
HEMORHEOLOGICAL METHODS IN THE 
INVESTIGATION OF RISK FACTORS OF 
MYOCARDIAL ISCHEMIA AND OF THE 

ANTIOXIDANT PROPERTIES OF DIFFERENT 
CARDIOVASCULAR DRUGS

Ph.D. thesis

Author: Zsolt Márton, M.D.

Project leader: Kálmán Tóth, M.D., Ph.D.

1st Department of Medicine 
University of Pécs 

Medical School 
Hungary

2002



CONTENTS

List of abbreviations 2

1. Introduction 3

2. Aims of the investigations 12

3. Materials and methods 14

3.1. Antioxidant properties of different cardiovascular drugs 14

3.2. Relationship between fibrinogen concentration and RBC

aggregation measured by different methods 19

3.3. Hemorheological parameters in patients with acute

ischemic coronary syndromes 23

4. Results 31

4.1. Antioxidant properties of different cardiovascular drugs 31

4.2. Relationship between fibrinogen concentration and RBC

aggregation measured by different methods 36

4.3. Hemorheological parameters in patients with acute
ischemic coronary syndromes 40

5. Discussion 51

5.1. Antioxidant properties of different cardiovascular drugs 51

5.2. Relationship between fibrinogen concentration and RBC

aggregation measured by different methods 56

5.3. Hemorheological parameters in patients with acute

ischemic coronary syndromes 59

6. Summary 64

7. References 66
8. Publications of the author 82

Acknowledgements 90



LIST OF ABBREVIATIONS

ACF

ADP

Al

ASA

CAD

1HD
HCT

LORCA

NO

PBS

PMS

PPP

PRP

PV

RBC

RCTT

WBC

WBV

adenosine diphosphate 

aggregation index 

acetylsalicylic acid 

coronary artery disease 

ischemic heart disease 

hematocrit

Laser-assisted Optical Rotational Cell Analy 

nitric oxid

phosphate buffered saline 

phenazine methosulphate 

platelet poor plasma 

platelet rich plasma 

plasma viscosity 

red blood cell 

relative cell transit time 

white blood cell 

whole blood viscosity



1. I INTRODUCTION

Cardiovascular diseases are tne most nequciu causes or 

morbidity in the developed countries. In spite of the extended research 

on this field, there still remained obscure parts in the pathomechanism 

of these diseases. Investigations explored the role of vascular wall, 

cellular interactions, and many of the underlying biochemical 

processes [I]. Less attention was paid to the properties of the 

circulating blood and even less to the relationship of these factors and 

oxygen free radicals.

Oxygen free radicals are highly reactive chemical species 

generated in biological systems during numerous physiological and 

pathophysiological processes. In physiological circumstances they 

play a role in cellular metabolism and cellular defense systems, on the 

other hand, large amount of oxygen free radicals is highly toxic for 

tissues and cells, because they can oxidatively modify and damage a 

variety of biological systems (e.g. cellular proteins, nucleic acids, 

carbohydrates, and lipids). Although cells have various defense 

systems against free radical damages including scavenger enzymes 

(e.g. superoxide dismutase, catalase, glutathion peroxidase) and 

nonenzymatic molecules (e.g. glutathion, ubiquinone [coenzyme Q], 

ascorbate, vitamin E), in case of impaired antioxidant defense or 

increased production of oxygen free radicals, these reactive agents can 

take part in formation of serious disorders ( Figure 1.1). They are 

thought to be involved in a wide range of diseases such as 

atherosclerosis. ischemia-reperfusion injury. diabetes mellitus. 

inflammatory diseases and immunological disorders [2-8],
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Figure 1.1: Biological redox systems (after K. Hideg).

Behavior of blood flowing through the various compartments of 

the cardiovascular system is determined by its own structural and 

rheological properties and the hemodynamic characteristics of the 

circulatory system. Both factors determining blood flow are

significantly influenced by free radical damages. Free radicals can 

damage endothelial cells leading to atherosclerosis, which has 

significant hemodynamic effect: and they can modify blood cells and 

plasma proteins, which leads to the change of rheologic properties of 

blood.

In the vasculature endothelial cells provide permeability barrier, 

maintain thromboresistant surface, regulate vessel tone, and inhibit 

vascular smooth muscle proliferation. Endothelium injury and 

dysfunction result in prothrombotic state, promote vasoconstriction



radicals deplete bioavailable nitric oxid (NO) and exacerbate local 

oxidant stress by reacting directly with NO to form peroxynitrite. 

Peroxynitrite in turn, imparts further oxidative injury to the 

endothelium. One of the most serious effects of  free radicals is lipid 

peroxidation, which can lead to the formation of oxidized low-density 

lipoprotein (LDL) formation. These oxidized particles are involved in 

several steps of atherosclerosis. Oxidized LDL particles are taken up 

by macrophages in the vessel wall, which process is not controlled by 

the feedback inhibition. Accumulation of oxidized LDL particles leads 

to the formation of lipid-laden macrophages called foam cells that 

contribute to atherosclerotic plaque formation [I], Atherosclerotic 

plaques result in slow or blocked blood flow that leads to the 

development of ischemic areas.

Hemorheological parameters are also significantly influenced by 

oxygen free radicals. One of the most susceptible cells to free radicals 

is the red blood cell (RBC). RBCs are exposed to high oxygen tension 

and they are very rich in iron, a transition metal, which promotes the 

formation of oxygen free radicals. Under normal conditions free 

radicals are continuously generated in the highly catalytic medium of 

the RBC: however, well-developed antioxidant defense mechanisms 

usually prevent their deleterious effect on cellular components. 

Impaired antioxidant defense or increased production of oxygen free 

radicals can disturb the critical balance and RBC can be oxidatively 

damaged, manifested by both structural and functional impairments. 

Oxidative damages can appear in protein degradation, lipid 

peroxidation, oxidation of hemoglobin molecules, cross-linking within 

membrane proteins and/or between membrane proteins and 

hemoglobin. Moreover, oxygen free radicals can disturb the ionic 

milieu of RBC by the increase of cation permeability (mainly caused 

by the degradation of Na-K channels), which can lead to disturbances



of  osmotic balance. The structural damages of RBC change its 

mechanical properties, which plays an important role in the 

microcirculation Alterations of  the intracellular and membrane 

characteristics can affect RBC deformabilitv and aggregation, which 

increases whole blood viscosity (WBV) [9-1 6]. Deformabi lity of  RBCs 

becomes important in the coronary microcirculation, where the 

average capillary diameter is less than the diameter of RBCs. 

Decreased RBC deformability can slow down or even block capillary 

circulation, hence RBC must deform entering and passing through 

small vessels. For example, decreased RBC deformability associated 

with free radical damage appears in sepsis and it is linked to multiple 

organ failure; using an oxygen free radical scavenger prior to sepsis 

prevents such adverse changes in RBC deformability [6],

Activation of white blood cells (WBC) during ischemia and 

reperfusion implies their adhesion to the vascular wall, plugging of 

capillaries, and generation of free radicals and chemoattractant 

factors, which affect red blood cells damaging their membrane and 

reducing their deformability, attract and activate platelets. Because of 

larger diameter and lower deformability, WBCs can have serious 

influence on microcirculation. The entry of a WBC into a narrow 

capillary and the adhesion of these cells to the vascular wall can 

reduce flow behind the cell. Only those RBCs with the highest 

deformability are able to pass by WBCs. Therefore leukocyte 

activation along with alterations in platelet function and red blood cell 

properties implies the severe impairment of coronary circulation.

Because of  the wide range of diseases involving oxygen free 

radical damages, scavenging these radicals should be considered as a 

basically important therapeutic approach.



Elevated plasma fibrinogen concentration is associated with 

increased frequency of coronary heart disease and stroke [17-24], (t 

was proven as a strong nrimarv risk factor for cardiovascular and 

cerebrovascular disease in healthy individuals and a risk factor for 

death or recurrence of  myocardial ischemia in patients with a previous 

coronary event. Increased levels of plasma fibrinogen are also 

associated with many other risk factors, for example smoking, age and 

diet [25]. Plasma fibrinogen levels rise chronically in the presence of 

cardiovascular risk factors and acutely in response to injury, surgery, 

acute infections and infarctions. Fibrinogen is a major co-factor in 

platelet aggregation, acting as an essential protein in coagulation [26]. 

By increasing platelet aggregation, high Fibrinogen levels may lead to 

the formation of  platelet rich thrombus, occlusive thrombosis at the 

sites of arterial stenosis and microvascular ischemia. The role of high 

fibrinogen concentration in the development of  atherosclerosis has 

also been proven. Within the arterial wall, fibrin binds low density 

lipoprotein and is converted into degradation products, which 

stimulate smooth muscle cell proliferation as well as the uptake of 

lipids by macrophages [27,28]. It is known that plasma fibrinogen, as 

an elongated molecule, has major impact on plasma viscosity and has 

been described to be a main factor of  RBC aggregation in vivo. 

Nevertheless the numerous studies investigating the role of fibrinogen 

in RBC aggregation, the mechanism of its action has not fully been 

elucidated. Although fibrinogen has a determining role, several other 

plasma factors also have significant influence on RBC aggregation.

Red blood cell aggregation has an important influence on whole 

blood and suspension viscosity and. especially at low shear rates, it is 

the major cause of  the non-Newtonian flow properties of  normal blood 

[29], Increased RBC aggregation has a negative effect on the Bow 

dynamics of blood and it is known to be associated with many clinical



States (e.g. ischemic heart disease (IHD) [17,30-33], acute myocardial 

infarction (AMI) [34-36], cardiogenic pulmonary edema [37], 

thromboembolic states [38]. renal failure [36], diabetes mellitus [40] 

venous thrombosis [41]). The generally accepted theory for RBC 

aggregation is the bridging hypothesis, which supposes that RBC 

aggregation is due to the bridging between neighboring cells by 

specific plasma proteins (e.g. fibrinogen, large molecular weight 

globulins) and can also be induced by large macromolecules such as 

high molecular weight dextrans and other polymers [41-44]. On the 

other hand, a few reports have questioned this hypothesis and 

proposed a thermodynamic model based on polymer/protein depletion 

from the intercellular contact zone [45.46], It is important to know 

that RBC aggregation is a dynamic process and thus represents a 

balance between forces of aggregation and disaggregation

(e.g. mechanical shear, electrostatic repulsion between cells). Thus, in 

general, the aggregation process depends on the properties of the 

erythrocytes as well as the mechanical and physicochemical 

characteristics of their environment.

Because of the several different methods used to determine RBC 

aggregation in different laboratories, the standardization of

aggregation measurements is important for getting comparable results. 

As these measurements do not completely reflect to the real in vivo 

situation, comparison and/or parallel measurements by different 

methods can characterize better the different aspects of this complex 

process [47],

Coronary artery disease, the stenotic lesion of one or more 

coronary branches is the most frequent type of ischemic heart disease 

(IHD). In the development of IHD several risk factors may play a role, 

which can influence each other. While the role of "classic" risk factors



(e.g. smoking, hypertension, hypercholesterolemia, diabetes, etc.) has 

been well known for a long time, the importance of  hemorheologic 

parameters in the development of coronary artery disease (CAD) has 

been accepted only for the last two decades Several "classic" risk 

factors have an influence on hemorheologic parameters (Table l . l ) 

[25],

Table 1.1: Connection between classical risk factors and

hemorheological parameters (HP).

Male gender significantly higher Hct

High cholesterol Moderate elevation in PV. WBV

Hypertension higher Hct. fibrinogen. PV. WBV

Smoking
higher Hct, fibrinogen. PV. WBV. 
RBC aggregation, rigidity

Diabetes mellhús
lower RBC deformability. 
higher WBV

High triglyceride level higher fibrinogen, PV, WBV

Obesity
higher fibrinogen. PV. WBV. 
RBC aggregation, rigidity

Lack of  exercise
higher fibrinogen. PV. WBV. 
RBC aggregation, rigidity

Stress
higher fibrinogen. PV. WBV. 
RBC aggregation, rigidity

Coronary vessel system is a special part of the circulation, 

because there is a continuous change in blood flow', perfusion 

pressure, and shear rate due to the cardiac cycle, moreover, the 

narrowest capillaries of the body can be found in the myocardium 

(diameter can be as small as 3-5 pm. several micrometers smaller 

comparing to that of RBCs). Therefore the role of rheological



alterations can be of higher importance than in other parts of the 

circulatory system [I7.18.48J. In several studies hemorheological 

parameters were proved to he primary cardiovascular risk factors 

[18-20.49], The Framingham Study. Puerto Rico Heart Health Program 

and Honolulu Heart Program proved hematocrit to be a cardiovascular 

risk factor [20.49], Framingham Study and Northwick Park Study 

proved the same for elevated plasma fibrinogen concentration. The 

Monica Project showed viscosity as a risk factor. Edinburgh Artery 

Study and Caerphilly and Speedwell Collaborative Heart Disease 

Study provided further confirmation on the role of several 

hemorheological variables in cardiovascular diseases [21,22,50.51], In 

the Physicians' Health Study the elevated baseline plasma fibrinogen 

concentration was associated with the increased risk of future 

myocardial infarction during a five-year follow-up period and this was 

independent from other risk factors [23], Lowe et al. suggested that 

blood viscosity is related to the extension of coronary heart disease, 

but they could not find such a relation regarding plasma viscosity 

[52], Rainer et al. could find impaired hemorheological variables in 

patients with angiographically proven coronary artery disease, but 

there was not any relation with the extent of the disease [31]. The 

previous data of our group that hemorheological parameters 

(hematocrit, plasma fibrinogen, plasma and whole blood viscosity) 

were significantly worse in patients with ischemic heart disease than 

those of  normal subjects, and that they showed a correlation with the 

severity of coronary artery disease also support the results of these 

studies [17.32], Kesmarky et al. found significant changes in some 

hemorheological and free radical associated parameters after 

percutaneous transluminal coronary angioplasty, which can affect the 

final outcome of this intervention [53], Habon et al. showed that the 

evaluation of hemorheological parameters along with other diagnostic
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pected ischemic heart disease [54],

Acute ischemic coronary syndrome (A1CS) is caused hy the 

L-ute disorder in the blood supply of the myocardium caused by the 

—dden decline of  coronary blood flow or by the sudden raise of 

yocardial oxygen demand. Mortality and morbidity of patients with 

- is syndrome are substantial, therefore AICS has considerable 

-dical, social and economic importance all over the world, 

revention and elimination of risk factors are the most powerful ways 

~ reduce the mortality and morbidity of this syndrome. As previously 

mentioned, classical risk factors of cardiovascular diseases are well 

mown and many of  them could be prevented. Previous studies have 

already confirmed that hemorheological parameters also could have 

determining role in the development and severity of  AICS 

[35,36,55,56], Experimental evidences underline that hemorheological 

alterations observed in acute myocardial infarction (AMI) are also 

involved in the decreased perfusion of the damaged area and the 

extension of the necrotic regions [57]. Some of the rheological 

parameters (e.g. plasma fibrinogen level, white blood cell count) 

known as “non-classic" risk factors have been recently clarified to 

have determining role in the prognosis of patients after AMI [58], 

Although several studies examined a part of rheological parameters in 

AICS, few of them examined all of these parameters simultaneously. 

Thus further investigations should reveal which hemorheological 

factors have significant role in the development of CAD or AICS. The 

examination of these parameters can help to modify them favorably in 

the future, which can be important in the prevention and treatment of 

cardiovascular diseases.



2. AIMS OF THE INVESTIGATIONS

1. Our purpose was to examine the amioxidam properties of a 

novel. experimental antiarrhythmic-cardioprotective compound. 

H-2545 and its metabolite H-2954. Besides these new agents we aimed 

to study the antioxidant capacity of several clinically used 

cardiovascular drugs.

2. The pyrroline ring in the molecular structure of H-2545 was 

supposed to be responsible at least partially for the antioxidant 

capacity. To confirm this theory modification of  the molecule of  

mexiletine and t rimetazidine with pyrroline ring was planned to 

investigate. We wanted to compare the antioxidant properties of  the 

new compounds and the modified drugs to those of the clinically used 

cardiovascular drugs.

3. Plasma fibrinogen concentration is an important risk factor of 

cardiovascular diseases. The role of fibrinogen concentration as a risk 

factor can be due to at least partially to its effect on hemorheological 

parameters. To challenge this theory the effects of  different fibrinogen 

concentrations on the microrheological parameters, especially on the 

RBC aggregation were tend to investigate. We wanted to study the 

effect of fibrinogen concentration on red blood cell aggregation both 

in vitro and in vivo. Our purpose was to compare two different RBC 

aggregation methods to each other and to examine the relationship 

between RBC aggregation indices measured by these methods and 

plasma fibrinogen concentration.



4. To reveal the role of the rheological disorders in acute 

ischemic coronary syndromes we aimed to examine hemorheological 

parameters and platelet aggregation in patients with AICS Resides the 

comparison of these parameters in patients with AITS and healthy 

subjects we planned the follow-up of their changes after discharge.

5. We wanted to estimate the biological effect of  routine 

antiplatelet therapy in our patients. We intended to use platelet 

aggregometer in order to determine the level of  platelet aggregation 

induced by different inductor agents.



3. MATERIALS AND METHODS

3.1. Antioxidant properties ot ditlerenl cardiovascular drugs

J. 1. !. Sam ple p rep a rá l ion

Venous blood samples (40 ml) were taken from the antecubital 

vein of  six healthy male volunteers into Vacutainer tubes containing 

sodium heparin as an anticoagulant. Blood samples were centrifuged 

at 2500 g for 10 minutes, then plasma and buffy coat were removed. 

Red cell suspensions were washed twice in phosphate buffered saline 

(PBS) (pH: 7.4. osmolality: 300 mOsm. glucose: 10 mM). After the 

last centrifugation supernatant was removed and RBCs were 

resuspended in PBS. The hematocrit of  red blood cell suspension was 

adjusted to 20 % and suspensions were incubated with I mM 

phenazine methosulphate (PMS) at 37 "C, for 120 minutes [59,60], A 

cardiovascular drug was also added to the incubating medium at two 

concentrations in “t reated” tubes: maximum serum concentration used 

in vivo, and five times higher concentration (experimental agents were 

examined also in other concentrations). PMS and drugs were not 

added to control samples. After incubation blood samples were 

centrifuged, supernatant was removed and hematocrit was adjusted to 

10 % using PBS. Red blood cell filterability of these suspensions and 

potassium concentration of the supernatant were determined. During 

sample preparation microhematocrit centrifuge (Hemofuge, Heraeus 

Instr.. Germany) was used to determine the hematocrit of  red blood 

cell suspensions.



3.1.2. Examined drugs

The examined experimental agents and cardiovascular drugs are 

shown I li  Tabic 3.1 anu Flguiv 3.1. Cá; \cd;kd Waa pi'0\idcd by 

Boehringer Mannheim (Mannheim. Germany), the oilier clinically used 

drugs were purchased from Aldrich Chemical C'o.. Inc. (Milwaukee. 

USA). Experimental drug (H-2545). its metabolite (H-2954). 

trimelazidine. modified mexileline (110-2434). its metabolite (110- 

2433) and modified t rimetazidine (H-292IR) were synthesized in the 

Institute of Organic and Medicinal Chemistry of  the University of 

Pecs (Figure 3.2. 3.3).

Table 3.1: Maximum therapeutic serum concentration and maximum 

serum concentration * 5 of  the examined drugs.

Max.
therapeutic 
serum cc. 

(t*M)

Max.
therapeutic 
serum cc. 
x 5 (nM)

Max.
therapeutic 
serum cc. 

(mM)

Max.
therapeutic 
serum cc. 
x 5 (pM)

Procainamide 30 150 Sotalol 4 20
H-2545 2 10 Amiodarone 3 15
H-2954 2 10 Verapamil 0.8 4
Mexiletine 2 10 Nifedipine 0.06 03
HO-2434 2 10 Trimetazidine 5
HO-2433 2 10 H-2921R 1 5
Propafenon 5 25 Trolox 2 10
IMetoprolol 3 15
Carvedilol 0.3 1.5

Timolol 3 15
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Figure 3.1: Molecular structure of the examined drugs.
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Figure 3.2: Structure of 2,2,5.5-tet ramethylpyrrolin-3-yI drugs.
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Figure 3.3: Scavenging mechanism of H-2545 and its metabolites 

(after K. Hideg).

3 .1.3. Measurement o f  RBC filtration

Red blood cell filterability was measured by Carat FT-1 

Filtrometer (CARAT Ltd., Hungary) using St. George's technique 

(Figure 3.4). in this fiiiromeier RBC suspension flows through a



Nucleopore filter with 5 pm diameter pores. Filtration rate is 

measured at four pairs of  light sources and detectors. The apparatus is

flow rates and thus distinguishes between cell transit time (relative 

cell transit time - ROTT) and pore clogging rate. Filtration pressure 

was set to 4 cm of water in our experiments. All measurements were 

carried out at room temperature (22 ± 1 °C) and were repeated three 

times at each sample [61],

Results were expressed in percent of decrease of PMS-induced 

increase in RCTT:

- (RCTTcms - RCTTi>MS,C3rd,mascularilrU(,) / (RCTTm s - RCTTa „„r»i) * 100.

Figure 3.4: Carat FT-1 Filtrometer.



3.1.4. M easurem ent o f  p o ta ssiu m  co n cen tra tion

Potassium concentration of the supernatant was measured by 

OMSZU V U t  85 i digital name photometer rwitn propane-butane gas 

burner) (OMSZUV. Hungary) and lithium base solution was used.

Results were expressed in percent of decrease of PMS-induced 

potassium leaking due to drugs:

- (K+PMS - K'pMS.carJil.ia>Cul,,rdrug)/ (K 'pms - Kimről) * 100.

3.2. Relationship between fibrinogen concentration and RBC 

aggregation measured by different methods

3 .2 .1. Sample preparation

To determine the effect of fibrinogen concentration on RBC 

aggregation, measurements were performed in fibrinogen solutions. 

Blood samples were drawn from the antecubital vein of  healthy adult 

volunteers into EDTA (1.5 mg/ml) and all measurements were 

performed within three hours after venesection. PBS was prepared as 

follows: 0.030 M KH2P 0 4 + Na2H P 0 4, 0.122 M NaCI; pH = 7.4, 

295 ± 5 mOsmol/kg. Fibrinogen (2 % lyophilized human fibrinogen; 

American Diagnostica Inc., USA) was dissolved in PBS. Red blood 

cells were separated from whole blood via 2000 g centrifugation for 

10 minutes, then, subsequently, plasma and buffy coat were removed. 

RBCs were washed three times, twice in PBS and third time in 

fibrinogen solution; residual portions of  the buffy coat were discarded 

after each centrifugation. The washed RBCs were then resuspended in 

fibrinogen solutions (0.5, 0.6, 0.75, 0.9 and 1.0 mg/ml concentration, 

respectively) at a hematocrit of 41.0 ± 0.3 % for aggregation 

measurements in Myrenne aggregometer. All preparations and 

measurements were carried out at room temperature (22 ± 1°C).



For the comparative RBC aggregation measurements in whole 

blood, sixty two blood samples from subjects (including healthy 

volunteers, patients with ischemic heart disease and diabetes mellhús, 

mean age: 49.9 ± 16.7 years: 37 males. 25 females) were analyzed in 

Myrenne MA-1 RBC aggregometer and LORCA aggregometer. The 

blood was drawn from the antecubital vein into Vacutainer tube 

containing lithium heparin (143 IU /' 4.5 ml) and all measurements 

were performed at the native hematocrit of the samples within two 

hours after venesection. Hematocrit was measured by using 

microhematocrit centrifuge. Fibrinogen concentration was determined 

by Ga us s ' s  method [62], Temperature in LORCA was adjusted to 

37 °C. all other preparations and measurements were carried out at 

room temperature (22 ± 1°C).

3.2.2. Aggregation measurements

RBC aggregation was measured in two instruments: Myrenne 

and LORCA aggregometers (blood samples were taken from the same 

tube).

1/ Myrenne aggregometer (Model MA-1 Aggregometer, Myrenne 

GmbH. Germany) (Figure 3.5) employs the light transmission method 

of Schmid-Schönbein et al. [33,63] through a t ransparent cone-plate 

shearing instrument. The principle of  this technique is the increase of 

light transmission through a red cell suspension, which occurs when 

individual cells aggregate into rouleaux or rouleaux-rouleaux 

complexes; gaps in the suspending medium between the aggregates 

allow more light to pass through the RBC suspension. This 

aggregometer has two modes of operation: M and Ml.  For both modes 

blood sample (30 pi) is first sheared at 600 s_i to disperse all pre

existing aggregates, t h e n  shear rate decreases rapidly to zero (M

20
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mode) or low shear (3 s : Ml mode). The extent of aggregation is 

characterized by the aggregation index (AIM. AIMi ). calculated from 

the surface area below the light intensity curve (Figure 3 6) in a 10 s 

period of time.

Figure 3.5: Myrenne MA-1 aggregometer.

Figure 3.6: Light intensity changes during the measurement in 

Myrenne aggregometer. Aggregation index is calculated as the 

area under the curve in the first 10 seconds of the aggregation 

process.



2/ Aggregation measurements by LORCA aggregometer 

(R&R Mechatronics. Netherlands) (Figure 3.7) are based on the 

detention of laser back-scattering from the sheared (disaugreuated). 

then unsheared (aggregating) blood, performed in a computer-assisted 

system. Blood samples (I ml of oxygenated blood) are injected into 

the gap between the outer cylinder "cup" and the inner cylinder “bob" 

of  LORCA. During the measurement the cup is driven by a computer 

controlled stepper motor and temperature is adjusted to 37 °C. Blood 

sample is sheared at 400 s ' 1; then shear rate decreases rapidly to zero. 

Back-scattering data are evaluated by the computer and the 

aggregation index (A I | ) is calculated from the syllectogram (light 

scatter vs. time curve during a 120 s period) on the basis that there is 

less light back-scattered from aggregating red cells (Figure 3.8) 

[64.65],

Figure 3.7: LORCA aggregometer. 

(Laser-assisted Optical Rotational Cell Analyzer)



Figure 3.8: Schematic drawing of the svllectogram

(aggregogram) showing the light intensity changes during the 

RBC aggregation process in LORCA system. [sc: intensity of 

light backscattering in arbitrary units (au); I,c dis: intensity at 

disaggregation; lst ,op: maximum intensity after the stop of 

shearing due to the loss of orientation and elongation of 

RBCs; lsc0: minimum intensity at maximal aggregation;

Amp: lsc lop-lsc 0; 11/2: time to half Amp; A: area above the 

curve; B: area under the curve.

Data were evaluated as means ± S.E.M., (standard error of 

mean) by Student's t test and correlation analysis.

3.3. Hemorheological parameters in patients with acute ischemic 

coronary syndromes

3 .3 .1. Study population

125 patients with A1CS (72 males and 53 females: mean 

age: 65 ± 12 years) and 68 healthy persons (30 maies and 38 females.



mean age: 36 ± 6 years) were investigated in a prospective study. All 

of the patients were admitted to our coronary care unit with acute 

Ischemic heart svmptnms and routine examinations (F.OCi. mvocardial 

enzymes) proved the A1CS in each case. 57 patients had significant 

ST elevation. 55 patients had ST depression or no ST deviation and 

13 patients had left bundle branch block or ventricular pacemaker 

rhythm on admission. Risk factors of patients and the applied drug 

therapy before the ischemic event are shown in Table 3.2. 45 patients 

were on antiplatelet therapy on admission, 34 of  them took ASA 

(average dose: 140 mg/day). 4 of them took 100 mg ASA and 500 mg 

ticlopidine, 1 patient took 325 mg ASA and 500 mg ticlopidine. 

2 patients took 100 mg ASA and 75 mg clopidogrel, 2 patients took 

500 mg ticlopidine, I patient took 250 mg ticlopidine and 1 patient 

took 75 mg clopidogrel daily. After admission thrombolysis was 

performed in 21 cases and percutaneous coronary intervention in 

20 patients. Almost all the patients were on subcutaneous low 

molecular weight heparins and i.v. nitroglycerin during the acute 

phase. 29 of  them received i.v. platelet l lb/llla receptor blocker. The 

applied drug therapy at discharge is shown in Table 3.3. 120 patients 

were on antiplatelet therapy at discharge, 84 of  them took ASA 

(average dose: 190 mg/day), 15 of them took 100 mg ASA and 500 mg 

ticlopidine, 7 patients took 325 mg ASA and 500 mg ticlopidine. 

5 patients took 100 mg ASA and 75 mg clopidogrel, 3 patients took 

500 mg ticlopidine and 6 patient took 75 mg clopidogrel daily. There 

was no relevant change in their medication after discharge.



Tabic 3.2: Characteristics of study populations on admission.

Ri.k factors ruiiciiik

Smoking
Regularly 3 7 %
Previously t| %
Never 32 %

Hypertension 74 %
High cholesterol cc. 
(> 5 mriiol/I)

79 %

Diabetes mellitus 24 %
High triglyceride cc. 
(> 2 mmol/1)

40 %

Low HDL cc. (< 0.9 mmol/l) 14 %
High fibrinogen cc. (> 3.5 g/l) 31 %
Positive family history 53 %
Previous AMI 33 %

Drugs Patients

P-blocker 36 %
Ca-channel blocker 35 %
Nitrate 53 %
ACE-inhibitor 47 %
a-blocker 14 %
Lipid lowering drug 14 %
Diuretic 32 %
Digitalis 6 %
Coumarine 15 %
Antiplatelet drug 
(ASA, ticlopidine, 
clopidogrel)

36 %



Table 3.3: Drug therapy of  patients with AICS at discharge.

PnCon*

P-blocker 70 %
Ca-channel blocker 50 %
Nil rale 76 %
ACE-inhibitor 68 %
a-blocker 10 %
Lipid lowering drug 56 %
Diuretic 36 %
Digitalis 6 %
Coumarine 15 %
Antiplatelet drug 
(ASA, ticlopidine, 
clopidogrel)

96 %

Blood samples were taken from the cubital vein, and routine 

blood chemistry and hemorheological parameters - hematocrit, plasma 

fibrinogen level, plasma and whole blood viscosity. RBC aggregation, 

RBC deformability and platelet aggregation - were determined.

3.3.2. Hemorheological measurements 

Hematocrit

Venous blood collected into lithium-heparin coated Vacutainer 

tubes was used to determine hematocrit. Hematocrit was measured by 

centrifuging hematocrit capillaries (80 pi. containing heparin) at 

12000 rpm for five minutes in microhematocrit centrifuge (Hemofuge. 

Heraeus Instr.. Germany). Measurements were performed at room 

temperature (22 ± I °C).



Plasm a an d  whole h lood

Venous blood samples were collected into lithium-heparin 

coated Vaculainor tubes for viscosity measurements. Plasma was 

prepared by centrifuging one tube of  blood at 1500 g for ten minutes. 

Plasma and whole blood viscosities were determined in iievimet 40 

capillary viscosimeter (Hemorex Ltd.. Hungary) (Figure 3.9). 

0.5 - 0.5 ml of  plasma or whole blood was injected into the capillary 

tube of  the device. In this viscosimeter the flow of the fluid is 

detected optoelectronically along the capillary tube and a flow curve 

is drawn. Shear rate and shear stress are calculated from this curve by 

a computer program. Viscosity values are determined as a function of 

these parameters according to Casson's principle.

v iscosity

Figure 3.9: Hevimet 40 capillary viscosimeter.
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For the presentation of our results, apparent whole blood 

viscosity values calculated at 90 s"1 shear rate are given. Corrected 

whole blood viseositv was calculated with a mathematical formula 

according to Mátrai et al [66], In this formula apparent whole blood 

viscosity value at 90 s '1 shear rate (WBV|iCT) is used and correction is 

made to 40% hematocrit:

W B V 40% r W B V h c t  1 —
-------------= Í--------------- - i

p v  L p v  J

Measurements were carried out at 37 °C within two hours after 

venepuncture.

Plasma fibrinogen

4.5 ml blood sample was drawn into a Vacutainer tube 

containing sodium citrate (0.129 M. 1:10 dilution) and plasma 

Fibrinogen concentration was determined by using Clauss's method 

[62],

RBC aggregation

RBC aggregation measurements were carried out from venous 

blood samples collected into lithium-heparin coated Vacutainer tubes 

by Myrenne aggregometer (Model MA-I Aggregometer. 

Myrenne GmbH, Germany) according to the previously described 

method. Measurements were performed at room temperature 

(22 ± 1 “C) and were carried out within tw'o hours.
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Measurement o f  RBC filtration

Red blood cell filterability was measured by Carat FT-1

mentioned method. Measurements were performed at loom 

temperature (22 + 1 °C) and were carried out within three hours.

Platelet aggregation

Spontaneous, epinephrine-, ADP- and collagen-induced 

aggregation of platelets was analyzed. Blood was taken into tubes 

containing sodium citrate. Samples were centrifuged at 150 g for 

10 minutes to produce platelet rich plasma, which was carefully 

removed for measurement; and then centrifuged further at 2500 g for 

10 minutes to get platelet poor plasma. 450 pi platelet rich plasma 

(PRP) was measured against 450 pi platelet pure plasma (PPP) to 

determine spontaneous platelet aggregation. 50 pi of ADP (2 pM, 

5 pM and 10 pM), epinephrine (5 pM. 10 pM and 15 pM) or collagen 

(2 pg/ml) was added to PRP so as to measure induced platelet 

aggregation. Platelet aggregation was measured in Carat TX4 platelet 

aggregometer (Carat Ltd., Hungary) (Figure 3.10). The principle of its 

technique is similar to that of used by Myrenne aggregometer: the 

increase of  light transmission through a platelet suspension, which 

occurs when individual platelets aggregate; gaps in the suspending 

medium between the aggregates allow more light to pass through the 

suspension. Activation of platelets, hereby platelet aggregation can be 

induced by different agents. To eliminate the differences between the 

absolute light transmission of different samples. PPP is used to 

determine the base intensity of the plasma and platelet aggregation 

indices are calculated with the ratio between the light transmission of 

PPP and PRP.



Antiplatelet medication was considered to be effective if the 

aggregation indices were lower than the range of untreated persons 

with 9S % confidence intervals Measurements were carried out at 

37 °C within two hours after venepuncture.

Figure 3.10: Carat TX4 platelet aggregometer.
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4. RESULTS

4.1. Antioxidant properties ul d ilié irő l cardiovascular  drugs

The effects of I mM PMS on RBCs are shown in figures 4.1 and

4.2. The filterability of RBCs (relative cell transit time - RCTT) 

treated with PMS was reduced significantly (p < 0.001) compared to 

control samples, which referred to the increased rigidity of cells. 

Similarly to changes of RBC filtration, the potassium concentration of 

the supernatant was significantly (p < 0.001) higher in PMS treated 

samples, which again proved the RBC membrane damage.

Figure 4.1: Filterability (RCTT) of RBC suspensions -  measured by 

St George's method -  incubated with and without I mM PMS

(mean ± SEM) (n=36).



Figure 4.2: Potassium concentration of the supernatant of samples 

incubated with and without ImM PMS (mean ± SEM) (n=36).

Figure 4.3 demonstrates the scavenger effects of the 

experimental antiarrhythmic drug H-2545 and its metabolite H-2954 at 

different concentrations. H-2545 provided highly significant 

protection against PMS-induced RCTT increase and potassium leaking 

and this protection was the best at the therapeutic serum 

concentration. The metabolite H-2954 also had significant antioxidant 

activity, however this was better at higher concentration. Although 

these agents showed significant antioxidant effect, according to our 

results both of the examined compounds had no effect at very high 

concentrations (at 25 times higher than therapeutic concentration).



H-254.3 H-2954
1 2 |iM lü|jM 50 nM 1 (iM 2 |xM 10 îM 50 jiM

* t  * * t  t ______________________________ t  t  * +

Q RCTT ■ Potassium concentration

Figure 4.3: The scavenger effect of H-2545 and H-2954 at different 

concentrations, as a percent of decrease in the elevation of  RCTT and 

potassium leaking induced by PMS (mean ± SEM) (* p < 0.001. 

t  p < 0.01. t p <  0.05) (n=l 8).

Scavenger effects of  the examined cardiovascular drugs at the 

maximum therapeutic serum concentration and at five times higher 

concentration are shown in Table 4.1. According to our results, class I 

antiarrhythmic drugs had only a weak, but in some concentrations 

significant antioxidant effect, which was almost equal in the different 

subclasses. All the examined (3-blockers had statistically significant 

antioxidant capacity. Among P-blockers. carvedilol had the strongest 

antioxidant effect, nearly twice higher than the other agents. In class 

HI. sotalol had similar protective effect to RCTT and potassium 

leaking as P-blockers, while amiodarone did not show any antioxidant 

property. Among Ca-channel blockers verapamil provided highly 

significant protection against PMS-induced damages. The other 

examined Ca-channel blocker, nifedipine did not have a significant
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scavenger effeci. The metabolic antiischemic drug, trimctazidine. 

showed a relatively weak, but significant protective effect at higher 

concentration Trolox (water-soluble form of vitamin F) prevented 

significantly the effect of  PMS to RCTT and potassium leaking in both 

concentrations. Experimental antiarrhythmic drug H-2545 showed 

significantly higher (p < 0.05 -  0.001) antioxidant property in

therapeutic concentration than any of the examined drugs.

Figure 4.4 shows the scavenger effect of mexiletine. HO-2434 

(a modified mexiletine derivative with pyrroline ring) and HO-2433 

(a metabolite of HO-2434). While mexiletine had a weak protective 

effect only at higher concentration, the modified drug had more than 

triple (p < 0 .0 1 )  scavenger activity than the base molecule. However. 

HO-2433 had weaker antioxidant capacity than HO-2434, but this was 

also significant and higher than that of mexiletine.

H-2454 Mexiletine HO-2434 HO-2433
2yM I uM 2nM IOnM50nM I nM 2 nM 10 mM 50 |iM I nM 2 (iM 10 uM50 nM

Figure 4.4: The protective effect of mexiletine and its derivative to 

PMS induced decrease of RBC filtration potassium leaking 

(mean ± SEM) (* p < 0.00 1, f  p < 0.01, % p < 0.05) (n= I 8).



Tabic 4.1: Antioxidant capacity of the studied drugs (* p <  0.001. 

t  p < 0.01, j  p < 0.05) (n= 1 8).

Drug
Concentration Prevention in RCTT Prevention o f

(HM) (%) potassium leaking (%)

Procainamide 30 -16.2 1 -10.3 1

Procainamide 150 -1 3.9 * -8.5

H-2545 2 -43.0 ' -39.3 ‘

H-2545 10 -25.2 + -2 3 .4 'r

Mexiletine 2 -10.6 -8.6

Mexiletine 10 -12.7 1 -12.3

HO-2434 2 -37.4 ' -39.3 '

HO-2434 10 -14.7 1 -16.2 J

Propafenon 5 -14.9 1 -7.9

Propafenon 25 4.0 -2.7

M etoprolol 3 -12.0 -13.1 :

M etoprolol 15 -12.9 * -12.3

Carvedilol 0.3 -13.0 : -14.9 *

Carvedilol 1.5 -20.0 + -17.9 +

Timolol 3 1.7 -3.0

Timolol 15 -15.9 : -17.1 :

Sotalol 4 -7.2 -10.3

Sotalol 20 -13.8 5 -11.3

Amiodarone 3 -0.5 2.0

Amiodarone 15 -3.4 -6.4

Verapamil 0.8 -19.0 + -19.3 +

Verapamil 4 -30.4 ’ -28.4 *

Nifedipine 0.06 -11.6 -9.8

Nifedipine 0.3 -5.5 -0.4

Trimetazidine 1 -0.2 -0.2

Trimetazidine 5 -12.9 1 -14.3 :

Trolox 2 -25.1 + -24.6 *

Trolox 10 -27.9 ’ -29.8 '



Figure 4.5 demonstrates the scavenger effect of  the well-known 

antiischemic agent trimetazidine. and H-292IR (a modified 

tnmetnziHinp derivative with nyrroline ring). While trimetazidine had 

a weak protective effect only at higher concentration, the modified 

drug had much stronger scavenger activity than the base molecule

(p < 0.01).

H-2545 Trimetazidine H-292IR
2 uM 1 uM 5 uM I uM 5 uM

01RCTT B Potassium concentration

Figure 4.5: The protective effect of t rimetazidine and its derivative to 

PMS induced decrease of  RBC filtration and potassium leaking 

(mean ± SEM) (* p< 0.001. t  p < 0.01. { P < 0.05) (n= I 8).

4.2 Relationship between Fibrinogen concentration and RBC 

aggregation measured by different methods

Analyzing RBC aggregation indices in fibrinogen solutions, an 

increase of  RBC aggregation measured by Myrenne MA-I 

aggregometer could be noted at higher fibrinogen concentrations. 

Although correlation between fibrinogen concentration and RBC 

aggregation was significant (p < 0.001). above a certain fibrinogen



concentration (0.9 g/l) aggregation index did not show a further 

increase (Figure 4.6) in vitro. Excluding samples with that high 

fibrinouen concentration the correlation became even stronger and the 

correlation coefficient was higher (0.960 -► 0.983).

Fibrinogen solution concentration (g/l)

Figure 4.6: Effect of different concentrations of fibrinogen solution 

on RBC aggregation measured by Myrenne aggregometer.

Figure 4.7 represents the effect of fibrinogen concentration on 

RBC aggregation (measured by two different methods) in human 

whole blood samples. Analyzing all the samples, there was a 

significant relationship (p < 0.01) between plasma fibrinogen and A11 . 

however, correlation between fibrinogen and AIM or AIMi could not be 

proved (Table 4.2).
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Figure 4.7: Relation of  plasma fibrinogen concentration and RBC 

aggregation index measured by different methods (Af : LORCA

aggregometer, AIM and AlM1 Myrenne aggregometer).

Table 4.2: Correlation values of aggregation indices vs. fibrinogen 

concentration in human blood (* p < 0.01; ** p < 0.05).

Fibrinogen cone. Fibrinogen cone.
(all samples) < 4.5 g/l

Ah 0.578* 0.495*

AIm -0.187 0.279

a 1 M1 0.266 0.350**

Although the correlation between Af and AIM was not 

significant, a significant correlation could be found between Af and 

Afvii (p <0.01)  (Figure 4.8).
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Figure 4.8: Relation of different aggregation indices to each other 

(Al,. vs. AIm, Al,. vs. AIM i) -

Further analysis based on the scatter plot diagram revealed that 

in human samples there is no further increase in the aggregation index 

at fibrinogen concentration higher than 4.5 g/l (Figure 4.7). After 

excluding samples with the above mentioned high fibrinogen 

concentration, significant correlation could be calculated between 

fibrinogen concentration. Al( (p < 0.01) and A1M | (p < 0.05) 

(Table 4.2). Using the data of these samples only, significant 

correlation could be found not only between Al , vs. AIM i (p < 0.01). 

but also between Al, vs. AIM (p < 0.05).

Figure 4.9 shows the relationship between hematocrit and RBC 

aggregation indices. According to our data there was not any 

significant correlation between hematocrit and RBC aggregation in 

this population.
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Figure 4.9: Relationship between hematocrit and RBC aggregation 

indices.

We examined those samples in the 40-45 % hematocrit range 

separately - according to previous studies this is considered the 

optimal range for aggregation measurements in Myrenne aggregometer 

- to see if there was a change in the relation of aggregation and plasma 

fibrinogen concentration. Correlation values regarding AIM and AIM1 

versus fibrinogen did not show any improvement in this sub-group, 

while correlation was even somewhat stronger regarding A11 .

4.3. Hemorheological parameters in patients with acute ischemic 

coronary syndromes

Hemorheological parameters of patients with A1CS and control 

subjects can be seen in Table 4.3. Our results show that almost all the 

measured hemorheological parameters were significantly worse in



patients with AICS at admission than in control subjects. Although. 

RBC aggregation index measured in M mode was not statistically 

d i f f e r e n t  in t he  two groups that measured in Ml mode was 

significantly higher in patients than in control subjects.

Table 4.3: Hemorheological parameters of patients with AICS and 

control subjects (* p < 0.00 I. f  p < 0.01).

Control Patients with AICS

Hematocrit (%) 40.7 ± 0.4 43.0 ± 0.4 ‘

White blood cell 
count (x l0 9/l) 6.4 + 0.2 10.2 ± 0.5 ‘

Fibrinogen (g/I) 2.53 ±0.11 3.29 ±0.12*

CRP (mg/1) (norm: < 10) 36.0 ± 10.3

Plasma viscosity 
(mPas) 1.18 ± 0.01 1.30 ± 0.01

Whole blood 
viscosity (mPas) 3.89 ± 0.09 4.66 ± 0.06 *

Corrected whole 
blood viscosity 
(mPas)

3.78 ± 0.04 4.27 ± 0.03 *

RBC aggregation

AF vi 13.9 ± 1.3 15.0 ± 0.3

A I M| 25.2 ± 1.6 28.1 ± 0.5 +

RBC filterability

RCTT 6.74 ±0.11 7.46 ± 0.1 1 ‘



Hematocrit values of patients with AICS during the follow-up 

period are shown in Figure 4.10. All the measured hematocrit values, 

with the exception on dav 6. were siunificantlv higher in patients with 

AlC’S than those of control subjects. Although hematocrit showed a 

moderate decrease during the hospital phase, it increased significantly 

during the follow-up period and was significantly higher after I and 

6 months and I year than at admission.

Figure 4.10: Hematocrit values of  patients with AICS during the 

follow-up period. Symbols above columns show the significance 

compared to control group and symbols above arrows show the 

significance compared to the admission values (mean ± SEM) 

(* p < 0.001. f  p < 0.01. % P < 0.05).

Figure 4.11 demonstrates the white blood cell count of patients 

during the follow-up period. During the hospital phase WBC count of 

patients were significantly higher than those of  control subjects. 

Moderate elevation in WBC count was also observable in patients with 

AICS after I month and I year compared to healthy controls. The



highest values could be measured at admission and on day 2.  after that 

there was a significant decrease. After 1 month there was no further 

change during the follow-up period

Figure 4.11: White blood cell counts in patients with A1CS during the 

follow-up period. Symbols above columns show the significance 

compared to control group and symbols above arrows show the 

significance compared to the admission values (mean ± SEM) 

(* p < 0.001, t  p < 0.01, % p < 0.05).

Fibrinogen concentrations of patients with A1CS were 

significantly higher at admission than those of  control subjects 

(Figure 4.12). In the hospital phase a further significant increase in 

fibrinogen level was found. After the hospital phase plasma fibrinogen 

level returned to about the admission value and was still moderately, 

but statistically significantly higher than the values of healthy 

controls.
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Figure 4.12: Plasma fibrinogen concentrations in patients with AICS 

during the follow-up period. Symbols above columns show the 

significance compared to control group and symbols above arrows 

show the significance compared to the admission values 

(mean ± SEM) (* p < 0.001, t  p < 0.01).

Figure 4.13 shows the CRP values of patients. CRP level was the 

highest at admission and on day 2. However, still higher values were 

found in patient on day 6, but these were significantly lower than at 

admission. CRP values of patients returned to the normal range after 

I month and showed no further change at 6 month and 1 year.

Results of plasma viscosity measurements of patients are shown 

on Figure 4.14. All the measured plasma viscosity values of  patients 

were significantly higher than those of control subjects. Plasma 

viscosity of patients was significantly higher on day 2. on day 6 and 

after 6 months and 1 year than the admission values.



Figure 4.13: C R P  v a lu e s  o f  p a t ie n t  w ith  A IC S  d u r in g  th e  f o l lo w - u p  

p e r io d .  S y m b o ls  a b o v e  a r r o w s  sh o w  th e  s ig n i f ic a n c e  c o m p a r e d  to  th e  

a d m is s io n  v a lu e s  (m e a n  ±  S E M )  (* p <  0.00 I . f p < 0.01. { p <. 0.05).

Control A dmission Day 2 Day 6 Month 1 M onth 6 M onth 12 

Figure 4.14: P la sm a  v is c o s i ty  in  p a t ie n t s  w ith  A IC S  d u r in g  th e  

f o l lo w - u p  p e r io d .  S y m b o ls  a b o v e  c o lu m n s  sh o w  th e  s ig n i f ic a n c e  

c o m p a r e d  to  c o n t ro l  g r o u p  a n d  s y m b o l s  a b o v e  a r r o w s  s h o w  th e

significance compared to the admission values (mean ± SEM) 

(*  p < 0 .0 0 1 .  t  p < 0 .0 1 . % p < 0 .0 5 ) .



Whole blood viscosities of patients were significantly higher 

than those of control subjects. Our results showed even a further 

moderate increase in WRV after discharge, which became significant 

after I year (Figure 4 . 1 5).

Figure 4.15: Whole blood viscosity in patients with AICS during the 

follow-up period. Symbols above columns show the significance 

compared to control group and symbols above arrows show the 

significance compared to the admission values (mean ± SEM) 

(* p < 0.001, i  p < 0.05).

Corrected whole blood viscosity was significantly higher in 

patients than in control subjects, but there was not any significant 

change in these parameters during the follow-up in the group of 

patients (Figure 4 . 1 6).
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Figure 4.16: Corrected whole blood viscosity in patients with AICS 

during the follow-up period. Symbols above columns show the 

significance compared to control group (mean ± SEM) (* p< 0.001).

Among the examined microrheological parameters RBC 

aggregation indices were higher in patients during the study-period, 

but significant difference between control subject and patients with 

AICS could be proved only in Ml mode (Figures 4.17 and 4.18).

Filterability of red blood cells was significantly worse during 

the whole study period in patients than in control subjects 

(Figure 4.19).
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Figure 4.17: Aggregation indices (measured in M-mode) in patients 

with AICS during the follow-up period. Symbols above arrows show 

the significance compared to the admission values (mean ± SEM) 

( t  p < 0.0L t  p < 0.05).

Control Admission Day 2 Day 6 Month 1 Month 6 Month 12 

Figure 4.18: Aggregation indices (measured in Ml-mode)  in patients 

with AICS during the follow-up period. Symbols above columns show 

the significance compared to control group (mean ± SEM) 

(* p < 0.001. t  p <0.01.  i  p < 0.05).



Control Admission Day 2 Day 6 M onth 1 Month 6 M onth 12

Figure 4.19: Red blood cell filterability (RCTT) in patients with 

AICS during the follow-up period. Symbols above columns show the 

significance compared to control group (mean ± SEM) (* p < 0.001, 

t  p < 0.01, % P < 0 05).

Table 4.4 shows the efficacy of platelet aggregation inhibitory 

therapy. The admission row contains the data of patients taking 

antiplatelet drugs before the ischemic event. According to the applied 

method, antiplatelet medication was effective in less than half of  the 

treated patients. During the hospital phase all the patients were on 

antiplatelet drugs. Although the number of persons with ineffective 

antiplatelet therapy was still high, a marked improvement in the 

effectiveness could be seen by discharge and a further improvement 

could be detected after 1 month compared to the admission values. 

The ratio of  ineffective treatment decreased by about 30 %, while the 

number of patients with effective antiplatelet therapy increased by 

more than 20 % compared to discharge values. At the sixth and twelfth



month visits there was no further change in the effectiveness of 

antiplatelet therapy.

Table 4.4: The efficacy of  antiplatelet therapy in patients with AICS.

Effective
treatment

Ineffective
treatment

On admission 42 % 58 %

At discharge 59 % 41 %

Month 1 71 % 29 %

Month 6 71 % 29 %

Month 12 69 % 31 %

In the study 5 patients died in the hospital phase and 3 patients 

during the follow-up period: 1 patient died within the first month.

I patient before the six-month visit and 1 patient after that. Despite of 

the antiplatelet medication, this treatment was ineffective in all the 

patients who died during the follow-up period.



5. DISCUSSION
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The relevance of oxygen free radicals to both biologic reactions 

and cellular toxicity has been appreciated only in the last decades with 

the development of new technologies. Although reactive oxygen 

species are essential for aerobic survival, the role of  oxygen free 

radicals has been proven in DNA damage, enzyme and hormone 

inactivation, membrane perturbation and several cellular damages. 

They are involved in several pathologic cases, such as ischemia- 

reperfusion damage of the myocardium. Thrombolysis, percutaneuos 

coronary interventions and bypass surgery have an outstanding role in 

the therapy of myocardial ischemia, but reperfusion results in the 

generation of reactive oxygen species, which are believed to be 

responsible, at least in part, for myocardial damage associated with 

infarction and reperfusion. When free radical production is extensive 

enough to overwhelm endogenous anti-radical defenses 

(e.g. glutathione, superoxide dismutase, catalase), tissue injury can 

occur [2-5,7], Oxygen free radicals and their derivatives are known to 

damage red blood cells resulting in functional and structural 

alterations. Decreased membrane fluidity due to the increased lipid 

peroxidation is a common consequence resulting from the influence of 

oxygen free radicals. It has also been reported that generation of 

oxygen free radicals may result in cross-linking within membrane 

proteins and/or between membrane proteins and hemoglobin. Protein 

degradation was found to increase in RBCs exposed to oxygen free 

radicals. Functional aspects of oxygen free radical mediated damage to 

RBC include altered cation permeability and reduced RBC 

d e f n r m a b i l i tv  [Q-1(S(S7] Hemorheological factors, such as R R C



deformability have an important role in the coronary microcirculation, 

as the smallest average capillary diameter can be found in the 

myocardium. It can be as small as 3-5 nm. which is much smaller than 

the average RBC diameter. Therefore RBCs have to deform in order to 

pass through these capillaries. Thus abnormal hemorheological 

parameters can aggravate myocardial ischemia in damaged perfusion 

areas, since rigid RBCs or large RBC aggregates are not able to get 

through these small capillaries.

In acute myocardial ischemia arrhythmias are frequent 

complications, which necessitates the use of antiarrhythmic drugs. It 

would be useful i f these drugs had both antiarrhythmic and antioxidant 

effects to protect the myocardium from oxidative damage [68-74],

It is generally accepted that postischemic reperfusion injury can 

be prevented or diminished by treatment with antioxidants. In tissues 

oxidant defense mechanisms include enzymes: superoxide dismutase, 

catalase and glutathione peroxidase together with other endogenous 

antioxidants such as lipid tocoferol (water soluble form of  vitamin E) 

and ascorbic acid (vitamin C). However, the enzymes due to their 

molecular properties (size, polarity, etc.) are not able to penetrate to 

all areas susceptible to oxidative damage, therefore there is a long

standing effort to design small, non-toxic molecules that exhibit 

antioxidant properties. Besides the primary activity, several drugs or 

their metabolites have some antioxidant effect, which can be useful in 

some cases. Therefore the examination of the antioxidant activity of 

clinically used drugs could have significant benefit, especially in 

diseases where free radicals are involved, e.g. ischemia-reperfusion 

injury.

In our present study the antioxidant properties of a novei. 

experimental antiarrhythmic drug, H-2545 and its metabolite H-2954 

were examined and compared to several clinically used cardiovascular



drugs and to the known antioxidant substance, vitamin E. Phenazine 

methosulphate (PMS) was used to generate free radicals and thus 

harden red blood cells. This free radical generator gets into cells and 

uses cytoplasmic hydrogen donors to stimulate intracellular generation 

of superoxide radicals. The examined experimental agent. H-2545 was 

designed to be a class lb antiarrhythmic drug (according to the 

Vaughan Williams classification). This group of drugs is characterized 

by the presence of three structural units: (a) an aromatic ring capable 

of  intercalating between the alkyl chains of phospholipids, (b) an 

amino group undergoing ionization in the biological system at pH 8-9. 

(c) an interconnecting chain (between the aromatic ring and the 

amino group). H-2545 {N-[3 (2.2.5.5-tetramethyl-3-pyrro!ine-3-

carboxamido)-propylphtal imide]} also has the above mentioned 

structural units. The amino group of H-2545 is located in a pyrroline 

ring. Previous data show that H-2545 can undergo metabolic oxidation 

to a nitroxide, which is partially reduced to diamagnetic N-hydroxy 

compound in vivo due to amine oxidases and reactive oxygen species 

(ROS). All metabolites are capable of scavenging a wide variety of 

ROS. but just the H-2545 has a potent antiarrhythmic activity [75-78]. 

We compared the antioxidant capacity of this drug to that of other 

antiarrhythmic and antiischemic drugs and vitamin E as a “gold 

standard” of  antioxidant agents.

Our results show that both H-2545 and metabolite H-2954 have 

significant antioxidant effect according to both filtration 

measurements and potassium leaking. H-2954 is generated from the 

base drug during oxidative reactions in vivo. As this metabolite also 

has significant antioxidant activity, H-2545 can eliminate free radicals 

in two steps: in the first step the amino compound is oxidized to the 

hydroxylamine and in the second step to the nitroxide form, so the 

scavenger activity of the drug and the metabolite is added up [75-78],
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Moreover. H-2545 shows the best scavenger activity at the same 

concentration which has the best antiarrhythmic effect without any 

side effects.

Although all the examined, clinically used class 1 antiarrhythmic 

drugs (procainamide, mexiletine and propafcnon) showed a weak, 

statistically just  significant scavenging activity at some 

concentrations, it is questionable i f this effect can also be clinically 

significant. In the clinical practice nowadays these drugs are much 

less frequently used in ischemia-induced ventricular arrhythmias, 

mostly because of  their proarrhythmic effects. The lack of a strong 

antioxidant capacity confirms their loss of  importance in the long-term 

antiarrhythmic treatment. Compared to these drugs, the examined 

novel, experimental drug had much higher scavenger capacity. H-2545 

had the most powerful effect among the studied drugs and additionally 

its metabolite H-2954 also had a highly significant antioxidant effect. 

These results suggest that these experimental drugs might be useful in 

the treatment of ventricular arrhythmias occurring in the different 

forms of ischemic heart disease.

Among p-blockers. antioxidant properties of  carvedilol were 

proven by previous studies [73,74]. In our study other P-blockers also 

showed a mild, but statistically significant antioxidant property, but 

carvedilol had a significantly higher antioxidant effect comparing to 

these drugs. It is known from previous studies that free radicals have a 

significant role in ischemia-reperfusion injury of  the myocardium. The 

significant antioxidant property of P-blockers in our study may imply 

a potential therapeutic significance in addition to their well-known 

effects.

Although amiodarone was reported to have some antioxidant 

capacity [72], according to our results a mild scavenging activity 

could only be proven for sotalol in class 111. This drug showed similar
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scavenger capacity to other p-blocking agents. Although sotalol 

belongs to class III. it has strong p-blocker properties, which can

The major reaction site of Ca antagonists is considered to be the 

cytoplasm membrane and the sarcolemmal membrane. These agents 

are believed to be lipophilic to various degrees and would concentrate 

presumably in the lipid domains of the phospholipid membranes. 

Oxygen free radicals generate lipid peroxidation in these membranes, 

which increases membrane and thus cellular rigidity and disturbs the 

barrier and transport function of the cell membrane. A Ca-channel 

blocker with antioxidant property may prevent free radical damages in 

membranes [70], Our results suggest that a class IV antiarrhythmic 

drug, verapamil had definitely strong protective properties against 

PMS-induced damages. The examined other Ca-channel blocker, 

nifedipine did not show significant scavenger activity.

Trimetazidine has been described as a metabolic antiischemic 

agent. Antioxidant properties of the drug and the ability to preserve 

high-energy phosphate metabolism have also been reported. In our 

study, t rimetazidine was able to protect RBCs from the effect of PMS 

only at higher concentration. Perhaps the lack of lipophilic property 

accounts for this result, as t rimetazidine does not accumulate in 

plasma membrane, which is one of the main determining factors of 

RBC deformability.

Comparing to the examined cardiovascular drugs. Trolox 

provided more significant protection against oxidative damage. The 

scavenger effects of the new experimental drugs reached or even 

exceeded the scavenger capacity of this well-known antioxidant 

substance.

Analyzing the molecular structure of H-2545. pyrroline ring was 

supposed to be responsible at least partially for the antioxidant
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capacity. The pyrroline ring was added to mexiletine [79] and 

trimetazidine. According to our results, the scavenger effect of these 

drugs was improved significantly after this modification. The 

modified drugs showed more than three times higher protective effect 

against PMS-induced damages than the basic molecules. These results 

suggest that the pyrroline ring is responsible for a significant part of 

the antioxidant properties. The scavenger properties of the metabolite 

of  the modified mexiletine were also investigated. Similarly to the 

metabolite of H-2545. HO-2433 also has antioxidant capacity, which 

suggests that drugs modified with the pyrroline ring can eliminate free 

radicals in two steps.

5.2 Relationship between fibrinogen concentration and RBC 

aggregation measured by different methods

It is generally accepted that the reduction of RBC aggregation 

has a positive effect on the flow properties of blood and it can be 

especially important in the previously mentioned clinical states 

associated with impaired blood rheology and increased RBC 

aggregation [17,30-41,46,80-85]. Although the importance of  RBC 

aggregation is well known, there is a debate on the possible 

mechanisms and there are no specific antiaggregatory drugs available 

in the clinical practice, yet. On the other hand, in different 

laboratories several methods are used to measure RBC aggregation, 

which necessitates the standardization of measurement techniques for 

getting comparable results [47.63-65.86-89],

In vitro examination of  RBC aggregation in fibrinogen PBS 

solutions resulted in strong correlation between RBC aggregation and 

fibrinogen correlation. The study also showed that higher fibrinogen 

concentration results in higher RBC aggregation only up to a certain
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level. No further elevation in RBC aggregation could be found above 

this level, which may imply that no more fibrinogen binding could 

occur at the surface of the cell.

Comparison of different RBC aggregation measurement methods 

resulted in closer correlation values regarding RBC aggregation vs. 

fibrinogen level using LORCA compared to Myrenne aggregometer 

133 | . It was also clarified that - similarly to the in vitro measurements 

- above a certain concentration (found to be 4.5 g/1 in this study) 

elevated fibrinogen did not increase further red blood cell aggregation 

in whole blood; moreover, a reduction in aggregation may occur, as 

excess amount of fibrinogen can hinder the aggregation process. The 

lower in vitro fibrinogen concentration at the plateau phase reflects to 

that in vivo other factors beside fibrinogen play an important part in 

the aggregation / disaggregation process. Relatively low value of  

correlation coefficients in the in vivo study can imply that besides 

fibrinogen, other factors (e.g. globulin levels, red blood cell 

deformability) also influence red blood cell aggregation.

Although the principles of  aggregation measurements are similar 

in both aggregometers, one of the main differences is the accurately 

adjusted temperature control of LORCA. The lower (room)

temperature in Myrenne could decrease binding forces between cells, 

which can appear when too high concentration of molecules can hinder 

aggregation. Calculation of  aggregation index is also different in 

Myrenne MAI and LORCA aggregometers. The absolute light 

transmission of the blood sample (determined by hematocrit, 

hemoglobin concentration, oxygenation of blood, etc.) can influence 

aggregation indices of  Myrenne, while aggregation index of LORCA 

represents a relative change in light intensity, which is generally not 

influenced by hematocrit. These could explain the closer correlation
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values between the results of LORCA aggregometer and plasma 

fibrinogen. Slow blood flow moves cells closer to each other, which 

can facilitate aggregation (represented by AImi). whereas complete 

stop of flow results in less and smaller aggregates (AIM values). 

Because of  the relatively high amount of blood between the vertical 

walls of cup and bob. flow could not stop so abruptly in LORCA, 

which can also promote aggregation forces. This is possibly an other 

reason why A1M values at high fibrinogen concentration remain in the 

lower range: the balance between aggregation and disaggregation 

forces changes into disaggregation. In our studies in human whole 

blood aggregation measurements were carried out at the native 

hematocrit of  the samples. Previous studies using Myrenne 

aggregometer implied the necessity of adjustment of sample 

hematocrit to a certain value, e.g. 40 %. However, it should be noted 

that an adjustment could interfere with the aggregation process 

influencing the relatively weak forces between the cells. In addition, 

in the clinical practice it is important that tests should be simple and 

short (considering especially the time limitation of  the aggregation 

measurements), and should reflect to the in vivo situation that could 

be disturbed by any kind of  preparation.

Although several instruments exist determining red blood cell 

aggregation, there is not a “gold standard” method [64.83.86J. 

Myrenne aggregometer, being the first simply applicable device in this 

field, is the most widespread among those instruments which 

characterize red blood cell aggregation photometrically. Its advantage 

is the very small amount of blood required in a measurement and the 

short measurement time. LORCA is a more recently developed 

instrument, which has in many ways more sophisticated technique and 

several functions providing the possibility to determine red blood cell



dcformability using the same device but other computer program. It is 

as simple to use as the Myrenne; although it needs more blood for one 

measurement, but this amount does not exceed the size of  a standard 

Vacutainer tube, which is generally used in clinical hemorheological 

measurements. Nevertheless, there has been even more limited amount 

of data on the clinical applications of LORCA comparing to Myrenne.

5.3. Hemorheological parameters in patients with acute ischemic 

coronary syndromes

Hemorheological parameters are primary risk factors of several 

vascular diseases such as cardiovascular, cerebrovascular and 

peripheral arterial diseases, and can also play an important role in the 

development of vascular complications in diabetes mellitus and 

hypertension.

Coronary artery disease is both clinically and economically the 

most important type of vascular diseases, in which the role of 

impaired blood rheology is also emphasized. Several studies 

confirmed that hemorheologic parameters are primary risk factors of 

IHD [18-23,49], They play a role in the development of  ischemic areas 

causing insufficient circulation, local stasis, capillary clogging, 

thrombus formation, slow O? transport and hypoxia. Neumann et al. 

described a relation between impaired blood fluidity and chronic 

coronary artery disease, which was found to be independent of the 

extent of coronary atherosclerosis. They found that plasma viscosity 

and red blood cell aggregation were higher in unstable angina and the 

marked elevation of these parameters could identify a subgroup of 

patients with unstable angina at high risk of acute myocardial 

infarction [90,91]. Junker et al. showed plasma viscosity to be related 

to the severity of coronary artery disease. Nevertheless, they examined



men only; the absolute values of plasma viscosity in their study were 

lower than in ours and other studies, because of the use of  citrate 

diluted plasma in their measurements. They suggested plasma 

viscosity as a linking mechanism between other cardiovascular risk 

factors and coronary heart disease [92],

Several physiologic and pathophysiologic conditions have an 

effect on the rheological properties of blood [9-16.25.34-40.80.93], As 

we mentioned before, "classic’' risk factors can also influence 

hemorheologic parameters [25]. Besides these interactions, several 

diseases, like hematological disorders (e.g. polyglobulia, polycytemia, 

hemoglobinopathies, etc.), infections, sepsis might change rheologic 

properties. Oxygen free radicals, generated both in physiologic and 

pathophysiologic circumstances can damage biological systems 

(e.g. blood cells), which has an important influence on hemorheologic 

parameters: RBC aggregation, RBC and white blood cell deformation, 

platelet aggregation and activation.

In our study hemorheological parameters were higher in patients 

with acute coronary syndromes than in healthy controls, which is in 

concordance with the results of previous studies. Our results on 

hematocrit measurements showed lower values compared to that of 

some former investigations which had found higher hematocrit values 

in acute coronary diseases. Presumably the admission hematocrit, 

plasma and whole blood viscosity values in our study were lower than 

the realistic ones due to the acute rehvdration effect of the applied 

therapy (e.g. infusions) before drawing the baseline blood samples. 

Although the higher hematocrit value may support the oxygen 

transport, still it can deteriorate the coronary circulation because of 

the increase in whole blood viscosity. Besides the macrorheological 

parameters (hematocrit, plasma and whole blood viscosity), red blood
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cell aggregation of patients with AICS was significantly increased 

compared to that of healthy subjects that could be due to the higher 

plasma fibrinogen concentration. The increased red blood cell 

aggregation means that blood flow could be highly affected in areas of 

low shear stress such as post-capillary venules that can cause plugging 

and stasis in these vessels. All these changes can cause further 

reduction in coronary blood flow, which has already been affected by 

the stenotic lesions. Besides RBC aggregation RBC deformability of 

patients was also found significantly worse in patients than in control 

subjects. Deformability of  RBCs becomes important in the coronary 

microcirculation, where the average capillary diameter is less than the 

diameter of RBCs. Decreased RBC deformability can slow down or 

even block capillary circulation, hence RBC must deform entering and 

passing through these small vessels.

During the hospital phase hematocrit values of patients with 

AICS showed a gradual decrease, becoming significant after six days. 

This decrease was probably due to the rehydration effect of the 

applied therapies and was associated by a slight decrease of whole 

blood viscosity. On the first two days plasma fibrinogen. C-reactive 

protein and white blood cell count showed a significant elevation. It 

can be explained by an acute phase reaction due to the acute event, as 

they are well-known markers of  this phenomenon. As plasma 

fibrinogen is a major determinant of  plasma viscosity, its elevation is 

associated with the elevation of plasma viscosity. These changes can 

be associated with the activation of white blood cells that implies their 

adhesion to the vascular wall, plugging of capillaries, and generation 

of free radicals and chemoattractant factors, which affect red blood 

cells damaging their membrane and reducing their deformability. 

attract and activate platelets. This can explain higher RBC aggregation 

and lower filtration values found at admission and on day two. While
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some of ihe other hemorheological parameters decreased considerably 

by day 6. plasma fibrinogen and plasma viscosity still remained high, 

moreover further elevation was noticeable, which calls the attention 

to the remained hemorheological risk at discharge. The elevation in 

fibrinogen might increase the risk of repeated acute coronary events, 

since fibrinogen plays a central role in platelet and erythrocyte 

aggregation and is one of the main determinants of plasma and whole 

blood viscosity.

Hematocrit was elevated at the one-month sampling in 

correspondence with whole blood viscosity and they showed further 

elevation at the six-month and one-year examination. The reason of 

this change is still unknown (there was no significant change in the 

treatment of patients) but has already been observed in previous 

studies [35.36,56], so it needs further clarification whether this could 

increase the risk of subsequent coronary events. CRP values returned 

to the normal range after discharge, and remained there during the 

follow-up. Similarly to the CRP values WBC counts decreased 

significantly after the acute phase of the disease, but they were slight 

above than those of control subjects during the whole follow-up. 

Although plasma fibrinogen concentration decreased significantly 

after discharge and was moderately lower than the admission value -  

probably at least partially due to the change in smoking habits of the 

patients plasma viscosity did not show completely the same patterns 

during the follow-up. Among the microrheological parameters RBC 

filterability remained in the pathologic range during the entire fol low

up period. Though a few hemorheological parameters decreased after 

the acute phase of the disease, several of them remained significantly 

higher than those of control subjects and some of them showed even 

an increase during the follow-up period. These alterations should draw 

attention to the rheological risk of these patients.



Previous studies have already suggested that platelets play an 

important role in the pathogenesis and progression of cardiovascular 

diseases [94-961. On the bases of these and other studies in the same 

field, several clinical trials have evaluated the benefit of  long-term 

use of antiplalelel drugs in reducing the risk of clinical thrombotic 

events. By now antiplatelet treatment has been proved lo reduce the 

incidence of cardiovascular and cerebrovascular events and mortality 

[97,98]. However, the adjustment of antiplatelet therapy based on the 

aggregation measurement has not yet been established [99],

In this study we examined the efficacy of the commonly used 

antiplatelet therapy. Our present aim was to estimate the effect of the 

routine therapy: the results of platelet aggregation measurements were 

not yet considered in the therapy after discharge. Although almost all 

the examined patients had some cardiovascular risk factors before the 

acute coronary event, only one third of them were on antiplatelet 

drugs regularly and this was measured to be efficient in less than half 

of  the treated subjects. During the hospital phase the efficacy of 

platelet aggregation inhibitory therapy improved significantly and 

further enhancement could be seen after discharge. Despite of  this 

improvement, the ratio of  inadequately treated patients was still 

almost 30 % at each follow-up visits. These results show the failure of 

routine antiplatelet medication and support the importance of a guided 

therapy.
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SU M M A R Y

1. We found thai the novel. experimental antiarrhvthmic- 

cardioprotective drug had highly significant antioxidant capacity. This 

property is presumably due to the molecular segment containing the 

pyrroline ring, hence the scavenger capacity of a clinically used 

antiarrhythmic drug was significantly improved by the modification 

with this segment. We could show that some of the clinically used 

cardiovascular drugs had significant antioxidant effects that could be 

useful in the clinical practice.

2. Our study showed that both Myrenne and LORCA red blood cell 

aggregometers were easily applicable in the clinical practice. 

Although LORCA aggregometer needs larger amount of blood, it 

seems to provide more precise information on red blood cell 

aggregation presumably due to its more standardized conditions. 

Further investigations in large population are needed to standardize 

these techniques and clarify the clinical significance of these 

measurements.

3. In a study we investigated and followed-up the hemorheoiogical

parameters in patients with acute ischemic coronary syndrome and 

estimated the efficacy o f routine antiplatelet therapy. Both

macrorheological and microrheological parameters were found 

significantly worse in patients than in healthy subjects. Moreover, 

some of these parameters showed further impairment after the acute 

event. Antiplatelet therapy was efficient in less than half o f the treated 

patients at admission; and despite of a significant improvement, the 

ratio of ineffectively treated patients was still considerable during the 

follow-up. Our results draw attention to the importance of

64



hemorheological parameters as important risk factors of ischemic 

heart diseases and show the necessity of a more vigorous and guided 

antiplatelet therapv in the secondary prevention.
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