen species (ROS) are therefore excessively
generated from a likely mitochondria source and then precipitate DNA damage, protein
oxidation, lipid peroxidation, and other direct cellular injuries, consequently launching
apoptosis in cells.

ROS are highly reactive oxygen moieties that arise from electrons from the mitochondrial
respiratory chain or through the activity of intracellular oxidases, including NADPH oxidase
(NOX) and xanthine oxidase. A number of antioxidants are in charge to remove excessive
ROS and to maintain a physiological redox balance ((Halliwell et al 1985). Various
remodelling stimuli (e.g., neurohormones, growth factors, and cytokines) that are released in
response to cardiac injury enhance ROS production by activating ROS-generating enzymes
and/or decreasing the antioxidant defense capacities, which results in a net increase of ROS
(oxidative stress) (Dhalla et al 1994, 1996, Hill et al 1996). Excessive ROS may directly
induce cellular injury via oxidation of DNA, lipids, and proteins associated with cell death,
different diseases and premature aging. ROS also participate in cell signaling through
activation of redox-sensitive signaling cascades. Thereby, they initiate both protective
(adaptive) and damaging (maladaptive) cellular events.

Role of signal mechanisms in cardiomyocytes’ damage
ROS-associated proapoptotic effects

ROS can selectively trigger intracellular signaling cascades that are linked to
programmed cell death. In brief, such signaling includes the ROS-dependent activation of
apoptosis signalling kinase (ASK-1), p38, and c- Jun-N-terminal kinase (Ichijo et al 1997,
Remondino et al 2003), which play a key role in stress-induced apoptosis in the heart
(‘Yamaguchi et al 2003) and are responsible for the regulation of downstream targets such as
the Bcl-2 family proteins, p53 and caspases (Matsuzawa et al 2005). Besides this activation of
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proapoptotic signaling, ROS can directly trigger the mitochondrial death pathway in a process
referred to as ‘“ROS-induced ROS release,”” which describes the ROS-induced oxidative
burst that rises from the mitochondrial electron transport chain and is associated with the
dissipation of the mitochondrial membrane potential, an event generally believed to be a
point-of-no-return in cell death (Gustafsson 2008).

Nowadays we have many evidences that the JNK and p38 are double-edged swords.
JNK has both protective and pathological roles in ROS-induced processes in cardiomyocytes.
Through the use of a INK-specific inhibitor JINK activity was shown to play a pivotal role in
myocyte apoptosis after ischemia/reperfusion. In contrast, many other studies demonstrated a
critical role for JNK in myocyte survival and cardioprotection. JNK is reported to interact
with proapoptotic Bax and Bad on mitochondrial membrane. However, other prosurvival
pathways, including Akt, also are targeted by INK. Therefore, Kaiser et al reported enhanced
myocyte survival after ischemia/reperfusion injury when JNK activity was genetically
activated or inhibited in the heart. These seemingly contradictory and confusing results
underscore the complexity of the INK pathway in cell death regulation in the heart.

The p38 pathway is involved in the regulation of myocyte contractility and cell death.
Activation of p38 leads to suppressed contractility without affecting intracellular calcium
cycling. The negative inotropic effect of p38 activity appears to be an epigenomic
phenomenon because it is both rapid and reversible. Indeed, secondary modification of
sarcomere proteins is observed in p38-activated heart associated with reduced force
generation in isolated myofilaments. It is highly controversial whether p38 pathway is cardiac
protective or prodeath in the heart. In many studies, inhibiting p38 activity in cultured
myocytes or intact heart decreased apoptotic cell death under stress stimulation such as
pressure overload or ischemia/reperfusion. Inhibition of p38 is consistently observed to
improve cardiac function and to reduce remodelling in the heart after ischemia/reperfusion
injury or infarction. However, a report also showed that such beneficial effect was not
observed in pigs, suggesting a certain degree of species specificity. On the other hand,
specific activation of p38 in the heart is not sufficient to induce myocyte apoptosis. Lastly,
cardiac-specific inactivation of p38 leads to enhanced apoptosis in response to pressure
overload. Therefore, p38 activity can be both protective and detrimental to myocyte survival
in a stressor-specific manner.

ROS-associated prosurvival signaling

Generally in parallel to the before mentioned proapoptotic signaling, ROS mediate the
activation of the mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated
kinase (ERK) and the phosphoinositide 3-kinase (PI3K)/Akt pathways. Both of these
pathways have been involved in cell growth and survival in various cell types, including
cardiomyocytes. Similar to other mitogen-activated protein kinase pathways, the MEK/ERK
pathway can be activated by ROS of either exogenous or endogenous origin. The MEK/ERK
pathway is also an important mediator of cell survival as previously described in other cell
types as well as more recently in cardiomyocytes (Bueno 2000, Kwon 2003). The probably
more classical mediator of cell survival is the PI3K/Akt pathway (Cantley 2002). Stimulation
of different receptors in cardiomyocyte, included Gg-proteincoupled receptors, insulin- and
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insulin-like growth factor 1-linked tyrosine kinase receptors, could activate Akt which is
associated with cardioprotection. Activation of PI3K/Akt inhibits apoptosis in myocardial
cells exposed to hypoxia in vitro and in rodent hearts after ischemia-reperfusion in vivo.
Similar to the MEK/ERK pathway, Akt can be activated by ROS, and ROS-mediated Akt
activation has been implicated in cell survival. Both necrosis and apoptosis are involved in
cardiomyocyte death after ischemia/ reperfusion. Ischemia/reperfusion enhances activation of
caspase-3, -8, -9 and translocation of Bax and Bcl-2 in the myocardium. Apoptotic process
can convert to necrotic process when essential co-factors for apoptosis are lacking. ATP is
one of such co-factors, and switching from apoptosis to necrosis by inhibition of
mitochondrial ATP production, which has been shown in non-cardiac cells.

1.2 Oxidative stress and endothelial dysfunction

Asymmetrical dimethylarginine (ADMA) is a naturally occurring L-arginine analogue
derived from the proteolysis of proteins containing methylated arginine residues. It is
synthesized when arginine residues in the nuclear proteins are methylated through the action
of the protein arginine methyltransferases (PRMTs). ADMA is an inhibitor of NOS; SDMA is
not. ADMA inhibits the three isoforms of NOS. It can also uncouple the enzyme, generate
superoxides, and it interfaces with other targets in the cell. Numerous studies suggest that an
elevated plasma level of ADMA is associated with endothelial dysfunction and is a risk factor
for several human diseases, such as hyperhomocysteinanemia, hypertension, coronary artery
disease, peripheral arterial occlusive disease, pulmonary hypertension, and preeclampsia. It
has previously demonstrated that ADMA concentration-dependently increased oxidative
stress measured as superoxide production by cultured human endothelial cells. ADMA also
activated the oxidant-responsive transcription factor NF—kappa B, resulting in enhanced
monocyte chemoattractant protein-1 (MCP-1) and endothelial adhesiveness for monocytes.
MCP-1 and interleukin-8 (IL-8) are major chemokines for leukocyte trafficking and were
found to be highly expressed in human atherosclerotic lesions. Recently it has been reported
that cellular senescence, the limited ability of primary human cells to divide when cultured in
vitro, is accelerated by increased oxidative stress, and it is reduced by NO donor treatment.

ADMA is known to upregulate several components of microvascular RAS, leading to
increased production of angiotensin 11, which then activates NADPH oxidase and increases
ROS production (Veresh 2008). ADMA improves the p38 mitogen-activated protein kinase
activity in human coronary artery endothelial cells, which may provide a link between ADMA
and RAS, because ACE protein expression has been shown to be regulated by p38 mitogen-
activated protein kinase.

ADMA regulates endothelial permeability and endothelial barrier function. Several
possible mechanisms have been proposed to explain the effects of ADMA on endothelial
barrier function. A previous study indicated that ADMA increased pulmonary endothelial
permeability both in vitro and in vivo, and that this effect was mediated by nitric oxide, acting
via protein kinase G and independent of ROS formation. Others have demonstrated that
ADMA compromises the integrity of the glomerular filtration barrier by altering the
bioavailability of nitric oxide and superoxide, and that nitric oxide (NO)- independent



activation of soluble guanylyl cyclase preserves the integrity of this barrier under conditions
of NO depletion (Sharma 2009).

Vascular oxidative stress has been reported to mediate vascular remodelling. Either
vascular remodelling or increased redistribution of collagen and elastin in vascular wall play
an important role in pathophysiological processes. Connection between ROS and collagen
synthesis is well defined. Ang Il-induced procollagen-al (1) expression was inhibited by O,
scavengers and NADPH oxidase inhibitors Moreover, Ang Il-induced procollagen-ol(I)
levels were decreased in cells overexpressing SOD1. These findings have important
implications for disease states associated with remodelling of the vasculature. Moreover,
fibrillar collagen accumulation could conceivably contribute to vascular stiffness and changes
in vascular compliance. The arterial stiffness closely related to functional changes of smooth
muscle of arteries and deposition of collagen and elastin in large artery wall also. Vasoactive
mediators can alter vessel diameter by up to 30% independent of changes of blood pressure
and peripheral resistance. This fact proves the significant dynamic contribution of vascular
smooth muscle to large artery stiffness.

Clinical assessment of arterial stiffness may be determined by analysis of pulse wave
velocity and augmentation index. These parameters are derived from analysis of central and
peripheral pressure waveform. Central arterial pressure waveforms essentially vary from
peripheral pulse wave because changes in vessel stiffening throughout the vascular tree cause
location-dependent changes in the pressure waveform. In addition, central arterial waveforms
will be influenced by the reflective wave phenomenon as described by Nichols and O’Rourke
(2005). The systolic waveform leaves the aortic root and passes to the periphery, where
smaller arterioles provide multiple points of reflection. A resulting ‘reflective’ wave is
generated and returns to central arteries (O’Rourke and Kelly 1993). In healthy individuals
with healthy compliant arteries, the reflective wave will go back to the central vasculature in
diastole and augment diastolic coronary arterial blood flow. The speed of the advancing wave
is termed pulse wave velocity (PWV) (Lehmann et al 1998). With advancing age, a
combination of increased reflective capacity at peripheral sites and faster PWV within
stiffened vessels causes premature augmentation of the systolic waveform, forming a ‘late
systolic peak’ on waveform analysis. This explains the differences between the brachial and
aortic pressure waveforms, which may be as high as 20 mmHg (Pauca et al 1992). The central
pressure waveform is important in view of determining left ventricular workload, which is
relatively independent of the brachial pressure.

A technigue involves the use of an applanation tonometer able to noninvasively record
the peripheral pulse pressure wave and generate a corresponding central arterial waveform to
record the radial pulse wave. Applanation tonometry causes partial flattening of the arterial
wall and equilibration of intra-arterial circumferential pressure. The accuracy of arterial
tonometry in recording peripheral waveforms has been described by previous investigators
who evaluated waveforms derived from noninvasive tonometry and direct arterial puncture
(Cohn et al 1995). The central arterial waveform can subsequently be derived from the
peripheral waveform using a validated generalized transfer factor (Takazawa et al 1998). This
is then expressed in terms of an Augmentation Index (Alx) which can be used to assess
vascular stiffness. Pulse wave analysis has more recently been used as a noninvasive tool to
assess endothelial function (Wilkinson, Hall, et al 2002).
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The analysis of PWV uses a similar system that calculates pulse wave propagation
velocity between two sites, commonly the carotid and femoral pulses, or carotid and radial
(Oliver and Webb 2003), although brachial-ankle PWV has been assessed by some
(Katayama et al 2004). Pulse wave velocity is inversely proportional to vessel stiffness and
distensibility. In order to assess pulse transit time a correlation point is identified within the
pressure waveform, which may be the foot of the pressure wave (using SphygmoCor system)
or the point of maximal upstroke (using Complior system) (Millasseau et al 2005). Elevation
of PWV leads to augmentation of the ascending aortic systolic waveform as previously
outlined, resulting in higher left ventricular afterload and amplification of pulse pressure
(Nichols 2005). Pulse wave analysis and PWV are both noninvasive simple techniques that
can be used to assess vascular stiffness in research and clinical settings. Using PWA and
PWV, vascular stiffness has been assessed and identified as an independent risk marker for
cardiovascular mortality (Laurent et al 2001; Meaume et al 2001) and cerebrovascular events
(Laurent and Boutouyrie 2005), and has a prognostic value equivalent to currently available
biomarkers.

Myocardium- and endothel- protection with antioxidants

Several studies have reported beneficial effects of a therapy with antioxidant agents,
including trace elements and other antioxidants, against the endothelial dysfunction, ischemia-
reperfusion injury in heart or in cases of cardiotoxic agent induced myocardial damage.
Antioxidants act through one of three mechanisms to prevent oxidant-induced cell damages.
They can reduce the generation of ROS, scavenge ROS, or interfere with ROS-induced
alterations. Modulating mitochondrial activity is an important possibility to control ROS
production. Hence, using different drugs to reduce fatty acid oxidation and of trace elements
such as zinc and selenium as antioxidants, and physical exercise to induce mitochondrial
adaptation, contribute to the prevention of ROS-related cardiac and endothelial dysfunction.
The paradigm that inhibiting the overproduction of superoxides and peroxides would prevent
cardiac diseases has been difficult to verify using conventional antioxidants like vitamin E or
catalytic antioxidants such as SOD/CAT mimetics. Although the beneficial effects of several
antioxidant agents were varified in animal models, the favourable effects failed in some large
multicenter randomised human trials. So this fact inspires to discover newer antioxidant
agents treating oxidative stress effectively.



3. Aim of the study

The aim of our study was double: (i) to investigate the protective effect of new
antioxidant and PARP-inhibitor nicotinic amidoxime derivate BGP-15 to imatinib-induced
cardiotoxicity in animal model and (ii) to assess the beneficial effect of physical exercise on
endothel function considering oxidative stress. In detail,

1. to identify the mechanism by which imatinib induces cardiotoxicity and to
determine how BGP-15 can modulate these processes to perform its
cytoprotective effects

2. to investigate how imatinib can compromise energy metabolism in
Langendorff perfused rat heart, and can whether BGP-15 counteract these
effects

3. to identify the possible role of INK and p38 MAP kinase activation in the
imatinib- induced cardiotoxicity, and suggests that BGP-15 by suppressing
these MAP kinases and by the activation of PI-3-kinase Akt pathways can
ameliorate imatinib-induced cardiotoxicity.

4. to investigate the effect of single bout maximal physical exercise on oxidative
stress, asymmetric dimethylarginine, a competitive inhibitor of eNOS.

5. to evaluate the effect of physical exercise on arterial stiffness in well-trained
swimmers and runners.

2. Experimental study

BGP-15, a PARP-inhibitor, prevents imatinib-induced cardiotoxicity by
activating Akt-GSK-3beta pathway and suppressing JNK and p38 MAP kinase
activation

2.1 Introduction

Imatinib-mesylate (Gleevec), a potent specific inhibitor of the Bcr-Abl tyrosine
kinase, has been used successfully for the treatment of advanced—phase chronic myeloid
leukemia (CML) (Deninger et al 2005, Cohen et al 2002, Czechowskaet al 2005) Bcr-Abl is a
constitutively active tyrosine kinase in leukemic cells and activates several signaling
pathways, such as mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-
kinase (PI3-K/Akt). BCR-ABL also activates pro-survival pathways in leukemic cells
including Jak-STAT and Grb2-ERK signaling pathways (Van Etten 2004), which can lead to
increased spontaneous and DNA damage-induced proliferation frequency.

Although the detection of imatinib related cardiotoxicity has been based largely on
physical examination and medical history, the laboratory based evidence is still missing. A
comprehensive study was published by Kerkela et al (2006), showing that imatinib treated
patients developed chronic heart failure, which could be modelled on C57BL6 mice as well
after prolonged administration of imatinib. The underlying mechanisms of cardiotoxicity
involved the activation of endoplasmic reticulum (ER) stress response, the collapse of the
mitochondrial membrane potential, the release of cythochrome c into the cytosol, a reduction
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in cellular ATP content and cell death (Kerkela et al 2006). Further evidence of congestive
heart failure development has been reported by another clinical study, which investigated the
toxicity of imatinib in sixteen CML and GIST patients (Park 2006), and strengthened the
presumption of cardiotoxicity (Orphanos 2009).

In vitro experiments revealed that at least two different pathways, one involving

caspase activation and another one is PARP-1 enzyme mediated pathway, coexisted in
imatinib induced apoptosis (Moehring 2005). The treatment of BaF3BA cells with a broad
caspase inhibitor alone was not sufficient to completely block imatinib induced apoptosis,
however, co-administration with PARP-inhibitor PJ34 resulted in an increased cytoprotection
(Moehring 2005). Consequences of pathophysiological PARP-1 enzyme activation in
cardiomyocytes have been well established (Szabé 2005, Pacher 2007). Over-activation of
PARP-1 enzyme can induce rapid cellular NAD" and ATP pool depletion leading to
mitochondrial dysfunction and can suppress the activity of the PI-3-kinase-Akt pathway
resulting in necrotic or apoptotic cell death. Mitochondrial dysfunction in turn can further
impair energy metabolism and increase mitochondrial ROS production manifesting in lipid
peroxidation, protein oxidation and DNA damage. Earlier studies demonstrated the beneficial
effect of BGP-15 on oxidative stress (Halmosi 2001, Szabados 2002). BGP-15 is a nicotinic
amidoxime derivate which was originally developed against insulin resistance. BGP-15 is a
potent insulin sensitizer (Literati-Nagy B 2009). Data generated by our group showed that
multitarget agent BGP-15 successfully inhibited the activation of PARP-1 enzyme and
protected the mitochondria from oxidative damage under condition of ischemia-reperfusion
on a Langendorff rat heart model (Halmosi 2001, Szabados 2002).
The aim of our study was to identify the mechanisms by which imatinib induces
cardiotoxicity in a Langendorff perfused rat heart model and to determine how PARP
inhibitor and antioxidant agent BGP-15 can modulate these processes. We investigated
whether imatinib mesylate administration could lead to oxidative stress and alterations in
cardiac energy metabolism and the ability of BGP-15 to counteract these effects. We studied
the possible role of INK and p38 MAP kinase activation in imatinib induced cardiotoxicity,
and the potential beneficial effect of BGP-15 on these processes.

2.2 Materials and methods
Experimental animals

Male Wistar rats weighting 300g to 350g were used for this study. The investigation
conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health (NIH Publication No. 85-23, revised 1996).

Heart perfusion

Retrograde aortic perfusion was maintained with a modified phosphate free- Krebs—
Henseleit (KH) buffer. After a non-recirculating washout period of 10 min, hearts underwent
60 minute perfusion. Imatinib and/or BGP-15 were administered into the perfusion medium at
the beginning of baseline perfusion. Heart perfusion models were distributed into 4 groups



with 10 perfused heart model in each group: 1. normoxic control group, 2. normoxic perfusion
with BGP-15, 3. normoxic perfusion with imatinib and 4. normoxic perfusion with BGP-15
and imatinib. Hearts were freeze-clamped at the end of each perfusion.

NMR spectroscopy and data analysis

Cardiac energy metabolism was monitored in situ during the perfusion by *!P NMR
spectroscopy through quantification of creatine phosphate (6= 0.0 ppm). NMR spectra were
recorded with a Varian “M'TYINOVA 400 WB instrument (Varian Inc., Palo Alto, CA, USA).
$'p measurements (161.90 MHz) of the perfused hearts were run at 37°C in a Z*SPEC 20 mm
broadband probe (Nalorac Co., Martinez, CA, USA), applying WALTZ proton decoupling
(yBz = 2 kHz) during the acquisition only. Field homogeneity was adjusted following the *H
signal (wy, = 10-15 Hz). Spectra were collected with a time resolution of 3 min by
accumulating 120 transients in each FID. 45° flip angle pulses were employed after a 1.25 s
recycle delay, and transients were acquired over a 10 kHz spectral width in 0.25 s, and the
acquired data points (5000) were zero-filled to 16 K. Under the above mentioned
circumstances the relative concentrations of the species can be taken proportional to the peak
areas. Peak areas were determined by deconvolution of simulated spectra fitted to
experimental spectra obtained after referencing (6=0 for creatine phosphate) and baseline
correction using Vnmr 6.1C software (Varian Inc., Palo Alto, CA, USA). Amounts of
individual metabolite levels in each spectrum were expressed as their ratio to the first creatine
phosphate (PCr) amount.

Lipid peroxidation

Determination of thiobarbituric acid reactive-substances (TBARS) in the heart was performed
according to a modified method of Serbinova et al (1989.

Protein oxidation

Fifty milligrams of freeze-clamped perfused heart tissue were homogenized with 2 ml 10%
trichloroacetic acid (TCA) The protein carbonyl content was determined by means of the 2,4-
dinitrophenyl-hydrazine-method (Butterfield 1997).

Western blot analysis

Proteins were separated on 12% SDS-polyacrylamide gel and transferred to nitrocellulose
membranes. After blocking (2 h with 3% non-fat milk in Tris-buffered saline) membranes
were probed overnight at 4°C with antibodies (1:1000dilution) recognising the following
antigens: GAPDH, pAkt, pGSK-3B, pERKj., pp38, pJNK and anti-PARP. Quantification of
band intensities (Esso) Of the blots was performed by a DU-62 spectrophotometer equipped
with a densitometry attachment (Beckman Coulter Inc., Fullerton, CA) and ImageJ (public



domain) software. Data representing three independent experiments are expressed as
percentage of the untreated control (mean + S.E.M.).

2.3 Results

Under our experimental conditions creatine phosphate levels of untreated Langendorff
perfused rat hearts showed a slight decrease during the 60-minute perfusion. Cardiac PCr
levels were decreased by 18% compared to untreated hearts when 20 mg/l imatinib was added
to the perfusate. Co-administration of imatinib and BGP-15 revealed that BGP-15 in a
concentration of 200 mg/l was able to prevent the decrease of imatinib induced PCr levels.
Administration of BGP-15 alone increased cardiac PCr levels over the normoxic values
(Fig.1.). The change of ATP concentration followed a similar pattern to the change in creatine
phosphate level in our investigated time period. Imatinib treated hearts showed significant
decrease in ATP levels whereas co-administration with BGP-15 successfully prevented this
effect. ATP levels in the presence of BGP-15 alone were not significantly different from
untreated, control cases (Fig.2.). Inorganic phosphate showed moderate increase during the
perfusion reaching 15-20% of the normoxic PCr level after 30 min (data not shown).

CrP (% of initial CrP value)

0.4 - —4— normoxia
—=— normoxia+BGP-15
0.2 4 —A— Imatinib

—©— Imatinib+BGP-15

0 15 30 45 60

Time (minute)

Fig.1. Effect of BGP-15 and/or Imatinib on cardiac creatine phosphate levels in Langendorff perfused
rat hearts. Creatine phosphate amounts, determined by in situ **P NMR spectroscopy, are expressed
as their ratio to initial creatine phosphate amount. Values are given as means = SEM. (p<0.01)
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Fig.2. Effect of BGP-15 and/or Imatinib on cardiac ATP levels in Langendorff perfused rat hearts.
ATP amounts, determined by in situ **P NMR spectroscopy, is expressed as their ratio to initial ATP
amount. Values are given as means = SEM. (p<0.01)

Determination of lipid peroxidation after one hour normoxic perfusion showed that
administration of imatinib significantly (p<0.01) increased thiobarbituric reactive substance
(TBARS) formation compared to untreated hearts. On the other hand, when both imatinib and
BGP-15 were present in the perfusate, the formation of TBARS was significantly diminished.
BGP-15 alone did not alter TBARS formation (Fig.3.). In the case of protein oxidation we
observed that presence of imatinib markedly elevated the level of protein-bound aldehyde
groups as compared to untreated hearts. This phenomenon was significantly inhibited
(p<0.01) by the co-administration of imatinib and BGP-15. However, BGP-15 alone had no
significant influence on the level of protein oxidation (Fig. 4).

100

+++

50_ II III I T

1. normoxia 3. Imatinib
2. normoxia+BGP-15 4. Imatinib+BGP15

nmol/g wet tissue

Fig.3. Effect of BGP-15 on imatinib induced lipid peroxidation in Langendorff perfused rat hearts.
The figure demonstrates the quantity of thiobarbituric reactive substances in various animal groups.
Values are given as means + SEM. (*** p<0.001 compared to normoxic levels, +++ p<0.001
compared to imatinib treated levels).
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Fig.4. Effect of BGP-15 on imatinib induced protein oxidation in Langendorff perfused rat hearts. The
figure demonstrates the protein carbonyl content in various groups. Values are given as means +
SEM. (*** p<0.001 compared to normoxic levels, +++ p<0.001 compared to imatinib treated levels).

Akt, GSK-38, ERK, JNK and p38-MAPK phosphorylation were examined by Western blot in
the following samples: without treatment (normoxia) (1), treatment with BGP-15 (2), imatinib
(3) and with imatinib+BGP-15 (4). Imatinib induced the activation of MAP kinases (ERK1/2,
p38 and JNK). JNK and p38 MAP kinase contribute to cell death (Baines 2005), and
inflammatory reactions (Gil 2007) therefore could play a significant role in the imatinib
induced cardiotoxicity. BGP-15 in the presence of imatinib suppressed the activation of JINK
and p38 MAP kinase, and this effect of BGP-15 could be significant in its protective role

(Fig.5).

A.

GAPDH :

P-ERK : N (normoxia )

: N+ BGP-15
: N + Imatinib
: N + Imatinib + BGP-15

p-p38
MAPK

p-JNK

T
40000
e+
T
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20000
10000
° [ - _ Em ) ‘
1 2 3 4

1. normoxia 3. Imatinib
2. normoxia+BGP-16 4. Imatinib+BGP15

(arbitrary units)

phospho-ERK 172

Fig.5. Phosphorylation of ERK, JNK and p38-MAPK in Langendorff perfused (60 min) rat hearts under normal
conditions (normoxia), after treatment with BGP-15, with imatinib and with BGP-15+imatinib.

A: Representative Western blot analysis of ERK, JNK, p38-MAPK phosphorylation and

densitometric evaluations are shown.B
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Fig.5 C: densitometric evaluations are shown of p38-MAPK and D: densitometric evaluations are shown of p-
JNK: Values are given as means = SEM. (*** p<0.001 compared to normoxic levels, +++ p<0.001 compared to
imatinib treated levels).

Imatinib induced the phosphorylation of Akt and GSK-38, but in the presence of imatinib
BGP-15 further induced the phosphorylation of these kinases (Fig.6). Phosphorylation and
activation of Akt in the myocardium may play a protective role under stress conditions by
maintaining mitochondrial membrane integrity (Tapodi 2005) and by phosphorylation and
inactivation of GSK-38 (Liang 2003).
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Fig.6. Phosphorylation of Aktl and GSK-38 in Langendorff perfused (60 min) rat hearts under normal
conditions (normoxia) and after treatment with BGP-15, with imatinib and with BGP-15+imatinib.

A: Representative Western blot analysis of p-Aktl, and p-GSK-38 phosphorylation amd densitometric evaluation
is shown.B: p-Aktl and C: p-Gsk3beta. Values are given as means £ SEM. (*** p<0.001 compared to normoxic
levels, +++ p<0.001 compared to imatinib treated levels).

One hour perfusion with imatinib resulted roboust PARP-1 activation. BGP-15
administered alone had no effect of PARP activation, but when co-administered with imatinib
successfully reduced the effect of imatinib on PARP-1 activation (Fig.7).
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- 1: N (normoxia)
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Fig.7. Effect of BGP-15 on imatinib-induced PARP-1 activation under normal conditions (normoxia)
and after treatment with BGP-15, with imatinib and with BGP-15+imatinib. Representative Western
blot analysis of PARP(A.) and densitometric evaluation (B.)) are shown. Values are given as means +
SEM (*** p<0.001 compared to normoxic levels, +++ p<0.001 compared to imatinib treated levels).
(n=3 in each group)

2.4 Discussion

To date our study is a pioneering work to elaborate the effect of BGP-15 on imatinib
induced energy run-down, oxidative damages and signaling mechanisms on an isolated
Langendorff perfused rat heart model. BGP-15 is a nicotinic amidoxime derivate originally
developed against insulin resistance. Studies investigating the effects of BGP-15 revealed that
this multitarget agent is a potent cardioprotectant under conditions of ischemia-reperfusion by
inhibiting overactivation of PARP-1 enzyme and stabilizing the mitochondria, thus preventing
ROS generation along the mitochondrial respiratory chain (Halmosi et al 2001, Toth et al
2010, Kovacs et al 2004). Furthermore hepatoprotective (Nagy et al 2010), nephroprotective
(Racz et al 2002) and neuroprotective (Bardos et al 2003) effects of BGP-15 were also
published. Recently BGP-15 has been introduced as a potent insulin sensitizer (Literati-
Nagy2003, 2010).

Earlier studies performed on myocardium cell cultures confirmed that imatinib
treatment might lead to the collapse of mitochondrial membrane potential and the loss of
membrane integrity (Kerkela et al 2006). The significant decrease of mitochondrial membrane
potential plays a pivotal role in the development of cardiotoxicity (Van Etten 2004). Earlier
data clearly defined the structural damage of mitochondria detected by electron microscopy
both in human myocardial histological samples and animal models after imatinib treatment.
The connection between the deterioration of mitochondrial function and ATP depletion is also
well demonstrated. A well-known cytostatic agent, Herceptin causes 35% decrease in
myocardial ATP level, contrary to imatinib, which generates 65% decline in ATP
concentration. The reduction of ATP level may significantly run down many cellular
processes. Earlier studies show that both necrotic and apoptotic cell death coexist in cultured
cardiomyocytes. This fact may introduce apoptosis as an ATP-dependent process.
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Our study is a pioneering work in that it has elaborated energy run-down in isolated, perfused
Langendorff rat heart-model. Using **P NMR spectroscopy, we managed to show significant
ATP and creatine-phosphate depletion in perfused rat heart in situ. The detection of energy-
depletion after long-time imatinib administration has been well established by earlier reports.
By perfusing the heart imatinib-containing solution we have shed light on a new aspect of a
relatively quick energy run-down. Accordingly, it is worth to note that not only long-term
administration but also its “acute phase” effect of imatinib can deteriorate cellular reactions in
general. Energy depletion may compromise the cardiac function and can lead to a
compensatory remodelling and heart failure (Palfi et al 2006). ATP-depletion may also
compromise ion transports, mainly increase the cytoplasmic free Ca®* level. The increased
level of calcium in cytoplasm causes an increase in the level of calcium in mitochondria,
which can lead to mitochondrial permeability pore formation and enhanced mitochondrial
ROS production, which then causes enhanced oxidative damages (Murphy 2006)
Mitochondrial damages can lead to the activation of apoptotic pathways, which can result in
the loss of cardiomyocytes in the damaged heart regions (Subramanian et al 2010). The
increase in ROS production and the imbalance of ion concentrations can lead to the rupture of
plasma membrane and necrotic cell death. BGP-15 protects the mitochondrial membrane
system against oxidative damages (Nagy 2010). This effect of BGP-15 can be crucial in the
heart, because mitochondrial energy production is predominant (Balaban 2009), and the
protection of the mitochondrial membrane system as well as the membrane potential is
prerequisited of active mitochondrial ATP production. Therefore stress conditions were
induced by different mechanisms, in all these cases BGP-15 decreased oxidative damages.
These data suggested that BGP-15 had significant mitochondrial protecting effects (Halmosi
et al 2001, Szabados 2002, Nagy 2010), regarding to protection against mitochondria related
apoptotic pathway (Hori 2009) Our data show that the imatinib induced significant oxidative
damage in the heart (Fig. 4 and 5), could be reversed by BGP-15, and this observed effect is
in good agreement with the mechanism found in ischemic-reperfusion models (Halmosi et al
2001, Szabados 2002, Nagy 2010).

Kerkala et al. showed in cultured cells that imatinib treatment induced the activation of the
endoplasmic reticulum (ER) stress response, the collapse of the mitochondrial membrane
potential, the release of cytochrome c into the cytosol, a reduction in cellular ATP content and
cell death. In our perfused heart system we found oxidative damages, ATP depletion and the
effect of imatinib treatment on signaling pathways, which can lead to cell death (Fig.1-6). The
activation of JNK and p38 MAP kinase as a consequence of imatinib treatment can play
significant role in the mitochondrial depolarization and the activation of mitochondrial related
apoptotic pathway (Duplain 2006). The role of p38 and Akt activation in the cardiotoxic
effect is controversial, because these signaling pathways were not dysregulated in other
studies (e.g. Kerkela et al). This discrepancy should be lain on the different model system.
Furthermore the dose of imatinib was higher than the regular plasma concentration in humans,
therefore the direct toxic effect of imatinib must be considered. However Akt activation could
be explained theoretically because excessive ROS generation inactivates intracellular PTEN
which normally inhibits PI3-kinase-Akt pathway. Therefore inhibition of PTEN could activate
Akt pathway. In our model p38 pathway was activated also. Earlier studies clearly defined
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that imatinib treatment induces ER stress response which enhances JNK and p38 activation
via IRE1-ASK1 pathway. During the imatinib induced oxidative stress oxidation of the Askl
inhibitor thioredoxins lead to the activation of Askl kinase, which is an upstream kinase of
JNK and p38 MAP kinases (Matsuzawa 2008). A consequence, the modulation of these
kinases can provide a mechanism by which we could protect the heart during imatinib
treatment. Here, we showed that by combining BGP-15 with imatinib we could prevent the
imatinib induced activation of JNK and p38 MAP kinase in the heart and prevent the
oxidative stress and as well as ATP depletion (Fig.2. 4-6). The protective mechanism of
BGP-15 is likely mediated by mitochondrial protection, because our previous data indicated
that BGP-15 did not interfere with the ER stress response (Nagy 2010), while our other data
indicated a mitochondrial protective effect of BGP-15. Furthermore, we found that BGP-15
activated PI-3-kinase Akt pathway, which is a well-known cytoprotective pathway. Akt
activation protects cells by preventing the collapse of mitochondrial membrane system in
oxidative stress (Tapodi et al 2005) which is the further evidence of BGP-15-mediated
mitochondria protecting effect. In this paper we used the well-known cytostatic agent
imatinib mesylate to induce cardiotoxicy in perfused Langendorff rat hearts, and tried to
identify mechanism of cardiotoxicity in situ. Our data showed for the first time that imatinib
induced oxidative stress compromised energy metabolism and the activation of potentially
cell death inducing kinases (JNK and p38 MAP kinases). These data raised the possibility that
the modulation of these pathways could prevent the toxic cardiac effect of imatinib mesylate.

Imatinib treatment leads to a rapid increase in poly(ADP-ribosyl)ation (PAR), preceding the
loss of mitochondrial membrane integrity and DNA fragmentation. It is also important to note
that the inhibition of PAR in imatinib-treated cells partially prevented cell death to an extent
comparable to that observed after caspase inhibition (Moehring 2005). Previous data showed
that BGP-15 protected cells in oxidative stress by protecting the mitochondrial membrane
system (Halmosi 2001, Nagy 2010)], which suppressed the activation of nuclear poly-ADP-
ribosylation. Our data support the earlier findings that imatinib treatment induces PARP
activation. Furthermore, we demonstrated that BGP-15 was protected against PARP
activation and the toxic cardiac effect of imatinib in situ.

The mechanism by which BGP-15 prevented the imatinib-induced cardiotoxicity is likely
regarded to its mitochondrial protective role, because BGP-15 counteracted the oxidative
stress induced effect of imatinib and prevented the imatinib mesylate induced activation of
JNK and p38-MAP kinase. Furthermore, BGP-15 attenuated PARP-1 activation and induced
the activation of PI-3-kinase — Akt pathway, which can also contribute to the mitochondrial
protection (Fig.8).
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Fig.8. Molecular mechanisms of imatinib mesylate-induced cell death and possible regulatory points
of BGP-15. Imatinib induces ER stress leading to activation IRE1-Askl pathway and further
activation of JNK and p38 MAPK. Releasing of BAX and imatinib itself induce mitochondrial
membrane depolarisation leading to ATP depletion, cytochrome ¢ (Cyt c) release, and features of
necrotic and apoptotic cell death. During mitochondrial damage excessive ROS generation enhances
PARP-1 activation leading to NAD" and ATP depletion, which eventually cause necrosis.
Furthermore ROS-mediated PTEN inactivation could activate P13-Akt pathway. Inhibition of PARP-1
activity suppresses both processes leading to attenuation of NAD™ depletion, mitochondrial protection
and cell survival.

3. Clinical investigation

Effect of acute physical exercise on vascular regulation, oxidative stress, ADMA
and arterial stiffness

3.1 Introduction

Among the cardiovascular risk factors, arterial stiffness and endiothelial dysfunction are
believed to be the most important. Regular endurance exercise is associated with lower
cardiovascular risk in middle-aged and older patients (Blair et al 1989, Manson et al 2002,
Mora et al 2007). The mechanism of this beneficial effect is not understood exactly. Earlier
studies demonstrate various impact of exercise to arterial stiffness, oxidative stress and
endothelial dysfunction.

Oxidative stress, defined as the imbalance in production of ROS over antioxidant defense is
the most important step to endothelial dysfunction. Superoxide reacts with NO synthesised by
endothelial NO synthase generating oxidant peroxynitrite, which induces NO inactivation,
decreases NO bioavaibility and uncouples NO sysnthase. Previous studies suggest that
oxidative stress involves enhanced NADPH oxidase activity leading to ROS overgeneration
and eNOS inactivation. On the other hand eNOS activity is deeply influenced by ADMA such
as competitive inhibitor.

Asymetrical dimetylarginine (ADMA) is a metylated arginine analogue derived from
proteolysis of proteins containing metylated arginine. Elevated plasma level of ADMA is
associated with endothelial dysfunction. Several previous studies suggest that elevated plasma
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level of ADMA is a risk factor for numerous human diseases such as hypertension, diabetes
mellitus, peripheral arterial disease, preeclampsisa, coronary artery disease, renal diseases.
Production of ADMA is correlated with age and the plasma level is dependent from activity
of catabolic enzyme, dimethylarginine dimetilaminohydrolase. ADMA is directly involved in
the pathogenesis of atherosclerosis by influencing of oxidative stress and bioavailability of
nitrogen monoxide. Furthermore previous studies suggest the connection between ADMA and
rennin-angiotensin system. ADMA can increase superoxide production modulated by
stimulation of angiotensin-11- NADP(H) oxidase pathway. (Veresh et al 2008).

The impact of physical exercise to endothelial function and oxidative stress was widely
investigated in the two last decades. Some previous studies suggest that long term periodic
physical training has a beneficial effect on elevated plasma level of ADMA. These studies
demonstrate that endurance training reduces circulating ADMA level in patients with
coronary artery disease (Richter 2005), type | diabetes mellitus and metabolic syndrome.
(Mittermayer 2005, Gomes 2008) It proves oneself to be non-sustained when patients discard
the regular physical exercise

Some studies proved that physical fitness was negatively correlated with oxidative stress
markers such as lipid peroxidation, DNA oxidation and protein oxidation in postmenopausal
women. Moreover higher values of antioxidant enzymes (catalase and glutathione peroxidase)
were found in the fit group and the positive relationship between glutathione proxidase and
fitness variables (VO2max, MET). This fact supports the earlier finding that regular exercise
increases the antioxidant defense in reaction to sudden rise of ROS generation during a single
bout of exercise. The acute physical exercise is presumed to generate free radicals by three
ways: 1. during the exercise increasing of catecholamine level and its metabolism produce
free radicals, 2. production of lactic acid promote conversion of superoxide into strongly
damaging hydroxyl, 3. inflammatory response to muscle damage.

On the one hand antioxidant defense depends on dietary intake of antioxidant vitamins and
endogenous production of antioxidant compounds and on the other hand repetitive exercise
bouts can upregulate antioxidant defense. (Dékany 2006) For example in postmenopausal
women the fitness capacity negatively correlates with oxidative stress level and positively
with antioxidant defense (catalase and glutathion). The fitness capacity closely has bearing on
blood pressure also. Higher VO2max associates with lower protein and lipid peroxidation
levels (MDA, 80hdG). (Pialoux 2009)

Arterial stiffness is an important factor for cardiovascular performance and an independent
predictor of cardiovascular risk. Moreover increased aortic augmentation index is associated
with coronary artery disease. (Agabiti-Rosei 2007) Correlation between central pressures and
cardiovascular risk is well known not only in patients with coronary disease but also in
manifestly healthy subjects. Additionally the late systolic augmentation of the central pressure
waveform is associated with an increase in left ventricular mass index independent of age and
mean blood pressure (Agabiti-Rosei 2009). Some studies investigated the effect of exercise
training on arterial stiffness in healthy young athletes compared to recreationally active
individuals, and in patients with coronary artery disease (CAD). Augmentation index was
lower in competitive endurance athletes who have higher fitness levels and who exercise at a
higher intensity, for a longer duration, and more frequently as compared with recreationally
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active individuals. These differences may be due to functional changes that occur as a result
of training. (Edwards 2005)

Similarly in patients with CAD augmentation index was lower significantly after 12 weeks of
exercise. These results suggest that endurance exercise training improves systemic arterial
stiffness in individuals with CAD (Edwards 2004). But in another study, healthy youngs were
investigated after 6 day endurance daily exercise, surprisingly no significant changes were
observed at 75 bpm in AI(x), vascular conductanc, heart rate variability or VO(2peak).
However pulse wave velocity was significantly decreased. These data indicate that changes in
arterial stiffness are independent of changes in heart rate variability or vascular conductance.
Relatively pure data are available regarding acute effect of single bout exercise on arterial
stiffness and on endothelial function.

Marathon runners were investigated before and after marathon race. A significant fall in wave
reflections was observed after marathon race, whereas aortic stiffness was not altered.
Moreover, marathon runners have increased aortic stiffness and pressures, whereas wave
reflections indexes do not differ compared to controls (Vlachopoulos et al 2010). The
marathon running is an extreme burden for athletes. So much remains to be understood about
the impact of common physical exercise on arterial stiffness and oxidative stress.

The aim of our study was to investigate the effect of single bout maximal physical exercise on
oxidative stress, asymmetric dimetihylarginine and arterial stiffness in well-trained swimmers
and runners.

5.2 Patients and methods

5.2.1 Subjects

21 young men well-trained athletes (mean age 22.4 y +3.4 years) were enrolled into the study
after signing an informed consent. Their basic clinical characteristics are summarized in Table
1. All of the participants had normal resting electrocardiogram and echocardiogram and they
did not use any medication at the time of the study.

3.2 Experimental design

Symptom-limited exercise was performed by tredmail spiroergometry (CASE 6.5, respiratory
function was analysed by LF-8 system) using Bruce protocol, which increases the workload
gradually every 3 min. Vital signs, blood pressure, 12-lead electrocardiogram were detected
regularly. Oxygen uptake and other respiratory parameters (minute ventilation, carbon dioxide
output) were measured at rest and during the exercise. Maximal oxygen uptake, maximal
workload (MET) and anaerob treshold (AT) were determined during the exercise test.

Aaugmentation index and pulse wave velocity were measured by using of the Arteriograph
(TensioMed Kft., Budapest, Hungary,) Augmentation index and pulse wave velocity were
measured before and after exercise stress test at the end of recovery phase. The measurements
were performed in a supine position and were accepted if the quality indicator of the
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recordings was within the acceptable range (i.e., the SD of the beat-to-beat measured PWVao
values was less than 1.1 m/s).

Venous blood samples were obtained before, immediately after and 4 hours after the stress
test, respectively. Samples were centrifuged and serum was removed and was frozen in -20°C.
Serum ADMA, SDMA, arginine levels were measured.

Quantitative determinations of peroxides were performed by Oxystat ELISA method, which
measures the total peroxide concentration formed in the propagation phase of the LDL
oxidation process. Blood samples were collected 2 hours later at the end of exercise stress test
considering duration of propagation phase. Using the Oxystat assay the normal range exists
between 0-400 pmol/I.

Independent sample t tests were used to compare oxidative stress marker Oxystat, serum
ADMA level, augmentation index and pulse wave velocity before and after physical exercise
test. Pearson correlation coefficients between Aux, PWV and oxidative stress markers were
estimated. Statistical analysis was performed with SPSS (version 15.0, SPSS Inc.)

3.3 Results

High level of Vo2max, MET and anaerob treshold levels demonstrate that athletes were very
well-trained. Serum arginine levels (70,77 +27,002 versus 74,96+22,97 umol/l), serum
ADMA (0,79+0.15 versus 0,73+0,16 umol/l) and SDMA levels (0,58+0,12 versus 0,57+0,10
umol/1) were not significantly different before and after exercise stress test. (Fig.9,10,11.) The
oxidative stress response was evaluated by analyzing blood oxidized LDL level before and 2
hours later after exercise. Oxystat data show surprisingly no significant changes before and
after exercise (260,76+40,50 versus 267,08+68,02 umol/l) though normally physical exercise
increases oxidative stress level. (Fig.12.)
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Fig. 9.Mean and SD of serum arginine (70,77 £27,00 versus 74,96+22,97 umol/l) There was
no significant difference before and after exercise p<0.49
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Fig. 10.Mean and SD of serum ADMA 0,79+0.15 versus 0,731+0,16 umol/l. There was no
significant difference before and after exercise p<0.13.
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Fig.11. SDMA levels 0,58+0,12 versus 0,57+0,10 umol/l were not statistically significantly
different before and after exercise stress test. p<0.57
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Fig.12. Mean and SD of serum oxidized LDL (260,76+40,50 versus 267,08+68,02 umol/l)
There was no significant difference before and after exercise. p<0.43
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AlX is a complex composite measurement, derived from many dynamic variables, such as
PWV, ventricular contractility and the resistance of the small arteries. Both pre-test and pos-
test augmentation index values were in normal range. Augmentation index significantly
dropped after exercise stress test compared to pre-test levels. (-50,92+16,43 versus -
70,13£8,589 p<0.001) (Fig.13.) PWV values were not significantly differed before and after
stress test. (6,49+1,001 versus 6,27+1,037 p<0.48) and existed in normal range. (Fig.14.)
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Fig. 13. Augmentation index significantly decreased after exercise compared to pre-test
augmentation index -50,9211+16,43041 versus -70,1316+8,58966 p<0.001
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Fig. 14. Mean values of pulse wave velocity before and after exercise. There is no significant
effect of exercise on PWV

5.4 Discussion

Several studies have reported that exercise training can protect against myocardial infarction
in animal model and has been associated with improved survival following an ischemic event
in humans. The background of protective mechanisms is not fully understood. On the one
hand the endurance exercise can reduce risk factors related to cardiovascular disease,
including obesity, high blood pressure, and high lipid level and insulin resistance. On the
other hand the exercise training has an independent beneficial effect related to the reduction
of these risk factors. Moreover earlier studies demonstrate the infarct sparing effects of
exercise both during long-term (10 weeks) and short-term (1-5 days) training regimens.

Although the physiological and cardioprotective effects of exercise training have previously
been documented, the signalling mechanisms that mediate these effects have not been fully
understood. However, it is known that exercise training increases a number of classical
signalling molecules. For instance, exercise can increase components of the endogenous
antioxidant defences (i.e. superoxide dismutase and catalase), increase the expression of heat
shock proteins, activate ATP-sensitive potassium (KATP) channels, increase the expression
and activity of endothelial nitric oxide synthase (eNOS) resulting in increased NO levels.
(Calvert 2011) NO plays a central role in both blood delivery and the capacity of cells to
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extract several substances. First, the release of NO from endothelial cells in response to shear
stress induces vasodilatation of arteries in both the skeletal muscle and the heart to increase
blood flow. Second, NO has been reported to alter carbohydrate metabolism in skeletal
muscle through an enhancement of glucose uptake and inhibition of glycolysis. Furthermore
to its effects on matching blood supply to metabolic demands during exercise, NO is also
responsible for some of the atheroprotective effects of exercise through its ability to inhibit
inflammatory cells and platelets from adhering to the vascular surface. Not only eNOS and
NO play a key role in these processes but also asymmetric dimethylarginine, such as a
competitive inhibitor of eNOS can alter the exercise induced beneficial changes. Exposure of
human endothelial cells to mild or moderate shear stress causes overexpression of protein
methylase-1 (PRMT-1) and the release of ADMA via activation of the NF-«kB pathway. Shear
stress at higher magnitude, however, enhances the degradation of ADMA via stimulation of
dimethylarginine dimethylaminohydrolase (DDAH) activity and reduces ADMA level to
baseline (Osanai 2003). Interestingly, the activity of the enzymes involved in the formation
and degradation of ADMA such as PRMT-1 and DDAH are regulated in a redox-sensitive
fashion. Thus, oxidative stress enhances the activity of PRMT-1 and inhibits the activity of
DDAH leading to increased ADMA concentration. Under those conditions, ADMA could
inhibit eNOS activity and/or even uncouple the enzyme, which would further increase
oxidative stress (Scalera 2006). In contrast, reduced oxidative stress enhances the activity of
DDAH (Scalera 2004), causing decreased ADMA levels.

Earlier studies have demonstrated that regular endurance exercise can reduce the serum level
of ADMA. Hovewer the minimum duration of exercise training needed to achieve a decrease
in the levels of ADMA and provide cardioprotection is not clearly understood. In addition
some question remains unanswered. How high can exercise training increase levels of
antioxidant defense and decrease the level of ADMA and how long does it take to reach a new
steady-state level? Will the new steady-state levels of be maintained over time? Additionally,
how can the different types of exercise training, alter the antioxidant defense and ADMA
levels?

Our findings suggest that asymmetric dimethylarginine, symmetric dimethyarginine and L-
arginine are not modulated by acute maximal exercise stress in healthy sportsmen. The
maximal physical exercise rapidly elevates shear stress; which theoretically should induce an
increasing ADMA level. In opposite, acute phase changes cannot be detected after single bout
exercise it seems that repetitive endurance exercise evolves protective effect. Moreover the
endurance exercise training can reduce ADMA level after 8-12 weeks training programme
and the lower level remains sustained if the patient did not give up the training. Between two
decisive points the time-course is not defined.

Under physiological conditions, small amounts of reactive oxygen species (ROS) produced as
a consequence of electron transfer reactions in mitochondria, peroxisomes, and cytosol and
during the exercise the amount of ROS rapidly elevates. If the cellular antioxidant capacity is
sufficient antioxidants can capture reactive oxygen species. Two most important antioxidant
enzymes are SOD and catalase. Previous findings suggest that short durations of exercise
training are not sufficient to increase SOD expression but catalase activity was increased in
response to 8 days of exercise training and by 9 days of rest, catalase activity had returned to
baseline levels. Interestingly, the protective effect of SOD and catalase against myocardial
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infarction is remained unclear (Lennon 2004). It seems that the duration and intensity of the
endurance training determines which endogenous antioxidants will be overexpressed.
Furthermore an increase in endogenous antioxidants may be sufficient to provide
cardioprotection in response to exercise, but is not necessary. The acute physical exercise is
presumed to generate free radicals which can enhance lipid peroxidation. Our findings
demonstrate that the level of lipid peroxidation was not significantly different before and after
maximal physical exercise stress test. The endurance exercise induces elevated antioxidant
defense, which can cope with ROS generation related to acute physical stress.

Arterial stiffness parameters are commonly used for this purpose - to identify structural and
functional changes in the arteries on the development of atherosclerotic disease. The
independent predictive value of aortic stiffness has been demonstrated for fatal stroke, all-
cause and cardiovascular mortalities, fatal and non-fatal coronary events in hypertensive,
diabetic, end-stage renal disease, in elderly patients and in the general population. Among
stiffness parameters, the aortic pulse wave velocity (PWV), and the wave reflection, measured
as augmentation index (Alx) were determined. Moreover, carotid-femoral pulse wave velocity
(PWV), a direct measure of aortic stiffness, has become increasingly important for total
cardiovascular (CV) risk estimation. PWV is accepted as the most simple and reproducible
method to assess arterial stiffness.

Aix is defined as the difference between the second and first systolic peaks of the pressure
wave, expressed as a percentage of the pulse pressure. Therefore AIX is a complex composite
measurement, derived from many dynamic variables, such as PWV, ventricular contractility
and the resistance of the small arteries.

Our findings support earlier establishment that pulse wave velocity is not modulated by
physical exercise. This fact is explained by good elasticity of aorta in young healthy
sportsmen. Recent study demonstrates that not only endurance exercise but a single bout
exercise can reduce augmentation index. The rapid decreasing of Aix after exercise test may
indicate physiological exercise-related vascular response namely dropping of peripheral
vascular resistance. This non-invasive method may be eligible to evaluate physiological and
pathological vascular response to physical exercise. Moreover it may be a predictor of
endothelial dysfunction.

4. Conclusion

Oxidative stress is one of the most important pathophysiological processes leading to
myocardial cell damage, endothelial dysfunction and endothelial cell damage. Aim of our
experimental investigation was to identify underlying mechanism of oxidative stress and
myocardial cell damage in typical cytotoxic agent —induced perfused heart model. Our data
demonstrate cytotoxic agent-induced myocardial cell damage exist on the basis of energy-
deplettion, enhanced lipid peroxidation and protein oxidation. Among signalling mechanisms,
the prodeath effects of activation of INK-p38-MAPK pathway was confirmed.

Furthermore oxidative stress can damage not only myocardial cells but also endothelial cells.
In our clinical study we investigated the role of ADMA and lipid peroxidation in context of
physical exercise — induced oxidative stress. In both experimental and clinical studies we
evaluated the protective effect of using a new exogenous antioxidant agent (BGP-15) and the
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beneficial effect of elevation of endogenous antioxidant defense by endurance exercise.
Effectiveness of both methods were confirmed. Furthermore we realised the usefullness of
measuring of arterial stiffness on clinical evaluation of endothel function.

26



Az oxidativ stressz szerepének vizsgalata vaszkularis és szivizom karosodasban
experimentalis ¢s human modellben

PhD Tézis

Dr.Sérszegi Zsolt

Program vezetd. Prof. Dr. R6th Erzsébet

Téma vezetd: Prof Dr. Siimegi Balazs és Dr. Cziraki Attila med. habil.

Pécsi Tudomanyegyetem
Szivgydgyaszati Klinika

Pécs
2012

27



1. Bevezetés

A kardiovaszkularis betegségek jelentOs terhet jelentenek a fejlett orszagok szamara.
Emiatt ezen betegségek kutatasanak egyik fO0 célja 0 terapias eszkozok és stratégiak
kidolgozasa. Az érfali kdrosodas tekintetében zamos rizikdfaktor kozott egyik legjelentosebb
az endothel diszfunkci6 és az arteries stiffness. A myocardium karosodas vonatkozasaban a
leggyakoribb patofiziologiai eltérés az ischemia-reperfozios karosodas és a direkt toxikus
karosodas, mely a szivizomsejtek neckrozoisdhoz és apoptozisdhoz vezethet. A fenti eltérd
patofizioldgiai folyamatokban az oxidative stress egyarant fontos szerepet jatszik. A reaktiv
oxygen gyokok fiziologiai és patofiziologiai szerepének tanulmanyozdsa €s megértése
segitséget ad a potencialisan effektiv gydgyszerek kifejlesztésében, 0) terdpias stratégidk
kidolgozasaban..

1.1. Az oxidative stress és a miokardium karosodas

Az oxidative stress az egyik legjelentésebb apoptotikus stimulius ischemias

szivbetegségben. Ischemia soran a 1égzési cytochrom rendszer redukalt allapotba keriil, mely
lehet6vé teszi az elektronok direct transzferjét oxygenre. Reaktiv oxygen gyokok (ROS) nagy
mennyiségben keletkezhetnek a mitochondriumokban melyek DNs karosodast, protein
oxidaciot, lipid peroxidaciot €s egyeb direct sjtkarosodasokat okozhatnak és végsd soron a sejt
apoptosisat idézhetik elo.
A reaktiv szabad gyokok egy masik jelentds forrasa az intracellularis oxidazok, ide értve a
NADPH oxidazt (NOX) és a xanthine oxidazt. Az antioxidansok fiziolgiai szerepe az, hogy
biztositsak az oxido-reduktiv egyensulyt és eltavolitsak a szabad gyokoket. ((Halliwell et al
1985). Szamos remodellinget indukald faktor (pl. neurohormonok, novekedési faktorok és
citokinek) melyek sejtkarosodas esetén aktivalddnak ROS termeld enzimeket aktivalhatnak,
masrészt cs9kkentik az antioxidans defense-t, igy a ROS mennyiségének ndvekedését
okozzak (oxidativ stressz) (Dhalla et al 1994, 1996, Hill et al 1996). Az excessziv ROS
képzbdés kozvetlen sejt karosodast okoz DNS karosodassaal, lipid és protein oxidacioval. A
reaktiv szabad gyokok részt vesznek a redox-szennzitiv szignal kaszkadok beinditasaban is.
Ezek a kaszkadok beindithatnak mind protekiiv (adaptive) mind karositdo (maladaptive)
sejtszintli folyamatokat.

Szinal mechanizmusok szerepe a myocardium sejt karosodasba
ROS-medialt proapoptitikus szigndal mechanizmusok

A reaktiv oxygen gyokok szelektiven képesek triggerelni intracellularis szignal
mechanizmusokat melyek programozott sejthalalt inditanak be. mint példaul az apoptosis
signal kinase (ASK-1), p38, és c- Jun-N-terminal kinase (Ichijo 1997, Remondino 2003),
(Yamaguchi et al 2003) melyek kulcsszerepet jatszanak a szivizomsejt apoptdzisban és
aktivaljak a Bcl-2 protein rendszert, p53 és caspase rendszert (Matsuzawa et al 2005).
Emellett a reaktiv oxygen gyokok mitokondridlis membran és electron transzport lanc
karosodast képesek eldidézni és tovabbi szabad gyok kélpzddést okoznak. ‘ROS-indukalt

28



ROS kibocsatas’” mely mitochondrialis membrane potencidl csdokkenést és irreverzibilis sejt
karosodast okozhat Gustafsson 2008).

Szamos adat bizonyitja, hogy a JNK és a p38 “Janus-arcu™ jelatviteli szignal.
Szivizomsejtekben a JNK mind protektiv mind patolégias szerepet betiilthet a ROS-indukalt
folyamatokban. Ischemia-reperfizios modellben JNK specifikus inhibitor hasznalataval az
apoptosis gatolhatd volt, ugyanakkor szamos kisérleti adat igazolta azt is, hogy a JNK-nak
kulcsszerepe van a szivizomsejtek talélésében és a kardioprotekcioban. A IJNK  képes
aktivalni a proapoptitikus Bax és Bad rendszert a mitokondrialis membranon de aktivalja a
“talélé” utvonalat is, mint példaul az Akt-t. Kaiser és munkatarsai sziv ischemia reperfizios
modelleken igazoltdk, hogy myocardium védelem érhetd el a INK aktivaciojaval és altalanos
gatlasdval egyarant. Ezek az ellentmondasos adatok a szivizomsejt apoptosis és tulélés
szabalyozasanak komplexitasara utalnak.

A p38 szignal utvonalnak jelentds szerepe van a szivizomsejt kontraktilitasés a sejt
haldl szabalyozasaban. A p38 aktivacidja a kontraktilitds csokkenéséhez vezet az
intracellularis kalcium forgalom befolyasolasa nélkiil. A p38 aktivitds negative inotrop hatasa
epigenomikus tulajdonsagnak latszik mivel ez a hatas rapid és reverzibilis. Ezt tamasztja ala
az a tény is, hogy p38 aktivacid utdn izolalt szivizomsejt myofilamentumokon csdkkent
kontraktilitast észzleltek és masodlagos sarcomer fehérje modifikacid volt igazolhato. s. It is
highly controversial whether p38 pathway is cardiac protective or prodeath in the heart.
Szamos vizsgalat igazolta, hogy a p3 8aktivitds gatlasa myocyta sejtkulturaban illetve
infarctusos szivben csokkenti az apoptotikus sejthalalt. A p38 gatlasa konzekvensen javitja a
miokardium funkciot és gatolja a remodellinget ischemia-reperfiizié €s myocardialis infarctus
soran. Ezek az effektusok nem voltak igazolhatoak diszné allatkisérletes modellben, ami azt
igazolja, hogy faj-specifikus hatasrél van sz6. Masrészrél onmagaban a p38 aktivacidoja nem
elégséges myocyta apoptosis indukaldsdhoz. Nyomas tulterhelés hatéasait vizsgald
allatkisérletes modellekben a p38 inaktivacidja viszont fokozott apoptosishoz vezetett, mely
azt bizonyitja, hogy a kiilonb6z0 stresszorok a p38 aktivaciojan keresztiil mind protektiv mind
hatranyos is lehet a szivizomsejt talélése szempontjabol.

ROS-asszocialt protektiv szignalok

A proapoptotikus jelatviteli utvonalakon kiviil a reaktiv oxygen gyokok aktivaljak a
mitogen-aktivalt protein kinadz kinaz (MEK)/extracellular signal-regulated kinase (ERK) és a
phosphoinositide 3-kinaz (PI3K)/Akt utvonalakat is. Mindkét Gitvonal fontos szerepet jatszik a
sejtek novekedésében ¢€s a tuélésben kiilonbozd sejtekben, igy sziviozm sejtekben is.
Hasonl6an mas mitogen-aktivalt protein kinaz utvonalakhoz a MEK/ERK ttvonal aktivalodni
képes exogén és endogen eredetli ROS hatasara is. (Bueno 2000, Kwon 2003). Talan a
legklasszikusabb “talélési” szignal a PI3K/AKkt ttvonal (Cantley 2002). Kiilonboz6 receptorok
stimulalasa szivizomsejtekben, mint példaul a Gq-protein kapcsolt receptor, insulin- és
insulin-like growth actor, tyrosine kinase receptorok, aktivaljak az Akt utvonalat, mely
kardioprotekciot eredményez. A PI3K/AKt aktivacié gatolja az apoptosist in vitro szivizom
sejteken és ischemia-reperfizios modellben is patkany sziven. Hasonléan a MEK/ERK
utvonalhoz, a ROS Akt aktivaciot okoz, mely protektiv mechanizmusokat indit be. Ischemia-
reperfizids karosodas soran mind a necrosis mind az apoptosis szerepet jatszik a sejthaldlban
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szivizomsejtekben. Caspase-3, -8, -9 aktivacié és Bax valamint Bcl-2 transzlokacidé jon létre
apoptosis soran a szivizomsejtekben.Az apoptosis kialakulasahoz esszencialis kofaktorok
hidnya esetén a folyamat nekrozisba megy at. Az egyik legfontosabb kofaktor az ATP, mivel
az apoptosis energia-igényes folyamat.

1.2 Az oxidativstressz és az endothel funkcio

Az aszimmetrikus dimethylarginine (ADMA) egy természetes L-arginine analdg mely
proteolizis soran metilalt arginine reziduumokbodl képzddik. A folyamatot a protein arginine
methyltransferases (PRMTs) enzim katalizalja. Az ADMA a nitrogen-monoxid szintetdz
mindhdrom izoenzimjének kompetitiv inhibitora. Képes kikapcsolni az enzimet, szabad
gyokoket generalni. Szdmos vizsgalat bizonyitja, hogy az emelkedett ADMA szint endotél
diszfunkcival jar egylitt, igy szamos betegség rizikofaktora, mint a hyperhomocysteinanemia,
hipertonia, koszoruér betegség, periférias obliterativ érbetegség pulmonalis hipertonia és
preeclampsia. Kordbbi vizsgélatok igazoltdk, hogy az ADMA konventracid-fliggden emeli az
oxidative stress szintjét endotél sejtkultirdban. Az ADMA aktivalja a NF—kappa B, mely
monocita kemotaktans protein-1 (MCP-1) aktivaciot és fokozott monocyta adhézidt okoz az
endotél sejtekhez. Az MCP-1 ¢és azinterleukin-8 (IL-8) a legfontosabb kemokinek melyek
fokozottan exprsszalddnak az endotél ateroszklerotikus plakkjaiban. Az oxidative stress
jelentds szerepet jatszik a sejtek Oregedésében. Egy tanulmany igazolta, hogy a
sejtkultirdkban in vitro észlelhetd sejt oregedés oxidativ stresszel felgyorsithatd, NO donor
alkalmazasaval lassithato.

Az ADMA kapcsolatban all a mikrovaszkularis RAS rendszerrel és stimuldlni
képes.és fokozott angiotensin- Il képzédéshez vezet. Ez utobbi stimulalja a NADPH oxidazt,
ami fokozza a ROS képzédést (Veresh 2008). Az ADMA aktivalja a p38 mitogen-aktivalt
protein kinazt human koronatia endotél sejt tenyészetben. Az ADMA és a RAS rendszer
kozotti kapesolatot a p38 hozza Iétre, ezt tdmasztja ald , hogy ACE fehérje expresszid valthato
ki p38 mitogen-aktivalt protein kinaz aktivaciojaval.

Az ADMA befolyasolja az endotél barrier funkciét és permeabilitast. Ennek
hatterében szamos kiilonbdzé mechanizmus allhat. Egy korabbi vizsgalat igazolta, hogy az
ADMA a pulmonalis endotél sejtek permeabilitasat fokozza mind in vivo mind in vitro. Ez a
hatas a nitrogen monoxidon keresztiil regulalodik aktivalva a protein kinaz G-t és fliggetlen a
ROS képzddéstdl. Més vizsgalatok igazoltdk, hogy az ADMA rontja a glomerularis filtracios
barrier integritasat a nitrogen monoxide biohasznosulasanak befolyasolasa utjan valamint
superoxide altal indukalt NO-independens solubilis guanylyl cyclase aktivacidjaval.(Sharma
2009).

A vaszkularis oxidativ stressz vaszkularis remodellinget okoz. A korai vaszkularis
remodelling vagy a collagen és elasztin fokozott redistribucidja az érfalban jelentés szerepet
jatszik a patofiziologiai folyamatokban. A ROS és a collagen szintézis kdzotti kapcsolat jol
ismert. Az angiotensin-II altal indukalt procollagen szintézis gatolhaté szabad gyok fogokkal
¢s NADPH oxidaz gatlokkal. Emellett az Ang ll-indukalt procollagen-al(I) szintézis
csokkenthet6 SOD1 overexpressziojaval. A fibrillaris collagen akkumulacié a vaszkularis
stiffness fokozddasahoz, az érfali compliance csokkenéséhez vezet. Az artérias stiffness
szorosan Osszefligg a vaszkularis simaizom funkcionalis valtozasaival is Vazoaktv
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mediatorok. melyek hatasukat a vaszkularis simaizomzaton keresztiil fejtik ki, kozel 30%-kal
képesek valtoztatni az érfal atmérdjét, anélkiil, hogy befolydsolndk a vérnyomadst vagy a
periférids rezisztenciat. Ez bizonyitja a dinamikus kapcsolatot a vaszkularis simaizom és az
artérias stiffness kozott.

Az artérias stiffness klinikai mérése a pulzus hullam sebességének és az augmentacios
ndex meghatarozasaval lehetséges. Ezek a paraméterek a centralis és periférias nyomas
hullam regisztralasaval hatarozhatéak meg. A centralis artérids nyomas hullim forméaja eltér a
periférids nyomas hullam formajatol, mivel a vaszkularis halozatban helyfliggden valtozik az
artéridk merevsége. Raadéasul a centralis artérias hullamot jelentdsen befolyasolja egy
reflektalt hullam. (Nichols és O’Rourke 2005). A reflektalt hullam a periférian generalodik a
kis erk szintjén, majd visszaverddik a centralis artéridkba (O’Rourke and Kelly 1993).
Egészséges egyénekben a reflektiv hulldm a diasztole soran ér vissza a centralis artériakba és
erOsiti a diasztolés aramldst a koronaridkban. Az elére haladé hullam sebességének pulzus
hullam sebességnek hivjuk (PWV) (Lehmann et al 1998). Az életkor elérehaladtaval a
reflektiv képesség nd a periférian és gyorsul a pulzus hullam terjedési sebessége az érfal
merevebbé valasa miatt, mely korai augmentéaciot okoz a systoles nyomashullamon. (“késdi
systoles cstcs fenomén”). Ez magyarazza a kiilonbséget a brachialis és aorta nyomas hulldm
kozott mely nagyobb lehet, mint 20 Hgmm (Pauca et al 1992). A centralis nyomas hullam
fontos a bal karmai terhelés meghatarozasdban, mely relative foggetlen a brachialis
nyomastol.

Az applanacids tonometria egy non-invaziv technika, mely alkalmas a periférids
nyomas hullam regisztralasara ¢és egy centralis artéridas nyomashullamot general, mely
regisztralhatd a radialis artérian. Az applanacids tonometria az arteria falanak periférias
rezgését valtja ki €s az intra-arteria¢lis nyomads kiegyenlitddését. A centralis artérids
nyomasgorbe késdbbiekben a periférias nyomasgdrbébol vezethetd le egy validalt transzfer
factor hasznalatdval, melyet augmentéacios indexnek neveziink és alkalmas az artérias stiffness
jellemzésére (Takazawa et al 1998). A pulzus nyomas hullam analizise aalkalmas non-invaziv
eszkoznek bizonyult az endotél funkcid jellemzésére. (Wilkinson, Hall, et al 2002).

A pulzus hullam terjedési sebességének meghatarozasahoz hasonld technika
alkalmazhatd, mely a pulzus hullam propagéciojat hatarozza meg 2 pont kozott, altalaban a
carotis ¢és a femoralis vagy a carotis és radialis artérias pulzus regisztralasa révén (Oliver and
Webb 2003). A pulzus hullam terjedési sebesség forditottan aranyos az artérids stiffnessel és
disztenzibilitdssal. A pulzus hullam terjedési sebességének meghatdrozasahoz sziikséges
identikus pontok megjelolése a pulzus hullam gorbéken. A SphygmoCor rendszer a pulzus
nyomas gorbe talpat, a Complior rendszer a gorbe cstcsat hasznalja.(Millasseau et al 2005). A
PWV novekedése az ascendald aorta szisztolés gorbéjének erdsitését okozza, mely a pulzus
nyomas novekedését eredményezi és bal kamrai terhelést okoz (Nichols 2005). A pulzus
nyomas gorbe analizis és pulzus hullam terjedési sebességének meghatarozasa alkalmas az
artérias stiffness jellemzésére mind kutatdsi mind klinikai célra. Az artérids stiffness mint
fliggetlen rizikd marker hasznalhaté a kardiovaszkularis mortalitas (Laurent et al 2001,
Meaume et al 2001) és a cerebrovaszkularis események (Laurent and Boutouyrie 2005)
elérejelzésére emellett prognosztikus ereje hasonlo a jelenleg elérhetd biomarkerekével.
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Szivizom és endotél védelem antioxidansokkal

Szamos vizsgalat bizonyitotta az antioxidans vegyiiletek és bizonyos nyomelemek
kedvezé hatasat endotél diszfunkcioban, ischemia-reperfiziés karosodasban vagy
kardiotoxikus anyagok altal kivaltott miokardidlis karosodas esetén Az antioxidansok egyfajta
mechanizmus alapjan képesek kifejteni hatasukat. Csokkentik a reaktiv oxygen gyokok
termelését, befogjak a szabad gyokoket vagy ROS-indukalt folyamatokat gatolnak. A
mitokondridlis folyamatok befolyasolasaa egy fontos célpontja a ROS termelés gatlasanak.
Antioxidansok vagy nyomelemek, mint a szelén vagy cink hasznalata valamint a rendszeres
fizikai tréning is a zsirsavoxidacidé gatlasara mitokondrialis adaptaciot valt ki és gatolja a
ROS-medialt miokardium és endotél diszfunkciot. Azon paradigm, hogy a reaktiv szabad
gyokok tultermelésének gatlasa konvenciondlis anntioxidansokkal, mint példaul az E vizamin
vagy Kkatalitikus enzimek adasa, mint a SOD és catalase, Onmagaban megelozné a
kardiovaszkularis betegségeket nem igazolodott. Bar szamos antioxiddns vegyiiletrdl
beigazolddott, hogy kedvezd hatassal bir allatkisérletes modellekben, a nagy multicentrikus
human vizsgalatokban elmaradtak a kedvezé morbiditast és mortalitast javitdé hatdsok. Emiatt
tobbi  kutatdsok sziikségesek  hatékony antioxidans anyagok azonositdsara ¢€s
hatdsmechanizmusuk pontos tisztazasara.
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3. Célkitiizések

A vizsgalat két o célkitlizéssel birt (i) egy uj, antioxidans és PARP-inhibitor
amidoxine derivate vegyiilet a BGP-15 hatasanak vizsgalata imatinib-indukalt
kardiotoxicitasra allatkisérletes modellben (ii) a fizikai aktivitas endotél funkciora és
oxidative stresszre kifejtett hatdsdnak vizsgalata. Részletezve:

1. az imatinib indukalta kardiotoxicitds mechanizmusanak tisztazasa.Annak
meghatarozasa, hogy ezeket a patofoziologiai eltéréseket a BGP-15 tudja-e
befolyasolni, és ha igen, milyen mechanizmussal.

2. kimutathat6-e energia deplécidé matinib kezelés hatdsara Langendorff
perfundalt patkany sziv modellben és a BGP-15 képes-e befolyasolni azt.

3. a lehetséges szignal utvonalak tisztazasa, melyek az imatinid indukalta
kardiotoxicitast kozvetitik, kiilonmds tekintettel a JNK and p38 MAP kinase
utvonalakra és annak vizsgélata, hogy a BGP-15 szupresszalja-e a “halal”
utvonalakat és aktivalja-e PI-3-kinase Akt utvonalat, mely protektiv hatasu
lehet.

4. human klinikai vizsgélat soran meghatarozni az egyszeri maximalis fizikai
terhelés hatasat az oxidative stresszre, a plazma aszimmetrikus
dimethylarginine szintjére, mely a NOS kompetitiv inhibitora.

5. a fizikai tréning hatdsanak vizsgélata az artérids stiffnessre élsportolokban

2. Experimental study

BGP-15, egy PARP-inhibitor, véd az imatinib-indukalt kardiotoxicitas ellen,
aktivalva az Akt-GSK-3beta ttvonalat és szuprsszalja a INK és p38 MAP kinase
aktivaciot.

2.1 Bevezetés

Az imatinib-mesylate (Gleevec), egy hatékpny Bcr-Abl tyrosine kinase inhibitor,
melyet sikeresen hasznalnak az el6rehaladott kronikus myeloid leukémia kezelésében.(CML)
(Deninger et al 2005, Cohen et al 2002, Czechowskaet al 2005) A Bcr-Abl complex egy
folyamatosan aktiv tyrosine kinase a leukémias sejtekben és szamos szignal Gtvonaélat
aktival, mint a mitogen-aktivalt protein kinazt (MAPK) és a phosphatidylinositol 3-kinazt
(P13-K/Akt). A BCR-ABL komplex “tl¢l6” utvonalakat is aktival a leukémias sjtekben, mint
a Jak-STAT és Grb2-ERK szignal utvonalakat (Van Etten 2004), melyek fokozott spontan és
DNS-karosodas altal indukalt proliferaciohoz vezetnek.

Bar az imatinid-indukalt kardiotoxicitas detektalasa a betegvizsgalaton és a
kortorténeten alapszik, az ok-okozati 6sszefliggést bizonyitd biomarker nem 4ll rendelkezésre.
Egy 6sszefoglalod kozlemény, melyet Kerkela és munkatarsai publikaltak (2006), azt mutatta,
hogy az imatinibbel kezelt betegekben kialakulo szivelégtelenség modellezhet6 C57BL6
egereken elhtizodo imatinib kezelést kovetden. A kardiotoxicitds alapvetd mechanizmusanak
az endoplasmikus reticulum (ER) stress valaszat, a mitokondridlis membrane potencial
collapsusat, cythochrome c kiaramlasat, ATP depléciot és sejt halalt tartottak Kerkela €2006).
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Az imatinib ocardiotoxicitasat egyéb vizsgalatok is igazoltdk: 16 CML-ben ¢és
gastrointestindlis tumorban szenvedd imatinib kezelt betegben irtak le pangasos
szivelégtelenséget (Park 2006), and strengthened the presumption of cardiotoxicity (Orphanos
2009).

In vitro kisérletekben két kiilonb6z6 mechanizmust feltételeztek, az egyik a caspase
rendszer aktivaciojat, a masik a PARP-1 aktivaciojat igazolta, melyek egyarant imatinib
indukalt apoptosist okoznak (Moehring 2005). BaF3BA sejtek caspase inhibitorral torténé
kezelésebnmagaban nem volt elegendé az imatinib indukalt apoptosis kivédésére, mig ha
PARP-inhibitor PJ34-el egyiitt adtdk a caspase inhibitort jelentds citoprotekciot sikertilt
elérni (Moehring 2005). A patofiziologiass PARP-1 enzim aktivacid kovetkezményei
szivizmsejtekben jol ismertek (Szab6é 2005, Pacher 2007). A PARP-1 enzim fokozott
expresszioja a sejten beliil rapid NAD" and ATP raktar depéciotés mitokondrialis diszfunkciot
okoz és a PI-3-kinase-Akt ttvonal szupressziojat idézi eld, egyiittesen nekrotikus vagy
apoptotikus sejthaldlhoz vezetnek. A mitokondridlis diszfunkciétovabbi energia depléciot
okozés fokozza a mitokondrialis ROS termelést ami lipid peroxidacidban, protein oxidacioban
¢s DNS karosodasban manifesztalodik.. Korabbi vizsgalatok igazoltak a BGP-15 kedvezd
hatasat az oxidative stresszre (Halmosi 2001, Szabados 2002). BGP-15 is a nicotin
amidoxime derivate melyet els6dlegesen insulin resistanceia kezelésére fejlesztettek ki. A
BGP-15 egy potens insulin érzékenyité (Literati-Nagy B 2009). Korabbi vizsgalatunkkal
igazoltuk, hogy a BGP-15 tobb tamadasponti vegyiilet mely képes a PARP-1 enzim
aktivaciojat gatolni és védeni a mitokondriumot az oxidative karosodastol ischemia-
reperfuzios Langendorff patkany sziv modelben (Halmosi 2001, Szabados 2002).
Vizsgalatunk alapvetd célja az volt, hogyLangendorf perfuzios patkany sziv modellben
azonositsuuk azokat a mechanizmusokat, melyek utjan az imatinib kardiotoxicitast képes
indukalni. Emellett arra kerestiik a valaszt, hogy a PARP inhibitor és antioxidans BGP-15
képes-e ezeket a folyamatokat befolydsolni. Vizsgaltuk az imatinib és a BGP-15 hatéasat az
energia metabolizmusra ¢és tanulmanyoztuk a lehetséges szignal Utvonalak aktivaciojat,
melyek a kardiotoxicitasért felelések, valamint a BGP-15 hatasat ezekre a jelatviteli
utvonalakra.

2.2 Anyagok és modszer
Kiserleti allatok

Him, Wistar 300-350 grammos patkanyoka hasznaltunk a vizsgalatban. A vizsgalat
soran a laboratoriumi allatokra vonatkozdo Magyar ¢s amerikai standardokat és irdnyelveket
tartottuk be.(Guide for the Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health NIH Publication No. 85-23, revised 1996).

Sziv perfozio

Retrograd aorta perfuziot alkalmaztunk modositott foszfatmentes Krebs—Henseleit
(KH) pufferrel. Egy 10 perces recirkulacio mentes wash-out periodus utan az izolalt patkany
sziveket 60 percig perfunkdaltuk. A Krebs perfuzios oldathoz imatinib és/vagy BGP-15
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hozzdadéasaval perfundaltunk. A perfundéalt sziveket 4 kiilonb6z6 csoportba osztva,
csoportonként 10 szivet perfundaltunk. 1. normoxia csoport, (kontrolok), 2. normoxias
perfuzié, BGP-15 hozzaadasaval, 3. normoxias perfizié imatinib hozzaadasaval 4. normoxias
perfuzid6 BGP-15 és imatinib egyiittes adasaval. A perfuziot kovetéen a patkany sziveket
folyékony nitrogénben gyorsfagyasztottuk.

NMR spectroscopia és adat elemzés

A sziv energia metabolizmusat vizsgaltuk in situ a perfuzié soran P NMR
spectroscopia segitségével, mellyel a creatine phosphate, ATP ¢és anorganikus phosphate
mennyiségét hataroztuk meg (8= 0.0 ppm). Az NMR spektrumokat egy Varian "MV INOVA
400 WB spektrométerrel regisztraltuk (Varian Inc., Palo Alto, CA, USA). A spektrumokat 3
percenként gyljtottiik A kiilonbozd P tartalmi vegyiiletek relative koncentracioja a gorbe
alatti terlilet analiziséven volt szamithatd. A kiilonb6z6 metabiolitok mennyiségét minden
spektrumban a kiindulasi creatine phosphate (PCr) mennyiségéhez viszonyitott hanyadosaban
hatarztuk meg.

Lipid peroxidation
A thiobarbiturat-sav reaktiv szubsztratok (TBARS) meghatarozasa a gyorsfagyasztott
sziv mintakban a modositott Serbinova (1989.) altal leirt protokoll alapjan tortént.

Protein oxidacio

50 mg gyorsfagyasztott sziv minta homogenizalasat végeztik el 2 ml 10%
trichloroacetat savval (TCA). A fehérjék carbonyl tartalmanak kimutatasa hasznalva 2,4-
dinitrophenyl-hydrazine-tesztet hasznaltuk (Butterfield 1997).

Western blot analizis

A kiilonbozo fehérjék szétvalasztasa 12%-0s SDS-polyacrylamide gél elektroforézissel
tortént majd nitrocellulose membranra vittik at. Blokkolas utan (2 h 3% tejben, Tris-
pufferben) a membranokat egy éjszakara 4°C-on antitesttel inkubaltuk (1:1000 higitasban)a
kovetkez6 antigének jelolésére: GAPDH, pAkt, pGSK-3B, pERKi,, pp38, pJNK és anti-
PARP. A bandek intenzitdsinak mérése (Esq) DU-62 spectrophotometerrel tértént (Beckman
Coulter Inc., Fullerton, CA) és ImageJ software felhasznalasaval. Az adatok 3 kiilonb6z6
reprezentativ mintabol szarmaznak és a nem kezelt kontrolhoz viszonyitva adtuk meg. (mean
+ S.E.M.).

2.3. Eredmények

A creatine phosphate szint a nem kezelt Langendorff perfundalt patkany modellben
enyhe csokkenést mutatott 60 perces perfuzié alatt. 20 mg/l imatinib hozzaadasaval végzett
perfizid soran a creatine phosphate szint 18%-kal csokkent a nem kezelt csoporthoz képest.
Az imatinib és BGP-15 egyiittes alkalmazasa mellett beigazolodott, hogy a BGP-15 200 mg/|
koncentracidoban képes kivédeni az imatinib indukélta PCr csokkenést. A BGP-15 6nmagaban
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alkalmazva a normoxias szint folé emelte a PCr szintet (Fig.1.). Az ATP szint valtozasok
parhuzamosan kovették a creatine phosphate szintekben talott valtozasokat. Az imatinib
kezelt szivek szignifikans ATP szint csokkenést mutattak, mig a BGP-15sikeresen kivédte ezt
a hatast. Onmagaban a BGP-15 nem okozott szignifikans valtozast az ATP szintben a control
csoporthoz képest (Fig.2.). Az anorganikus phosphate szint mérsékelt emelkedést mutatott
perfuzié soran, nomoxia alatt ez a kiindulasi PCr szint 15-20%-at érte el 30 perc utan.
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Fig.1. BGP-15 és/vagy Imatinib hatisa a sziv creatine phosphate szintjére Langendorff perfiizios
modelbenpatkdny szivben. **P NMR spectroscdpia segitségével mért in situ creatine phosphate szintek
melyeket a kiindulasi creatine phosphate szinthhez viszonyitott hanyadosuk fiiggvényében adtunk meg.
means = SEM. (p<0.01)
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Fig.2. A BGP-15 és/vagy Imatinib hatds az ATP szintre Langendorff perfunddlt patkany szivben. *'P
NMR spectroscopia soran mért ATP szinteket a kiindulasi ATP szint hanyadosaként abrazoljuk. Az
ertékek atlagot és + SEM. —et abrazolnak. (p<0.01)

1 oras perf6ziot kovetden a fagyasztott zsiv mintdkbol lipid peroxidacio meghatarozas tortént.
Az eredmények azt mutattak, hogy az imatinib szignifikansan (p<0.01) emelte a thiobarbiturat
rektiv szubsztratok (TBARS) képzddését a nem kezelt csoporthoz viszonyitva.Masrészrdl
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BGP-15 jelenlétében a TBARS mennyisége szignifikansan csokkent. Onmagéban a BGP-15
nem befolyasolta a TBARS képzodését (Fig.3.). A protein oxidacié tekintetében azt talaltuk,
hogy az imatinib markansan megemeli a proteinhez kotott aldehyde csoportok mennyiségét a
nem kezelt csoporthoz képest. Ez az effektus szignifikansan gatolhaté volt (p<0.01) az
imatinib és BGP-15 egyiittes adasaval. . Onmagaban a BGP-15 nem fejtett ki szignifikans
hatast a protein oxidacid mértékén (Fig. 4).
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Fig.3. A BGP-15 hatdsa az imatinib-indukalt lipid peroxidaciora Langendorff perfundalt patkinny
sziven. Az dabra a thiobarbiturdt reaktiv szubsztrdatok mennyiségét mutatja a kiilonbozé csoportokban.
Az értékeket atlag+SEM-ben dbrdzoltuk. (*** p<0.001 a normoxids értékekhez viszonyitva

+++ p<0.001 az imatinib kezelt csoiporthoz viszonyitva).
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Fig.4. A BGP-15 hatdsa az imatinib-indukdlt protein oxiddaciora Langendorff perfunddlt patkany
sziven. Az dbra a protein carbonyl mennyiségeket mutatia a kiilonbozé csoportokban. Az értékeket
atlag + SEM-ben adtuk meg. (*** p<0.001 a normoxidas csoporthoz hasonlitva, +++ p<0.001 az
imatinib kezelt csoporthoz viszonyitva).

Az Akt, GSK-3B, ERK, JNK and p38-MAPK foszforilaciot Western blot analizissel
vizsgaltuk a kovetkezé csoportokban: kezelés nélkiili (normoxia) (1), BGP-15 kezelt (2),
imatinib (3) és imatinib+BGP-15 (4). Az imatinib MAP kinazok (ERK1/2, p38 and JNK)
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aktivaciojat okozza. A JNK és p38 MAP kinaz szerepet jatszanak a sejthalalban (Baines
2005), and inflammatory reactions (Gil 2007) igy kulcsfontossaguak lehetnek az imatinib
indukalta kardiotoxicitasban. BGP-15 szupresszalta az imatinib indukalta JNK és p38 MAP
kinaz aktivaciot, és a BGP-15 ezen hatasa szignifikans modon protective lehet (Fig.5).
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Fig.5. ERK, JNK and p38-MAPK foszforilacié Langendorff perfunddalt (60 min) patkdny szivben normoxia alatt,
BGP-15kezelés, imatinibkezelés és BGP-15+imatinib kezelés soradn.

A: Reprezentativ Western blot analizis ERK, INK, p38-MAP foszforilicio és

denzitometriai analizis, .B: p-ERK
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Fig.5 C: p38-MAPK aktivicié denzitometrids meghatirozasa és D: p-JNK aktivicio denzitometrids
meghatdarozasa: az értékeket dtlag + SEM-ben adtuk meg. (*** p<0.001normoxidhoz viszonyitva, +++ p<0.001
imatinib kezelt csoporthoz viszonyitva).

Az imatinib Akt and GSK-38 aktivaciot indukal, BGP-15 ezt tovabb fokozza (Fig.6). Az Akt
foszforilacioja és aktivacidja a miokardiumban protektiv hatdssal bir stressz szituaciokban
melyek a mitokondrialis membran integritasat érintik (Tapodi 2005) és a GSK-38
foszforilaciojat és inaktivacidjat (Liang 2003).
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Fig.6. Aktl és GSK-3p foszforildcio Langendorff perfundalt (60 min) patkdny szivben normoxia alatt és BGP-15
kezelés, imatinib kezelés és BGP-15 +imatinib kezelés alatt.

A: p-Aktl és p-GSK-38 foszforilacio reprezentativ Western blot analizise és denzitometrids mérésekB: p-Aktl
and C: p-Gsk3béta. Az értékeket dtlag = SEM-ben adtuk meg. (*** p<0.001 normoxids csoporthoz viszonyitva,
+++ p<0.001imatinib kezelt csoporthoz viszonyitva).

Az egy oras imatinib kezelés jelentds PARP-1 aktivaciot okoz.A BGP-15 6nmagéaban
alkalmazva nem befolyasolta a PARP aktivaciot, de imatinibbel egyiitt adva szignifikansan
kivédte az iamtinib indukalt PARP-1 aktivaciot (Fig.7).
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Fig.7. BGP-15 hatdsa az imatinib-indukalt PARP-1 aktivaciora normoxia sord, BGP-15 kezelés utdn,
imatinib kezelést, és BGP-15+imatinib kezelést kévetéen. PARP reprezentativ Western blot analizise
(A.) és denzitometrias mérés eredménye (B.). Az értékeket datlag + SEM-ben adtuk meg (*** p<0.001 a
nem kezelt csoporthoz viszonyitva, +++ p<0.00laz imatinib csoporthoz viszonyitva).

2.4 Diszkusszio

Jelen vizsgéalatunk Osszefoglalja a BGP-15 hatdsait az imatinib induélta energia-
deplécio, oxidative karosodas és a kiilonbdzo szignal Gitvonalakra kifejtett hatasat Langendorff
perfundalt patkdny sziv modelben. A BGP-15 egy nicotinic amidoxime derivatum, mely
eredendéen nsulin rezisztencia kezelésére fejlesztettek ki. Korabbi vizsgalatok, melyek a
BGP-15 hatésait elemezték, igazoltdk, hogy a BGP-15 tobb tamadasponttal biro vegyiilet,
kardoprotektiv hatasti ischemia-reperfuzios karosodas soran és hatékony gatléja a PARP-1
enzim fokozott aktivaciojanak, stabilizalja a mitokondriumokat és gatolja a mitokondriumok
fokozott ROS termelését. (Halmosi et al 2001, Toth et al 2010, Kovacs et al 2004). Ezen
tulmenden igazolodott hepatoprotektiv (Nagy et al 2010), nephroprotektiv (Racz et al 2002)
¢és neuroprotektiv (Bardos et al 2003) hatasa is. Jelenleg egyik legfontosabb hatasanak insulin
sensitizer tulajdonsagat tartjak (Literati-Nagy2003, 2010).

Korabbi vizsgalatok, melyek myocardium sejt kultaran torténtek, azt mutattak, hogy
az imatinib kezelés a mitokondrialis membran potencial collapsusat idézi el6 és végsd soron a
membran integritds elvesztését okozza. (Kerkela et al 2006). A mitokondrialis membran
potencial csokkenése kulcsszerepet jatszik a kardiotoxicitas kialakulasaban (Van Etten 2004).
Korabbi vizsgélatok egyértelmiien kimutattdk a mitokondriumok strukturalis karosodasat
imatinib kezelést kovetdben mind human szovettani mintdkban mind allatkisérletes
modellekben. A mitokondrialis funkcié kéarosodasa és az AP deplécid kozotti szoros
Osszefliggés szintén jol ismert. Egy gyakran hasznalt citosztatikum a Herceptin 35% -os ATP
szint csokkenést okoz a myocardiumban, mig az imatinib 65%-os ATP szint csokkenést
eredményez. Az ATP szint csokkenés szamos sejt folyamatot befolyasol. Kordbbi vizsgalatok
azt mutattak, hogy mind a nekrotikus mind az apoptotikus sejthalal jelen van myocardium sejt
kultrdkban. . Ez a tény azt mutatja, hogy az apoptosis ATP igényes folyamat. Jelen
vizsgalatunk elészor mutatta ki, hogy imatinib kezelés mellett energia-deplécid alakul ki
perfundalt Langendorff patkany sziv modelben. *P NMR spectroscopia segitségével
szignifikans ATP és creatine-phosphate depléciot tudtunk kimutatni perfundalt patkany
szivben in situ. A hosszl tavi imatinib kezelés soran kialakuld enetgia deplécid jol ismert
kordbbi tanulmanyokbdl. Az imatinib tartalmi perfuzidés oldattal torténd kezelés egy Uj
aspektusra vilagitott ra, hogy egy relative gyors energia szint csokkenés alakul ki. Ezek
alapjan feltételezhetd, hogy nemcsak a tartés, hanem a roved tdvi imatinib kezelés is
karosithatja az energia igényes cellularis folyamatokat. Az energia deplécio befolyasolhatja a
myocardium  funkciot és  kovetkezményes  kompenzatérikus  remodellinget  és
szivelégtelenséget okozhat. (Palfi 2006). Az ATP-deplécid karosithatja az ion csatornak
milkodését és ezzel novelheti az intracellularis szabad calcium szintjét. Az emelkedett
mennyiségii szabad calcium a cytoplasmaban noveli a calcium szintet a mitokondriumokban
¢és ezzel fokozza a mitokondridlis permeabilis porusok kialakuldsat és kovetkezményes
excessziv ROS termelést indukalnak (Murphy 2006). A mitokondrialis karosodas apoptotikus
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utvonalakat aktivalnak ami myocardium vesztést eredményez a karosodott régidban
(Subramanian et al 2010). A fokozott ROS termelés és az ion szint eltérések a plazma
membran rupturdjahoz és nekrotikus sejthaldlhoz vezet. a BGP-15 védi a mitokondrialis
membran rendszert az oxidative stress ellen (Nagy 2010). A BGP-15 ezen hatasa
létfontossagu lehet a szivben mivel a mitokondrialis energiatermelés predominans (Balaban
2009), és a mitokondrialis membran rendszer védelme csakug,y mint a megfelelé membran
potencidl eldfeltétele az aktiv mitokondridlis ATP képzddésnek. Kiilonbozd stressz
mechanizmusok esetén a BGP-15 csdkkenteni képes az oxidative karosodast ¢és szignifikans
mitokondrium védé hatassal bir (Halmosi et al 2001, Szabados 2002, Nagy 2010), regarding
ezaltal véd a mitokondrium fliggé apoptosissal szemben is (Hori 2009). Sajat ereményeink azt
mutatjak, hogy az imatinib szignifikans oxidative karosodast okoz a szivben (Fig. 4 és 5), és
ez kivédhet6 BGP-15-tel és ez az effektus jO egyezést mutat az ischemia-reperfiizios
karosodas soran észleltekkel (Halmosi et al 2001, Szabados 2002, Nagy 2010).

Kerkala vizsgalatai igazoltak, hogy sejtkultiraban matinib kezelés endoplasmaticus reticulum
(ER) stressz valaszt okoz, mitokondrialis membran potencial csdkkenés jon Iétre, cytochrome
c aramlik ki a cytosolba, ATPdeplécio alakul ki.. A mi perfundalt sziv modelliinkben
oxidative karosodas, ATP depléci6 és az imatinib kezelés hatdsa a sejthaldlhoz vezetd
utvonalakraon volt észlelheté (Fig.1-6). Az imatinib kezelés hatasara kialakuld JNK és p38
MAP kinaz aktivacio szignifikans szerepet jatszhat a mitokondrium depolarizaciojaban ¢és a
mitokondrium fiiggd apoptosis elinditasaban (Duplain 2006). A p38 és Akt aktivacid szerepe
a kardiotoxikus hatasban ellentmondasos, mivel ezek a szignal ut vonalak mas vizsgalatokban
nem mutattak aktivaciot (pl. Kerkela 2006). Ez az ellentmondas adodhat a kiilonb6z6 model
rendszerb6l. Egy tovabbi lehetséges magyarazat. hogy az alkalmazott imatinib dozis
magasabb volt mint a korabbi vizsgélatok soran, igy ez direct toxikus hatast jelezhet. Bar az
Akt aktivacid teoretikusan magyarazhatd, mivel az excessziv ROS termelés inaktivalja az
intracellularis PTEN-t mely normalisan gatolja a PI3-kinase-Aktutvonalat. fgy a PTEN
gatlasa aktivalhatja az Akt utvonalat. . Sajat modelliinkben a p38 utvonal aktivaciojat lattuk
Korabbi vizsgalatok vilagosan mutattak, hogy az imatinib kezelés ER stressz valaszt okoz ami
JNK and p38 aktivacio fokozodasat eredményezi az IRE1-ASK1 uatvonalon keresztiil.
Imatinib indukalta oxidativ stressz oxidalja az Askl inhibitor thioredoxint mely aktivalja az
Askl1 kinazt, mely a kaszkadot elinditva aktivalja a JNK-t és a p38 MAP kinazt (Matsuzawa
hatas kivédhetd. Ebben a tanulméanyban igazoltuk, hogy a BGP-15 képes védelmet adni az
imatinib indukalta JNK és p38 MAP kinaz aktivacioval szemben, véd az oxidative stressz
ellen és az ATP deplécio ellen (Fig.2. 4-6). A BGP-15 protektiv hatasa valdsziniileg
mitokondrium protektiv hatdsdnak kovetkezménye, mivel korabbi vizsgdlatok azt mutattak,
hogy nincs hatasa az ER stress valaszra (Nagy 2010), Emellett azt is igazoltuk, hogy a BGP-
15 Akt aktivaciot okoz, mely egy jol ismert protektiv utvonal. Az Akt aktivacid véd a
mitokondrialis membran karosodas Ellen oxidative stressz soran (Tapodi 2005), mely egy
ujabb bizonyiték a BGP-15 mitokondrium protektiv hatdsa mellett.

Imatinib kezelés soran rapid poly(ADP-ribosyl)acié indul be (PAR), mely mitokondrialis
membran integritas elvesztését és DNS fragmentaciot okoz. Azt is fontos megjegyezni, hogy
a PAR gatlasa imatinib kezelt sejteken részlegesen kivédi a sejthalalt, mely a caspase rendszer
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gatlasaval egyenértékiinek bizonyult (Moehring 2005). Korabbi vizsgalatok igazoltak, hogy a
BGP-15 oxidativ stressz soran szupresszalja a sejtmagban a poly-ADP-ribosylaciot. Jelen
vizsgalatunk megerdsitette azt a korabbi felvetést, hogy az imatinib kezelés PARP aktivaciot
képes indukalni. Tovabba azt is bemutattuk, hogy a BGP-15 kivédte a PARP aktivaciot és
annak cardiotoxikus hatésat in situ.

Az imatinib indukalta kardiotoxicitds fobb mechanizmusait ¢s a BGP-15 lehetséges protektiv
hatasainak Osszefliggéseit mutatjuk be (Fig.8).
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Fig.8. Az imatinib-indukdlta sejthaldal lehetséges mechanizmusai és a BGP-15 protektiv hatasinak
reguldcioja. Az imatinib ER stresszt indukal, mely aktivilja az IRE1-AsSK] utvonalat és tovabbi INK és
p38 MAPK aktivdciot okoz. A BAX aktivdlodasa és onmagdban az imatinib mitokondridlis membran
depolarizdciohoz, ATP deplecichoz, cytochrome ¢ (Cyt ¢) kibocsdtdashoz, kovetkezményes nekrotikus
és apoptotikus sejthalalhoz vezet. A mitokondridlis karosodas soran excesssziv ROS képzddés
ésPARP-1 aktivicié jon létre, mely NAD™ és ATP depléciot okoz, mely végiil is nekrézist okoz.
Emellett a ROS-indukdalt PTEN inaktivacio aktivalni képes a P13-Akt vitvonalat is. A PARP-1 aktivacio
gatlasa véd a NAD" deplécié ellen, mitokondrium protektiv és végsé soron a sejt tilélését okozza.

3. Klinikai vizsgalat

A fizikai aktivitas hatasa a vaszkularis regzlaciora, oxidative stresszre, ADMA
sinter és az artérias stiffnessre.

3.1 Bevezetés

A kardiovaszkuldris rizikofaktorok kozott az egyik legfontosabb az artérias stiffness és
az endtél diszfunkcio. A regularis kozepes intenzitdsi fizikai tréning alacsonyabb
kardiovaszkularis rizikot eredményez kozépkortakban és idésekben egyarant (Blair 1989,
Manson 2002, Mora 2007). A kedvez6 hatas pontos hattere nem ismert teljes mértékben.
Korabbi vizsgalatok a fizikai tréning kiilonb6z0 hatasait igazoltak az arterias stiffnesse,
oxidative stresszre és az endotél funkciora. .

Az oxidativ stresszt ma ugy definialjuk, mint a ROS termelés és az antioxidans
defense egyenstlyanak megbomlasat és ez az egyik legfontosabb patofiziologiai 1épés az
endotél diszfunkcio felé. A szuperoxid gyok reakcioba 1ép az endotelidlis NO-synthase altal
képzett nitrogén monoxiddal, peroxynitritet képez, mely a NO inaktivaciojat okozza,
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csokkenti a NO biohasznosulasat és kikapcsolja a NO-sysnthaset. Korabbi vizsgalatok
igazoltak, hogy az oxidativ stressz fokozott NADPH oxidase aktivitassal tarsul, fokozott ROS
termeléssel és eNOS inaktivacidval jar. Mésrészrol az eNOS aktivitds jelentdsen fligg az a
plazma asimmetrikus dimetyl-arginine szintjétél, mely kompetitiv inhibitora az eNOS-nak.

Az aszimmetrikus dimetylarginine (ADMA) is a metylatedegy metylalt arginine

analdg, mely a proteolysis soran képzodik. Az ADMA emelkedett plazma szintje endotél
diszfunkciot okoz. Szamos korabbi vizsgalat igazolta, hogy az emelkedett plazma ADMA
szint rizikofaktora szamos kardiovaszkularis betegségnek, mint hypertonia, diabetes mellitus,
periférias érbetegség, coronaria-betegség pre-eclampsia vagy a vesebetegségek.
Az ADMA termelddése novekszik az €letkorral €s plazma szintje 6sszefliggést mutat a bonto
enzimek aktivitasaval (dimetyarginin dimetilaminohydrolase). Az ADMA direkt moédon
Osszefliggést mutat az atherosclerosis patogenezisével az oxidativ stress €s anitrogén
monoxide biohasznosulasanak gatlasa révén. Mas korabbi vizsgalatok igazoltak az ADMA és
a rennin-angiotensin rendszer kozotti kapcsolatot. Az ADMA fokozni képes a superoxide
termelést az angiotensin-11- NADP(H) oxidase aktivalasan keresztiil. (Veresh et al 2008).

A fizikai tréning hatasat az endotél funkciora és az oxidativ stresszre széles korben
tanulmanyoztak az elmult két évtizedben. Szamos tanulmany kimutatta, hogy a periodikus
kozepes intenzitasu fizikai tréninga kedvez6 hatast gyakorol a plazma ADMA. szintre. Ezek
a vizsgalatok azt mutattdk, hogy a tartds tréning csokkenti az ADMA plazma szintjét
ischemias szivbetegségben (Richter 2005), Il. tipusu diabetes mellitusban és metabolikus
szindromaban (Mittermayer 2005, Gomes 2008). Ez a hatas nem bizonyult tartosnak, ha a
betegek felfliggesztettét a rendszeres fizikai tréninget. Néhany kordbbii vizsgalat ravilagitott
arra, hogy a fizikai alloképesség negativan korreldl az oxidative stressz mértékét jelzé lipid
peroxidacioval, DNS karosodassal és fehérje oxidaciova posztmenopauzas nékben. Emellett
magasabb volt az antioxidans enzimek (catalase és glutathione peroxidase) az edzettebb
csoportban és pozitiv korrelaciot talaltak a glutathione proxidase és az edzettségi szintet
mutatoparaméterek kozott (VO2max, MET). Ezek az eredmények megerdsitik azt a korabbi
feltevést, hogy a rendszeres fizikai tréning emeli az antioxidans kapacitast.

Az egyszeri “aku” fizikai terhelés prompt szabad gyok termelést general, melynek 3 forrasa
van. 1. gyors katekolamin termelést valt ki, melyek metaboliznmusa szabad gyokoket general
2. a laktat termel6dése serkenti a szuperoxid gyok hydroxyl gyokké konvertalodasat, 3.
gyulladasos valaszreakcio alakul ki az izom sériilésre.

A szabad gyok fogd antioxiddns kapacitds nagymértékben fligg a diétds beviteltdl és az
endogen antioxidans képzddéstdl valamint a repetitive fizikai terheléstél, mely fokozza az
antioxidans defense-t (Dékany 2006). A fizikai terhelhetdséget jol jellemzé VO2max.
forditott korrelaciot mutatott a protein és lipid peroxidacidé mértékével. (MDA, 80hdG).
(Pialoux 2009)

Az artérias stiffness a kardiovaszkularis riziké fliggetlen prediktora. Ezt bizonyitotta
tobbek kozott az emelkedett augmentacids index €s a korondria betegség kozott talalt
szignifikans Osszefliggés is (Agabiti-Rosei 2007). A centralis nyomas és a kardiovaszkularis
rizikd kozotti 0sszefliggés nemcsak korondria betegekben igazolodott, hanem egészségesnek
vélt egyénekben is. A centrdlis nyomdsgdrbén észlelhetd kés6i augmentacid pozitiv
korrelaciot mutatott a bal kamrai izomtomeg indextdl és ez fiiggetlen volt a kortol és a
vérnyomastol (Agabiti-Rosei 2009). Néhany tanulmany vizsgalta a fizikai tréning hatasat az
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artérias stiffnessre fiatal egészséges atlétakban és rekreacios jellegii sportot végzOkben
valamint koronaria betegekben. Az augmentacios index alacsonyabb volt azoknal az
atlétaknal, akik magasabb edzettségi szinttel rendelkeztek, hosszabb ideig, nagyobb
intenzitassal vagy nagyobb gyakorisaggal edzettek, mint a rekredcios jellegli kisebb
intenzitasu sportot tiz6knél. (Edwards 2005)

Koronaria betegekben 12 hetes edzésprogramot kovetden az augmentacidés index
szignifikans csokkenését észlelték (Edwards 2004). Egy masik vizsgalatban ahol 6 napos
fizikai tréninget kovetOen vizsgaltak egészséges egyéneket, meglepé modon nem talaltak
szignifikins az  augmentdciés indexben, a  vaszkuldris  rezisztencidban, a
frekvenciavariabilitasban és a maximalis oxygen fogyasztasban sem. Ezzel szemben a pulzus
hullam terjedési sebesség szignifikdnsan csokkent.

A korabbi adatok a rendszeres fizikai tréning hatdsat mutattak az artérias stiffnessre €s
kevés informacionk van az egyszeri maximalis fizikai erdkifejtés okozta vaszkularis
hatasokkal kapcsolatban. Maraton futokat vizsgaltak verseny eldtt és utan és azt talaltak,
hogy szignifikdns valtozas alakult ki a visszavert hulldimokban, de az artérias stiffness nem
valtozott. Egészséges kontrolokhoz viszonyitva azonban a marathon futdk artérias stiffnesse
¢és vérnyomasa magasabb volt, mig reflexios indexeik nem kiilonbdztek (Vlachopoulos 2010).
A marathon futds egy extrém terhelést jelent az atlétdk szdmadra. Tisztazatlan maradt az a
kérdés, hogy szokvanyos intenzitasu “akut” fizikai terhelés milyen hatassal van az artérias
stiffnessre €s az oxidative stresszre.

Sajat vizsgalatunk célja az volt, hogy jol edzett sportolokban az egyszeri maximalis
fizikai terhelés hatasat elemezziik az oxidativ stresszre, az endotél funkcidt jelentosen
befolyasolo aszimmetrikus dimetihylarginine szintre és az arterias stiffnesre.

5.2 Paciensek és modszerek

5.2.1 Paciensek

21 j6l edzett fiatal férfi atlétat vontunk be a vizsgalatba (atlag életkor 22.4 y +3.4 év).
A bevont sportoloknal 12 elvezetéses EKG, echocardiographia késziilt, melyek nem mutattak
patologias eltérést. Gydgyszeres terapiaban nem részesiiltek a vizsgalat idopontjaban

3.2 Kisérleti protokoll

Tiinet-limitalt tredmail spiroergometriat (CASE 6.5, spirométer LF-8 system)
végeztiink Bruce protocol alapjan, mely a terhelési szinteket 3 percenként emelte. A vitalis
paraméterek, vérnyomas, 12 elvezetéses EKG folyamatos monitorozasa mellett tortént a
terhelés a szakmai protokolloknak megfeleléen. Az oxygen felvétel, szén-dioxid kibocsatas,
ventillacios paraméterek mérése tortént nyugalomban és terhelés soran. Meghataroztuk a
maximalis oxygen fogyasztast (VO2max), a maximalis teljesitményt (MET) és az anerob
tresholdot (AT).

Arteriograph (TensioMed Kft., Budapest, Hungary,) felhasznalasaval mértiikk az
augmentacids indexet és a pulzus hullam terjedési sebességét terhelés elott és utan. a recovery
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fazisban. A méréseket fekvd helyzetben végeztiik el és akkor tekintettiik hitelesnek, ha a
PWV mérés soran a beat to beat értékek szorasa nem haladta meg a 1.1 m/s).

A vizsgalat soran vérvétel tortént a terhelés eldtt, kozvetleniil a terhelés csucsa utan a
recovery fazes elsd percében és a terhelés utan négy oraval. A vérmintdkat centrifugaltuk, a
szérumot levalasztottuk ¢és fagyasztottuk Szérum ADMA, SDMA. arginine szintek
meghatarozasat végeztilkk el minden mintabol. A lipid peroxidacidé jellemzésére Oxystat
ELISA moddszerrel hataroztuk meg az oxidalt LDL mennyiségét a vérmintakat a terhelés utan
2 6raval vettiik le figyelembe véve a lipid peroxidacié propagacios fazisat. Az Oxystat assay
normal tartomanya 0-400 umol/l k6z6tt volt.

Egy-mintas t-probat alkalmaztunk a terhelés eldtti és utani oxidativ stressz markerek,
szérum ADMA, augmentacios index pulzus hullam terjedési sebességek Osszevetésére.
Pearson korrelacios koefficiens meghatarozast végeztiink. A statisztikai analizis SPSS
(version 15.0, SPSS Inc.) szoftverrel tortént.

3.3 Eredmények

A terhelés soran a sportolok magas Vo2max, MET és anaerob treshold szinteket
értek el, mely bizonyitotta kivaldo edzettségi allapotukat. A szérum arginine szint (70,77
+27,002 versus 74,96+22,97 umol/l), a szérum ADMA (0,79+0.15 versus 0,73+0,16 pmol/1)
¢s a SDMA szintek (0,58+0,12 versus 0,57+0,10 umol/l) tekintetében nem lattunk
szignifikans kiilonbséget a terhelés eldtti és utani értékekben (Fig.9, 10, 11). Az oxidativ
stressz valaszt az oxidalt LDL szintjének meghatarozasaval vizsgaltuk. Az Oxystat assay
adatai alapjan nem volt szignifikans kiilonbség a terhelés eldtti és 2 oraval a terhelés utdn mért
ox.LDL szintekben (260,76+40,50 versus 267,08+68,02 umol/l) (Fig.12.).
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Fig. 9. Szérum arginin (70,77 £27,00 versus 74,96+22,97 umol/l) szintek terhelés eldtt és
utan. Szignifikans kiilonbség nem igazolodott. p <0.49
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Fig. 10.Szérum ADMA dtlagok és SEM, 0,79+0.15 versus 0,73 1+0,16 umol/l. Szignifikans
kiilonbség nem volt a terhelés elétti és utani értékek kozott. p <0.13.

SDMA

0,7

0.6 I

0.8

0.4

0,

0.2

o1

0.0 . v

Before After

Fig.11. SDMA dtlagok és SEM, 0,58+0, 12 versus 0,57+0,10 umol/l, a kiilonbség nem volt
szignifikans. p<0.57
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Fig.12. Oxidalt LDL dtlagok és SEM (260,76+40,50 versus 267,08+68,02 umol/l) a terhelést
kovetéen nem alakult ki szignifikans ox. LDL szint emelkedés. p <0.43
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Az augmentacios index egy komplex kompozit érték, mely szamos dinamikus érétktol fligg,
mint példaul a PWV, kamrai kontraktilitas és a kiserek rezisztenciaja. Mind a terhelés el6tti,
mind utani augmentacios index értékek a normal tartomanyban voltak. Az augmentacios indx
értékek szignifikansan csokkentek a terhelés utan a terhelés eldtti értékekhez képest (-
50,92+16,43 versus -70,13+8,589 p <0.001) (Fig.13.) A PWV értékek szignifikansan nem
kiilonboztek. (6,491,001 versus 6,271,037 p <0.48) és a normal tartomanyban voltak.
(Fig.14.)

Augmentation Index

- 100
- 80
=60

=40

Before After

47



Fig. 13. Az augmentacios index szignifikansan csokkent a terhelés utan a terhelés eldtti
ertékekhez viszonyitva. -50,9211+16,43041 versus -70,1316+8,58966 p <0.001
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Fig. 14. PWV atlagértékek és SEM terhelés el6tt és utan. A terhelés hatasara nem alakult ki
szignifikans valtozas (6,49+1,001 versus 6,27+1,037 p <0.48)

4, Diszkusszio

Szamos allatkisérlete motel igazolta, hogy a rendszeres fizikai tréning véd a
miokardialis infarktus ellen és human adatok is ismertek, hogy javitja a talélést. . A védo
mechanizmus hattere nem teljesen tisztdzott. . Egyrészrdl a tartos fizikai tréning csokkenti a
kardiovaszkularis betegségek rizikdfaktorait, ideértve az obezitast, magas vérnyomast, magas
lipid szinteket és az insulin rezisztenciat. Masrészrél a rendszeres fizikai tréning rendelkezik
egy kedvezo effektussal, mely fliggetlen a rizikofaktorokra gyakorolt kedvezd hatasatol. EQy
korabbi vizsgalat bizonyitotta, hogy mind a hossza tava (10 hetes), mind a rovid tava (1-5
napos) fizikai tréning csokkenti a miokardialis infarktus méretét

Bar a fiziologias és kardioprotektiv hatas kordbban mar ismert volt, e hatdsokat
medial6 szignal mechanizmusok nem teljesen ismertek. A rendszeres fizikai tréning szamos
klasszikus szignal molekula szintjét megemeli, mint példaul az endogen antioxidans defense
szintjét (superoxide dismutase és catalase), emeli a ho-shock fehérjék szintjét és aktivalja az
ATP-szenzitiv kalium (KATP) csatornakat, emeli az endotelialis nitrogen monoxide synthase
expresszzidjat és aktivitasat (eNOS) emelve a NO szintjét (Calvert 2011) A NO kozponti
a shear stress NO termelést provokal az endotélben , mely vazodilataciohoz vezet mind a
vazizmokban mind a szivben. Méasodsorban a NO befolyasolja a szénhidrat metabolizmust a
vazizmokban fokozza a glikoz felvételt és gatolja a glycolysist. Emellett a terhelés soran
megemelkedd véraramlasi és metabolikus igények kielégitéében ¢és ennek szabalyozasaban is
részt vesz. A fizikai tréning atheroprotektivhatdsa a nitrogen monoxidon keresztiil
medialodik, mivel gatolja a gyulladasos sejteket és a thrombocytadk adheziojat az endotélhez.
Nemcsak az eNOS és a NO jatszik kulcsszerepet ezen folyamatok szabalyozasaban, hanem az
asszimetrikus dimethylarginine is, mint az eNOS kompetitiv inhibitora. Enyhe vagy kdzepes
foku shear stressznek kitett endotél sejtek protein methylase-1 (PRMT-1) expressziojat valtja
ki és fokozott ADMA termelést valt ki az NF-kB ttvonalon keresztiil. Er6sebb shear stress
mellett azonban fokozodik az ADMA degradacioja, mivel stimuldlodik a dimethylarginine
dimethylaminohydrolase (DDAH) (Osanai 2003). Az ADMA képzddésében és lebomlasaban

48



szerepet jatszo mindkét enzim, a PRMT-1 és a DDAH redox-szenzitiv médon regulalodnak.
Az oxidativ stressz a PRMT-1 aktivitasat fokozza ¢és gatolja a DDAH aktivitasat,
Osszességében emeli az ADMA koncentracidjat. Az ADMA gétolja az eNOS aktivitast
¢és/vagy kikapcsolja az enzimet, ami az oxidative stressz tovabbi fokozodasahoz vezet.
(Scalera 2006). Ezzel szemben, a csokkent oxidativ stressz fokozza a DDAH aktivitasat
(Scalera 2004), csokkent ADMA szintet okozva.

Korabbi vizsgalatok igazoltak, hogy a regularis kozepes intenzitast fizikai tréning
csokkenti az ADMA szintet. A terhelés minimalis ideje, amely ahhoz sziikséges, hogy az
ADMA szint csokkenjen és ennek kardioprotektiv hatasa kialakuljon még nem ismert.
Emellett szamos mas kérdés is nyitva maradt. Milyen intenzitasu fizikai tréning sziikséges az
antioxidans defense emeléséhez és az ADMA szint csékkentéséhez, milyen hossza ideig
sziikkséges a tréning az 0j steady-state allapot eléréséhez? Mennyi ideig tarthaté fenn az 0]
egyensulyi allapot? A kiilonboz6é tipust fizikai tréning fajtdk hogyan befolyasoljak az
antioxidans defense-t és az ADMA szintet?

Sajat vizsgalati eredményeink azt igazoljak, hogy az aszimmetrikus dimethylarginine,
a szimmetrikus dimethyarginine és az L-arginine szintje nem valtozik maximalis intenzitasu
fizikai terhelésre egészséges sportolokban. A maximalis intenzitas fizikai terhelésrapidan
emeli a shear stress-t; mely teoretikusan ADMA szint emelkedéssel jarna. Ezzel szemben nem
alakult ki ADMA szintemelkedés az egyszeri maximalis fizikai terhelés utan, ami a megel6z6
repetitive fizikai terhelések védd hatdsanak lehet az eredménye. A tartds repetitive fizikai
tréning az ADMA szintet 8-12 hét utan csokkenteni képes és az alacsonyabb ADMA szint
tartos marad, ha a tréninget nem fliggesztik fel. A tartds repetitive fizikai terhelés okozta
ADMA szint csokkenés eléréséhez sziikséges minimalis 1d6 illetve idObeli lefutds nem ismert.

Fiziologias koriilmények kozott kis mennyiségli reaktiv oxygen gyok (ROS)
termelédik az elektron transzfer reakciok kovetkeztében a mitokondriumokban,
peroxisomakban, és a cytosolban, terhelés hatasira azonban ez rapidan emelkedik. Ha az
antioxidans kapacitds megfelelé a sejtekben, az antioxidansok elfogjak a reaktiv oxygen
gyokoket. A két legfontosabb antioxidans enzim a SOD ¢és a catalase. Korabbi eredmények
azt sugalljak, hogy a roved idétartamu fizikai tréning nem elegendd a SOD expreszidjahoz de
a catalase aktivitas 8 napos fizikai tréning program utan megemelkedik és 9 napos pihenést
kovetden tér vissza a kiindulasi értékre. Erdekes modon a SOD és catalase protektiv hatasa a
miokardialis nfarktus ellen tisztizatlan maradt (Lennon 2004). Ugy tiinik, hogy a fizikai
tréning idétartama €s intenzitdsa meghatdrozza, hogy melyik endogen antioxidans rendszer
aktivalodik. Emellett az is bizonyossa valt, hogy az endogen antioxidans rendszer
aktivalodasa elégséges a kardioprotekcid kialakulasdhoz, de nem feltétleniil sziikséges. Az
akut fizikai terhelés szabad gyokok excessziv termelddését feltételezi, mely fokozott lipid
peroxidacidhoz vezet. Eredményeink azt igazoltdk, hogy a lipid peroxidacié mértéke nem
valtozott a terhelés utan a kiinduldsi értékekhez viszonyitva. Ennek lehetséges magyaréazata,
hogy a repetitive fizikai terhelés megemelte az antioxidans kapacitast, mely “elnyeli” az akut
terhelés soran keletkezd nagy mennyiségli szabad gyokat.

Az artérias stiffness paraméterek alkalmasak az artériak strukturalis és funkcionalis
valtozasainak jellemzésére. Az artérias stiffness fiiggetlen prediktiv szerepe igazolodott fatalis
stroke, a kardovaszkularis és barmely okbol bekovetkezd halalozas, fatalis és nem-fatalis
infarktus kialakulasa szempontjabol hipertonias, diabeteses, végstadiumi vesebeteg, idés és
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altalanos betegpopulacioban is. A stiffness paraméterek koziil a pulzus hullam terjedési
sebességet (PWV) és az augmentacios indexet hatarozzak meg. Emellett a carotis-femoralis
pulzus hullam sebesség (PWV), az aorta stiffness direkt mérése valt fontossa a
kardiovaszkuléaris rizikd6 becslésében. A PWV mérése a legegyszeribb leginkabb
reprodukaélhatdé modszere az artérias stiffness mérésének.

Aix gy definialhat6, mint a kiilonbség a masodlagos ¢s elsddleges szisztolés nyomas
hulldm cstcs kozott a nyomas hulldm szazalékdban megadva. Az augmentacids index egy
kompozit mérési eredmény, melyet szamos dinamikus tényezd hataroz meg, mint a PWV, a
kamrai kontraktilitas €s a kis erek rezisztenciaja.

Eredményeink alatamasztottdk a korabbi megallapitast, hogy a pulzus hullam terjedési
sebesség nem valtozik fizikai terhelés hatdsara. Fiatal egészséges sportolokban ez a tény a jo
artérias elaszticitdssal magyardzhat6. Jelen vizsgalatunk azt is igazolta, hogy nemcsak a
repetitive fizikai tréning, hanem az egyszeri maximalis fizikai stressz is csokkenti az
augmentacids indexet. Az augmentacidés index rapid csokkenése fizikai terhelés utan egy
fiziologias terhelés fliggd vaszkularis valasznak tulajdonithatd, nevezetesen a periférias
vaszkularis rezisztencia csokkenésének. Ez a non-invaziv mérési eljaras alkalmas lehet a
terhelés hatasara kialakulo fiziologias és patologias vaszkularis valasz megitélésére. Emellett
az endotél diszfunkcio prediktora is

4, Osszefoglalas

Az oxidativ stressz az egyik legfontosabb patofiziologiai folyamat mely miokardialis sejt
karosodashoz, endotél diszfunkciohoz és endotél sejt karosodashoz vezet. Experimentalis
vizsgalataink célja az volt, hogy azonositsuk az oxidativ stressz folyamatait és ennek
hatterében allo szignal utvonalakat citotoxikus perfundalt sziv modellben. Eredményeink
igazoltak, hogy a citotoxikus anyag altal medialt miokardium sejt karosodas hatterében
energia-deplécio, fokozott lipid peroxidacio és fehérje oxidacio all. A szignal Gtvonalak koziil
a JNK-p38-MAPK aktivacioja igazolodott, melyek medialjak a citotoxikus hatast. Emellett a
PARP rendszer aktivaciojat is ki tudtuk mutatni. A BGP-15 hatékony antioxidans és PARP
gatl6 tulajdonsaga altal hatékony kardioprotektiv effektust mutatott.

Klinikai vizsgalatunkban az ADMA ¢és lipid peroxidacio szerepét vizsgaltuk fizikai terhelés
indukalta oxidativ stresszben. A tartds fizikai tréning alkalmasnak bizonyult az akut fizikai
megterhelés altal kivaltott oxidativ stressz kivédésére az emelkedett antioxidans kapacitas
révén. Emellett igazoltuk, hogy az artérias stiffness mérése alkalmas az endotél funkcio
klinikai non-invaziv megkdozelitésére.

5. Uj eredmények

1. Eredményeink bizonyitottak, hogy a BGP-15 képes kivédeni az imatinib-
indukalt energia depléciot.

2. A BGP-15 csokkenti az oxidativ stressz sordn kialakuld lipidperoxidaciot és
protein oxidaciot.
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Az imatinib-indukalt ER stress valasz Akt aktivaciot okoz. Ezen védé signal
mechanizmus fokozott expresszidja alakul ki BGP-15 hatasara imatinib kezelés
utan.

Az imatinib oxidative stresszt provokal kovetkezményes energia-deplécioval.
Ezek a hatasok a JNK és p38 MAP kinaz aktivacid révén reguldlodnak. A
BGP-15 képes kivédeni ezen’halal” 6tvonalak aktivaciojat.

Edzett sportolokban a maximalis erdkifejtéésel jro fizikai stressz soran az
aszimmetrikus dimethylarginine, szimmetrikus dimethyarginine és L-arginine
szintje nem valtozik.

A tartés fizikai tréning az antioxidans defense novekedését okozza, mely
védelmet ad az akut fizikai terhelés soran bekovetkezd excesszive ROS
képzddés és kovetkezményes lipid-peroxidacié Ellen.

A pulzus hullan terjedési sebesség €s augmentacios index mérése alkalmas a
terhelésre  bekovetkezd fiziologias ¢és patologias vaszkularis valasz
jellemzésére. A fizikai terhelés utan bekovetkezd rapid augmenticids index
csokkenés a fiziologias terhelés hatasara bekovetkezd vaszkularis valaszt jelzi,
a vaszkularis rezisztencia csokkenését.

51



6. Publications/Publikaciék
6.1 Publications related to thesis/Tézishez tartozé publikacié

6.1.1 Full papers/Cikkek

Sarszegi Z, Bognar E, Gaszner B, Konyi A, Gallyas F Jr, Sumegi B, Berente Z. BGP-
15, a PARP inhibitor prevents imatinib induced cardiotoxicity by activating Akt-GSK-
3beta pathway and suppressing JNK and p38 MAP kinase activation.

Mol Cell Biochem 2012.Febr.14. Equib ahead of print 1F:2.168

Sarszegi Z, Ajtay Z, Lenkey Z, Nemeth A, Cziraki A, Czeh A, Lustyik G, Biri B, Kék S,
Szabados S. Impact of acute physical exercise on vascular regulation, oxidative stress,
ADMA and arterial stiffness

Med Sci Monit submitted, under review

Gaszner B, Lenke Zsy, Illyés M, Sarszegi Z, Horvath I, Magyari B, Molnar F, Cziraki
A. Comparison of aortic and carotid arterial stiffness parameters in patients with
verified coronary artery disease

Clin Cardiol. 2012 35(1):26-31.1F:1.807

Csordas A, Pankotai E, Snipes JA, Cselenyadk A, Sarszegi Z, Czirdki A, Gaszner B, Papp
L, Benko R, Kiss L, Kovdcs E, Kollai M, Szabo C, Busija DW, Lacza Z.

Human heart mitochondria do not produce physiologically relevant quantities of nitric
oxide. Life Sci. 2007 Jan 23;80(7):633-7. Epub 2006 Nov 20. IF:2.257

Bognar Z, Kalai T, Palfi A, Hanto K, Bognar B, Mark L, Szabo Z, Tapodi A, Radnai
B, Sarszegi Z, Szanto A, Gallyas F Jr, Hideg K, Sumegi B, Varbiro G.

A novel SOD-mimetic permeability transition inhibitor agent protects ischemic heart
by inhibiting both apoptotic and necrotic cell death.

Free Radic Biol Med 2006;41(5):835-48. IF:5.440

Cziraki A, Sarszegi Zs, Gaszner B, Illlyés M, Papp L: A vaszkularis endothel és a

pulmonalis epitel noninvaziv vizsgalata iszkémias szivbetegekben., Cardiol Hung
35:A50, 2005

6.1.2 Abstracts/Absztraktok

Sdrszegi Zs, Lenkey ZS, Németh A, Kéki S, Lustyik Gy, Cziraki A, Szabados S: A
maximalis fizikai terhelés hatdsa a vaszkularis reguldciora, oxidativ stresszre, ADMA
szintre és az artérias stiffnessre Card Hung 2011 majus Suppl F72.

Lenkey ZS, Husznai R, Ajtay Z, Sdrszegi Zs, Gaszner B, Németh A, Illyés M,, Czirdki

A:Fizikai stress teszt hatdsa az artérids stiffnes paraméterekre ischemids
szivbetegségben. Card Hung 2011 majus Suppl F100

52


http://www.ncbi.nlm.nih.gov/pubmed?term=B%20Gaszner%2C%20Zs%20Lenkey%2C%20M%20Illy%C3%A9s%2C%20Zs%20Sarszegi
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Csord%C3%A1s%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pankotai%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Snipes%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cseleny%C3%A1k%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22S%C3%A1rszegi%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Czir%C3%A1ki%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gaszner%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Papp%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Papp%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Benko%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kiss%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kov%C3%A1cs%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kollai%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szab%C3%B3%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Busija%20DW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lacza%20Z%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Life%20Sci.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bognar%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kalai%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Palfi%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hanto%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bognar%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mark%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szabo%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tapodi%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Radnai%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Radnai%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sarszegi%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szanto%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gallyas%20F%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hideg%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sumegi%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Varbiro%20G%22%5BAuthor%5D

Husznai R, Gaszner B, Lenkey ZS Priegl L, Sdrszegi Zs, , Magyari B, Horvith 1,
Németh A, Illyés M, , Cziraki A:Szisztémas ¢és lokalis artérias stiffness paraméterek
Osszehasonlitasa koszortér betegekben Card Hung 2011 majus Suppl F75

Bognar E,. Kiss GYN, Sarszegi Z, Bartha E, Solti I, Siimeg Bi, Z. Berente: Poly(ADP-
ribose) polymerase (PARP) inhibitor HO3089 enhanced post ischemic myocardial
glucose uptake mostly by activation of AMP-activated protein kinase (AMPK),
Circulation, 118(12): E233-E233, 2008 1F14.595

Kovacs K, Szabo A, Bognar E, Kiss Gy, Kiss T, Sarszegi Z, Sumegi B, Gallyas F:
Identification of novel drug targets preventing ischemic heart diseases, Bridges in Life
Sciences Annual Scientific Review, Regional Cooperation for Health, Science and
Technology, October 2007, vol.1, page 42, 2007

Miklan D, Keller J, Sarszegi Z, Gaszner B, Cziraki A, Papp L. Evaluation of
mechanical arterial properties in patients with coronary vasoconstriction, Eur J
Echocardiogr. 7:5120, 2006 IF:1.050

Keller J, Miklan D, Sarszegi Z, Gaszner B, Papp L. New methods for the assesment of
arterial stiffness in patients with vasospastic angina Eur J Echocardiogr. 7:5120, 2006
IF:1.050

Cziraki A, Gaszner B, Sarszegi Zs, Horvath I, lllyés M, Papp L.Endothelfunkcio
vizsgalata ischemids szivbetegekben Card Hung 2006 m4j Suppl A 45.

Czirdki A, Gaszner B, Sdrszegi Z, Horvath I, Illyés M, Papp L: Endothelial function
in patients with ischemic heart disease. European Heart Journal 27:, pp. 124-124 2006.
IF:7.286

Gaszner B, Sarszegi Z, Horvath IG, Cziraki A, lllyés M, Papp L. Endothel funkcid
¢s aorta stiffness vizsgalata hypertonias ¢s ischaemias szivbetegeken.
Cardiologia Hungarica 35: A70, 2005.
Sarszegi Zs, Csallo B, Czirdki A, Papp L. Kilélegzett nitrogén-monoxid vizsgalata
ischémias szivbetegségben. Card Hung 2004. m4;j. Suppl. C 61.

6.2. Other publications/Egyéb publikaciok

6.2.1 Full papers/Cikkek
B. Gaszner, M. Illyés, Zs. Lenkey, R. Bocskei, L. Priegl, Zs. Sdrszegi, F.T. Molnar,
1.G. Horvath, A. Cziraki Early vascular ageing in coronary artery disease and diabetes
mellitus Heart and vessels under review
B Borsiczky, Zs Sarszegi, A Konyi, S Szabados B Gaszner: The effect of clopidogrel

besylate and clopidogrel hydrogensulfate on platelet aggregation: aretrospective study
Thromb Res. 2011 Sep 15. [Epub ahead of print] I1F:2.372

53


http://en.scientificcommons.org/j_keller
http://en.scientificcommons.org/d_miklan
http://en.scientificcommons.org/z_s_sarszegi
http://en.scientificcommons.org/b_gaszner
http://en.scientificcommons.org/l_papp

Sarszegi Zs: Fix antihypertenziv kombinacidk eldnyei a magas vérnyomas
kezelésében Granum XIV/1. 2011.maérc.

Konyi A, Skoumal R, Kubin AM, Fiiredi G, Perjés A, Farkasfalvi K, Sarszegi Z,
Horkay F, Horvath 1G, Toth M, Ruskoaho H, Szokodi I. Prolactin-releasing peptide
regulates cardiac contractility.

Regul Pept. 2010 Jan 8;159(1-3):9-13. 1F:2.276

Sarszegi Zs.: Az ACE gatlok szerepe a koszoruérbetegek szekunder prevencios
kezelésében Lege Artis Medicinae 2007.jul

Sdarszegi Zsolt A mikronizalt fenofibrat hatékonysaga €s alkalmazasi lehetdségei.
Haziorvosi Tovabbképz6 Szemle 2004. apr. Supplementum D

Sarszegi Zst A Ca-csatorna blokkold amlodipin szerepe az ischémids szivbetegség

crer

Sarszegi Zs, Jobst K., Nagy J.Az aluminium szérum szintjének kinetikaja kronikus
veseelégtelenségben Orvosi Hetilap 2000. 141. 35.

Zs Sarszegi, L Kollar, K Torok, G Kassai, T Kovacs, L Wagner K Toth, J Nag:
Haemorrheological changes in IgA nephropathy
Medical Science Monitoring 1999; 5

Sarszegi Zs, Kollar L, Torok K, Kassai G, Kovacs T, Wagner L, Toth K, Nagy J.
Hemorheologiai elvaltozasok szerepe az IgA nephropathia progressziojaban.
Magyar Belorv Arch 1998; 31:17-22

Sarszegi Z, Nagy J Jobst K. The kinetics of initial gastrointestinal absorption of an
aluminium-containing antacid (Tisacid) in patient with various stages in chronic renal
insufficiency. (letter)

Nephrol Dial Transplant 1997; 12(2:372-3 IF: 1.43

6.2.2 Abstracts/Absztraktok
Gaszner B, Illyés M, Lenkey Zs, Bocskai R, Priegl L, Sarszegi Zs,,Horvath I, Czirdaki
A:Korai vaszkuladris Oregedés koszortér-betegekben ¢és diabetes mellitusban.Card
Hung 2011Suppl F93.
Sdrszegi Zs, Gyorimolnar I, Cziraki A, Papp L.: Az extracorporalis szivmiitétek utan

kialakuld akut vesseelégtelenség prevencioja.Card Hung 2003.majus Suppl. 2.56.

Zs Sarszegi, L Kollar, K Torok, G Kassai, T Kovacs, L Wagner K Toth, J Nag:
Haemorrheological changes in IgA nephropathy
Nephrol Dial Transpl 1998 Suppl IF:1.754

54


http://www.ncbi.nlm.nih.gov/pubmed?term=%22K%C3%B3nyi%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Skoumal%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kubin%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22F%C3%BCredi%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Perj%C3%A9s%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Farkasfalvi%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22S%C3%A1rszegi%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Horkay%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Horv%C3%A1th%20IG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22T%C3%B3th%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ruskoaho%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szokodi%20I%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Regul%20Pept.');

Cs Trinn Zs Sarszegi, T Magyarlaki J Nagyi: Thin basement membrane nephropathy.
Relevance to hematuria.
Nephrol Dial Transpl 1998 Suppl. IF:1.754

Cs Trinn, Zs Sarszegi, A Szabo, T Magyarlaki, J Nagy :High protein intake induced
nephrotic syndrome in menbranous glomerulonephritis.
Nephrol Dial Transpl. 1997 Suppl. IF:1.424

Cs Trinn, Zs Sarszegi, T Szelestei, T Toth, J Nagy: High diet-hyperperfusion renal
injury. Nephrol Dial Transpl. 1997 Suppl. IF:1.424

Z Sarszegi, J. Nagy, K. Jobst: The kinetics of initial gastrointestinal absorption of an
aluminium-containing antacid (Tisacid) in patient with various stages in chronic renal
insufficiency. Nephrol Dial Transpl 1995 Suppl 1F:1.682

6.3 Chapter of book/Konyyv fejezet

Sarszegi Zsolt A sziv autoimmun betegségei (konyvfejezet)
Klinikai Immunologiai kézikényv- 2005

55



56



