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Preface

Scientific and technical progress contributes a great deal to the develop-
ment of medical science. During the last years the essence of many pathoge-
nic mechanisms of various diseases has been discovered and new effect
methods of their diagnosis and treatment have been developed.

Pathologic states are caused by not only disorders of lipid, hydrocarbon,
protein and mineral metabolism. Alterations in redox processes are also of
importance. Paramagnetic centers (PMC) presented in many biological
tissues and fluids can serve as indicators of these changes owing to the
presence of free radicals and cations of transition microelements. These
centers presented in different organic and inorganic biomolecules are co-
factors of some enzymes, which provides a valuable, and sometimes unique,
information concerning qualitative and quantitative changes in biological
objects.

This book demonstrates the unlimited possibilities of the application of
Electron Paramagnetic Resonance (Electron Spin Resonance) spectroscopy
in biochemistry and medicine. We use the term Electron Paramagnetic
Resonance (EPR) spectroscopy in the book.

EPR spectroscopy is an objective and accurate method of recording
paramagnetic centers widely accepted in chemistry, biochemistry, biology
and medicine.

The EPR method was discovered in 1944 by Eugene Konstantinovich
Zavoisky in Kazan. In the middle fifties, nearly simultaneously in the United
States and the Soviet Union, EPR spectroscopy was first used for the
investigation of tissues and fluids in human and animals. In that time, owing
to low sensitivity of EPR spectrometers, the method of tissue lyophilic
drying was used. The development of low-temperature registration of
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biological tissues in the early seventies extended the scope of application of
EPR spectroscopy in biochemistry and medicine. By the present time a high
sensitivity and precision of this method has been achieved, which allows
investigation of even native water-containing tissues.

At first, the use of EPR spectroscopy in biochemistry and medicine was
aimed at studying malignant tumors. The synthesis and introduction of spin
labels, probes and traps made it possible to discover many mechanisms of
pathologic states. During the last years the possibility of using EPR
spectroscopy in vivo has been intensively examined.

The literature data devoted to the investigation of paramagnetic centers in
human substrates and to the possible practical use of the results, are scarce,
dissipated and non-summarized. This monograph is an attempt to fill this
gap and to give an outline of pathways and prospects for the use of EPR
spectroscopy in medicine and biochemistry.

Practically all publications dealing with the use of EPR spectroscopy in
medicine and biochemistry and the authors’ own results on EPR
investigation of biological fluids from the organism of normal individuals
and patients with different pathologies have been summarized and analyzed
in the present monograph.

The EPR spectra of blood and blood components, saliva, nasal secretion,
synovial fluid, gastric and duodenal contents, feces, teeth, bones and some
other tissues and biological fluids have been considered in this book. The
quantitative and qualitative composition of paramagnetic centers in normal
individuals and patients suffering from different diseases is presented.

Special attention is given to the EPR examination of bio-molecules
(enzymes, polypeptides, vitamins, lipids, hydrocarbons, etc.) playing an
essential role in the vital activities of man. Also the possible use of this
method for the investigation of drugs, toxicants and metabolites as well as
food products is discussed. There is a section deals with the use of EPR
spectroscopy in dosimetry and diagnosis of irradiation injury in the book.

Fundamental problems related to the study of mechanisms of the
development of oncologic, cardia-vascular and other diseases including
AIDS have been elucidated. Much attention is given to the use of the EPR
method diagnostics, investigation of metabolism, free-radical reactions in the
development of pathologies, as well as in EPR-dosimetry and archaeology.
EPR technique extends our concepts concerning the role of transition
microelements in human activities and in fine mechanisms of pathogenic
processes occurring in various diseases. This method also opens up fresh
approaches to new therapeutic and prophylactic measures.

Special attention in the monograph is given to the application of EPR
spectroscopy for a better understanding of pathogenesis of diseases,
diagnosing and choosing the proper methods of treatment.
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The monograph contains a large volume of EPR-derived information on
biological processes occurring in the human body, such as generation of
oxygen radicals (""respiratory oxygen burst"), nitric oxide metabolism, ezc. It
also considers the possibility of using spin labels and spin probes for the
diagnosis of diseases and scavenging (trapping) of free radicals of various
origin. The potential uses of the EPR method in radiation medicine,
stomatology, pharmacology, archaeology, and food industry are discussed.

These above studies are updated with the literature data on EPR
investigations in the field of biochemistry and medicine, published by 1999.

The monograph is intended for physicians, surgeons, otorhino-
laringologists, and doctors of other specialities interested in recent problems
in medicine. It will undoubtedly be of help for biologists, biochemists,
biophysicists and chemists engaged in ESR spectroscopy. The book can be
useful for students at the senior undergraduate or graduate level either as a
textbook in a course or as a self-study guide. To everyone who is interested
in modem problems in medicine, biochemistry, biophysics, ecology, and
cares about his health and food.

All additions, recommendations and comments of the readers will be
appreciated.

Irkutsk, Siberian Branch,

Russian Academy of Medical Sciences, Russia R.G. Saifutdinov

Irkutsk, Siberian Branch,
Russian Academy of Sciences, Russia L.I Larina
T.1 Vakul'skaya

M.G. Voronkov
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Chapter1

ELECTRON PARAMAGNETIC RESONANCE
(EPR): THEORY AND METHOD

1.1 FUNDAMENTALS OF THE EPR THEORY

Paramagnetic centers (PMC) are the sites in molecules and atoms having
free unpaired electrons (UE). The method of electron paramagnetic
resonance (EPR) is based on the possibility of recording UEs in atomic,
crystalline ionic and molecular structures; in compounds oftransition metals
(copper, vanadium, chromium, molybdenum, manganese, iron, nickel, ezc.),
upon cleavage of covalent chemical bonds. In the latter case UEs appear
either at unoccupied atoms or at molecular and macromolecular fragments,

i.e. at free radicals (FR) of higher activity. Many of the above electronic
states have beenrevealed in biological objects.

The theory of EPR and its specific use in physics, chemistry, biology and
medicine have been considered in many monographs and reviews [1-19].
During the last years the EPR technique has been constantly improved [20-
22] and EPR in vivo investigations have been extensively developed [23-27].
EPR spectroscopy enables UEs to be detected and characterized. This is
possible due to the fact that odd electrons have a magnetic moment caused
by spin (S) equal to 1/2 (intrinsic moment of momentum or angular
moment).

In order to characterize several UEs the general coordinate axis is
needed. However, there is no axis of this kind in the absence of external
magnetic field. UE spins are oriented in a random way. If the external
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2 Chapter 1

magnetic field is applied to the object to be examined a general coordinate
axis would arouse around which all the electrons begin precessing in such a
way that Mj, 1.e., their spin projection on the axis, would be equal to either
+1/2 or to-1/2 (Figure 1-1).

\_’_

Figure 1-1. The projection of full magnetic moment on the quantum axis (the direction of the
field).

In the external magnetic field UEs are subdivided into two groups: in one
group the spins are oriented parallel and in the other antiparallel to the field
direction. In the former the electron energy decreases and in the latter
increases; this means that splitting ofenergy level occurs (Figure 1-2).

It is this phenomenon the EPR method is based on. When EPR
spectroscopy is used the sample to be examined is placed into a strong
homogeneous magnetic field and simultaneously exposed to electromagnetic
radiation of a frequency with /v (energy quantum) equal to the difference
between the electronic levels of the two groups (the so called resonance
frequency):

hv=gBH

Where

B is the Bohr magneton characterizing the ratio between the angular
and magnetic moment,

g denotes a constant (g factor),

h stands for the Plank constant,

v 1s the electromagnetic radiation frequency and

H 1is the magnetic field strength.



1. Electron Paramagnetic Resonance (EPR): Theory and Method 3

ﬁw
'_“ «— +1/2gBH
" byegti
T e
A "

Figure 1-2. The main condition of electron paramagnetic resonance origin (under of the
influence of the external magnetic field the energy levels of UEs are splitted).

Owing to radiation energy the odd electrons locating on the lower energy
level pass onto the higher level with simultaneous change of the spin
direction and energy absorption. The upper level electrons pass onto the
lower level radiating a quantum of electromagnetic energy. This process is
called "induced emission". The absorption and induced emission coefficients
are equal. With the same number ofelectrons on the two energy levels there
would be no absorption. In the reality, however, there is. This can be
explained by the fact that the number of UEs on the lower energy level is
always smaller than on the upper level. This difference is responsible for the
observed EPR signal intensity. The latter presents one ofthe most important
parameters characterizing the EPR spectrometersensitivity.

Main parameters of EPR spectra are the following:

1.1.1 Integral Intensity

Integral intensity which is the difference in the energy level population
and, consequently, the absorption value in the microwave region propor-
tional to the total number of electrons in the sample. The concentration of
electrons can be judged upon by the absorption line integral intensity.

1.1.2 Line Width

Two lines showing the same integral intensity may be of quite different
form. The line width provides a supplementary parameter characterizing the
absorption conditions and is determined by the scatter of energy levels
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occupied with UEs. There are two major types of interactions giving rise to
theresonance line broadening: spin-lattice and spin-spin interactions.

1. Spin-lattice interaction exists between the UE spin and its surrounding
(crystal lattice or molecular system). In the present case the spin-absorbed
energy is restored to the lattice or to the whole molecular system, which
provides for continuous resonance absorption. Without this mechanism the
electrons absorbing microwave energy would be passing from the lower to
the upper level until their population would equalize and the absorption
would cease. When the spin-lattice interaction is great the electrons can
occupy the upper level for only a very short time. The strong interaction of
this type causes a rapid spin-lattice relaxation thus leading to the absorption
linebroadening.

2. Spin-spin interaction involves energy exchange in spins instead of
giving energy to the crystal lattice or to the molecular system. Unlike spin-
lattice interaction this does not favour thermal equilibration, arousing instead
the resonance line broadening due to both direct spin interaction and a
shorter life-span of spin states. This can be illustrated by normal dipole-
dipole interaction with two bar magnets serving as an analog. Each UE
interacts not only with the external magnetic field, but also with magnetic
fields created by other UEs. At a high electron concentration in the sample
the inter-electron space is small. This supplementary field can reach a fairly
high value. In concentrated solutions of transition metal salts this value
attains some scores of oersteds. In diluted solutions (including biological and
biochemical systems) the UE content is much lower, so in this case odd
electrons influence each otherto a considerably less extent.

1.1.3 g-Factor

g-Factor characterizes the resonance point position. From the equation of
resonance v =gfBH it follows that with a constant microwave frequency the
strength ofexternally applied magnetic field (/) and the g value are the only
variable parameters. Consequently, the g-factor is determined by the field
value giving rise to resonance. The g-factor of free electron (having no
orbital moment) is 2.0023. In many FRs with UEs occupying a strongly
delocalized molecular orbital the g-factors are very close to the above value
which indicates a weak coupling of spin and orbital moments. The odd
electron bonded to an atom of the crystal lattice is influenced by sufficiently
strong internal electric field caused by the molecule structure. The g-factor
value provides a detailed information on the character of intramolecular
bonds.
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1.1.4 Hyperfine Structure and Its Origin

Hyperfine structure (HFS) arises during the interaction between UE with
the nuclear magnetic moment of the atom involved in the UE orbital. Nuclei
of many atoms participating in biochemical processes (hydrogen, nitrogen,
oxygen, sulfur, ezc.) possess spin and magnetic moments. Owing to this fact
the Zeeman levels are even more split (Figure 1-3).

According to the selection rule (AM, = 0), only the electron transitions
with invariable spin nuclei orientation (I) are possible. With I ==+1/2 there
are only two transitions of this kind. Correspondingly, in the EPR spectrum
the absorption line is split into two components. When UEs are moving
along molecular orbitals involving several atoms a hyperfine splitting caused
by interaction ofthe electrons with different atoms occurs. In this case the
spectral structure is very complex. In a general case of interaction with the
nucleus spin I = 1/2 the number of HFS components is defined by the
following formula: 2nl+ 1.

Ea
J
E,
e S J
. +
.:. .
y +J
E, .
E J

n

Figure 1-3. Hyperfine structure arising during the interaction between UE and nucleus with
spinl/2.

1.1.5 Saturation Effect

As mentioned above, the EPR signal intensity is determined by the
difference of the Boltzmann sublevel population. This difference exists due
to relaxation phenomenon. With increasing the applied SHF (Super High
Frequence) power a situation when relaxation would not be able to keep
pace with equilibration is quite possible. As a result the population of the
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upper and the lower levels would reach equilibrium and the EPR signal
intensitywoulddecrease correspondingly.

1.2 PROCEDURES FOR STUDYING PARAMAGNETIC
CENTERS

In studying paramagnetic centers various EPR spectrometers are used -
RE-1306, RE-1307 (Russia), "Bruker" (Germany), "Varian" (USA), "Jeol"
(Japan), efc. In particular, the present authors made use of 3 cm range radio-
spectrometers.

1.2.1 Preparation of Samples

The high potential of EPR spectroscopy in medicine became more
evident with perfection of radiospectrometers, theoretical foundations of the
method and ways of fixation of biological objects. In the first stages of
investigation inadequate sensitivity ofthe instruments did not allow the EPR
method to be used for studying aqueous biological systems. This made it
necessary to use liophylic drying of tissues [4, 28, 29]. It turned out that the
main contribution to the formation of FR signals of dried tissues is made by
ascorbic acid [30-32]. Besides, a certain role is played by ubiquinone and
other polyphenoles and quinones [33-35] The PMC of lyophilically dried
tissues differ from those ofaqueous tissues [36, 37]. Therefore it is desirable
to examine tissues containing natural amounts of water.

The present authors used deep freezing at 77°K as a method of biological
tissue fixation [38]. The EPR signal intensity depends on the PMC concen-
tration, recording conditions and the sample size. So, only the samples of
standard volume should be employed. The samples ofthis kind are made in
teflon mold slightly modified molds [39] (Figure 1-4, sizes are gave inmm).

The mold consists of the body and the plug. Another procedure of
preparing a sample to be analyzed on their spectrometer is proposed recently
[40]. However, the drawback of this method is that cutter basis is made of
silicone rubber containing vulcanizers, potential metal chelating agents. The
reaction between them can greatly distort the EPR spectrum.

Blood for analysis was taken from the ulnar vein of patients at the same
time in the morning (on empty stomach) and placed into an ampoule with
heparin. Then the blood was centrifuged at 1500 rpm for 10 min. To
precipitate the leukocytes the plasma was separated from the erythrocytes
and centrifuged at 3000 rpm for 5 min. The erythrocytes were washed thrice
with a cooled physiological salt solution (1:10 ratio).
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Figure 1-4. The teflon mold for the preparation ofthe samples at 77°K.

The synovial fluid was obtained by puncturing the joints for a diagnostic
or therapeutic purpose.

The saliva was taken in the morning on the empty stomach for 20
minutes after a careful toilet of the oral cavity (without stimulation).

The nasal secretion was isolated just prior to sample preparation. For this
purpose the use was made of a device the operation of which is based on
mechanical stimulation of the nasal mucous membrane secretion and
simultaneous NS aspiration from the surface of the superior and inferior
turbinated bones and the nasal membrane into a sterile small flask. This
precluded possible influence of blood, saliva and lachrymal fluid admixture
to NS on the EPR spectroscopy results [15].

The device designed by the authors (Figure 1-5) consists of a metallic
canula 125 mm long, & 0.7 mm, flexed in the distal and proximal sections at
an angle of 120° with smooth end edges, a 15 ml flask with a ground stopper,
an electro-sucker and connective tubes 3 mm in diameter.

The tube connecting the canula with the receiving flask is 150 mm long;
the total length of the flask with the suction hose is 1170 mm. The above
mentioned ratio are most appropriate for the NS aspiration from the nasal
mucous membrane (NMM) under 0.2-0.4 kg/cm? vacuum produced by the
sucker.
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Into nose

-

— ]
— ]

Figure 1-5. The device for isolating the nasal secretion that investigate it by EPR.

This device allows an atraumatic sighting NS aspiration from strictly
defined NMM areas (visually controlled). Mechanical irritation of NMM in
response to a careful touch of the canula distant end makes it possible to take
necessary NS amounts even from patients with minimum secretory activity.
The stomach contents were taken in the morning on an empty stomach by
continuousvacuumaspiration.

Duodenal intubation was performed by a routine method in three batches
(A,Band C).

The feces collected into small glass bottles were weighed in the mold
before and after placement of the sample. Calculation was based on 100 mg
of the substrate.

The samples prepared were frozen in liquid nitrogen, extruded from the
mold, placed into quartz Dewar vessels and subjected to thermostatic
control.

1.2.2 Thermostatic Control of Frozen Samples

The use of frozen samples provides much advantage. Freezing does not
lead to any significant disruption of metabolic structures, and the EPR
spectra of frozen samples are identical with those run at room temperature
[3, 36]. When temperature drops the relaxation time of paramagnetic metal
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complexes increases whereas the line width narrows thus enhancing the
instrumentsensitivity [9, 16-19].

However this method has certain shortcomings. At 77°K accumulation of
oxygen (b.p. 92°K) takes place in the sample. Since oxygen is of
paramagnetic nature a broad absorption signal displacing the zero line of the
instrument appears in the EPR spectrum. Besides, constant boiling of liquid
nitrogen in the Dewar vessel brings about the appearance of additional
noises in the spectrum. The above drawbacks can be remedied by means of
thermostatic control. For this purpose the liquid nitrogen boiling level was
removed outside the resonator (cavity) (Figure 1-6) in the following way.
The Dewar vessel containing the sample was cooled with liquid nitrogen
which was poured out 30-60 sec later. The sample was covered with a layer
of cotton 3-5 mm thick and again poured over with liquid nitrogen. As a
result boiling occurred above the cotton tampon, i.e., outside the resonator
operating zone. Under these conditions the temperature in the lower part of
the sample was only 6°C higher than that ofthe liquid [39]. After 1-2 min no
temperature fluctuations are observed.

Figure 1-6. Scheme of the sample thermostatic control in the Dewar vessel at 77°K.

Thus, thermostatic control brings the liquid nitrogen boiling level outside
the resonator zone and prevents accumulation of nitrogen in that part of the
vessel where the sample is kept. Apart from this, the cotton tampon socked
with liquid nitrogen does not allow defrosting of the sample.

1.2.3 EPR Spectra Recording

The EPR signal is recorded as first derivative. The line half-width was
measured inmT between the points of maximum slope (Figure 1-7).
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Figure I-7. The curve of EPR-absorption (a) and its first derivative (b).

The instrument sensitivity is proportional to the high frequency (HF)
modulation amplitude when the latter is smaller than the absorption line half-
width, and shows the maximum value when the HF modulation amplitude is
equal to the line half-width (Figure 1-8).

Measurements of the UE concentrations in free radicals in the plasma
were performed with HF modulation amplitude of 0.3 mT. Other signals
were recorded at 0.5 mT.

As known, saturation effect is observed in many biological objects [2, 7,

12, 18] and can lead to significant errors in intensity determinations. We
examined this effect in the 0.05-50 mW range [41]. With a SHF power of
above 0.6-0.7 mW the free radical signal amplitude drops (Figures 1-9, 1-
10).

To get EPR spectra with the most intense absorption lines in all measure-
ments the signal with g=2.00 was recorded at 0.5 mW, i.e., where the signal
is unsaturated. In the above measurement Cu?* was used as an unsaturating

substance.
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Figure 1-8. Changing of the amplitude of EPR signal free radicals in erythrocytes
(g=2.0036) (a) and in plasma (g = 2.0025) (b).

Figure 1-9. The influence of the microwave power value on the EPR signals intensity of free
radicals of the blood plasma.
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Figure 1-10. The influence ofthe microwave power value on the EPR signals intensity of

erythrocytes free radicals.

The control and test samples were prepared under identical conditions; the
same 1s true for EPR spectra recording. Each sample was checked in the
magnetic field range from 40 to 4000 mT with magnetic field scanning of
320mT.

1.2.4 Standardization of Measurement Conditions

The EPR method allows quantitative determination ofthe PMC concen-
tration. The latter is proportional to the area under the absorption curve. On
the EPR spectra registration it is necessary to undertake standardization of
the measurement conditions. This is achieved by simultaneous recording of
the EPR signal of both the biological sample to be examined and the internal
standard. For this purpose Mn?* in the MgO crystal lattice is used. The stan-
dard is placed in the radiospectrometer resonator outside the Dewar vessel
(Figure 1-11). Under these conditions the Mg EPR signal cannot be satu-
rated. The spectrum contains six lines with a hyperfine splitting value of 8.0
mT. The signal width with g=2.00 in blood and blood components was less
than 2.0 mT. Therefore free radicals were fixed between the third and the
fourth SFS components of manganese (Figure 1-12).

The line half-width (AH, mT) was evaluated between the maximum slope
points.
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Figure I-11. The sample position in the radiospectrometer resonator: 1-sample,
2 - internal standard (dotted lines are force magnetic lines ofthe SFS field).

Figure 1-12. EPR signal ofthe free radicals recorded between 3-th and 4-th HFS components
of the internal standard Mn?* [distance between SFS components Mn? is (8.676 + 0.005)

mT].
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To the blood to be analyzed heparin was added as an anticoagulant. It has
been established that heparin does not affect the PMC concentration in eryth-
rocytes andplasma (table 1-1).

Table I-1. The effect of heparin on the FR level in erythrocytes and plasma (relative units)

Material to be FR level without heparin, M £ m FR level with heparin, M = m
analyzed

Erythrocytes 58.4+4.6 56.7£5.0

Plasma 31.2+2.8 4+4.0

1.2.5 Determination of PMC Concentration in Biological
Fluids Isolated from the Human Organism

The number of PMC 1n biological fluids was determined using a method
of EPR signal area double integration by calibration curves. The curves were
drawn basing on analysis of different concentrations of the corresponding
standardsolutions [18,38.,42].

The content of methemoglobin (MetHb) in the erythrocytes was evalu-
ated as follows: in a 1/15 M phosphate buffer, pH = 7.4 hemoglobin
solutions (REANAL) with concentrations from 0.1 to 6.0 g/1 were prepared.
Their optical density values were recorded in a 1.0 cm cuvette at wave-
lengths of 540, 560, 575, 630 nm, i.e., in visible spectral regions with the
largest differences in the light absorption of oxyhemoglobin (HbO,) and
MetHb. Then some tiny K;Fe(CN)g crystals were added to the same cuvette
in order to transform all the blood pigment to MetHb. The reaction monitor-
ing was performed at the same wave-lengths. Samples from the obtained
MetHb solutions were prepared in molds and analyzed on an EPR spec-
trometer, then calibration curves were constructed.

The Cu?* concentration in superoxide dismutase (SOD) of erythrocytes
and ceruloplasmin (CP) was determined from CuSO,5H,0 in human serum
albumin (HSA). In the serum of healthy persons 4.65.10° M of copper is
biochemically determined on average. At the same time, according to EPR
data the content ofparamagnetic copper (Cu?*) is lower. Therefore, solutions
with Cu** concentrations from 1.0-10°M to 1.0-10° M were prepared.

In accessible literature there are no data on the amount of copper (Cu*)
bonded with HSA in the human organism. In this connection we used albu-
min concentrations from 5 to 60 g/l in solutions to which one and the same
amount of Cu?* (1.0.102 M) was added. Analysis ofthe EPR spectra shows
that the curve reaches the plateau at 20 g/l (Figure 1-13). This indicates the
albumin concentration of 30 g/1 to be enough for complete Cu?* bonding
which means that 1 g of HSA can bind approximately 3 mg of Cu?.
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Figure 1-13. The picture ofthe bonding Cu?* ions by HSA (S is the square under the curve of
EPR-absorption).

The FR level was determined from the stable radical of 2,2,6,6-tetrame-
thyl-4-oxypiperidin-1-oxyl (TEMPO). The concentration was from 1.0-10-
to 1.0-10+ M.

The Fe** content was established from the calibration curve drawn during
the analysis when divalent iron was added to the plasma. As known, FRs
oxidize Fe*- to Fe** [43]. 0.01 ml of FeS0,4 solution in concentrations from 5
to 50 umol/l was added to 0.4 ml of plasma. The samples were frozen in lig-
uid nitrogen. A calibration curve was drawn up on the basis of their EPR
spectra (Figure 1-14). Plasma into which certain quantify oftwice distilled
water was introduced served as control.

Mn2* was determined with MnCl, (from 1.0-10-3 M to 7.0-10° M) in
HSA. We failed to find any data concerning the Mn? amount which can bind
HSA. Therefore albumin solutions in concentrations from 1.5 to 30 g/1 were
prepared and one and the same Mn* amount (1.0-10° M) was added. Ac-
cording to the EPR data the curve reaches the plateau at 7.5 g/1 (Figure 1-

15). Thus, the albumin concentration, sufficient for complete Mn?*bonding,

is 30 g/1, which means that 1 g of HSA can bind approximately 7 mg of Mn2-
44].

[ "]Fhe nitric oxide (NO) was determinate on method [38].

In the duodenal contents normally obtained by means ofrubber probe it
is not possible to determine exactly and quantitatively the Cu?* content by
the calibration curve drawn up basing on analysis of solutions of various
CuS0, concentrations in HSA (as described in determining the CuS0, con-
tent in plasma and erythrocytes). This is due to the fact that being in contact
with the probe the contents react with the sulfur-containing rubber vulcan-
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izer (of Altax type). Therefore the EPR signal arising from Cu?* changes its
shape and its traditional curve disappears.

Figure 1-14. The calibration curve for the determination Fe3* ions by EPR (g = 4.3) in the
biological substrates (S is the square underthe curve of EPR-absorption).

Figure 1-15. The picture ofthe bonding Mn?* ions by HSA (S is the square under the curve of
EPR-absorption).
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To check this suggestion a sodium diethyldithiocarbamate (DEDTC) so-
lution which bonds all the paramagnetic copper was added to the duodenal
contents [45]. In fact, the EPR spectrum of Cu?* chemically bonded by vul-
canizer of Altax type proved to be identical in its form to that of sodium
DEDTC ofcopper.

Owing to this fact the Cu** concentration was determined using the Cali-
bration curve plotted in the analysis of various CuSO, concentrations (from
1.0-10°to 1.0-10°M) ina DEDTC solution.

In order to examine the PMC concentration dynamics in storage the sam-
ples of erythrocytes, plasma, saliva, stomach and duodenal contents, feces in
liquid nitrogen were analyzed daily for 10 days. Under these conditions the
PMC level in the biological liquids studied does not change.
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Chapter 2

PARAMAGNETIC CENTERS IN THE HUMAN
BIOLOGICAL MEDIA

2.1 ERYTHROCYTES

Erythrocytes, responsible for oxygen transport to tissues, are cells devoid
of nucleus and ribosomal apparatus. Therefore they cannot synthesize pro-
teins, nucleic acids and lipids. During maturation the erythrocytes lost
mitochondria and therefore they have got no citric acid cycle. In spite ofthe
absence of a number of biochemical systems they are not inert proto-
plasmatic particles, since active metabolism takes place in them. Glucose is
the only energy source of erythrocytes. With glucose deficiency the
erythrocytes lose their ability of supporting the sodium and potassium
gradient and inhibit the accumulation of calcium in the membrane. Glucose
deficiency causes the formation ofoxidized glutathione and methemoglobin.
Devoid of energy, the erythrocytes are transformed to echinocytes, then to
spherocytes and, finally, are subjected to osmotic lysis.

Erythrocyte glucose metabolism occurs in two main directions:
Embdene-Meyerhoff and hexosomonophosphate shunt (HMP-S). In the
former glucose is catabolyzed to pyruvate or lactate. The energy derived
from glucose is accumulated in the form of adenosinetriphosphate (ATP).
The principal function of the HMP-S is to support a sufficient amount ofre-
duced nicatinamide dinucleotidephosphate (NADP.H). The latter is needed
for reduction of hemoglobin (Hb) and deactivation of lipid peroxidation
(LPO). The glutathione-reductase system (GRS) generating the reduced form

21
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of glutathione works actively in erythrocytes. Inactivation of oxygen radicals
is effected by enzymes (superoxide dismutase, catalase and peroxidase).
Thus, erythrocytes are metabolically very active. They contain essential mic-
roelements such as iron, copper, manganese, calcium, sodium, potassium ezc.

During their relatively short life-span the erythrocytes are strongly in-
jured by free radicals in contact with tissues. Superoxide anion radicals (O,*)
form in tissues in the process of hemoglobin oxidation and metabolism of
many medicines [13. These radical anions also generate along with singlet
oxygen when erythrocyte protoporphyrin is exposed to visible light. There-
fore, the interaction of erythrocytes with these reactive oxygen species is
suggested to be light-dependent, The effect of light on the generation of
hydroxyl radicals (HO®) in human erythrocytes was demonstrated using spin
trapping EPR spectroscopy [2] The mechanism of erythrocyte protection
from oxidation decomposition by free radicals is very powerful in both cyto-
sole and membrane. The cytosole antioxidant system involves super-oxide
dismutase, catalase and glutathione peroxidase. In the membrane vitamin E
and ubiquinone Q,, are used for this purpose. The vitamin E level in the
erythrocyte membrane is much lower compared with that in the plasma.
Therefore there is a mechanism of generation ofthe initial membrane vita-
min E level after its consumption as an antioxidant.

Free radicals produced in human erythrocyte membranes using an enzy-
matic oxidation system composed oflipoxygenase and arachidonic acid were
examined by EPR. The erythrocyte membranes contain NADP.H-cyto-
chrome-C-reductase and cytochrome bs. Owing to this fact the protec-tion
against the loss of vitamin E can be provided either by NADH.H-cyto-
chrome bs-dependent enzymatic recycling or by a non-enzymatic pathway
involving ascorbate and dihydrolipoic acid [3]. In the human organism the
erythrocyte form ofcytochrome-bs (97 residues in length) is structurally and
functionally different from liver microsomal cytochrome-bs (93 residues in
length)[4].

The erythrocyte membrane consists of a bimolecular lipid layer sand-
wiched between two protein monolayers. Lipid molecules are arranged
reciprocally parallel and perpendicular to the membrane plane, the polar
phospholipid heads being oriented outwards whereas long hydrocarbon
chains towards the membrane center. Protein chains are adsorbed on the
polar heads. The interaction between protein and phospholipids is suggested
to be ensured by electrostatic attraction and Van-der-Waals forces. The
length of lipid molecules is approximately 3 nm; the thickness of protein
monolayer and cell membrane does not exceed 1 and 8 nm, respectively. In
the human erythrocyte membrane there are cholesterol, phosphatidylserine,
sphingomyelin, cerebrosides and other lipids. However, many structural and
functional aspects of erythrocyte membranes are not well understood yet.
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Phospholipid outside-inside translocation rates and equilibrium distribu-
tion in human erythrocytes of three age groups at 37°C and 4°C were
determined by EPR using spin labeled phosphatidylserine, phosphatidyl-
ethanolamine, and phosphatidylcholine. In the two cases the initial rate of
aminolipid translocation in age cells turned out to be reduced. Equilibrium
distribution for phosphatidylserine was not changed much. The phospha-
tidylethanolamine fraction remained on the outer monolayer of older cells.
The phosphatidylserine transmembrane diffusion was identical in the three
fractions. Cytosolic ATP required for aminophosphinolipid translocation
was not responsible for the above processes. Thus, aminophospholipid
translocation seems to be directly altered in aged cells, possibly due to the
presence of lipid peroxidation products. This is confirmed by experiments
with malonic dialdehyde (MDA) or hydrogen peroxide (H,0,)-treated cells.
Consequently, the defects in endogenous lipids asymmetry observed in aged
human erythrocytes may be due to altered activity ofthe translocase [5].

The existing model oftransverse lipid movement in the human erythro-
cyte membrane is based on a system of differential equations describing the
time-dependence of phospholipid redistribution and the steady-state distri-
bution between the inner'and outer membrane monolayer. This has been
carried out by EPR using spin labeled lipid analogs. Several mechanisms of
translocation shouldbe taken into account: ATP-dependenttransport, protein
facilitated and transbilayer diffusion. A reasonable modeling lipid asymme-
try could only be achieved by introducing the latter mechanism. This
pathway was called the compensatory flux, which is proportional to the gra-
dient ofphospholipids between both membrane leaflets. This model makes it
possible to trace the transbilayer motion and distribution of endogenous
phospholipids ofthe human erythrocyte membrane under various biological
conditions. Moreover, the model can also be applied to experiments per-
formed to assess phospholipid re-distribution in biological membranes.
Thus, simulation of the transbilayer motion of exogenically added phospho-
lipid analogs in erythrocyte membranes is quite possible [6].

EPR was used to investigate the effect of benzyl alcohol on the transverse
mobility and repartition of phospholipids in membrane and morphological
changes of human erythrocytes. The transmembrane rate and equilibrium
distribution in erythrocytes of short-chain spin labeled phosphatidylcholine,
phosphatidylethanolamine and phosphatidylserine were strongly modified by
treatment with 10-70 mM benzyl alcohol solutions. In this case two effects
were observed: 1) at 4 and 37°C there was an N-ethylmaleimide-sensitive
long-lasting and fully reversible increase in the internalization rate of spin
labeled phosphatidylserine and phospatidylethanolamine, 2) at 37°C an en-
hancement of N-ethylmaleimide-sensitivefluxes of all the labeled
phospholipids through the membrane occurred. Both effects were dose-de-
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pendent. Erythrocytes submitted to benzyl alcohol incubation also showed
dose-dependent shape changes: immediate one from discocytes to echino-
cytes followed by a slower N-ethylmaleimide- and ATP-dependent change
to stomatocytes. Benzyl alcohol intensifies the hydrolysis of intracellular
ATP. All the effects ofbenzyl alcohol can be considered as an accumulation
of labeled phosphatidylethanolamine (and labeled phosphati-dylcholine at
37°C) in the inner leaflet of the erythrocyte membrane [7].

Normally in the EPR spectra of erythrocytes the following types of sig-
nals are observed (Figure 2-1): g=6.00 arisen from methemoglobin Fe3* and
g =2.063 corresponding to superoxide dismutase Cu*, Apart from the sig-
nals those at g=2.00 and 4.3 were fixed (Figure 2-1) [8]. The latter was also
observed in the spectra oferythrocytes of mammals [9]. The EPR signal at g
= 4.3 caused by transferrin Fe** (TF) is observed not in all cases. It is met in
47% and 52% of male and female donors, respectively. This index increases
when younger erythroid cells appear in the blood channel.

Figure 2-1. The EPR spectrum of human erythrocyte free radicals. The registration
conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 50
mT/min, HF modulation - 0.5 mT, time constant- 0.3 sec.

An asymmetrical signal in the g=2.00 region with a half-width 1.2 - 1.5
mT is readily saturated in the SHF field (Figure 2-2). A detailed analysis of
the signal suggests the presence of two types ofradicals in erythrocytes. One
of these corresponds to the EPR signal with g=2.0033 and AH 1.2-1.5 mT
and the other gives rise to a narrow singlet at g=2.0032 and AH 0.4-0.6 mT
which appears at low modulation values [8]. The intensity ofthe above sig-
nals was quantitatively evaluated by double-integration method: the ratio of
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broad to narrow singletareasis 6 : 1 (Figure 2-3). Unfortunately, the narrow
signal defies interpreting and will not be considered further.

Figure 2-2. The EPR spectrum of human erythrocyte free radicals. The registration
conditions: the temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 3
mT/min, HF modulation - 0.5 mT, time constant - 0.3 sec.

The results of parallel determination of free radical concentration and
glutathione reductase activity in erythrocytes are presented in Table 2-1 [8].
Correlation between the free radical concentration responsible for the EPR
signal at g =2.0033-2.0040 and the glutathione reductase activity suggests
glutathione reductase to be a possible generator of free radicals (r =-0.64, P
<0.05)[8, 10].

Table 2-1. Freeradical (FR) concentration and glutathione reductase (GR) activity ofdonor
erythrocytes

N FR Concentration (10 M) GR Activity (opt.density
units)
1. 2.5 0.14
2. 2.0 0.16
3 1.7 0.15
4. 1.6 0.20
5. 1.3 0.19
6. 1.2 0.18
7. 1.2 0.18
8. 1.1 0.16
9. 0.9 0.20
10. 08 0.18
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Figure 2-3. The EPR spectrum of human erythrocytes free radicals at 77°K (above) and
graphic decomposition ofthe spectral signal (below). The registration conditions: SHF power
- 2.5 mW, H, - 350 mT, AH - 72 mT, magnetic field scanning velocity - 1.5 mT/min, HF
modulation - 0.4 mT, the time constant - 0.1 sec.

The GR system facilitates the activation ofhexosomonophosphate shunt
[11]. The rate ofthis system is limited by accumulation ofreduced nicatin-
amidedinucleotidephosphate whose oxidation is mainly related with reduc-
tion ofthe oxidized glutathione (GSSG) to the reduced form of glutathione
(GSH) (Figure2-4).

In metabolizing erythrocytes kept from 3 to 18 days in a medium, pre-
pared at the Central Institute for Blood Transfusion (medium 7b) the free
radical concentration and HMP-S activity were determined simultaneously.
The HMP-S activity was assessed judging by an increase in the ribose
concentration and a decrease in glucose in the sample after 3 h incubation

12].
[ I:Lt the beginning of experiment the correlation coefficient (r) between
these values was +0.6. During storage a tendency towards decreasing was
observed: +0.6, 0.5, 0.4, 0.3 and 0.2 on the third, sixth, nineth, fifteenth and
eighteenthexperimentaldays,respectively.
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This seems to be due to reduction ofthe enzymatic activity and drop of
the concentration of substrates by the eighteenth day. Thus, HMP-S activity
on the first day was 10.2 & 1.0 opt.dens.units and 7.5 & 0.4 opt. density units
by the eighteenth day. A similar decrease was observed in the free radical
level: (1.19 = 0.15) x 10° M and (0.75 + 0.05) 10° M on the first and

eighteenthexperimental days, respectively [13].

Figure 2-4. The ratio of hexosomonophosphate shunt to glutathione reductase system and
glycolitic glucose metabolism.

Thus, there is a relationship between the glutathione reductase system
activity determined by free radicals and erythrocyte HMP-S concentration.

The hexosomonophosphate pathway ofglucose metabolism and the GRS
activity are related with the red cell integrity. The hemolysis rate increases
fast with a decrease in the GSH content. To support the red cell integrity the
followingunitsareinvolved [11]:
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G-6-PDG
1)G-6P+NADP + NADP.H2 + 6-PG

2) GSSG + NADP'.H2 GR NADP + 2GSH

Disturbance of one of these leads to hemolysis.

Taking into account that GRS and HMP-S are closely related with eryth-
rocyte membrane strength monitoring a simultaneous determination of the
blood hemolysis level, HMP-S activity in erythrocytes and free radical con-
tent depending on the time of blood storage in medium 7b was carried out

11].
[ the hemolysis degree was measured by the Polishchuk method [14]. On
keeping, the blood free hemoglobin content was increasing, i.e., latent
hemolysis went to the explicit form: 1.7+ 0.1 mg/% and 66.7 &= 14.1 mg/%
on the first and eighteenth experimental days, respectively. A simultaneous
drop in the free radical concentration and HMP-S activity took place by the
end of conservation period. Thus, all the three indexes are interrelated (table
2-2).

Table 2-2. Free radical and free hemoglobin concentration, HMP-S activity in erythrocytes
during blood storage in a medium 7b (M + m)

Time of storage HMP-S
(day) FR(10-6M) Free Hb (mg/%) (optical density unit)
1 1.19+0.15 1.7+0.1 102+1.0

3 1.18+0.15 33+03 9.8+0.9

6 1.12+0.12 7.6+£0.9 99+1.0

9 1.05+0.10 10.6+2.0 9.4+0.9

12 0.91 £0.07 16.8+2.6 9.2+0.8

15 0.84+0.06 47.1+9.9 8.4+0.6

18 0.75+0.05 66.7+ 14.2 7.5+0.4

The above data were clinically confirmed by examination of erythrocyte
and plasma the free radical level prior to and after surgery with assisted cir-
culation [15]. A group ofpatients with congenital or acquired heart disease,
operated under identical assisted circulation conditions, was examined. Per-
fusion was carried out using a PEMCO apparatus with a disc oxygenator.
Blood samples were taken in the start and after the completion of perfusion,
During perfusion the free radical concentration in erythrocytes increases, the
free radical level before and after assisted circulation being (1.26 £ 0.15) x
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10°M and (1.97 £ 0.22) x 10°M, respectively (P < 0.05). Variation in the
free radical concentration in plasma in the course of perfusion are doubtful
(0.47 +£0.03) x 10°M and (0.51 +0.04) x 10° M, respectively (P > 0.05)
[16]. The relation between human erythrocyte hemolysis and free radicals
has also been studied by [17].

Mechanical traumatism of erythrocytes during assisted circulation leads
to hemolysis, which can be compensated for by an increased activity of GRS
unaffected cells. This seems to be a protective mechanism strengthening the
erythrocyte stroma and improving the oxygen transport to tissues.

The above data allow the following conclusions to be drawn:

In erythrocytes the EPR signal at g = 2.0033-2.0040 and line half-width
1.2-1.5mT correspondto flavosemiquinone, glutathione reductase co-factor.

The signal intensity depends on the ratio ofreduced to oxidized glutathi-
one acting as a redox pair setting optimal redox-potential for the highest
content of flavine radicals. The redox-pair functions due to reversibility of
oxidationreaction GSH< >GSSG catalyzed byglutathionereductase [§.

The signal oferythrocyte free radicals does not correspond to a symmet-
rical narrow line occurred closer to the g-factor ofthe Fe** complex free spin
electron in the samples of animal and plant tissues as reported by Naughton
and Symons [18]. Nevertheless, the above said suggests erythrocyte free
radicals to be responsible for this signal.

Human erythrocyte hemolysis can proceed in a normal way as well. This
1s the so-called physiological hemolysis related to natural aging of erythro-
cytes. Erythrocyte hemolysis as a pathological process can arise owing to
many factors such as incompatible blood transfusion, infusion ofhypotonic
salt solutions, effect of hemolytical poisons and some medicines, inherited
insufficiency of enzymatic systems in erythrocytes, presence of anomalous
hemoglobinsinerythrocytes, appearance of erythrocyte antibodies.

Hemolysis as a biophysical process is studied in vitro as the destruction
oferythrocytes cannot be traced in detail in vivo. Understanding oferythro-
cyte hemolysis is needed for the determination oferythrocyte life span. This
makes it possible to avoid hemolysis in storage of preserved blood and
erythrocytar mass, in carrying out the reaction of compliment binding, and
other tests with blood and erythrocytes.

Osmotic hemolysis is caused by water penetrating the erythrocyte, which
leads to volume increase and membrane extension. This widens the mem-
brane pores the hemoglobin molecules get out through. The erythrocyte
volume wherein hemolysis starts is called critical. In human erythrocytes it
is 146% of the initial volume.

Erythrocyte water volumes were measured using EPR spectroscopy un-
der equilibrium and under perturbed osmotic conditions. Cell water contents
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were determined using a spin label (TEMPO) and potassium chromium oxa-
late as amembrane impermeable quencher [ 19].

In clinical practice the erythrocyte osmotic hemolysis of different origin
1s examined by test for erythrocyte resistance to hypotonic sodium chloride
solutions. The sodium chloride concentration whereby osmotic hemolysis
starts is taken as an index of minimum erythrocyte osmotic resistance. The
concentration at which complete hemolysis occurs is an index of maximum
erythrocyte resistance. Erythrocyte hemolysis in volunteers starts upon ad-
ministration of a 0.44-0.48% NaCl solution and is over in a 0.28-0.32%
solution.

The effect of surfactant (polyoxyethylenenonylphenol) on erythrocyte
hemolysis has been investigated using the EPR method. At low concentra-
tions the surfactant inhibits hypotonic hemolysis, whereas at high concentra-
tions it induced hemolysis in both isotonic and hypotonic buffer [20].
Erythrocyte hemolysis by free radicals produced from a lipid-soluble
initiator 2,2-azobis-(2,4-dimethylvaleronitrile) [2 1 ].

Responsibility of band 3 (anion exchange protein in human erythrocytes)
for hemolysis in hypotonic solutions was examined using ESR spectroscopy.
The ESR spectra of spin labeled erythrocytes show the change of the os-
motic conditions to have no effect on the membrane fluidity at pH 7.4. At
pH 6.0, however, the fluidity in the central part of the lipid bilayer is de-
pendent on osmotic stress, the fluidity change as a function of KCl
concentration being similar to the hemolysis curve. Judging by the circular
dichroism spectra of erythrocyte ghosts the conformational changes of the
membrane proteins correlate with the hypotonic hemolysis index. In contrast
to the osmotic stress, sodium dodecyl sulfate (SDS) changes the fluidity of
membranes rather than the conformation of membrane proteins indepen-
dently ofthe medium pH. In this case the changes of fluidity correspond to
the hemolysis curves in SDS solutions. The use ofanion transport inhibitors,
44-diisothiocyanostibene-2,2"-disulfonate,eosin-5-isothiocyanate and eo-
sin-5-maleimide, suggested a correlation between the effect of hypotonic
hemolysis and the conformational change ofband 3. These results demonst-
rate band 3 to be responsible for hypotonic hemolysis [22, 23].

The proteolysis of protein (band 3) in situ was studied by EPR and
fluorescent/phosphorescent methods using eosinyl-5-maleimide that reacts
withmembrane-spanning Mr 17K peptide [24].

The effects of diethylether on the ordering ofmembrane lipids and on the
rotation dynamics of anion-exchange protein (band-3) in intact human eryth-
rocytes were studied by EPR using 5-doxylstearic and 16-doxylstearic acids
as spin labels. With increasing the dose, diethyl ether monotonically de-
creased the ordering of membrane lipids near the polar head-group. This
proved by lipid-soluble spin probe 5-doxylstearic acid. Diethyl ether pro-
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duces comparatively little change in the ordering of lipids in the hydrophobic
midzone as supported by 16-doxylstearic acid. The rotational mobility of
band-3 also increases monotonically with increasing the ether concentration
as shown by the affinity of spin label bis(sulfo-N-succinimidyl)doxyl-2-
spiro-5’-azelate. ,At concentrations of up to 2 vol% ether, hemolysis of
erythrocytes was negligible and the spectroscopic changes were completely
reversed following its removal. Thus, the ether-induced decrease in the lipid
membrane ordering near the polar head group region significantly increase
the rotational mobility of band 3 and change only negligibly its state of oli-
gomerization[25].

Among 56 patients examined, 6 were heterozigous with respect to the
elongated version ofthe band-3 protein oferythrocyte membranes. For these
6 persons the EPR spectra of maleimide-spin labeled membranes oferythro-
cyte containing the variant band 3 protein exhibited no morphological abnor-
malities. However they did show an increased membrane binding of hemo-
globinandaldolase [26].

EPR spectroscopy was used for the assessment of transverse distribution
and mobility of labeled phospholipid analogs in biological erythrocyte mem-
branes by selective chemical destruction of the fluorescent label in the outer
monolayer with dithionite. Their distribution was determined directly in the
cell suspension provided that dithionite permeation through the membrane is
suppresses. It is shown that the passage of dithionite can be mediated by
anion-transport systems suchasband 3 [27].

Heating oferythrocyte suspension to 49°C leads to erythrocyte swelling
and at 62-63°C to destruction of erythrocytes with release of hemoglobin.
Erythrocyte hemolysis upon repeated freezing and thawing is caused by me-
chanical injury with ice particles and by increased concentration of the
intracellular substances. Cooling of various biological samples from 40°C to
0°C leads to destruction. Any reason for this phenomenon (called “tempera-
ture shock™) has not been clearly defined until the present time. As shown by
EPR using spin probe, in hypertonic salt solutions non-permeating the mem-
branes of low molecular substances dehydration of erythrocytes occurs at a
temperature decreasing from 25°C to 0°C. At the same time nothing ofthis
kind is observed in solutions ofhigh molecular compounds. Thus, the eryth-
rocyte dehydration to a critical value (70 £ 5)% is one of the main reasons
for erythrocyte destruction by temperature shock. From EPR data the tem-
perature shock can also be brought about at a temperature above 20°C [28].
The EPR spin-probe method was used to examine the dependence of eryth-
rocyte cytosole microviscosity on the outer medium composition and
temperature. In this case the critical erythrocyte cytosole microviscosity Val-
ues after reaching which erythrocytes are destroyed were determined. These
values depend not only on NaCl concentration, but on temperature too [29].
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Human erythrocyte hemolysis on exposure to heavy ions irradiation has
been studied. The intensity ofirradiation-induced erythrocyte hemolysis de-
pends on the wave length. Human erythrocytes were irradiated with heavy
ions of energies from 4 to 18 MeV/u having linear energy transfer values
between 92 and 14.000 keV/p. In this study hemolysis served as a macro-
scopic parameter of membrane destruction whereas fluidity was used as a
microscopic parameter. The fluidity was determined by EPR spectroscopy
using 12-doxylstearic methyl ester as a spin label. The fluidity changed de-
pending on the irradiation dose. On exposure to heavy ions hemolysis
proceeds more efficiently compared with X-rays [30].

Ether, sodium oleate, nitroglycerol and sodium salts of cholic and des-
oxycholic acids represent active chemicals responsible for erythrocyte
hemolysis. Most of these hemolytical agents injure the erythrocyte mem-
brane structure inducing disorder of lipid molecules and pore formation.

During erythrocyte hemolysis denatured hemoglobin particles (Heinz
bodies) are attracted on the membrane inner surface. The formation ofHeinz
bodies is observed when erythrocytes are incubated with certain medicines
having side hemolytic effect. In persons sensitive and insensitive to prima-
quine the Heinz bodies are formed in vitro in acetylphenylhydrazine-treated
cells.

In phenylhydrazine-treated cells a slight deformation of human erythro-
cytes occurs prior to the formation of Heinz bodies and starts to decrease as
soon as Heinz bodies reach the inner surface ofthe membrane. In methylhy-
drazine-treated cells in which Heinz bodies are formed far from the
membrane surface the erythrocyte deformability remains at a low level. Di-
thioerythritol reduces in part the methylhydrazine-induced deformability of
erythrocytes. However, it has no effect in phenylhydrazine-treated cells. The
increased mobility of maleimide-labeled membrane proteins indicates that
phenylhydrazine has a greater immobilizing effect than methylhydrazine

31].
[ Jl“he EPR method using spin label has been proposed for the investigation
of erythrocyte permeability for cryoprotectors. Human erythrocyte perme-
ability for 1,2-propanedioles, glycerol and dimethylsulfoxides (DMSO) at
different temperatures has been studied. A clearly defined dehydration ofthe
cell is observed when erythrocytes are exposed to concentrated cryoprotector
solutions. Cell rehydration occurs as the solutions penetrate the cell its a
water-soluble spin probe easily penetrates the cell membrane with a flow of
water and cryoprotector solution. In this case, broadening ofthe extracellular
spin probe spectrum using a paramagnetic broadening agent (potassium fer-
rocyanide) makes it possible to record changes of the cell volume and
thereby kinetics of the cryoprotector penetration. TEMPO is the most appro-
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priate spin label. In the presence of potassium ferrocyanide the spin label is
notreduced and the cryoprotector permeability is notblocked [32].

In order to understand how calcium in human erythrocyte cytosole influ-
ences the transmembrane redistribution of phospholipids, the effect of this
cation on the transmembrane movements of spin labeled phospholipids
(phosphatidylserine and phosphatidylcholine) incorporated into inside-out
vesicles was studied. The degree ofthe Ca?*-induced lipid scrambling was
dependent on the level ofphosphatidylinositol 4,5-bisphosphate outer leafof
inside-out vesicles. The level ofphosphatidylinositol 4,5-bisphosphate nor-
mally was 80% of the total membrane phosphatidylinositol 4,5-bis-
phosphate. Loading of the outer monolayer of the intact erythrocyte
membrane with exogenous phosphatidylinositol 4,5-bisphosphate leads to a
dose-dependent scrambling of spin labeled phosphatidylethanolamine,
sphingomyelin, phosphatidylserine and phosphatidylcholine and in parallel
the stomatocytic conversion ofthe cells. The Mg?* ion could replace the Ca*
ion butrequires a 10 times higher concentration. The effect ofthese ions was
specific only for phosphatidylinositol 4,5-bisphosphate. Other phospholipids
fail to induce lipid redistribution. A normal ATP level is needed for the
shape change but not for the lipid scrambling. This suggests that the Ca?
and Mg ions serve as triggers for the redistribution oflipids from the inner
or the external sides ofthe erythrocyte membrane on condition that enough
phosphatidylinositol 4,5-bisphosphate is present on that side. Thus, this pro-
cess requires no specific protein. The ATP-dependent shape oferythrocytes
after incubation with phosphatidylinositol 4,5-bisphosphate and Caz+ ion is
caused by bilayer disbalance due to activation of amino-phospholipid trans-
locase which transposes phosphatidylcholine and phosphatidylethanolamine
toward the internal monolayer without simul-taneous outward diffusion of
phosphatidylserineandsphingomyelin [33].

Water and small ions diffuse the erythrocyte membrane at a high rate
through pores 0.3-0.4 nm in diameter. The pores are impermeable for cal-
cium and magnesium ions, for saccharides and large-size molecular colloids.
The halftime ofexchange through membrane is 0.004 sec for water, 0.2 sec.
for Cl anion, about 30 and 20 h for K+ and Na* cations, respectively.

Erythrocytes in isotonic solutions oflow ionic strength lose their cations.
This is due to a change in the erythrocyte permeability for K+, which de-
pends on the transmembrane potential. The passive Rb* (K*) efflux from
erythrocytes of seven mammals was investigated by EPR in physiologic so-
lutions of low ionic strength from erythrocytes of 7 mammals species. The
rate constant of Rb* (K*) efflux in solution ofhigh ionic strength correlates
with the mean number of double bonds in the membrane phospholipids of
fattyacids [34].
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Stimulation of human erythrocytes with Ca2* and Rb* ions causes potas-
sium efflux (the so-called Gardos effect). Monitoring of time dependent
changes in the volume and shape oferythrocytes was performed on the basis
ofmean cell volume and light scattering. Changes in the erythrocyte cyto-
plasma were traced by EPR using cytoplasmic glutathione labeled with
TEMPO[35].

Nitroxide free radicals are under active investigation for their potential
use as metabolically responsive contrast agents in EPR imaging. The me-
tabolism of human erythrocytes of lipid-soluble nitroxides (doxyl stearic
acids) was investigated by EPR spectroscopy. It turned out that under nor-
moxia this free radical remains intact in erythrocytes for at least 2 h, but
under hypoxia it is fast reduced. Complete signal recovery after air or potas-
sium ferricyanide oxidation suggested the formation of hydroxylamine
during hypoxia. The reduction of doxyl stearic acids depends on the
nitroxide ring position in fatty acid. The reduction kinetics of doxyl stearic
acids with the dioxyl ring nearest to the COOH group (5-doxy]1 stearic acids)
1s a di-phase one. A rapid reduction of half of 5-doxy1 stearic acids was ob-
served during the first hour. Then the process became much slower. The
process of slow reduction abruptly stopped at a concentration below 5 mcM.
This suggests a concentration-dependent membrane-cytoplasmatic trans-
location of 5-doxyl stearic acids. Under hypoxia purified hemoglobin and
myoglobin reduce 5-docyl stearic acids and completely recover the signal
resulted from air reoxidation. Globin does not reduce 5-doxyl stearic acids
whereas methemoglobin does, but to only a small extent. All this suggests
ferrous-heme to be involved in the hypoxic reduction ofdoxyl stearic acids.
The high stability ofdoxyl stearic acids in erythrocytes is due to both doxyl
stearic acids localization and characteristics of intracellular reductant (he-
moglobin)[36].

2.2 BLOOD PLASMA

The EPR spectrum of human blood plasma shows the signals at g =4.3
corresponding to a high-spin Fe3* form and at g = 2.05 arising from Cu*
atoms incorporated into ceruloplasmin (Figure 2-5) [37].

Ceruloplasmin, a copper-containing glycoproteid of the plasma o .
globulin fraction (KF 1.16.3.1.), exhibits ferroxidase, catecholaminoxidase,
ascorbatoxidase and superoxide dismutase activity, provides copper trans-
port and takes part in the synthesis of connective tissue [38, 39]. As with
other "blue" copper-proteides (laccase, ascorbatoxidase), the ceruloplasmin
copper-containing centers are divided into three types which differ in pa-
rameters of EPR spectra (types I and II) and optical spectra (types I and III)
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[40-42]. The data on the properties and relative contents of paramagnetic
centers in the ceruloplasmin molecules are rather contradictory. This is
mainly due to a high lability of ceruloplasmin preparations during isolation
and storage. According to EPR spectroscopy and spectrophotometry, Cu**
ions in human ceruloplasmin "non-blue" centers are present in two stable
forms different in EPR parameters and optical absorption. The two forms
were detected by the EPR method in the blood serum of healthy and sick
individuals. In the latter the relative content of these forms depends on the
origin of the disease. This finding opens new perspectives in the diagnostic
application ofthe EPR method [43,44].

Ninety-nine per cent of the blood plasma iron is believed to be bound to
transferrin and completely determinable by the bathophenanthroline method
[45]. However, it is likely that not all the blood plasma iron is present in
transferrin [37,46].

Figure 2-5. The EPR spectrum of human serum blood. The registration conditions:
temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 50 mT/min, HF
modulation-0.5 mT, the time constant- 0.3 sec.
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Some its portion seems to be bound to other plasma protein such as al-

bumin, globulins, etc. This is supported by a parallel study of the iron

content carried out by the BP method and EPR spectroscopy (table 2-3) [8].

Table 2-3. Fe Concentration (mcmol/l) in donor plasma (M +m)

Difference in Fe content

Sex BP method EPR method determined by both methods
(%)

w 17.5+0.5 15.9+0.3 8.97+1.35

M 23.7+0.5 21.6+0.3 9.52+1.06

BP -bathophenanthroline method

Thus, the Fe concentration in blood plasma determined by EPR spectro-
scopy is 10% lower than that assessed by BP method. Theoretically, this
seems to be true, since EPR spectroscopy records only Fe’* in the g = 4.3
region, whereas using the BP method both Fe** and Fe** can be fixed (Figure
2-6).

Figure 2-6. EPR spectroscopy and BP method potentialities in blood serum Fe determination.

Albumin is a versatile transporting blood protein. A 30 g/l albumin solu-
tion (REANAL) in twice distilled water gives in the g = 4.3 region a Fe3*
EPR signal not corresponding to transferrin (Figure 2-7). This suggests that
human serumalbumin also serves as Fe3+transporter.

The presence oftransferrin in human serum albumin is impossible since
nearly all globulins [47] including transferring (3-globulin) are removed
during HSA preparation [48]. Moreover, the shape of HSA Fe** EPR spec-
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trum is quite different from that ofthe transferrin complex (there is neither
splitting in the upper maximum, nojags on the descending line) (Figure 2-8).

Figure 2-7. The EPR spectrum of human serum albumin. The registration conditions:
temperature - 77°K, SHF power- 5 mW, magnetic field scanning velocity - 10 mT/min, HF
modulation - 0.5 mT, the time constant - 0.3 sec.

Figure 2-8. The EPR spectrum of human blood plasma. The registration conditions:
temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 10 mT/min, HF
modulation - 0.5 mT, the time constant- 0.3 sec.
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In most tissues of guinea pig and rat the EPR signal at g = 4.3 fixed at
77°K arises from both Fe?*and Fe** complexes [49]. An analogous signal at
g = 4.3 is caused by readily dissociated Fe** - ascorbic acid paramagnetic
complexes at pH = 7.4 [50]. The formation ofthese complexes reduces the
Fe** concentration in the solution. However, the addition of phenanthroline
or pH decrease to 6.1 induce breakdown of Fe** complexes and the reduction
ofiron to Fe?*. Since in tissues there are reducers stronger than ascorbic acid
the presence of Fe3*-ascorbic acid complexes is unlikely. In particular, they
have not been found in liver perfusate and hemogenate [50]. In plasma Fe3*
EPR spectrum the signal corresponding to albumin seems to be imposed on
the transferrin complex signal. Therefore the total plasma Fe** content of
transferrin, albumin and other proteins is recorded by EPR spectroscopy.

Transferrins, i.e, Fe¥*-transporting proteins (serum transferrin, ovo-trans-
ferrin, lactoferrin) consist of a polypeptide chain folded into two compact
domains. These domains, called N- and C-terminal sites, can reversibly bind
not only Fe3* but also ions of other metals (such as Cu*, for example) as
well.

In human blood there are four serum transferrin forms: apo-, mono(N)-
Fe**, mono(C)-Fe** and di-Fe** transferrins. The apo-form contains no iron.
The other three forms transport one and two Fe** ions, respectively. HCO3-
and CO;* are transferrin-assisted Fe3*-binding synergistic anions in vivo. In
vitro bicarbonate can be replaced by other ions, such as oxalate, for example.
The spectral and magnetic properties of human serum Fe’* transferrin were
studied by EPR and M6ssbauer spectroscopy.

The Mossbauer spectra of Fe** in diferric transferrin were interpreted
using Hamiltonian spin with the values ofthe zero field splitting parameter,
D =0.55 += 0.05 cm and the rhombicity of crystalline field, E/D =0.045 +
0.005. The EPR spectrum was calculated with D = 0.58 cm' and E/D 0.057
using a g-strain model for the line shape based on a Gaussian distribution of
D and E/D with Gaussian line widths 6 (D) =0.35 cm* and 6(E/D)=0.013,
respectively. The rhombicity ofiron surrounding for the transferrin-oxalate
complex is almost one order of magnitude lower than for the bicarbonate
complex and the zero field splitting parameter is twice as large in the oxalate
as in the bicarbonate complex. Therefore it is concluded that the crystal field
symmetry in the iron site is almost tetragonal in the oxalate complex, but
rhombohedral in the bicarbonate complex, thus reflecting different coordi-
nation geometry ofthe oxalate and bicarbonate [51].

The periodate-modified human serum transferrin possesses species that
bind weakly Fe* at pH 7.4. These data contradict previous reports that the
Fe** binding ability is completely lost in this case. The EPR spectra ofter-
nary complexes of periodate-modified transferrin and oxalic or citric or
ethylenediamine tetraacetic acid are similar to the spectra of ternary com-
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plexes of Fe* nitrilotriacetate formed with native transferrin in the absence
ofbicarbonate. At higher concentrations ofbicarbonate anions the formation
of Fe3+-nitrilotriacetate ternary complex is hindered, whereas other com-
plexes readily remove the transferrin-bound Fe**. The HCO;-, SO, and
P,O;* anions are capable of binding the transferrin Fe** binding sites in the
absence of metal ions, though to a small extent. This suggests an inhibition
ofprotein conformational change by intramolecular cross-linking preventing
formation ofthe stable metal-carbonate ternary complex from the less stable
metal chelateternary complex [52].

The selectivity of Cu?* binding by C-and N-sites of serum human- and
ovo-transferrin was investigated by EPR spectroscopy and by the use of
copper binding constants and copper dissociation constants. At pH 7.4 the
copper binding constants ofserum human transferrin were K, = (1.8 £ 0.6) x
102 M- and K, = (1.2 £ 0.5) x 10" M-, whereas those of serum ovo-trans-
ferrin were K; = (1.9+0.5) x 10" M and K, = (2.1 £0.4) x 10" M. The
Cu2t-apo-transferrin complexes were separated by the kinetic method. Serum
(human)-TF C-sites bind copper better than N-sites. At the same time, the
copper-binding affinity of C- and N-sites of ovo-TF is nearly the same. In
the presence of C1- and C10, anions (0.1M KCI and NaClO, solutions) the
copper-binding constant of serum (human)-transferrin was almost 10 times
smaller than that in the absence ofthe anions. The selectivity of Cu?* binding
ofboth sites of serum (human)-transferrin in the presence of 0.1M NaClO,
solution is much smaller than in the presence of 0.1M KCIl solution or in the
absence ofthe anions. The EPR spectrum of copper ions in the serum trans-
ferrin N-residue containing two coppers ions is dramatically changed on
addition of 0.1 M KCI, 0.1 M NaCl and 0.1 M NaClQ., respectively. This
suggests a change ofthe coordination geometry of copper ions in the N-site

53].

[ %he EPR method was used to study the effect of site-directed mutation
and NaCl on the iron-binding site ofrecombined half-molecule ofthe termi-
nal lobe of human transferrin. In the EPR spectra of all variants studied
(D63S, D63C, G65R, K206Q, H207E, H249E, H249Q, K296E and K296Q))
there were changes comparable with those observed with wild type protein.
The changes in the metal-binding sites were caused by replacement of the
coordinating Asp-63 and His-249 residues and the non-coordinating residue,
Lys-296, located in the hinge region ofthe iron-binding cleft. Some differ-
ences in the EPR spectra indicated small changes in the Fe** coordination to
the protein. The coordination environment of Fe>"1s sensi-tive to structural
changes[54].

Apart from the above mentioned signals, the EPR spectrum of human
blood plasma shows a slightly asymmetric singlet with a line width of 0.6-
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0.8 mT and g = 2.0024-2.0027, which is readily saturated with SHF power
(Figure2-9)[8].

Figure 2-9. The EPR spectrum of human blood plasma free radical. The registration
conditions: temperature - 77°K, SHF power - 0.5 mW, magnetic field scanning velocity - 3
mT/min, HF modulation - 0.3 mT, the time constant- 0.3 sec.

Recently compounds responsible for EPR signals of lipids have been
identified [55, 56]. It turned out, however, that the EPR signals of blood
plasma free radicals and lipids were of different nature [§8]. Lipids were iso-
lated by extraction of 1 ml ofblood plasma with a (1 : 1) CH;0H/HCCI,
mixture followed by evaporation in a flow of nitrogen under vacuum to a
constant volume in a device specially designed for this purpose (Figure 2-
10). Later the lipids were solved in ethyl alcohol.

Taking into account that in the process ofblood withdrawal and extrac-
tion of lipids under aerobic conditions the semiquinones present in lipids
may be oxidized to quinones, alcohol-alkaline solutions were used to reduce
quinones to semiquinones [55]. For this purpose several drops of 1% KOH
were added to the solution oflipids in a flow ofnitrogen.

In plasma lipids of donors and patients FR EPR signals ofthe same type
were registered [8, 57]. Under the conditions of high resolution it was
possible to find a clearly defined hyperfine structure consisting ofat least 17
lines (Figure2-11).
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Figure2-10. A device for the evaporation oflipids in anitrogen flow: 1 - glass framework, 2
- nitrogen inflow elbow, 3 - elbow to ampoule connection, 4 - elbow to vacuum pump, 5 -
glass grounding, 6 - ampoule.

Figure 2-11. The EPR signal ofa-tocopherylquinone (a-Tq) semiquinone in human blood
lipids. The registration conditions: temperature - 298°K, SHF power - 0.5 mW, magnetic
field scanning velocity - 0.1 mT/min, HF modulation-0.03 mT, the time constant- 0.3 sec.
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This can be interpreted as a result of unpaired electron spin coupling of
o -tocopherylquinone (cTq) (Figure 2-12) with 9 protons of three methyl
groups (the distance between spectral lines is about 0.19 mT) and a supple-
mentary interaction with two different protons of the methylene group,
which leads to an extra splitting of each of 10 components into three lines
0.09 mT apart (Figure 2-13).

Figure2-12. The chemicalformula of o -tocopherylquinone.

Figure 2-13. The theoretical scheme ofthe origin ofenergy level splitting.
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The coincidence ofthe HFS row led to a summarized 2 1 -component sig-
nal. According to theoretical calculation there should be 21 components, but
due to the fact that two extreme absorption lines are oftoo low intensity and
can be lost in noises, only 17 lines remain to be fixed [8, 58].

However, the EPR signal of plasma free radical at 77°K has line half-
width 0.6-0.8 mT and g = 2.0024-2.0027, whereas c+Tq shows 0.6-0.8 mT
and 2.0035-2.0037, respectively. The correlation between these signals is
negligible (r = +0.16) [8].

Thus, in erythrocytes and plasma there are various paramagnetic centers
(PMC) which can provide valuable information concerning the state ofthe
organism and some mechanisms ofpathogenic diseases.

2.3 SALIVA

Human saliva is a complex biological fluid. The investigation of its
qualitative and quantitative composition not infrequently contributes a deal
to our knowledge ofthe pathologic processes occurring in the organism.

Inamixed human saliva (parotic, sublingual, submaxillary) the following
paramagnetic centers were recorded (Figure 2-14): that at g =4.3 and a six-
component Mn?* EPR signal at g, =2.14, g, =2.09, g,=2.03, g4= 1.98, gs =
1.93, gs = 1.88 with the line intensity decreasing with an increase in the
magnetic field strain (Figure 2-15) [8].

Figure 2-14. The EPR spectrum ofhuman saliva. The registration conditions: temperature -
77°K, SHF power- 5 mW, magnetic field scanning velocity - 50 mT/min, HF modulation -
0.5 mT, the time constant-0.3 sec.
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Figure 2-15. The EPR spectrum of human saliva. The registration conditions: temperature -
77°K, SHF power-5 mW, magnetic field scanning velocity- 10 mT/min, HF modulation -
0.5 mT, the time constant- 0.3 sec.

The signal at g = 4.3 corresponding to Fe** is met only in 20-50% of
healthydonors.

In order to elucidate the nature of Mn?* six-component signal an EPR
spectrum ofa 1.0 x 10+M MnCl, solution was run at 20°C (Figure 2-16) [8].
The spectrum represents a broad line (half-width —40mT). However, Mn?
signal is absent at 77°K. On addition of human serum albumin to this solu-
tion the Mn?* signal is fixed even at 77°K. At the same time, when HSA is
introduced into saliva the Mn?* signal amplitude remains unchanged. This
suggests that hydrated Mn?* ions are absent in saliva and all the Mn?>
amount is bound to proteins.

To confirm this suggestion a study ofthe EPR spectra of3% solutions of
HSA, hyaluronidase ofbovine testis (REANAL), lysozyme (3-crystallized
from the egg-white) and bovine serum albumin, containing 1.0 x 10+ Mn2*
has been carried out. Like in saliva, in all these solutions Mn?* gave rise to a
six-component EPR signal (Figure2-17).

Consequently, in human saliva Mn?* is bound to proteins in fact. The sa-
liva Mn?* content is the same before and after a thorough toilet ofthe mouth
cavity (table 2-4) and independent on the presence of carious teeth, steel
bridges and fillings. This shows that the presence ofMn?* is not caused ether
by forming elements or by microorganisms.
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Figure 2-16. The EPR spectrum of Mn** ion aqueous solution. The registration conditions:
temperature - 293°K, SHF power - 5 mW, magnetic field scanning velocity - 10 mT/min, HF
modulation - 0.5 mT, the time constant - 0.3 sec.

Figure 2-17. The EPR spectrum of Mn?* ions in HSA. The registration conditions:
temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 10 mT/min, HF
modulation - 0.5 mT, the time constant - 0.3 sec.
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Table 2-4. The Mn?* concentration in the saliva ofdonors prior to (-) or after (-) toilet ofthe
mouth cavity (M £+ m)

Sex MnZ+ (10°M), (-) Mn2+(10<M), (+)
M 11.6+0.35 11.5+0.31
w 7.040.54 7.1+0.42

In mixed human saliva about 50 enzymes related to oxyreductases,
transferrases, hydrolases and isomerases have been found [59, 60]. Some of
enzymes such as RNA-ase, DNA-ase, phosphatase [61, 62] contain
manganese[38].

2.4 NASALSECRETION

Patients without inflammatory diseases of the upper respiratory tract
(URT) served as nasal secretion donors. Their occupation was not concerned
with exposure to industrial gases, chemicals, sprays and dust. Paramagnetic
center with g =4.3 and 2.05 and free radicals with g =2.0024-2.0050 have
been revealed in human nasal secretion (Figure 2-18). The Mn?* signal was
present in the EPR spectrum of mucous nasal discharge of 7% of donors,
whereas PMC signals of small intensity at g =4.3 occurred in the spectra of
38% ofdonors [63].

Figure2-18. The EPR spectrum ofhuman nasal secretion. Theregistration conditions:
temperature - 77°K, SHF power- 5 mW, magnetic field scanning velocity - 50 mT/min, HF
modulation - 0.5 mT, the time constant-0.3 sec.
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2.4.1 FreeRadicals

As mentioned previously, one of the most important parameters of the
EPR signal of free radicals is g factor whose value is determined by FR

structure (table2-5).

Table 2-5. g-Factorrange for free radicals ofvarious nature

Range ofvalues Radicals
2.0023 Freeelectron
2.0030-2.0050 Serniquinones
2.0050-2.0060 Nitroxides
2.01-2.02 Peroxides
2.02-2.06 Thiyl radicals

g-Factor is of great importance in FR identification by EPR spectroscopy
p4-66].

Using the EPR method the g-factor and the signal line half-width (AH) of
free radicals were determined in the discharge ofnasal mucous membrane.
For this purpose 23 men and women 18-57 years of age, without inflam-
matory changes ofthe upper respiratory tracts were chosen as donors. Their
occupation was not connected with exposure to unfavourable environmental
factors.

The FR EPR signal ofnasal secretion represents a slightly asymmetrical
singlet in the region of g-factor = 2.00, which is easily saturated with SHF
power.

In most cases (70% ofexamined individuals) the FR EPR signal g-factor
was within arange from 2.0024 to 2.0028. Its average value 2.0026 + 0.0002
did not differ from the corresponding g-factor observed in the blood plasma
EPR spectrum of healthy donors 2.0025 = 0.0002. The AH value of EPR
signal of NMM discharge 1.20 = 0.02 mT is somewhat larger than that of
bloodplasma 1.10+=0.02 mT; P<0.01) [67].

It is most likely that FR EPR signals of normal donor nasal secretion
commonly correspond to cations and anions ofpolycyclic hydrocarbons [65]
and more seldom to those of other classes of free radicals, in particular,
flavosemiquinones.

The similarity of spectral characteristics of the EPR signal of NS and
blood plasma free radicals suggests that, like in blood plasma, similar
electron transport mechanisms responsible for final optimal level ofredox
processes function occurin NS. Therefore, the NS free radical EPR spectrum
can be considered as a summarized EPR signal arisen from not only free
radical complexes present in the secretion of glands and NMM goblet cells,
but also from free radicals incoming due to transudation from the micro-
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circulation channel. Some changes ofthe EPR spectral parameters can be
related with fluctuations in the content of semi-oxidized ubiquinone forms in
nasal secretion [68].

2.4.2 Nasal Secretion Metal-Proteides in Volunteers

For assignment of the EPR signal at g = 4.3 the nasal secretion (1 ml)
with addition 0f0.01 ml 0of0.01 M FeS0, solution was cooled to 77°K and
examined using EPR spectroscopy. The spectrum showed a 13-fold increase
in the content of PMC at g = 4.3 after FeS0, introduction. The spectral
shape was characteristic of Fe** with albumin Fe** (absence of splitting on
the top and ofjag on the descending curve typical ofthe transferrin signal)
(Figure 2-19).

For assignment ofthe EPR signal at g = 2.05 the EPR spectrum of 0.05
ml ofthe nasal cavity discharge with addition 0f0.01 ml 0f0.01 M sodium
diethyldithiocarbamate solution was studied. In this case a signal with a
characteristic superfine structure caused by the Cu>*-DEDTC complex was
observed in the spectrum (Figure 2-20) [8,69].

On FeS0, introduction the nasal secretion EPR spectrum shows a
decrease in the Cu?* concentration from (0.89 £ 0.09) x 105 M to (0.57 =&
0.099) x 10-5 M; P <0.05) alongside with a decrease in the signal g =4.3
(Figure2-21).

Figure 2-19, EPR spectra: A - of human nasal secretion after incubation with a FeS0,
solution; B - blood plasma transferrin. The registration conditions: temperature - 77°K, SHF
power - 5 mW, magnetic field scanning velocity - 10 mT/min, HF modulation - 0.5 mT, the
time constant- 0.3 sec.
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Figure2-20, The EPR spectrumofhuman nasal secretion after incubation with DEDTC
solution. Theregistration conditions: temperature - 77°K, SHF power- 5 mW, magnetic field
scanning velocity - 10 mT/min, HF modulation - 0.5 mT, the time constant - 0.3 sec.

Figure 2-21, The Fe** and Cu?* contents of human nasal secretion after incubation with
FeS0,solution.
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This points to ferroxidase activity ofthe nasal mucus copper-containing
protein. After introduction of 0.01 ml of 5% ascorbic acid solution the
intensity of the Cu? signal at g = 2.05 in the EPR spectrum of nasal
secretion is reduced from (1.01 £0.13)x 105 M to (0.73 £=0.08) x 10 M (P
< 0.05) (Figure 2-22). This suggests copper-containing protein to possess
ascorbatoxidaseactivity[68].

Figure 2-22. The ion Fe** and Cu?* contents ofhuman nasal secretion after incubation with an

ascorbic acidsolution.

25 TEETH

EPR spectroscopy was used for the examination ofhuman tooth enamel
dried at 400°C. The enamel EPR spectrum shows three spectral components:
one corresponds to CO;* signal and two arise from CO,- signals. The latter
two radicals can be differentiated by anisotropy of the tooth enamel EPR
spectrum. One ofthem is independent on the orientation of enamel blocks
and disappears upon heating. It was assigned to a surface radical. The other
CO,- component is mainly responsible for the angular orientation ofenamel
blocks and belongs to the bulk position. The COs* ion angular orientation is
discussed. These results can be of help in interpreting the EPR spectra of
toothenamel [70].
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2.6 CONTENTS OFSTOMACH

The following paramagnetic centers have been found in the stomach con-
tents: Mn?* (a six-component EPR signal), a Hem-NO (signal with line half-
width 7.5 mT and maxima at g = 2.1, 2.07, 2.007 and 1.98 with a triplet
structure) and centers characterized with g = 2.007 and splitting of 1.5-1.6
mT (Figure 2-23) 8, 16, 71].

Figure 2-23. The EPR spectrum of human stomach contents. The registration conditions:
temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 10 mT/min, HF
modulation - 0.5 mT, the time constant - 0.3 sec.

The application of EPR spectroscopy Hem-NO studies has been consid-
ered in a recent review [72]. The Hem-NO signal was fixed in tumor cells
and in the blood of animals exposed to nitrites and other toxic compounds
[73-76]. This signal was also present in the spectra tumors of human liver,
large intestine and stomach. It is most often found in necrotic area of tumor
[77]. Inthe EPR spectrum ofthe hemoglobin-NO (Hb-NO) complex a signal
at g, =2.065, g,=2.01 and g, = 2.005 was observed. After introduction of
sodium dodecylsulfate or salicylate into a Hem-NO solution a triplet super-
fine structure at g = 2.01 (g,, = 2.094, g, = 2.051 and g, = 2.009) and
splitting 1.7 mT. This suggests that the unpaired electron in Hem-NO 1is
mainly localized on the Fe atom orbital. Antibonding of the hemoglobin
structure with sodium dodecylsulfate or salicylate increases the unpaired
electron density on the NO nitrogen atom [78-80]. A triplet superfine struc-
ture with a center at g = 2.01 also appears on addition of inositol-
hexaphosphate, a hemoglobin allosteric effector [81]. Analogous data were
obtained in EPR studied of Hb-NO and Mb-NO the Q-range [82].
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The nitrosyl complexes can form cytochromes, peroxydases, catalases
and other enzymes. The signal shape is specific for each type of
hemoproteins which allows them to be distinguished. For instance, a Hem-
NO signal was recorded in the EPR spectrum of human hemoglobin [83],
mosquito monomeric hemoglobin [84], cytochrome P.,, of animal and
bacterial microsomes [85], cytochrome "C" [86].

In healthy animals hemoglobin-NO is produced only after introduction of
considerable amounts ofnitrite [73, 83].

Hem-NO EPR signals are recorded in animal tissues during metabolism
of biologically active substances containing nitro- and nitroso groups (5-
nitrofuran, dimethylnitrosourea derivatives, etc.) [87]. These signals appear
as aresult of NO production from the above compounds.

In the stomach contents, in the presence of hem-containing groups
(hemoglobin, myoglobin, catalase, cytochromes, efc.), Hem-NO can form
nitrates or nitrites, nitrate- and nitrite-reducing enzymes or microorganisms
containing the above enzymes. Hem-NO also appears at pH above 3.0, i.e.,
under reduced acidity, which promotes the development ofmicroflora.

Maximum Hem-ON concentration is recorded in the sample taken from
the empty stomach (Figure 2-24).

Figure 2-24. The dependence of Hem-NO concentration (S is an area below the Hem-NO
absorption curve) on the gastricjuice portion (N).

The probe-assisted extraction ofthe stomach contents causes irritation of
the stomach, thus stimulating peristalsis and evacuation. This reduces the
Hem-NO concentration in the basal and stimulated portions.

Thus, it is likely that nitrate- and nitrite-reducing microorganisms act as
NO-transporters to the human stomach. This can be supported in the fol-
lowing way. The addition of0.5 ml ofhemolyzed erythrocytes to 10 ml of
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stomach contents increases two-fold the Hem-NO signal intensity (2 h incu-
bation at 37°C), whereas the introduction 0f0.5 ml of 1 M NaNO; results in
a 1.4-fold increase (table 2-6). This suggests that in the stomach the content
of NO precursors is higher than that of Hem.

Incubation of 10 ml of gastric contents with addition of 0.5 ml of 1 M
NaNO; and 0.5 ofhemolyzed erythrocytes leads to a sharp increase in Hem-
NO concentration at 37°C (table 2-6).

Table 2-6. The effect ofhemolyzed erythrocytes and NaNO; on the Hem-NO concentration in
the stomach contents (M+m)

Hem-NOconcentration (10°M) Concentrationgain
Ingredients added before the test afterthe test
Hemolyzed 84+ 1.16 15.842.11 1.9+£0.06
erythrocytes
NaNO; 8.4+1.16 12.0+1.67 1.4£0.07
Hemolyzed 8.4+ 1.16 121.7+£40.78 11.8£2.85
erythrocytesand
NaNOs

Maximum concentration is observed after 1.5-3 h, further it decreases
and completely disappears after 24-48 h (Figure 2-25).

Figure 2-25. The dependence of Hem-NO concentration (S is an area below the Hem-NO
absorption curve) in the donor gastric juice on the incubation time at 37°C with addition of
0.5 mlof 1 MNaNO; and 5 ml ofhemolyzed erythrocytes.
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There is a close relation between the Hem-NO level and the content of
microorganisms in the stomach. From the empty stomach portion the fol-
lowing bacteria were sown out in concentrations ranging from 104 to 107
cellsin 1 ml: Bifidobacteria, Lactobacilli, Bacteroides species, Clostridium
species, Yeasts, Proteus mirabilis, Proteus vulgaris, Streptococcus viridans,
Streptococcus anhaemoliticus, Bacteroides fragilis, Citrobacter, Entero-
bacter[88].

Thus, Hem-NO appears in the stomach contents owing to the
reproduction ofnitrate- and nitrite-reducing microorganisms which form NO
bound to hem-containing groups [8, 89],

The Mn* signal having a characteristic six-component superfine struc-
ture can be detected in the spectrum of stomach contents only in the presence
ofduodenal-gastric reflux (Figures 2-26, 2-27) [90, 91].

Figure 2-26. The EPR spectrum of human gastric juice at a moderate duodenum-gastric
reflux. . The registration conditions: temperature - 77°K, SHF power- 5 mW, magnetic field
scanning velocity - 10 mT/min, HF modulation - 0.5 mT, the time constant-0.3 sec.
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Figure 2-27. The EPR spectrum of human gastric juice at a clearly-expressed duodenum-
gastric reflux The registration conditions: temperature - 77°K, SHF power- 5 mW, magnetic
field scanning velocity - 10 mT/min, HF modulation-0.5 mT, the time constant- 0.3 sec.

2.7 DUODENAL CONTENTS

Normal duodenal contents consists ofthree portions: A, B and C. Portion
A represents a mixture of stomach and duodenum contents including pancre-
aticjuice, some bile, intestinal juice. Portion B contains mainly bile from the
gallbladder. Portion C represents a bile from the hepatic duct.

Portion A of the duodenal contents gives a complex EPR spectrum
(Figure 2-28) representing imposition of PMC signals from gastric and
duodenal contents, pancreaticjuice and bile [8, 92].

In the spectra of portions B and C there is a six-component Mn** signal
and a signal with SFS at g; and g, - 2.077 and 2.018, respectively (Figures
2-29,2-30) [8,92].

As mentioned above, portion B is closely related to the bile cyst. There-
fore, bile 0f 22 patients with chronic calculous cholecystitis collected during
cholecystectomywasexamined.

The bile was taken under strictly sterilized conditions without any contact
with rubber items. The bile sample of one of the patients, a woman of 55
years ofage, can serve as an example.
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Figure 2-28. The EPR spectrum of human duodenal contents (portion A). The registration
conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 10
mT/min, HF modulation - 0.5 mT, the time constant- 0.3 sec.

In the EPR spectrum ofher bile there were Cu?* and Mn** signals as well
as signals at g = 6.0 and 4.3 corresponding to high-spin Fe** and low-spin
Fe, respectively (Figure 2-31) [8,92].

The signal arising from bile Cu?* (Figure 2-32) is like that in the EPR
spectrum ofceruloplasmin in an alkaline medium [93].

At a 2-3 h contact of bile with rubber there appears an EPR Cu?* signal
(Figure 2-33) identical to that in the spectrum of duodenal contents taken
with a rubber probe (figs 2-29,2-30).

A similar signal was fixed in the EPR spectra of cells of microorganisms
and animal tissues treated with xanthogenates and some organic solvents
(dimethylformamide, acetone) [69]. An analogous signal was also observed
in the EPR spectrum ofhuman plasma and blood serum specimens after be-
ing in contact with rubber items (gloves, plugs, etc.) [94]. This was
explained by the fact that ceruloplasmin Cu?* was bound to sulfur-containing
rubber vulcanizes of Altax type bringing about an EPR signal identical to
that observed in the duodenal contents and bile after extraction ofthe sam-
ples with a rubber probe.

In order to support this suggestion DEDTC, an Altax analog was added
to the bile. The shape of Cu?* EPR spectra was identical to that of the spec-
trum of duodenal contents withdrawn by a rubber probe. Consequently, the
EPR signal observed corresponds to Cu?.
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Copper in the bile seems to be of serum origin and bound to ceruloplas-
min[95].

The EPR signal at g = 6.0 is caused by MetHb Fe** and its derivatives
which are removed with the bile in large amounts from the organism [96]. In
the EPR spectrum ofhuman 5-lipoxygenase, a non-hem iron-containing en-
zyme, a strong multicomponent signal with g = 6.0 appears upon titration
with an oxidant (13-hydroperoxyoctadienoic acid). The signal approaches its
maximum when approximately 1 mol ofthe titration reagent is added. The
signal at g =4.3 in the EPR spectrum ofthis enzyme is less than 3% ofthe
total iron content. Addition ofareducing agent (hydroxyurea) cancels the g
= 6.0 signal. This indicates the signal at g = 6.0 signal to arise from the Fe*
formofS-lipoxygenase [97].

Figure 2-29. The EPR spectrum of human duodenal contents (portion B). The registration
conditions: temperature - 77°K SHF power - 5 mW, magnetic field scanning velocity - 10
mT/min, HF modulation - 0.5 mT, the time constant-0.3 sec.
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Figure 2-30. The EPR spectrum ofhuman duodenal contents (portion C). The registration
conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 10
mT/min, HF modulation - 0.5 mT, the time constant- 0.3 sec.

Figure 2-31, The EPR spectrum of human B-bile (Patient Ts-va, case record N 6284). The
registration conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning
velocity speed - 50 mT/min, HF modulation - 0.5 mT, the time constant-0.3 sec.
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Figure 2-32. The EPR spectrum of human B-bile (prior to any contact with a rubber item).
The registration conditions: the temperature - 77°K, SHF power - 5 mW, magnetic field
scanning velocity - 10 mT/min, HF modulation - 0.5 mT, the time constant- 0.3 sec.

Figure 2-33. The EPR spectrum ofhuman B-bile (after the contact with a rubber item). The
registration conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning
velocity - 10 mT/min, HF modulation - 0.5 mT, the time constant - 0.3 sec.
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The EPR signal at g =4.3 is related to Fe** occurring most likely in lacto-
ferrin [98]. Many other blood plasma proteins such as albumin, transferrin,
lactoferrin are excreted with the bile [99].

Mn?* in the duodenal juice seems to be involved in phosphatase, DNA-
ase, RNA-ase [30]. Some portion ofthejuice comes from the pancreas, since
its content in portion C is higher than in portion B (6.1 #=0.60) x 10-* M and
(3.1 =0.36) x 10 M, respectively. The pancreas contains a considerable
amount ofmanganese releasing into the duodenum [100].

The Cu* and Mn** contents in portions B and C differ only quanti-
tatively. Portion B contains slightly more Cu?* (1.0 £0.06) x 105 M and (0.9
+0.07)x 105Mand (3.1 £0.36) x 10°M and (6.1 +0.60) x 10 M, respec-
tively.

2.8 SYNOVIAL FLUID

Synovial fluid (SF) resulted mainly from plasma dialysis acts as synovia.
Only small and, on rare occasions, slightly larger size molecules penetrate
SF due to gel-filtration through sinovial cells. The SF viscosity is ensured by
hyaluronic acid. The major SF properties are dependent on various patho-
logical conditions. This allows differentiation of dystrophic and pathologic
diseases ofjoints [101].

Investigation ofthe synovial fluid composition provides an informative
method in the diagnostics of various diseases ofjoints. In the synovial fluid
of patients with rheumatoid arthritis (RA) and deforming osteoarthrosis
(DOA) paramagnetic centers ofthree types were observed (Figures 2-34, 2-
35). They correspond to the following EPR signals: g = 4.3 (Fe*"), 2.05
(Cu*) and free radical with g 2.0024-2.0029, AH 0.6-0.8 mT ofunidentified
nature[102, 103].

It is suggested that the g = 4.3 signal is caused by transferrin Fe** since
the g factor value and form (characteristic splitting in the upper maximum
and ajag on the descending line) are coincident with the Fe3* spectrum. The
g=2.05 signal is most likely to correspond to Cu?* atoms incorporated into a
protein ofceruloplasmin type.

This suggestion was confirmed using an EPR spectrum of rheumatoid
synovial fluid (1 ml) after addition of 0.2 ml of 0.01M FeS0,4 solution. It
turned out that the amplitude ofthe EPR signal at g = 4.3 having a charac-
teristic spectral form ofthree valence iron on transferrin had increased more
than ten-fold, whereas that of the signal at g = 2.05 decreased 4 times
(Figure2-36).
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Figure 2-34. The EPR spectrum of synovial fluid of a patient with rheumatoid arthritis
(Patient M-ova, case record N 967/9423). The registration conditions: temperature - 77°K

SHF power - 5 mW, magnetic field scanning velocity - 50 mT/min, HF modulation- 0.5 mT,
the time constant- 0.3 sec.

Figure 2-35. The EPR spectrum of a patient with osteoarthrosis deformans (Patient Ch-va,
case record N 414/4488). The registration conditions: temperature - 77°K SHF power - 5

mW, magnetic field scanning velocity - 50 mT/min, HF modulation - 0.5 mT, the time
constant- 0.3 sec.
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Figure 2-36. The EPR spectrum of synovial fluid ofa patient with rheumatoid arthritis (after
exposure to a FeS0, solution) (Patient M-ova, case record N 967/9423). The registration
conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning velocity - 50
mT/min, HF modulation - 0.5 mT, the time constant-0.3 sec.

This shows that Fe?* is oxidized to Fe** by Cu?* of the rheumatoid syno-
vial fluid. Besides, this is also indicative of the presence in the fluid of a
considerable amount ofprotein of TF type unbound to iron.

Quite a different picture is observed in the rheumatoid synovial fluid (1
ml) drawn from DOA patients. The addition of 0.2 ml 0of0.01M FeS0, solu-
tion did not cause such an intensive rise of the Fe** level. This indicates
either poor ferroxidase activity of'the fluid or the presence of a decreased
number oftransferrin molecules, or saturation with Fe* [102, 103].

2.9 FECES

The EPR spectra of normal human feces display the following signals
(Figures 2-37, 2-38): at g = 6.0 corresponding to Fe** of MetHb and its de-
rivatives, at g =4.3 arising from low-spin Fe?*, Cu** with characteristic SFS,
a six-component spectrum ofMn?*, Hem-NO, and free radicals [8].
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Figure 2-37. The EPR spectrum of human feces. The registration conditions: temperature -
77°K SHF power - 5 mW, magnetic field scanning velocity - 50 mT/min, HF modulation -
0.5 mT, the time constant-0.3 sec.

Figure 2-38. The EPR spectrum of human feces. The registration conditions: temperature -
77°K SHF power - 5 mW, magnetic field scanning velocity - 10 mT/min, HF modulation -
0.5 mT, the time constant-0.3 sec.
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To elucidate the source of paramagnetic centers in feces the large intes-
tine microorganisms were isolated. In feces anaerobes of the Bacteroides
genus as well as E. coli and Citobacter aerobes were mainly found.

Figures 2-39 and 2-40 show the EPR spectra of E.coli aerobes, whereas
in Figures 2-41 and 2-42 Bacteroides anaerobes are presented (their content
is nearly the same in all samples: approximately 109 ofcells in 1 ml). In the
EPR spectra of anaerobes the Mn?* signal is fixed whereas Fe’* signal is ab-
sent. In anaerobes, on the contrary, the Mn?* content is very low (Figure 2-
40) (Mn* is observed only under maximum amplification of the
spectrometer), the Fe** content being high.

Figure 2-39. The EPR spectrum of pure culture of E.coli aerobes from human feces. The
registration conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning
velocity - 50 mT/min, HF modulation - 0.5 mT, the time constant- 0.3 sec.

Figure 2-40. The EPR spectrum of pure culture of E.coli aerobes from human feces. The
registration conditions: temperature - 77°K, SHF power - 5 mW, magnetic field scanning
velocity - 10 mT/min, HF modulation - 0.5 mT, the time constant- 0.3 sec.
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Figure 2-41. The EPR spectrum ofpure culture ofBacteroides anaerobes from human feces.
The registration conditions: temperature - 77°K, SHF power - 5 mW, magnetic field
scanning velocity - 50 mT/min, HF modulation - 0.5 mT, the time constant - 0.3 sec.

Figure 2-42. The EPR spectrum ofpure culture of Bacteroides anaerobes from human feces.
The registration conditions: temperature - 77°K, SHF power - 5 mW, magnetic field
scanning velocity - 10 mT/min, HF modulation- 0.5 mT, the time constant-0.3 sec.

In human ferrochelatase non-heme Fe was revealed (approximately 2
mole per 1 mole ofthe purified enzyme, M(r) = 40.000). The EPR spectrum
ofthe dithione-reduced enzyme showed the presence ofa [2Fe-2S]* cluster
with 1/2 spin and a high-spin Fe* heme. The educed enzyme gives rise to an
EPR signal g=2.00, 1.94, 1.91 which readily saturates at low microwave
power below 10°K. The signal is observed without significant broadening at
temperatures up to 100°K. The Fe-S cluster is labile and gradually disap-
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pears with concomitant loss of enzyme activity when the enzyme is stored
aerobically at 4°C over a period of 24 h [104].

Colon bacillus (E.coli) contains significant amount of Fe in both heme
and non-heme forms. Recombinant human microsomal heme oxygenase-2
contained in £.coli was studied using EPR spectroscopy. AtpH = 7 the ferric
heme is six coordinate high-spin and six coordinate low-spinatpH> 7 (pK a.,
= 8.5). The reaction with hydrogen peroxide converts the heme ofthe heme
oxygenase-2 fragment complex into a verdoheme-like product. The oxida-
tion of 3-chloroperbenzoic acid leads to an oxoferryl derivative. As the
spectroscopic properties of heme oxygenase-1 and heme oxygenase-2 are
similartheircatalytical mechanism seems to be identical [ 105].

The same authors [106] have shown that it is His-45, but not His 152,
that represents the heme proximal ligand in hemoxygenase-2, whereas His-
152 plays a structuring role in the enzyme protein stabilization [106].

Thus, in the EPR spectrum of feces main contribution to the Mn* signal
is made by anaerobes, whereas aerobes are responsible for the Fe signal. It
should be noted that anaerobes show higher FR concentrations [107].

In feces Hem-NO is formed ofnitrates, nitrites and heme brought to the
intestine with food, water, bile and saliva [108]. In the intestine there are
nitrate-andnitrite-reducingmicroorganisms [109].

In diarrhea clearly defined signals at g = 6.0 and Hem-NO appear in the
EPR spectrum the Cu?* and Mn?* contents are decreased (Figures 2-43 and
2-44). This seems to be related to changes ofthe intestinal microflora and
increased water contentinfeces [110].

Samples offeces were collected at different time ofthe day depending on
human individual physiological features. Normally the samples were pre-
pared not later than 18 h after evacuation. Therefore it was thought
reasonable to study the effect of feces storage time at room temperature on
the PMC concentration (table 2-7). The samples were stored in glass vials
over a period of24 h at room temperature. The EPR spectra were run every
other 12 and 24 h.

Table 2-7. Concentration dynamics ofFe* (mcmol/l), Mn?* (10 M) and Hem-NO (10 M)
indonors’ feces during storage (M+m)

S* Initial values 12 h later 24 h later
Fe3+ Mn2+ Hem- Fe3+ Mn2+ Hem- Fe3+ Mn2+ Hem-
NO NO NO
M  66.0+ 103+ 144+ 67.6£ 10.6= 14.6= 634+ 9.9+ 14.8+
5.10 0.83 1.09 4.30 0.55 1.19 5.30 0.80 1.19
952+ 73+ 13.5+ 998+ 6.9+ 143+ 913+ 6.9+ 14.8 +
7.40 0.29 2.06 7.90 0.39 2.23 7.30 0.34 2.11

Note: P>0.05 in all cases; S - sex
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Figure 2-43. The EPR spectrum ofhuman feces. The registration conditions: temperature -
77°K SHF power - 5 mW, magnetic field scanning velocity - 50 mT/min, HF modulation -
0.5 mT, the time constant-0.3 sec.

Figure 2-44. The EPR spectrum ofhuman feces. The registration conditions: temperature -
77°K, SHF power - 5 mW, magnetic field scanning velocity - 10 mT/min, HF modulation -
0.5 mT, the time constant-0.3 sec.
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A tendency toward decreasing the Fe’* and Mn?* concentration and in-
creasing the Hem-NO content after 24 h storage has been established.
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Chapter 3

PARAMAGNETIC CENTERS IN THE
ORGANISM OF VOLUNTEERS AND PATIENTS
IN VARIOUS PATHOLOGICAL STATES

3.1 BIOLOGICAL SUBSTRATES OF NORMAL
INDIVIDUALS

Investigation ofparamagnetic centers in biological substrates has opened
fresh opportunities for detailed understanding of physiological state of vol-
unteers and elucidation of in-depth pathogenic mechanisms on cellular and
molecular level. Paramagnetic centers give an exact and fine picture ofthe
state of metabolic and general functional activities oftissues and the organ-
ism as a whole [1-4]. The use of EPR spectroscopy method in medicine and
biology provides valuable information on paramagnetic regularities of
physiological processes.

Examination of plasma and erythrocyte PMC of volunteers was mainly
performed with "regular donors" (RD) (giving blood 2-3 times ayear). It has
been found that independently ofthe length of donation, in blood plasma of
men the concentration of Fe** was higher and of Cu*-ceruloplasmin was
lower than in women [5]. Earlier investigation has not revealed any signifi-
cant sex-dependent differences in the Fe3* and Cu?*-CP contents [6-8]. This
appears to be due to the fact that the authors did not study differentially the
plasma of donors giving blood for the first time (new donors, ND) and of
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regular donors. Furthermore, many physiological loads (heavy physical la-
bor, sport, etc.) cause iron-deficient state. This means that selection of
donors should be done very carefully.

The Fe** content in RD blood plasma is always lower than in that of new
donors (regular donors giving blood for a long time exhibit latent iron-
deficiency)(table3-1)[9-11].

Table 3-1. PMC content in donor blood plasma depending on the length ofdonation (M £m)

Blood plasmaPMC New donors Regulardonors

men women men women
Iron (EPR) (mcmol/1) 21.6+0.3 16.0£0.3 144+1.7 11.8+1.1
Iron (BP) (mcmol/l) 23.7+0.5 17.5+0.5 17.0+1.9 14.5+1.2
Difference between the 95+1.1 9.0+1.3 20.0+ 1.9 26.0+1.9
ironcontentdetermined
by BP and EPR methods
(%)
CU=-CP (10°M) 1.7+0.1 1.8+£0.02 1.5+0.1 1.5+0.1
FR (10M) 0.5+£0.0 0.5+0.01 0.5+0.1 0.5+0.0
o.-Tq (10°M) 2.3+0.1 2.4+0.06 2.2+0.1 2.3+0.1

The Fe** content in male regular donors decreases to a greater extent than
in women (34% and 26%, respectively). Evidently, in women a more effi-
cient iron-deficiency compensation has been developed during the long
evolutionperiod.

In male and female regular donors the decrease in Cu?* ceruloplasmin
level is likely to be due to enhanced incidence ofhepatitis and other hepatic
lesions leading to liver malfunction, in particular, ceruloplasmin production.
Serum hepatitis markers are known to be met not infrequently among donors
giving blood for a long time [12, 13]. The MetHb concentration in erythro-
cytes is higher in donor giving blood for a long time compared with new
donors (table 3-2). Normal MetHb content ranges from 0.5 to 6.0 g/1 [14].
According to EPR data the maximum MetHb content in donors amounts to
0.9¢g/1[9].

Table 3-2. PMC content in erythrocytes of healthy donors depending on the length of
donation (M +m)

Erythrocyte Newdonors Regulardonors

PMC men women men women
MetHb, (g/1) 0.7+0.02 0.8+0.03 0.8+0.05 0.8+0.05
CU~SOD, 0.9+0.04 0.8+0.04 0.7+0.05 0.7£0.03
(10-M)

FR, (10-M) 1.2+£0.03 1.24£0.03 1.3+0.06 1.4+0.09

a-Tq, (10°M) 1.7+0.04 1.7+0.05 1.6+£0.05 1.6+0.05
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The role oferythrocyte MetHb is being discussed for a long time. Using
EPR spectroscopy the mechanism of lipid reorganization in oxidized cells
was examined. It is found that the products ofhemoglobin oxidation absorb
fatty acids from solution, thus taking part in lipid distribution in the erythro-
cytemembranes [15].

EPR spectroscopy was used to study the reaction of human MetHb with
hydrogen peroxide. On addition of H.O:the EPR signals (77°K) of high-spin
and low spin MetHb rapidly decreased and two EPR signals offree radicals
formed. One ofthese was an anisotropic signal (g;=2.035 and g;=2.0053),
the other being an isotropic singlet (g =2.0042, DH 2 mT) [16]. The inter-
conversion ofthe Fe** EPR signal in solution between the high-spin (g = 6.0)
and low-spin forms (g = 2.00) was quantitatively studied as a function of
hydration. Dehydration causes a loss of paramagnetism leading to the ap-
pearance of about 40% Fe** below 0.40 H,O/gHb. The remaining 60% of
Fe* EPR signals at g = 6.0 is distributed in both the high-spin and low-spin
forms (5% and 55%, respectively). Removal ofwater leads to displacements
and torsion of'the F helix changing the iron coordination at proximal site

71].

[ the increased hemoglobin stability against autooxidation is very impor-
tant when erythrocytes are used in clinical practice. Independently ofthe Hb
concentration, HbO, shows a more stable in water-containing solvents (etha-
nol, butanol, ethyleneglycol, glycerol) than in water. A study ofthe effect of
alcohol on the temperature denaturalization of MetHb has shown MetHb to
be less stable in ethanol and butanol than in water. In glycerol and ethyle-
neglycol the opposite is observed [18].

It is possible that erythrocytes need MetHb in small amounts. Normal
MetHb content in functioning erythrocytes is controlled by certain bio-
chemical systems. Thus, a relationship between the MetHb content in
erythrocytes and the glutathione reductase activity has been revealed. The
correlation coefficient in men and women is -0.7 and -0.8, respectively. This
means that the more active GR the lower the MetHb level. Glutathione re-
ductase is a transporter of SH groups reducing Fe* to Fe2* [19,20].

In the hemoglobin molecule there are proximal and distal histidines (His)
which control binding ofligands, thus preventing Fe** oxidation. Hemoglo-
bin having one ofthe histidines substituted by tyrosine either in the a- orin
B subunits, is called mutant hemoglobin (HbM). Since HbM-invaded pa-
tients are cyanotic ones, all the mutant subunits circulating in the blood are
supposed to be oxidized. Nevertheless, the patients with HbM Saskatoon
exhibit smaller cyanosis. Under anaerobic conditions the mutant subunit
HbM Saskatoon is reduced by MetHb-reductase purified from human eryth-
rocytes, at a rate needed for complete reduction of the HbA (MetHb)
oxidized form. Some amount of mutant subunits in HbM (Boston and Sas-
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katoon) remains reduced in the fresh blood. All the mutant subunits in HbM
give an EPR signal caused by factor g anisotropy at g = 6.0 comparable with
that at g = 6.00 ofthe oxidized normal Hb. Nevertheless, the EPR method
enables rapid identification and differentiation ofthe two Hbs from normal
and mutant subunits in a small amount ofblood. The oxidized Hb (MetHb)
of normal subunits of patients has an EPR signal only at g = 6.00. In the
EPR spectrum ofmutant subunits HbM Saskatoon (J -63His—>Tyr) there is a
triplet at g= 6.7, g, = 6.00 and g, = 5.3, whereas in the EPR spectrum of
HbM Boston (o -58His —>Tyr) there is atriplet at g,= 6.3, g=6.00 and g, =
5.7, respectively. The extent ofoxidation ofmutant subunits is higher than in
normal ones. Over 50% of mutant subunits remain reduces in circulating
blood. Careful shaking of fresh blood at 37°C for 15 h in air leads to auto-
oxidation ofnormal and mutant subunits at different rates. Possibly NAD.H-
MetHb reductase is involved in maintenance ofthe reduced mutant subunits
ofHbM Saskatoon [21].

In regular donors the free radical level is higher compared to that of do-
nors giving blood for the first time (new donors). This indicates
glutathionereductase system (GRS) activation, seemingly related to both in-
creasing the MetHb level and enhancing hemolysis during storage. Donors
giving blood for a long time exhibit a lowered erythrocyte Cu?* level. This
suggests an increased activity of superoxide dismutase [22,23].

Oxygen radical anion serves as a substrate for SOD. The activation of
SOD shows an increasing concentration ofsuperoxide radical anion.

The transferrin Fe** content on the erythrocyte surface is so small that
could not be detected in 53% of men and 48% of women. The a-
tocopherylquinone content in erythrocyte and plasma does not change
depending on sex and age.

A nasal secretion examination was carried out in 19 women and 34 men
from 16 to 56 years ofage admitted to the otorhinolaryngologic hospital for
planned surgery of curved nasal septum. In most patients the nasal mucous
membrane was ofpale pink colour and pathologic discharge was absent. The
Fe3*, Cu** and FR PMC concentration in the nasal mucous membrane
discharge was 14.1+0.2 mcmol/l, (2.0 0.2)x 10 and (0.9 £0.04) x 10M,
respectively. The concentration was independent either on sex or on age [24-
26],

The Mn?* concentration in the saliva of women donors is approximately
40% lower than in male saliva (table 3-3). The presence of Fe** in male sa-
livais observed more frequently.
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Table 3-3. The Mn*content in donor saliva (M £m)

Examined groups Mn2, (10M)
Men 10.29+0.38
Women 6.23+0.42

In the stomach contents Hem NO has been found in the same amount in
70% ofdonors of both sexes (table 3-4).

Table 3-4. The Hem-NO content in stomach contents (M+ m)

Examined groups Hem-NO, (10-M)
Women 9.8+1.28
Men 6.6+ 1.88
Total 8.4+1.18

Any reliable difference in the Mn* and Cu** content in duodenal
contents ofmale and women donors has not been revealed (table 3-5).

Table 3-5. The PMC content in duodenal contents (M+m)

Portion PMC Men Women Total
"B" Mnz (10°M) 3.3+0.33 2.7+0.79 3.1+0.36
o Cuz (10° M) 0.9+0.08 1.0£0.11 1.0£0.06
C Mnz (10 M) 6.8+0.75 49+0.73 6.1+0.60
Cuz (105 M) 09+0.13 1.5+0.39 1.0+£0.07

In feces of women the EPR signal level at g = 4.3 is higher than that in
men (table 3-6). The source ofthis Fe** signal is mainly located in aerobic
microorganisms and, possibly, in lactoferrin [27]. As known, in normal iron
metabolism lactoferrin inhibits iron absorption in the gastro-intestinal tract
[28, 29]. This was also observed in the donors examined. In men the Fe*
level in plasma and feces was 21.6 + 0.3 and 57.5 £+ 2.0 mcmol/l, whereas in
women these values were 16.0 = 0.3 and 86.4 &= 3.4 mcmol/l, respectively

[30].

Table 3-6. The PMC contentin feces (M £m)

PMC Men Women
Fes (mcmol/l) 57.5+2.00 86.4+3.39
Mn2* (105 M) 9.8+0.50 6.4+0.41

Hem-NO (105M) 13.840.52 10.0+0.79
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The fecal Mn?* content brought about by anaerobes of the Bacteroides
genus 1s lower women than in men. Possibly Mn?* is brought to feces from
the duodenal or with saliva. However, there is no correlation between the
Mn?* concentration in the duodenal contents, feces and saliva.

The Hem-NO concentration in woman donors is reliably lower than in
man donors. This seems to be caused by nitrosamines incoming from to-
baccosmoke[31].

Thus, in biological substrates of normal human organism there are di-
verse paramagnetic centers involved in biochemical processes.

3.2 ISCHEMIC HEART DISEASE

Diseases ofcardiovascular system give very high morbidity and mortality
rates. The ischemic heart disease (IHD) occupies the first place among these
lesions. The EPR spectroscopy method is a guide to some aspects of patho-
genesis of cardiac and vascular diseases. It is also ofhelp in diagnostics ofa
number of diseases and assessment ofthe action ofdrugs. Lipid metabolism
andblood lipoprotein structure are traditionally investigated.

EPR spectroscopy was used for measurements of the surface potential
and apoprotein structure of low-density lipoproteides (LDL) and high-
density lipoproteides (HDL) in the presence of Ca** and dextran sulfate,
heparin and chondroitin sulfate, Addition of Ca** leads to a decrease in the
absolute values of LDL and HDL surface potential. The spectral properties
of spin labeled maleimide covalently attached to the apoprotein were
changed under aggregation of LDL induced by dextran sulfate or heparin in
the presence of Ca?*. In the HDL system this effect is observed only with
dextran sulfate. The influence ofpolyethyleneglycol (PEG) on the spin label
spectral parameters depends on the molecular mass ofthe biopolymer. PEG
4000 decreases the mobility ofthe spin labeled apoprotein region of LDL. At
the same time PEG of higher molecular mass only slightly increases the
maleimide mobility. On the other hand, the maleimide-labeled apoprotein
region of HDL is more sensitive to the mass ofall PEGs. Addition of PEG
causes immobilization ofapoprotein A [32].

To probe the head group of human plasma low density lipoproteins and
very low density lipoproteins (VLDL) the use was made ofnitroxide Tempil
stearate whereas the acyl chain region was probed with spin labeled choles-
tane (ChS1) and methyl ester of 5-doxy1 palmitate MeFASL(10,3). The EPR
data were compared with the model spectrum which acquires a rapid aniso-
tropic motion of nitroxide. The results show that in the head group region of
LDL and VLDL a slowing down ofthe rotation motion occurs at lower tem-
perature. The acyl chain region probed with MeFASL (10,3) is homogeneous
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at physiological temperatures. At lower temperatures, how-ever, the fluid
and immobilized components coexist. The EPR spectrum of LDL indicate a
strong immobilization ChSl axial rotation already at physiological tempera-
tures[33].

Using EPR spectroscopy it is indicated that the lipid packing with spin
labeled TEMPO on the surface of LDL and VLDL may be due to different
intermolecular forces between phospholipids and cholesterol temperatures

34

[ the effect ofenzymatic modifications of HDL(3) surface lipid composi-
tion on their physical properties was studied by EPR spectroscopy. Human
HDL(3) (d: 1.125-1.21 g/ml) was treated either with phospholipase A2 from
Crotalus adamanteus or with sphingomyelinase from Staphylococcus aureus
in the presence of albumin. The degree ofhydrolysis ofthe glycerophospho-
lipids treated in this way ranges from 13% to 81%. Sphingomyelinase leads
to a 31-92% degradation of sphingophospholipids. Glycerophospholiposis
indicates an enhanced rigidity of HDL(3) environment, a decrease in mobil-
ity and an increase in the order ofthe surface lipids. Treatment of HDL(3)
with sphingophospholipase induces fluidization of lipids. All this suggests
the important role ofthe two major phospholipids in controlling the fluidity
and order on the HDL(3) surface [35].

Thyroxin-binding globulin, albumin, prealbumin, immunoglobulins and
lipoproteides represent components of the system of iodothyroxin-binding
human blood plasma proteins. As shown by EPR spectroscopy, this multi-
component system also involves molecular versions of major proteins, the
presence of which is conditioned by genetic and post-translation features of
the synthesis. High-density lipoproteides (apo-1, apoA-1-HDL and HDL3
can also serve as thyroxin transporter in human blood serum [36].

EPR spectroscopy was used to evaluate the effect oflipid peroxidation on
the structure of surface proteolipid layer ofhuman serum low-density lipo-
protein. The results obtained with a positively charged spin label shows that
LPO decreases the mobility ofphospholipid molecule in the regions ofpolar
head and acyl chain to a depth of 1.7 nm from the water-lipid interface. At
relatively high levels ofoxidation (over 6 mmol MDA/g LDL phospholipid)
the lipid phase polarity increases. Lipid peroxidation enhances the mobility
of strongly immobilized labeled maleimide. Oxidation of LDL leads to a de-
creased ability to incorporate spin labeled steroid (androstane) into
lipoproteides compared with native ones. It is suggested that LPO-induced
structural changes of LDL surface are responsible for increased accumula-
tion of cholesterol in human monocytes in the process of their incubation
with oxidized LDL. The cholesterol content in erythrocytes is directly re-
lated to the concentration ofmalonic dialdehyde (MDA) in apo-B containing
lipoproteides, but not in the whole serum. It is thought that free radical modi-
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fication ofserum LDL is an important reason for cholesterol accumulation in
cells and for their transformation to foam cells in the course equilibrium of
atherosclerosis [37]

One way in which oxidized LDL may be involved in atherogenesis is
their ability to release interluekin-1-f (I-1—f3) from monocytes. The effect of
spin trap a-phenyl-tert-butylnitrone (PBN) on lipoprotein oxidation and sub-
sequentrelease of [-1-f was examinedby EPR spectroscopy. PBN attenuates
LDL oxidation and decreases the ability of LPL to release I-1—f3 from mono-
cytes. It is suggested that the ability of this spin trap to inhibit oxidation
requires its incorporation into the LDL particle [38].

a.-Tocopherol (o -tp) can promote lipid peroxidation inhuman LDL inthe
absence ofco-antioxidants which eliminate a-tocopheroxyl radical (.- Tpr)
[39]. The mechanism of 3-HA A antioxidation action was studied. It directly
reduces (o -Tpr). Anthranilic acid lacks the phenoxy1 group and is not able to
do this. 3-HAA dose-dependently inhibits the peroxidation of surface phos-
pholipids and cholesterol esters in LDL lipids treated with oxidants
transforminga.-Tp into o.-Tpr[40-42].

LDL-transported vitamin E is suggested to protect LDL from oxidation.

1. It was shown that a chromanoxyl radical of endogenous vitamin E and of
exogenously added a.-tocotrienol, a.-tocopherol or its synthetic homologs (6-

carbon side chain), chromanol-a -C6 can be directly generated in human

LDL on exposure to UV-light or by interaction with peroxyl radicals pro-

duced either by an enzymatic oxidation system (lipoxygenase + linolenic

acid) or by an azo-initiator, 2,2’-azo-bis(2,4-dimethylvaleronitrile). 2.

Ascorbate can recycle endogenous vitamin E and exogenously added chro-

manols by direct reduction of chromanoxyl radicals in LDL. 3.

Dihydrolipoic acid is not efficient in direct reduction of chromanoxyl radi-

cals but it recycles vitamin E by synergistic interaction with ascorbate

(reduces dehydroascorbate thus maintaining the steady-state ofthe concen-

tration of ascorbate). 4. -Carotene is not active in recycling vitamin E,

however, it can protect LDL against oxidative destruction by reductants of
chromanoxyl radicals. The recycling of vitamin E and other phenolic anti-

oxidants by plasma reductants is suggested to be an important mechanism

for an enhanced antioxidant protection of LDL [43].

Phosphotidylcholine and sphingomyelin are two major high-density
phospholipid lipoprotein. They are localized on the monolayer surface ofthe
particle together with cholesterol and apolipoproteins (Apo), mainly Ano-A-

1. Changes in the surface HDL composition may strongly affect the
metabolism of this lipoprotein. In particular, hydrolysis of phosphotidyl-
choline facilitates absorption of non-esterified cholesterol. Phospholipid
hydrolysis also changes the HDL activity towards lecithin-cholesterol-acetyl
transferase or cholesterol ether-transporting protein. Mechanism of phos-
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pholipid degradation effect on HDL behavior is not well understood yet.
This provoked an EPR study ofthe effect ofphospholipid degradation on the
physical properties ofHDL3 surface. Inthis study spin label 16-doxylstearic,
5-doxylstearic were used. Hydrolysis of glycerophopholipids leads to rigid-
ity of environment, a decreased mobility and an increased order of the
surface lipids. Treatment of HDL(3) with sphingomyelinase, onthe contrary,
induces fluidization oflipids [35].

Cholesterol has always been in the focus of attentions of chemists and
physicians. Along with generally accepted views on its role in the develop-
ment ofatherosclerosis and, finally, of stenocardia and myocardial infarction
there are other viewpoints on cholesterol function in the organism. Patients
with serum cholesterol low concentrations of die more frequently not from
atherosclerotic lesions, but from cancer, diseases of respiratory system and
gastro-intestinal tract. When concentrations ofvitamins E and C and thiols in
blood serum were compared in two groups of 24 patients with correspond-
ingly low and high cholesterol level, the low cholesterol group turned out to
have decreased antioxidant activity, thiols and vitamin E concentration. Thus
hypocholesterolemia may be associated with low serum antioxidant reserve,
possibly increasing susceptibility to oxidative stress [44].

In the treatment of many diseases in internal organs the use was made of
electrochemically prepared sodium hypochlorite (NaOC1) [45, 46]. For im-
provement of this method in medical practice it is necessary to comp-
rehensively study the effect of NaOCl on the blood protein-lipid complexes.
For this purpose a stearic acid-based spin label was used for studying struc-
tural changes in the surface ofproteolipid layer ofhuman blood low-density
lipoproteins peroxidized by sodium hypochlorite. Sodium hypochlorite de-
creases the mobility ofpolar "heads" as well as ofacyl phospholipid chains
ofthe LDL particle and increases polarity ofthe lipid phase at a distance of
1.7 nm from its surface. In deeper layers (2.0-2.2 nm) the structural changes
in LDL are fixed only at NaOCI concentration of over 1 mM [45]. The
mechanism of' sodium hypochlorite action on human blood lipoproteins was
refined by the use of Mn?* as a positively charged spin probe. Hypochlorite
(OC1-) ionincreases the LDL negative surface potential and causes its partial
degradation. High-density lipoproteins seem to be more resistant to the ac-
tion of (OC1-) compared with LDL and especially with very low density
protein[46].

As known, oxygen radicals can damage vascular endothelium. Therefore
they are of importance in the promotion of atherosclerosis [47]. Hydrogen
peroxide (H,0,) and Fe** generate oxidants which initiate free radical reac-
tions. The radicals formed can cause cytolysis. In the H,O, - Fe?* interaction
the hydroxyl radical generates first. HO® is extremely active and initiates
cytolysis via cellular lipid peroxidation. Besides, the reaction of H,O, and
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Fe?* leads to the formation of Fe**, which also can facilitate lipid peroxida-
tion. The ideal Fe*/Fe* ratio for LPO is 1 : 1. In the reaction mixture
containing two parts of F> to one part of H,O,, HO' will be generated. At
the 1:1 ratio ofhydroxyl radicals to Fe?*/Fe3* LPO is more strongly initiated
by hydroxyl radicals formed during the interaction of Fe?* and H,O, in the
2:1 ratio. Exposure to Fe*/Fe3* ions affords perferryl ion Fe>*OO® < = >
Fe**O,- which also activates LPO. The Fe?/H,0, ratio of 2 : 1 provides a
more significant cytolysis than that observed under separate action ofthese
ingredients. The LPO products disrupt specific cell functions without cytoly-
sis as well. Prostaglandin-H-synthase is an enzyme sensitive to both LPO
and H,O,. Disruption ofthis enzyme with LPO products reduces the synthe-
sis ofprostaglandin I, (PGL, prostacyclin).

Exposure of cells to H,O, increases the generation of intracellular lipid
peroxides inactivates prostaglandin-H-synthase and inhibits prostaglandin
synthesis. The Fe?* ion protects against peroxide cytotoxicity and prevents
the rise in intracellular calcium caused by H,O,. Fe*" preserves intracellular
glutathione in H,O,-exposed cells. EPR using spin trapping shows that ex-
tracellular Fe? generates hydroxyl radical outside the cell. Due to this fact
extracellular Fe?* protects the intracellular space from H,O, by initiating the
Fenton reaction inside the cell. This reductive cleavage of H,O, generates
hydroxyl radical in the extracellular space, where HO®* will react with non-
cellularcomponents, thereby protecting the cell interior [48].

Hydroperoxides cause loss ofendothelial cell integrity, increase the per-
meability of endothelium to macromolecules, and compromise its ability to
control vascular tone. Using EPR spin trapping an investigation into the
metabolism ofa model compound tert-butylhydroperoxide to free radicals in
intacthuman endothelial cells was carried out.

The hydroperoxide is shown to reduce by a single-electron mechanism to
form FRs, the mitochondrial electron-transport chain being the source of
electrons for this reduction [49]. The formation of peroxide- and globin
radical derivatives in the reaction of MetHb with tert-butylhydroperoxide
has also been demonstrated [50].

The abnormal function of monocytes may accelerate the promotion of
atherosclerosis. To support this suggestion the mechanism of'increased su-
peroxide generation by monocytes from patients with hypertriglyceridemia
was investigated. By the EPR/spin trapping method and 2-methyl-6-[para-
methoxyphenyl]-3,7-dihydroimidazo-[l,2-a]-pyrazin-3-one(MCLA)-depen-
dent chemiluminescence the superoxide scavenging activity (SSA) and
superoxide generation (O,*) by monocytes was determined. Monocytes were
stimulated by 4 bphorbol 12 b-myristate 13 a-acetate (PMA) or opsonized
zymosan. As aresult, a significant positive relationship was found between
O, *generation and plasma triglyceride level [51].
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In ischemic patients the content oferythrocyte free radicals is higher than
in patients with other diseases and in normal individuals, being the higher
the heavier the patient’s state (Figure 3-1) [52].

Thus, in the events of stable and progressive stenocardia, the FR level is
(1.3 £0.05) x 10M and (1.5 £ 0.07) x 10M, respectively (P <0.01). The
same regularity is observed in the change of PMC contents of MetHb, Cu?,
o-tpq (table 3-7) [53].

Figure 3-1. Erythrocyte freeradical concentration (10-¢ M) in donors (1) and in patients with:
iron-deficient anemia (IDA) - 2, chromic gastritis - 3, duodenal ulcer - 4, gastric ulcer - 5,
ischemic heartdisease - 6, hypertensive disease - 7.

Table 3-7. PMC content in erythrocytes of IHD patients depending on the severity ofdisease

PMCinerythrocytes Stable stenocardia Progressivestenocardia
MetHb, (g/1) 0.8+0.04 1.3+0.05
Cu-SOD, (10-M) 0.7+0.02 0.6+£0.02
FR, (10M) 1.3£0.05 1.5+0.07
o-Tq, (10M) 1.5+£0.03 1.7+0.02

The same is evidenced by FR content in patients with myocardial
infarction (MI), which is enhanced in cases ofmacrofocal infarction. As the
myocardial cicatrix forms and pain syndrome diminishes or disappears, the
FR concentration decreases as well, but never reaches normal values (Figure
3-2)[54].
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During pain syndrome the FR concentration in both erythrocytes and
plasma in IHD patients increases significantly, whereas the plasma cerulo-
plasmine Cu** content decreases simultaneously. In patients with neuro-
circulatory dystonia (NCD) who experience pain in the region of heart the
PMC content does not change (tables 3-8, 3-9) [55].

Table 3-8. Erythrocyte PMC concentration in IHD and NCD patients with (+) and without (-)
pain syndrome (M £m)

Erythrocyte PMC IHD patients NCDpatients

-) (6] ) ()
MetHb, (g/1) 0.8+0.06 0.8+0.05 0.7+0.03 0.7+0.02
Cuz SOD, (10 0.7+ 0.03 0.6+0.02 0.8+0.03 0.8+0.02
M)
FR, (10--M) 1.2+0.04 1.4+0.05 1.1+0.05 1.1£0.05
a-Tq, (10-M) 1.4+0.04 1.4+0.04 1.84+0.09 1.8+0.08

Figure 3-2. Blood free radical concentration (10 M) in donors with microfocal (1) and
macrofocal(2)myocardialinfarction.
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Table 3-9. Blood plasma PMC concentration in IHD and NCD patients with (+) and without
(-) pain syndrome (M £m)

Blood plasma IHD patients NCD patients

PMC (=) (+) (=) (+)
Fe3*, (mcmol/l) 15.94+0.9 15.5+0.8 20.1+0.7 20.2+0.6
Cuz-CP, (10-M) 1.8+0.03 1.4+0.05 1.8+0.09 1.7£0.09
FR, (10-M) 0.5+0.04 0.7+0.04 0.5+£0.02 0.5+0.03
a-Tq, (10°M) 1.8+£0.05 1.7+0.03 2.2+0.10 2.2+0.09

Stenocardia attack is accompanied by ejection of catecholamines into
blood [56], which activates the erythrocyte glutathione-reductase system
[57]. This seems to be caused by an increased free radical content during
pain syndrome. Evidently, free radicals form in the interaction of cerulo-
plasmin with adrenalin [30]. In orderto confirm this suggestion two identical
erythrocyte and plasma samples (0.5 ml each) were examined. One sample
was frozen in liquid nitrogen immediately and the other only after addition
0f0.01 ml 0f0.1% adrenalin hydrochloride solution and subsequent incuba-
tion for 30 min at 25°C. It turned out that adrenalin led to a 43% decrease in
the Cu?* EPR signal at g =2.05 and over a 40% increase in the FR concen-
tration (table 3-10) [58].

Table 3-10. Changes inthe plasmaand erythrocyte PMC concentrationupon administration of
adrenalin(M £m)

Indexesexamined Plasma Erythrocytes
Cu?* (105 M) (prior to addition ofadrenalin) 1.7+0.11 '0.84+0.13
Cu?* (105 M) (after addition ofadrenalin) 1.1+0.09 0.8+0.07
FR (10 M) (prior to addition ofadrenalin) 0.3+0.03 1.0£0.09
FR (10-° M) (after addition ofadrenalin) 0.5+0.05 2.6+£0.27

Previously it has been supposed that free radicals form in the interaction
of adrenalin with ceruloplasmin due to Cu?* reduction to Cu* with simulta-
neous oxidation of adrenalin. It is quite possible that in this case adrenalin
forms a complex with ceruloplasmin [59, 60]. There are grounds to assume
that this mechanism also occur in vivo when catecholamines are ejected into
the blood channel during stenocardia attack. In this case the FR concentra-
tion increases in erythrocytes as well, but without any change in the Cu?*
level in superoxide dismutase. This suggests that adrenalin induces direct
activation ofthe glutathionereductase system [57].

The amplitude of plasma and serum EPR signals at g = 2.0030 and
2.01 10, respectively, arisen from free radicals, increases on addition ofpara-
phenylenediamine dihydrochloride (p-PDD) (ceruloplasmin substrate). A
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simultaneous decrease in the intensity of signal at g = 2.05 caused by Cu?*
incorporated into ceruloplasmintype protein [61].

Ischemia and subsequent reperfusion lead to injury of heart tissue. Free
radicals are involved in this process [62].

Generation of free radicals and cholesterol hydroperoxide during
reperfusion was studied. Fifteen patients undergoing subcutaneous
transluminal coronary angioplasty were investi-gated. During balloon
inflation ischemia was assessed by lactate level in the coronary sinus.
Coronary sinus free radicals were detected by EPR spectro-scopy using spin
trap PBN. The concentration of free radicals is positively correlated with
changes in coronary sinus lactate [63].

Analogous data were obtained for six patients experienced open heart
surgery and cardioplegia [64] and for seventeen patients with acute
myocardial infarction successfully treated by primary percutaneous
transluminal coronary angioplasty [as].

From these data it follows that oxygen radicals forming in endothelial
cells are ofimportance as mediators ofpostischemic injury. Nevertheless the
mechanism of generation ofa burst ofthese radicals is unknown. A possible
source of their production can be xanthine oxidase. However this enzyme
has not been reported to be present in human endothelium. The mechanism
ofradical generation in human endothelial cells under the conditions ofan-
oxia and reoxygenation was determined by EPR measurements on cultured
human aortic endothelial cells using a spin trap DMPO. The results were
correlated with cellular injury, xanthine oxidase activity and changes in cel-
lular nucleotides. Upon reoxygenation 60 min after anoxia an intense
DMPO-HO signal (ax = ay = 1.49 mT) and weak DMPO-R signals (ay =
1.58 mT, ay = 2.28 mT) were observed in the EPR spectra. Generation of
these radicals is totally quenched by superoxide dismutase. Fe3* Chelator
desferrioxamine prevents cell death, totally quenches the DMPO-R signal
and by 40% the DMPO-HO signal. Thus, the presence of superoxide dis-
mutase in human endothelial cells provides the source of free radicals. The
concentration ofthis enzyme is not changed after anoxia, whereas the con-
tent of'its substrate, hypoxanthine significantly increases which stimulates
free radical generation upon reoxygenation. Reoxygenated vascular endo-
thelial cells generate anion radicals O, ¢ Further they react with iron to form
reactive HO® which in turn cause cell death [66].

To assess the development of oxidative stress in cardiac ischemia/ reper-
fusion, the resulting depletion of plasma ascorbate was monitored by EPR
detection of ascorbyl radical (AR) in a homogeneous group of 12 patients
undergoing aortic valve replacement. Dimethylsulfoxide was used as an en-
hancer and stabilizer for ascorbyl radicals. Plasma was separated from blood
samples collected 15 before incision, 10 min before aortic declamping and
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sequentially during the initial 15 minutes ofperfusion. Plasma DMSO/AR
levels of patients were significantly lower in healthy individuals (25%).
Upon ischemia they further decreased (35%) and dropped to the lowest Val-
ues within the first 10 min ofperfusion (46%) [67].

Nitric monoxide (NO) is an important regulator of various biological
functions and play a certain role in pathogenesis ofcellular injury. The major
mechanism of NO generation in biological tissues is conditioned solely by
specific NO-synthtases (NOSs), which metabolize arginine to cerulline with
the formation of NO. It is also reported that NO can be generated in the
ischemic heart by direct reduction of nitrite to NO at low pH values and
under highly reduced conditions. The above pathway ofNO formation is not
blocked by NOS inhibitors. This mechanism of NO formation is ever domi-
nating during further ischemia progressing to necrosis. Enzyme-indepen-
dent NO generation leads to myocardial injury with a loss of contractile
function. This enzyme-independent mechanism of NO formation is of
importance in our understanding of pathogenesis and treatment of tissue
injury [68].

To protect cells and tissue from oxidation injury a variety of compounds
were tested in laboratory and clinical trials. In this study a protective effect
of S-2-(3-aminopropylamino) ethylphosphorothionic acid (WR-2721) on
ischemic rat myocard was revealed by EPR resonance spectroscopy [69]. In
clinic vitamin, superoxide dismuthase were used for this purpose. Generation
of free radicals and the role of allopurinol as a cardioprotective agent were
investigated in 36 patients underwent coronary artery bypass grafting. Of
these 18 patients were treated with allopurinol and the other 18 patients
made up a control group. Allopurinol was administrated orally twice a day
for one day before the operation (300 mg) and on the morning ofthe day of
operation a single dose of 600 mg was administrated. Lipid peroxidation
products were determined by assays for thiobarbituric acid reactive sub-
stances, malonic dialdehyde in the main. During the ischemic period there
were no considerable changes in the levels of MDA and creatine kinase. One
minute after release ofthe cross-clamp the blood MDA level was raised sig-
nificantly, which correlated with the severity ofischemia. In patient treated
with allopurinol both the MDA level and creatine kinase activity were suffi-
ciently lower. EPR spectroscopy using spin trapping also revealed a rise in
the production of free radicals adducts during reperfusion. Thus, during
aorto-coronary bypass grafting surgery there is an increase in the concentra-
tion of lipid peroxidation products and in the activity of cardiac creatine
kinase on the onset ofreperfusion. This indicates enhanced free radical gen-
eration. Pretreatment with allopurinol could attenuate post-ischemic
reperfusion injury [70]. Free radical intermediates have an essential role in
oxidation modification of low density lipoproteins. The appearance of
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oxidized lipoproteins inthe blood vessel is directly related to atherosclerosis.
In this connection the generation of free radicals from natural and synthetic
antioxidants able to prevent LDL peroxidation was studied by EPR [71].
Probucol - 4,4'-[(I-methylethylidene)bis(thio)]bis[2,6-bis(1,1-dimethyl)-
phenol], is an antiatherosclerotic drug which produces a hypolipidemic
effect, reduces blood cholesterol level mainly due to LDL, and does not af-
fect much the level oftriglycerides and lipoproteides of very low density.
Probucol is an antioxidant of lipid-soluble azo-initiator 2,2'-azo-bis(2,4-di-
methyl-valeronitrile), in dioleoylphosphatidylcholine liposomes. Using EPR
spectroscopy it was shown that in human LDL ascorbate reduced probucol
phenoxyl radicals. Dihydrolipoic acid alone was not able to do this. How-
ever, in the presence of both ascorbate and dihydrolipoic acid a step-wise
reduction was observed. This resulted from ascorbate induced reduction of
probucol, ascorbyl radicals beingreduced by dihydrolipoic acid [ 72].
Interaction ofreduced Q,, (ubiquinone-10) with phenoxyl radicals gener-
ated during the oxidation of probucol and a-tocopherol in models sys-tems
of manganese dioxide (MnQO,) and ferric ions (Fe3*) (solutions in etha-nol,
isopropanol, chloroform) was studied. Q, and 6-0-palmitoylascorbate re-
duce these phenoxyl radicals. In this case EPR signals of Q,, and 6-0-
palmitoylascorbate free radicals were registered. In the presence of 6-0-
palmitoylascorbate the Q,, EPR signal was observed for a longer time.
Probucol in concentrations 1-2 mcmol/mg of LDL protein makes the induc-
tion period oflipid peroxidation (formation of diene conjugates) a few hours
longer. Generation of probucol phenoxyl radical is induced by addition of
gemin to the antioxidant-containing LDL. Since probucol radical generation
requires the presence of H,O, or the accumulation of some amount of lipid
hydroperoxides (LOOH) in LDL, the introduction of gemin may lead to in-
tense formation ofalkoxy (LO¢) and hydroxy radicals These radicals cause
in turn probucol oxidation. Probucol radical generation in late LDL oxida-
tion stages is stimulated by addition of Q,. The antioxidant effect of
probucol is assumed to be based on its interaction with lipid radicals and Q,,
which is the mediator of free radical state transfer to probucol localized in
the LDL central hydrophobic region. At the same time, one should admit Q ,,
involvement in the interaction ofantioxidants and their free radical interme-
diates with metal ions inducing LDL peroxidation to be quite possible [71].
The effect oflipid-reducing compounds bezafibrate and clofibric acid on
nitric oxide binding to human hemoglobin Fe** (Hb-NO) was revealed by the
EPR method. In the presence of bezafibrate and clofibric acid, the EPR
spectrum and absorption spectrum (in the Soret region) of Hb-NO display
the same basic characteristics as those in EPR spectra in the presence of
(inositol hexakisphosphate) and 2,3-diphosphoglycerate. Having an allo-
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steric effect, these compounds reduce the oxygen affinity for Fe* human
hemoglobin[73, 74].

Human serum albumin is an essential protein transporter in the organism.
In EPR studies of protein transportation process the use was made of non-
covalent complexes of HSA with some water-soluble polymers (hemato-
porphyrin and hematoporphyrin derivative) as photosensitive agents in
photodynamic therapy ofcancer. The results show that long-chain fatty acids
and tetrapyrroles can compete for anionic ligands of HSA binding sites. EPR
was used to examine spin labeled fatty acids binding to human and bovine
serum albumin. The content of 5-doxy]1 stearate and 16-doxy|1 stearate bin-
ding sites on human serum albumin and bovine serum albumin was equal,
whereas association constants were different. Analysis of 5-DS and 16-DS
EPR spectra allows a quantitative distinguishing between slow macromole-
cularrotation and fastanizotropic motion [75].

On the average, the blood plasma Fe** level in IHD patients is reduced by
42% and 34% in men and women, respectively [76]. Depending on the se-
verity of disease the Fe** content lowers and the Cu?* ceruloplasmin level
rises. Thus, with stable stenocardia the plasma Fe* concentration is 14.8 =
0.7 mcmol/l and 8.2 + 0.7 mcmol/l with progressive stenocardia (P <0.001).
A similarpicture is observed withmyocardial infarction [6, 7].

The blood plasma Fe3* content determined biochemically is higher than
that from EPR data. In men and women this difference 1s 40% and 33%, re-
spectively. This can be explained as follows: in contrast to that of healthy
persons, blood plasma transferrin of IHD patients is faster saturated with
Fe** upon intravenous administration. Moreover in IHD patients the cerulo-
plasmin ferroxidase activity transforming Fe?* to Fe’* seems to be lowered

9].
| ]The erythrocyte MetHb level in IHD patients is increased (Figure 3-3).
Its level dependent on the severity ofdisease is 0.8 +=0.03 and 1.3 £=0.05 g/1
in stabilized and progressive stenocardia, respectively (P < 0,001). In pro-
gressive stenocardia higher doses ofnitrates are prescribed [56, 77].

To elucidate the reason for the higher MetHb level in IHD patients the
erythrocyte MetHb content was measured on the first day of admittance to
the hospital after 14 days of sustack-forte treatment (6.4 mg x 4 daily)
(Figure 3-4). According to the EPR data the treatment led to a mean 43%
increase inerythrocyte MetHb concentration (table 3-11).

Thus nitrate treatment increase the erythrocyte MetHb content in MD
patients and strengthenstissue hypoxia [78, 79].

As supposed previously, a.-Tq is the end product of a-tocopherol (o -T)
which plays an important role in many physiological functions [80]. Usually
the blood vitamin E concentration in IHD patients is lowered.
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Table 3-11. Erythrocyte PMC content in IHD patients before (-) and after (+) a two-week
administration of nitrates of prolonged action (M +m)

Erythrocyte PMC (-) (+)

MetHb, (g/1) 0.9+0.07 1.3+0.10
Cuz* SOD, (10°M) 0.6+0.04 0.8£0.05
FR, (10--M) 1.4£0.06 1.5+0.01
a-Tq,(10°M) 1.6+£0.07 1.7+0.07

Figure 3-3. Erythrocyte methemoglobin concentration (g/1) in donors (1) and in patients with
iron-deficient anemia - 2, chronic gastritis - 3, duodenal ulcer - 4, gastric ulcer - 5, ischemic

heart disease - 6.

An EPR study ofthe effect of a.-T on the blood o -Tq concentration in
IHD patients was carried our in order to confirm o -T transformation in IHD

patients(table 3-12) [81].

Table 3-12. Plasma and erythrocyte a.-Tq concentration (10-6 M) in IHD patients before (-)
and after (+) o.-T administration for 3 days (M £=m)

Group ofpatients o-Tqinplasmalipids a-TqginBerythrocytelipids
(-1 () () ()

Without vitamin E 1.5+0.02 1.5+0.07 1.5+0.06 1.5+0.06

administration (placebo)

With vitamin E 1.4+0.05 2.1 £0.08 1.6+0.07 1.8+0.08

administration
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Figure 3-4. Erythrocyte methemoglobin concentration (g/1) in IHD patients prior to (-) and
after (+) atwo-week administration ofnitrates of prolonged action.

The patients were subdivided into two homogeneous groups. Group 1
patients were treated with 2.0 ml 0f30% buttery vitamin E solution admini-
strated intravenously twice a day for 3 days. Group 2 acted as control with
daily administration of 2.0 ml of physiologic salt solution. Blood samples
were withdrawn and analyzed on the onset and after completion ofthree-day
vitamin E administration. The results showed an increased o+Tq concen-
tration in plasma and erythrocyte lipids in Group 1 patients. After aortic
cross-clamping surgery accompanied by ischemia, the administrated o= T had
gone to the o+Tq fraction. o+Tq is not only an indicator of lipid peroxides-
vitamin E interaction. It is also involved in biochemical processes of the
organism and seems tobe an "active" vitamin E ingredient [81].

According to EPR data, in patients with Phase II myocardial infarction
the o= Tq content in plasma and erythrocyte lipids increases compared with
that in Phase [ and I1I (Figure 3-5) [9].

This may be connected with the regeneration ofmyocardial tissue and the
formation ofcicatrix in the cardiac muscle. Consequently, administration of
an antioxidant such as vitamin E is necessary to accelerate recovery.

In IHD patients treated with nitrates for releasing pain in the region of
heart, the fecal Hem-NO content is usually 42% higher (after two-weeks of
therapy) (Figure 3-6) [30]. This indicates that the nitrates are not fully ab-
sorbed in blood. Some portion is inactivated in the intestine by nitrate- and
nitrite-reducingmicroorganisms.

The administrated nitrates are known to be converted to nitrogen
monoxide (NO). It has been found that in human subjects nitroglycerol [82]
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and i1sosorbide dinitrate [83] liberate NO which combines with hemoglobin
to form the Hb-NO complex. This suggests that the above clinical effect
cannot be triggered by nitrates due to their being bound in the Hb-NO comp-
lexes and used by intestinal microflora. Possibly this provides a mechanism
responsible for tolerance to nitrates observed in many ischemic patients.

Figure 3-5. o-Tocopherolquinone semiquinone concentration (10° M) in plasma and
erythrocyte lipids indonors (D) and in patients with Phase I, IT and 11l myacardial infarction.

The EPR method was used for assessment of functional viability of a
heart conserved with a goal of using as a transplant. The signals of cyto-
chrome-C-oxidase iron-serumcenteratgl = 1.99, g, =2.03 were studied [84,
85]. The clinical picture ofmany diseases is accompanied by cardio-vascular
deficiency involving tissue hypoxia [78]. This leads to a compensatory in-
crease in glutathione reductase activity and to GSH generation to protect Hb
from oxidation in MetHb. In cases of clearly defined heart failure (HFy),
free radical level lowers seemingly to general attenuation ofenzymatic proc-
esses. The erythrocyte FR concentration in patients with phase HF, increases
and then decreases as this complication grows progressively worse (Figure
3-7)[86].

Heart diseases are not infrequently affected by shock. Thus, stenocardia
and its extreme version myocardial infarction may involve cardiogenic shock
with lethal termination. Therefore investigation ofthe mechanism of shock
origination and treatment is given a great attention. Nitrogen monoxide is
believed to be one of main compounds involving in the formation of this
pathology.
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Figure 3-6. Fecal Hem-NO concentration (10 M) in donors and in patients prior to (-) and
after (+) atwo-week administration ofnitrates ofprolonged action.

Nitric oxide levels in the urine of both normal and lipopolysaccharide
(LPS)-induced mice were measured by EPR spectroscopy using spin trap-
ping. The two groups ofanimals were injected subcutaneously with a metal-
chelator complex N-methyl-D-glucamine dithiocarbamate-ferrous iron,
[(MGD),/Fe-NO] able to bind to NO and form a water-soluble [(MGD),/Fe-
NO] complex. Two hours after the injection a triplet signal corresponding to
the [(MGD),/Fe-NO] complex was detected in the EPR spectra ofthe urine
of both normal and LPS-induced mice. The concentrations of the
[(MGD),/Fe-NO] complex in the urine of normal and LPS-induced mice
were 1.3 and 35 mcM, respectively.

Administration of N-monomethyl-L-arginine (NMMA; 50 mg/kg)
inhibits ex vivo signal intensities of the [(MGD),/Fe-NO] complex in the
urine ofthe two groups ofmice. Injection of "N-arginine (10 mg per mouse)
results in a composite urine EPR spectrum consisting of a triplet correspon-
ding to the (MGD),/Fe-“NO] complex, and a doublet related to the urine
[(MGD),/Fe-*NO] complex. These data confirm that in the urine of mice
NO is produced via arginine-nitric oxide. So, the spin trapping method pro-
vides a non-invasive means for measuring both constitutive and induced NO
synthase activity in animals under physiological pathophysiological condi-
tions where nitric oxide is overproduced [87]. In another study [88] a Fe?* -
sodium-N\N-(diethyldithiocarbamate ~ trihydrate ~ complex, @ Fe(DETC), was
used as a nitric oxide trap. In this way the intracellular NO production in
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liver tissue of mice under septic shock was investigated in vivo using spin
trapping technique. Among all the tissues examined the most intense NO
signal in the EPR spectra was that arisen from liver homogenates. The NO
content in kidneys as well as in brain and lungs was 60% and 90% lower,
respectively. After 1 spin trap post-injection hour the EPR signal was stabi-
lized, which indicated the attainment of a steady state [88]. An interesting
aspect ofthis study is an in vivo EPR monitoring of NO production.

Figure 3-7. Erythrocyte freeradical concentration (10 M) in patients with heart failure.

Nitrates entering the organism together with water, food and drugs are
distributed by the blood flow. Twenty five per cent of the nitrates are
brought through the salivary glands into the mouth cavity where 20% are
reduced to nitrites by microbes. As a result, 80% ofthe whole daily dose of
nitrites is formed in saliva [89].

Saliva of 41 IHD patients who were administrated organic prolonged
nitrates (6 tablets a day) in complex treatment (sustack-forte oral
formulation, 6.4 mg) was examined by EPR spectroscopy. Of41 patients, 10
(29%) were with acute myocardial infarction and 29 (71%) with functional
class II-III stenocardia. 22 Volunteers acted as control. Saliva (5-10 ml) was
collected in a dry sterilized ampoule in the morning before taking food and
after careful gargling ofthe mouth cavity. Free radical signals were observed
in Saliva EPR signals of both patients and donors. g-Factor was at 2.0012-
2.0040 (2.0026 =+ 0.0001) in volunteers and at 2.0017-2.0029 (2.0022 +
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0.0001) in IHD patients (P < 0.05), line half-width being 1.15 & 0.04 and
1.31 +=0.03 mT (P<0.01), respectively.

Free radical reactions clearly reflect even slightest changes in the homeo-
stasis ofI[HD patients. Circulatory deficiency in coronary vessels sufficiently
changes the metabolic processes in cardiomyocytes. In cells there are two
ways 0fO2 consumption: via oxidase and oxygenase. The former consists in
enzymatic oxidation of substrates in tricarbonic acids, electron and proton
transportation through respiratory chain to cytochromoxidase. Oxygen acts
as final electron acceptor and forms H,O under full reduction. This pathway
involves ADP phosphorylation and ATP resynthesis. The other pathway is
also based on the oxidation of substrates to organic compounds, however,
via atomic or molecular oxygen. In oxygenase reactions oxygen is reduced
to a variety of oxygen radicals, among which active forms such as super-
oxide anion radical, hydrogen peroxide and hydroxy radical are of primary
importance [89]. Thus, the observed diffe-rences in saliva free radical
characteristics can demonstrate on the molecular level myocardial changes in
patients suffering from chronic coronary deficiency.

Using EPR spectroscopy saliva nitrites were determined by reduction to
nitric oxide and further NO reaction with hemoglobin leading to the Hem-
NO complex which gives rise to a characteristic EPR signal [90].

Hemoglobin solution was prepared from donor blood erythrocytes by
hemolysis with an equal volume of distilled water and a 0.4-fold volume of
chloroform. After vigorous shaking and centrifuging at 5000 rev/min for 1 h
areference (10 g/l) hemoglobin solution was prepared from the supernatant
layer. Saliva was divided into the precipitate and the supernatant layer after
centrifuging at 3000 rev/min for 5 min and nitrite content was assessed sepa-
rately in each layer [91].

For this purpose 1 ml ofhemoglobin solution (10 g/l) and 2 mg/ml ofso-
dium metabisulfite (Na2S205) were added to 1 ml ofsaliva. After stirring the
mixture a sample for EPR examination was prepared. In intact saliva the
Hem-NO EPR signal was fixed in 48% ofpatient and donors, whereas in the
signals corresponding to the supernatant layer and the precipitate occurred in
32% and 33% ofindividuals. Inconstancy of EPR signal registration is sug-
gested to be related to hemo-globin iron oxidation on exposure to air oxygen.
Methemoglobin formed in this case does not add nitric oxide though gives
rise to an EPR signal with g=6.0 [91].

To verify this hypothesis the saliva MetHb content depending on air oxy-
gen exposure time was determined. With this goal in view 28 saliva samples
were recorded 4 times every 30 min. During this period the ampoules con-
taining the reaction mixture were kept at room temperature and free access
ofair oxygen (table 3-13) [92]. As seen from the table 3-13, hemoglobin is



98 Chapter 3

oxidized to methemoglobin in the course of time. This accounts for
inconstancy of the saliva Hem-NO signal registration.

Table 3-13. The effect of air oxygen on hemoglobin-methemoglobin oxidation (M £m)

InitialMetHb MetHb Contentafter ~MetHbContentafter MetHb Content
content, g/l 30min,g/1 60 min, g/l after 90 min , g/l
1.0+£0.14 1.6+£0.19 1.7+£0.24 1.9+0.39

In this connection, the FeSO,-Na,S,0;s system was used for nitric oxide
trapping. In this study a complex containing ferric, sulhr and NO ions
formed. In contrast to hemoglobin, this complex is not oxidized by air oxy-
gen at room temperature. The complex was prepared as follows: into a dry
sterilized ampoule sodium metabisulfite (5 mg), iron sulfate (3 mg) sodium
ascorbate (10 mg) and the liquid to be examined were placed. Preparation of
the sample was started 30-40 sec after solution ofthe reagents. Nitrites, if
present, were reduced by sodium ascorbate to nitric oxide which reacts with
the FeS0,-Na,S,0s system to form a complex corresponding to an EPR sig-
nal at g=2.03. As excess reagents were used, the signal amplitude depended
on the nitrite concentration in the reaction mixture, which was calculated
using calibration curves plotted on the known nitrite concentrations [92].

The EPR method was also used in studying the saliva nitrate-reducing
ability estimated as follows. The saliva to be examined was divided into two
portions. In one portion the nitrite concentration was measured as described
above, whereas to the other portion crystalline sodium nitrate (NaNQO;) was
added. Then the saliva was thermostatically controlled at 37°C for 30 min.
Owing to nitrate-reducing activity of'saliva, NO; is reduced to give a nitrate
ion (NO,). In donors the pre- and post-incubation saliva NO, level was 0.07
+0.02 and 0.31 = 0.08 mmol/l (P <0.001), respectively, whilst in IHD pa-
tients these values were 0.10 = 0.05 and 0.34 = 0.12 mmol/l (P <0.05) [91,
92].

The saliva nitrate-reducing properties are most likely to be conditioned
by the presence of oral microflora able to reduce nitrates to nitrites. Human
nitrate and nitrite load with food and water is 30-290 and 0.1-370 mg/day,
respectively. On this background daily oral administration of a moderate
doses oforganic nitrates as drugs does not affect much the human organism.
Organic nitrates seem to be inactivated by powerful nitrate-and nitrite-
reducing systems promoting nitrate-tolerance in IHD patient’s [92].

Dynamics of saliva nitrate-reducing ability of both ischemic patients
treated with prolonged nitrates and volunteers was assessed by EPR spec-
troscopy. For this purpose excess crystalline sodium nitrate was added to
saliva (15 ml) before and after nitrite content measurements. The ampoule
was placed into a thermostat (37°C) and a sample was taken every 20 min-
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utes of thermostatic control (140 min). Into each sample the above
mentioned reducing system arousing an EPR signal at g =2.03. The results
showed that in both patients and volunteers the saliva NO, content had in-
creased reaching a maximum value after 140 and 100 min, respectively. A
statistically significant increase compared with the initial NO, content was
observed after 40 min in the two groups. Thus, the data obtained indicate an
increase in the salivanitrate-reducing ability in ischemic patients [92,93].

The EPR technique was used to study the blood and saliva of ischemic
patients treated by fetal tissue graft subcutaneous injections into the abdomi-
nal wall fat tissue. Fe** and Cu?* ions and free radicals were detected in
blood plasma and MetHb was fixed in erythrocytes. The spectra of saliva
indicate the presence of Mn?* ions and endogenous nitrites (at g = 2.03).
Nitrate-reducing capability is also suggested. It was found that plasma iron
and copper content showed an 18% and 12% decrease, respectively, by the
42 experimental days, erythrocyte MetHb content decrease was 57%. Saliva
endogenous nitrite concentration increases by the 14* day, whereas nitrate-
reducingcapability decreases [92].

Physiological activity ofintestinal microorganisms is determined micro-
biologically in most cases. Some enzymatic systems and ferric-serum
proteins of microorganism showed paramagnetic properties, [94, 95] which
were examined, in the intestinal content by the EPR method [30].

Microflorareduces nitrates to nitric oxide and is involved in the synthesis
of Hem-NO nitrosyl complex formed from NO and hem-containing groups
in the gastric-intestinal tract. Hem-NO is excreted with feces in which it was
registered by EPR spectroscopy [9]. Removal ofa portion ofnitrates as Hem
NO from the intestine appears to be a factor promoting nitrate tolerance in
ischemicpatients.

Intestinal biocenosis disorders are corrected using dairy produce rich in
viable microorganisms (eubiotics). They are also used in treating dislipopro-
teinemia in patients with coronary atherosclerosis. Data on fecal paramag-
netic centers in patients treated with eubiotics have been reported recently.
Fecal paramagnetic centers were studied by EPR spectroscopy in 70 ische-
mic patients (47 men and 23 women, 57 + 1 years of age on the average).
The patients were divided into subgroups depending on IHD type: acute
myocardial infarction 20 patients, unstable stenocardia (both progres-sive
and incipient) and stable stenocardia of II-II functional classes - 25 patients
in each subgroup. 12 Volunteers acted as control. The eubiotic-treated
subgroups consisted of 23 ischemic patients of age ranging from 38 to 70
years. The patients took dairy products "Bifivit" containing B bifidum and
"Acydolact" containing Lactobacillus on empty stomach at a daily dose of

100 mg twice a day (in the morning and in the evening) for 14-21 days. The
intestinal microflora content and fecal paramagnetic centers of all the pa-
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tients were examined before the start and after the completion ofthe course
oftreatment [96,97].

Fecal microflora disbiotic alterations were evaluated by quantitative and
qualitative shifts in the microflora composition basing on the disbacteriosis
form classification used in the clinic [98]. The degree of dysbacteriosis was
expressed in points (from 0 to 4).

The following PMC were analyzed: Fe* at g =4.3 with a spectral shape
characteristic ofits localization in albumin, Mn?* with a six-component su-
perfine structure, and Hem-NO. The Fe* signal at g = 4.3 is related to
aerobic intestinal microorganisms E.coli and Citrobacter [9]. The enzymatic
systems of aerobic and anaerobic representatives of intestinal microflora
contain metals of variable valence as a co-factors. Non-hem Fe* ions pro-
vide structural components of microbial dehydrogenases [99], nitrate
reductases and hydrogenases localized in Clostridium and E.coli [100],
hydroxylases [101]. Furthermore, the EPR signal at g=4.3 may arouse from
lactoferrinpresentinfeces [101].

In Table 3-14 the results of examination of fecal PMC ofischemic pa-
tients and volunteers are presented [102].

Table 3-14. Fecal PMC contents in ischemic patients (M +m)

Group N Fesr, (mcmol/l) Hem-NO, (10-M)  Mn¥, (10 M)
Ischemicpatients 70 95.0+19.0 1.2+0.1 83+1.0
Volunteers 12 1123494 1.4£0.1 8.8+0.5

As seen from Table 3-14, the Hem-NO content in ischemic patients is
lower than in the control group. Statistically reliable differences between
Fe’* and Mn? concentrations have not been found either in the control or in
the test group. However, ischemic patients show a tendency towards de-
creasingthese values.

In Table 3-15 fecal PMC mean values in ischemic men and women are
presented [102].

Table 3-15. Fecal PMC contents in ischemic patients depending on sex (M £m)

Sex N Fesr, (mcmol/l) Hem-NO,(105M)  Mn*, (105 M)
M 47 117.9+£11.2 1.6+0.1 9.5+0.7
\% 23 100.9+17.2 1.2+0.1 6.9+0.7

Thus, higher fecal Hem-NO and Mn?* contents are observed in men (P <
0.05 and P <0.02, respectively).

Table 3-16 shows fecal PMC mean values in ischemic patients depending
onISD form [102].



3. Paramagnetic Centers in the Organism of Volunteers and... 101

Table 3-16. Fecal PMC contents in ischemic patients depending on IHD form (M +m)

IHD form Sex N Fe*, (mcmol/l)  Hem-NO, (105 M) Mn*, (10 M)

AcuteMI M 15 138.7£22.9 1.8+£0.2 99+1.1

W 5 86.6+20.9 1.2+0.3 4.8+0.5
Unstable M 13 88.3+£19.0 1.6+0.3 9.4+1.6
stenocardia A\ 12 121.7+29.0 1.6+0.3 7.9+1.1
Stable M 19 121.8+15.6 1.6+0.1 10.1+1.4
stenocardia W 6 71.24+£25.5 1.2+0.1 8.5+1.2

From this Table, fecal Mn?* concentration in women with acute myo-
cardial infarction is reliably lower than that in the group with both unstable
and stable stenocardia (P <0.05 and P <0.02, respectively).

In table 3-17 fecal mean PMC concentrations in subgroups of ischemic
patients ofvarious age are presented [102].

Table 3-17. Fecal PMC contents inischemic patients depending onage (M +m)

Age (years) Below 39 40-49 50-59 60-69 Above 70
N 5 13 23 25 3
Fe’,mcmol/l  134.5£37.8  111.0£21.4 123.2+18.5 94.5+£12.0  76.7+£30.6
Hem-NO, 10- 1.9+0.3 1.6+£0.2 1.7+£0.2 1.5+0.1 1.2+0.3
‘M

Mn?, 10°M 6.84+2.0 10.6+ 1.4 8.1+1.0 94+1.0 50+£1.3

Table 3-17 shows a decrease in the fecal PMC level with increasing age
ofischemic patients (P <0.02).

Assessment of the intestinal microflora composition in IHD patients
showed disbiotic changes in 65 individuals (93%). Stage [ and Il disbacterio-
sis has beenrevealed in 28 (40%) and 16 (23%) patients; in 9 patients (13%)
considerable shifts in the quantitative and qualitative intestinal microflora
composition (stage III-IV disbacteriosis) have been observed. This gave
grounds to examine fecal PMC contents depending on the degree of disbac-
teriosis by EPR spectroscopy (table 3-18) [102].

Table 3-18. Fecal PMC contents in ischemic patients depending on the intestinal
disbacteriosis (DB) stage (M +m)

DB stage (points) n Fe3t, (mcmol/l) Hem-NO, (10-M)  Mn2+,(10-M)
0 5 106.9+28.8 1.9+0.2 12.3+2.5
1 28 113.0+15.9 1.84+0.2 9.0+0.9
2 16 105.9+20.7 1.3+0.2 7.8+1.1
3-4 9 77.8+16.7 1.24+0.2 6.9+1.0

As seen from table 3-18, with increasing the stage of disbacteriosis the
fecal PMC concentration lowers.
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In disbacteriosis with prevailing coccal forms in intestinal microflora

(over 25% of total amount of microbes) the Fe and Hem-NO content de-
creases (table 3-19) [102].

Table 3-19. Fecal PMC contentin disbacteriosis with prevailing coccal forms (M +m)

Group n  Fe¥*, (mcmol/l) Hem-NO,(10-M) Mn?, (1 05M)
Excesscocci 13 60.6+6.2 1.1+0.2 8.1+1.3
Normal amount ofcocci 55 1152+12.2 1.7£0.1 8.7+0.7

Coccal form concentration (% oftotal amount) in feces ofmen correlates
to Hem-NO level (r =-0.4) and DB stage (r =-0.4). Fe** linearly correlates
to the activity of cholesterol-reducing strains of colon bacillus (r = +0.60, P
< 0.05 in all cases). The inverse dependence between the number of
bifidobacilli and Mn?* level is typical for woman feces (r=-0.60, P <0.01).

Table 3-20 shows fecal PMC mean concentrations in ischemic patients
before and after the course of eubiotic treatment [ 102].

Table 3-20. Contents offecal PMC in ischemic patients before and after eubiotic treatment

(M+m)
Group n  Fe*, (mcmol/l)  Hem-NO,(105M)  Mn2+,(10°M)
Beforetreatment 23 123.1+£19.2 1.5+0.1 99+1.1
Aftertreatment 23 121.7+17.2 1.9+0.2 9.3+0.8

From this table it follows that after the course oftreatment with enriched
dairy produce, fecal Hem-NO content was 27% higher on the average. In all
patients ofthis subgroup the intestinal microflora composition was examined
before and after the course ofeubiotic treatment (table 3-21) [102].

Thus, as a result of eubiotic treatment the disbacteriosis degree reliably
decreases and the B. Bifidum content increases. Intestinal microflora compo-
sition was improved in 14 patients (61%), remained practically unchange-
able in 5 patients (22%). Microbiological characteristics were impaired in 4
patients(17%).

Table 3-21. Dynamics ofthe intestinal microflora composition in ischemic patients treated
witheubiotics

Group* Bbifidum, Lactobacillus, E. coli, mln/g Intermediate
lg CFE/g 12 CFE/g Stage DB

Before treatment 7.44+0.2 6.9+0.3 158.0+28.3 22+0.2

Aftertreatment 8.1+£0.2 6.64+0.2 134.2+20.4 1.6+0.2

*n=23
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The role of certain intestinal bacilli in the synthesis of Hem-NO in vitro
was studied by EPR spectroscopy. Pure cultures of B. bifidum, Lactobacillus
and E.coliwere isolated from feces. The strains were anaerobicaly incubated
on semiliquid nutrient media for 24 h at 37°C with addition ofaqueous solu-
tions of hemoglobin and Hb combinations with 10% sodium nitrite or
nitrate. A suspension ofbacterium and nutrient was examined by EPR prior
to and after thermostatic control. Hem-NO presence was detected by a
characteristic EPR signal [9]. Sterilized nutrient media and hemoglobin
solution were used as the control [102].

No Hem-NO signal was fixed in the spectra ofinitial suspensions. In the
spectra of control samples Hem-NO signal was absent before and after incu-
bation. Hem-NO complex was not fixed in post-incubation E.coli culture
either.

In B. bifidum culture the Hb-NO signal T conformer appeared in the
presence ofhemoglobin and Hb-NaNO; mixture. With Lactobacillus suspen-
sion the signal was fixed with incubation in hemoglobin or sodium nitrate
solution or in a Hb-NaNO; mixture. Superfine structure splitting was not
complete inthis case.

No reliable difference in Fe3* level was revealed either in ischemic pa-
tients or in the control or with various disbacteriosis forms. There is a
tendency toward decreasing the fecal Fe’* content as the age increases or in
patients with clearly defined disbacteriosis. This seems to result from the
inhibition ofactivity of microbial Fe**-enzymes or from the displacement of
intestinal microorganisms containing the above enzymes (E.coli, Entero-
bacilli). Evidently this also accounts for a sufficient decrease in fecal Fe3*
concentration in patients with a predominance of conventionally pathogenic
enterococci (Streptococcus feacalis). The linear correlation between Fes*
concentration and E.coli cholesterol-reducing activity observed in men sug-
gests E.coli cholesterol-transforming enzymes to contain non-hem iron. It is
non-hem iron that incorporated into E.coli hydrogenases [100]. This is re-
sponsible forcholesterolmetabolism.

Mn?concentration are reduced in patients with clearly defined disbac-
teriosis and in elderly individuals. Manganese also enters into the compo-
sition ofbacterial enzymes, dehydrogenases, in particular [101], proteases,
and carboanhydrases [100, 103]. The low fecal Mn?* content may be related
to negligible concentration of manganese-containing microbes. Mn?* pres-
ence in feces has been proved to be caused by anaerobes [9]. Evidently, this
may account for the reduced Mn** concentration in women feces. B. bifidum
anaerobe level in intestinal microflora is reliably lower in women than in
men.

Fecal Mn?* content in women with acute myocardial infarction is reduced
too. There are no reliable changes in the intestinal micro flora composition in



104 Chapter 3

patients with various IHD forms and the decreases fecal Mn** content is
caused by other factors (possibly by the level of enterokinase and alkaline
phosphotaseintestinalenzymes).

Hem-NO signal in EPR spectrum is formed in the intestine content in the
presence of hem-groups (hemoglobin, myoglobin, catalase, cytochromes),
nitrates or nitrites, nitrate- and nitrite-reducing enzymes or enzyme-con-
taining microorganisms. Nitrate- or nitrite-reducibility is exhibited by many
intestinal microbes, intestinal bacilli, enterococci, bacteroids, blue pas bacil-
lus, etc. [104]. Nitrite-reducing reaction is catalyzed by protein, ferredoxy-
nitrite reductase containing Cu?". Nitrate reductase ranks among metallo-
flavanoids and contains molybdenum ions. The enzymes display paramag-
netic properties and can be fixed by EPR spectroscopy [105].

The decrease in Hem-NO concentration in the control group is likely to
be due to the fact that ischemic patients constantly administrated nitrates and
nitrites as antiangina medicines [30]. Fecal Hem-NO concentrations in [HD
women are reliably reduced. A higher fecal Hem-NO level in men is possi-
bly related to smoking [31] (tobacco smoke contain nitrosamines).

Reliable correlation between fecal Hem-NO content and the number of
intestinal bacilli (Enterococcus) indicates the existence of interrelation be-
tween the nitrate-reducing activity of intestinal microorganisms and the
generating Hem-NO level. The reduced fecal Hem-NO content in patients
with clearly-defined disbacteriosis and elderly individuals is related to sup-
pression ofthe above activity. This suggestion be supported by the inverse
correlation between fecal Hem-NO level and disbacteriosis degree in men.
Improvement ofthe microbiological pattern expressed by reliable lowering
ofdisbacteriosis degree in eubiotic-treated patients is accompanied by a27%
increase in fecal Hem-NO content. This seems to be explained by the fact
that injured intestinal microflora is not able to reduce nitrates to nitrites and
NO.

B. bifidum and Lactobacillus are obligatory members of large intestine
microflora, constituting up to 50% ofthe whole microbial mass [106]. These
species contribute much to a fecal Hem-NO signal registered in EPR spec-
trum. Therefore, the increase in the fecal Hem-NO content in eubiotic-
treated patients is related to the increasing B. bifidum amount in large
intestinelumen.

These species are also met in small intestine, but in minor amounts (to
105 per 1 ml). Organic nitrates ofprolonged action are absorbed in small in-
testine and brought to the blood flow through the portal vein system. Some
amount of organic nitrates brought into the intestine are suggested to be use
for the synthesis of Hem-NO complex during metabolism and withdrawn
from the system circulation. This appears to be one ofthe reasons for nitrate-
tolerance.
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Fecal Hem-NO EPR signal is not detected in the presence ofnitrate ion.
Having a clearly defined toxic effect, NO, is assumed to inhibit the enzyma-
tic activity of bacteria. Unexpectedly, incubation with E.coli does not lead to
the appearance of Hem-NO, although this bacillus is able to reduce nitrates
[31]. Evidently, E.coli does not use nitrite in Hem-NO synthesis.

3.3 HYPERTENSIVE DISEASE

In patients with hypertensive disease the plasma and erythrocyte free ra-
dical concentration is considerably higher than in healthy individuals (table
3-22)[9].

Table 3-22. Theplasmaand erythrocyte free radical concentration in humanswith and
withouthypertensive disease (M +m)

PMC Healthyindividuals Patients
n=94, (10 M) n=45, (10 M)
ErythrocyteFR 1.2+0.02 1.3+0.06
PlasmaFR 0.5+0.01 0.6+0.03
Erythrocytea-Tq 1.7+0.03 1.3+0.06
Plasmaa-Tq 2.3+0.04 1.9+£0.06

In patients with hypertensive disease the plasma and erythrocyte free
radical concentration increases and the o-Tq content reduces with the
disease severity (table 3-23) [9].

In events of stage THD the plasma and erythrocyte FR concentration
remains practically normal, whereas with stage II it increases [9]. The
neurogenous theory of hypertensive disease origin suggests active
participation ofthe sympathetic part ofthe nervous system in the origination
and development of pathogenic processes [56, 107]. This means that blood
emission of catecholamines enhances the plasma FR concentration and
reduces the Cu** ceruloplasmin level. This is the universal response to the
sympatho-adrenalsystemactivation.

Table 3-23. Theplasmaand erythrocyte FR concentration depending on disease severity

(M=*m)
PMC I'stage HD, ITA stage HD, IIB stage HD,
n=9,(10-MM) n=20, (10 M) n=16, (10°M)
ErythrocyteFR 1.0+0.09 1.4+0.10 1.4+0.09
PlasmaFR 0.5+0.07 0.6+0.07 0.6+0.02
Erythrocytea-Tq 1.6+0.21 1.4+0.06 1.1+£0.06

Plasmaa-Tq 2.3+0.13 1.7+0.07 1.7+0.07
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As hypertensive disease develops the blood FR content approaches that
observed in MD (cf. [108]). In the HD development an essential part is
played by disorders ofredox processes and hypoxia oftissues accompanied
by glutathione reductase activation. As HD develops the o.-Tq concentration
in plasma lipids and, especially, in erythrocytes reduces. This is likely to be
related to adecrease inthe o -T concentrations in patients [56, 107].

Paramagnetic centers in the plasma, erythrocytes and blood lipids and
components in the Baikal-Amur Railway Road builders suffering from hy-
pertonic disease have been studied. The results show a reduced FR level in
erythrocytes and blood lipids and a decrease in FR and plasma peroxidation
lipids in sick builders compared with the control group. The initial HD
symptoms occurred on the background ofenhanced FR levels [109].

The EPR method provided data supporting the hypothesis of NO-induced
hypertensive activity ofnitro and nitroso compounds [110]. The presence of
NO in animal and human tissues is used in a search for NO-producing
species.

Nitric oxide (endothelium-relaxing factor) controls the vascular tonus in
patients with hypertension [111] NO is endogenously formed mainly from
L-arginine under the effect of NO-synthase [112]. This has provoked exten-
sive research of NO metabolism in human [73, 113, 114]. Atthe same time
methods for the determination ofblood and tissue NO concentrations have
beendeveloped[115,1161.

However, there are certain difficulties in NO registration due to its short
half-life [117]. In this respect the EPR method is much more advantageous
compared with other procedures. An EPR-based procedure for quantitative
determination ofnitrite, the oxidation product of NO, in human plasma was
elaborated. NO is strongly bound to hemoglobin to form an adduct giving a
specific EPR spectrum. The EPR signal amplitude allows determination of
evennanomolarNO concentra-tions.

The determination procedure is as follows: human plasmato be examined
was passed (for the conversion of nitrite to NO) in a flow of nitrogen
through a column filled with bovine Hb covalently bound to agarose and
treated with excess dithionite. This transforms all Hb into the reduced state.
Then the column contents is placed into the EPR spectrometer cavity and the
EPR signal intensity of the Hb-NO complex is recorded. In normal
individuals the venous plasma nitrite level ranged from 0 to 0.6 mcmol/l. In
patients with forearm or leg ischemia the plasma level nitrite increased
considerably[118],

Vascular wall relaxation is a physiological effect induced by sunlight.
The effect is like that ofendogenous relaxation (nitric oxide). Using the EPR
method the Hb-NO contribution to the mechanism ofthis phenomenon under
exposure to He-Cd and He-Ne laser has been studied. The results show that
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Hb-No is able to reversible dissociate and release NO under exposure to only
He-Cd[119].

Nitrovasodilators such as sodium nitroprusside (Na,[Fe(CN)sNOJ),
nitrates and nitrites react with Hb to form Hb-NO or MetHb containing Fe3*.
The formation ofthe above hemoglobin derivatives depends on the presence
ofoxygen, pH, and the nature of substrates involved. No Hb-NO EPR signal
appears when nitrovasodilators are incubated with Hb in air or in a gas me-
dium containing 5-10% ofoxygen. The signal can only be detected when the
oxygen content is below 1%. But even in this case the Hb-NO level was 3-
to 10-fold lower than that observed in the absence ofoxygen (pure nitrogen)
[120].

The metabolism ofnitroprusside in vivo is considered to occur mainly in
the liver [121] rather than in the blood as suggested previously. The metabo-
lism of nitroprusside with hepatocytes or subcellular fractions is based on
one-electron reduction with cytochrome P.s, reductase to the corresponding
metal-nitroxylradical.

Nitric oxide is not a very strong oxidant for most organic compounds.
However, secondary reactions of NO with polyvalent metals or reactive
oxygen compounds considerably enhances its oxidative potential. Contri-
bution of NO to cell injury is not well-understood yet. During interaction
with oxygen compounds the NO toxicity changes and sufficiently increases
in the presence of superoxide anion radical. The latter reacts with NO to
form finally a strong oxidant, peroxynitrite anion (ONOOQO-).

Since this anion is relatively stable, its protonated form, peroxynitrous
acid, HOONO decomposes spontaneously to form NO; ions. Exposure of
human blood plasma to peroxynitrite in the presence of 3,5-dibromo-4-
nitrosobenzene-sulfonate (DBNBS), leads to binding to NO; to form a
strongly immobilized adduct with the nitroxide radical. The formation ofthe
above adduct is related with the presence in plasma ofblood proteins such as
serum albumin, fibrinogen, IgG, o-l-antitrypsin and transferrin.
Peroxynitrite induces in the blood plasma the formation of protein radicals
centered onthe tryptophanresidue [122].

Peroxynitrite formed in the interaction of NO with superoxide anion radi-
cal reacts with protein tyrosine residues to form nitrotyrosines.
Nitrotyrosines are met in tissues and fluids ofpatients with lung diseases,
atherosclerosis, bacterial and viral infections, in cases of neuro-degenerative
states, aging, chronic inflammation, CO poisoning, tobacco smoke intoxi-
cation.

Until recently, registration of nitrotyrosine was used for peroxynitrite
detection. The mechanism ofnitrotyrosine formation can be independent on
peroxynitrites as well. Nitrogen oxide reacts with a stable tyrosyl radical in-
volved in the catalytic mechanism ofribonucleotide reductase suppressing
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the tyrosine radical EPR signal. Nitrogen oxide is supposed to form a radi-
cal adduct with organic radicals such as phenoxy radical of the tyrosine
residue. According to EPR data inhibition of ribonucleotide reductase and
suppression of its tyrosyl radical is a reversible process. This is due to the
fact that nitrogen oxide radical forms with tyrosine radical a complex which
decomposesto give aradical pair.

Nevertheless, the oxidation ofthis comp-lex induces the formation of a
modified tyrosine residue involving tyro-tyrosin. Like ribonucleotide
reductase, prostaglandin-H-synthase contains the tyrosine residue oxidized
to the corresponding phenoxy radical during the catalytic process. Nitrosine
is generated from the tyrosyl radical NO-adduct formed in the course of
catalytic production of prostaglandins by prosttaglandin-H-synthase-2. The
latter was treated with a system generating nitrogen oxide in the presence of
diethylaminenonoate [123].

A new route to peroxybitrite-dependent hemoglobine oxidation leading to
the production offree radicals at g=2.004, has been suggested [ 124].

Endogenous carbon monoxide (CO) is produced by enzyme heme oxy-
genase. CO regulates c-HMP through activation ofguanylate cyclase sharing
this biological role with nitrogen oxide. The hemoglobin tetramer in circu-
lating erythrocytes scrambles endogenous NO. From physiological
viewpoint endogenous CO enhances the oxygen affinity of other hem sites
thus displacing the oxygen dissociation curve to the left. This means that CO
reduces oxygen transport to tissues. Owing to the extremely high hemoglo-
bin affinity of nitrogen oxide (NO > CO > O,), the oxygen present in the
hemoglobin tetramer partially bound to NO is considered to cleave with
more difficulty than that partially bound to CO.

The extremely high NO concentration also displaces the oxygen
dissociation curve to the left and simultaneously increases the MetHb level,
which reduces the oxygen retaining capability of hemoglobin. Ifthis is true,
endogenous nitrogen oxide should also enhance tissue hypoxia and induce
death of cells. Endogenous NO generated in vivo by cytokines or
nitrovasodilatators reduces (by less than 1%) the total hemoglobin in
circulating blood and is bound to erythrocyte hemoglobin tetramer o-
subunits(Hba-NO).

It is established that NO displaces to the right the erythrocyte Hb oxygen
dissociation curve without formation of MetHb in this case. This is due to
breakage or weakening ofthe Hb iron - proximal histidine binding in Hb o-
subunit. As a result a characteristic Hem-NO EPR spectrum with a triplet
hyperfine structure ofpentacoordinate hem appears [125].

The effect of trimesoyl-tris-(3,5-dibromosalycilate) (TTDS) and
trimesoyl-tris-(phosphate methyl) (TTPM) on the oxygen dissociation rate
has been studied [126]. TTDS slows down the oxygen dissociation rate and
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increases the carbon oxide associationrate. The TTDS-HbNO spectrum does

not show hyperfine structure, an indicator of Hb conformational change. On

the contrary, TTPM increases the oxygen dissociation rate and decreases the

CO association rate compared to that observed for HbNO. In addition, in the

TTPM-HbNO spectrum there is a triplet providing evidence for breakage of
the a-chain proximal His-Febond [126].

During the last time much attention is given to treatment of arterial hy-
pertension with angiotensin-converting enzyme (ACE) inhibitors such as
captopril. This medicine is potent in treating hypertension and heart defi-
ciency and exerts an anti-inflammatory effect. It was also used for the
treatment ofrheumatoid arthritis [127].

Captopril has protective properties against injuries caused by arrhythmic
ischemia/reperfusion. Other ACE drugs do not show properties ofthis kind
[128]. The captopril ability of trapping free radicals is being extensively
studied as they are directly involved in the mechanism of cell and tissue
injury in events of ischemia/reperfusion. In particular, this drug is able to
remove hydroxyradicals [129], hypohalite radicals (OC1-) and hypochlorous
acid(HC1)[130,131].

Concerning participation of captopril in oxygen radial scavenging has
been discussed. It is reported on the one hand that captopril is able to scram-
ble the above oxygen radicals [132, 133], and on the other hand, that
captopril does thisrather inefficiently [ 134].

Nifedipine(1,4-dihydro-2,6-dimethy1-4-(2-nitrophenyl)-3,5-pyridine-di-
carbo-xylic acid dimethyl ester) is a calcium channel blocker widely used in
treatinghypertension [135].

As shown by EPR spectroscopy, nifedipine inhibits Mn ions intracellular
penetration through calcium channels [136]. According to EPR data,
nifedipine is photolabile, because when illuminated with daylight or mercury
lamp, it induced the generation of nitroxide radicals. The unusually easy
photochemical activation of nifedipine is likely to be stimulated by
photosensitive nitro groups interacting with suitably positioned hydrogen or
pyridinyl ringmethyl groups [135].

It is reported that the patients treated for a long time with nifedipine die
earlier and more often than those not using this drug [137, 138]. It is quite
possible to be caused by a slight photochemical activation ofnifedipine in-
ducingnitroxideradical generation.

Many aspects of ethyology and pathogenesis of hypertensive disease
have not been clearly understood till the present time. One ofthe reasons for
hypertension development is considered to be hereditary (possibly, congeni-
tal) defect ofcell membrane structure.
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In this connection an EPR spin labe-ling study was performed to
investigate erythrocyte membrane fluidity in spontaneously hypertensive
rats.

The results show the membrane fluidity to be considerably decreased.
These studies allow the EPR spectroscopy to be used in diagnosis of
spontaneoushypertension[139].

3.4 BLOOD DISEASES

In patients with iron-deficient anemia the activity of erythrocyte para-
magnetic centers changes. With increasing the disease severity the MetHb
content increases and that of Cu?* lowers. In this case the erythrocyte free ra-
dical concentration increases up to (1.4 = 0.03) x 10-* M whereas in normal
individuals itis (1.2 £0.02) x 10 M (table 3-24) [9].

The increase inthe glutathione reductase system activity favoring genera-
tion oferythrocyte free radicals reduces MetHb and strengthens the erythro-
cytemembrane.

Table 3-24. The erythrocyte PMC content in IDA patients depending on the disease severity
state (M+m)

PMC Severity of disease
Easy Moderate Heavy
MetHb,(g/1) 0.71 £0.04 0.82+0.05 1.03+0.04
CuzSOD, (10 M) 0.91 £0.07 0.80+0.07 0.86+0.08
FR, (10 M) 1.40+0.05 1.32+0.03 1.55+0.09
a-Tq,(10-6M) 1.12+0.02 1.74+0.04 1.02+0.06

The blood plasma Fe** content in IDA patients shows a 69% decrease in
man and a 79% decrease in woman (Figure 3-8).

This value is lower the more clearly expressed the severity ofdisease 6.8
+0.60 and 3.2 + 0.33 mcmol/l in easy and heavy states, respectively. As the
Fe** concentration increases the Cu?* ceruloplasmin content decreases (1.96
4 0.08) x 105 and (2.65 £ 0.23) x 10 M, respectively [30, 76]. Along with
the reduced blood plasma iron concentration, an increased fecal iron content
is observed (Figure 3-9) [9, 140]. Fe* transferring frequently appears on the
erythrocyte surface in 100% ofmen and 70% ofwomen with iron-deficient
anemia. At the same time, normal individuals and patients with chronic
gastritis, gastric and duodenal ulcer, rheumatoid arthritis, osteoarthrosis and
IHD the erythrocyte Fe?* content is practically the same. In iron-deficient
anemic patients some early erythrocyte forms carrying 25.000-50.000
transferrinmolecules appear[10].



3. Paramagnetic Centers in the Organism of Volunteers and... 111

Figure 3-8. Plasma ion Fe** concentration (mcmol/l) in donors (1) and in patients with: iron-
deficient anemia (2), chromic gastritis (3), duodenal ulcer (4), gastric ulcer (9, ischemic heart
disease (6). M -man, W - women.

One ofthe iron deposition sites is protein ferritin. The pathways of gen-
eration of radicals in ferritin are not well understood. The formation of
radicals in the H-chain ofrecombinant human ferritin and horse spleen ferri-
tin was studied by EPR. The results revealed the potential role of tyrosyl
radicals in the process ofiron oxidation in ferritin [141]. The same method
was used to study the human ferrochelatase function depending on the
character ofthe enzyme amino acid terminus [142].

In moderate iron-deficient anemia the saliva Mn?* content increases to
nearly (9.3 &= 1.34) x 104 M, thus showing that the more clearly expressed
anemia, the more intense dystrophic processes, the lower manganese-
containing enzyme activity, and whichreducing to (7.00 = 1.12) x 10 M as
the disease develops. Fe** is present in the saliva of all men with iron-
deficient anemia and in 73% ofiron-deficient women. At the same time in
normal individuals saliva Fe’* is met only in 50% of men and 23% of
women. An unusual signal with g=4.3 and half-width of 10 mT was found
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in the saliva of iron-deficient anemic patients (50% of men and 14% of
women) (Figure 3-10) [143].

Figure 3-9. Fecal ion Fe** concentration (mcmol/l) in donors (1) and in patients with: iron-
deficient anemia (2), chromic gastritis (3), duodenal ulcer (4), gastric ulcer (5), ischemic heart
disease (6). M - man, W - women.

Figure 3-10. Saliva EPR spectrum ofa patient with iron-deficient anemia (a sick man K., case
history N 15657). Registration conditions: T = 77°K, SHF power - 5 mW, magnetic field
scanning velocity - 50 mT/min, HF modulation - 0.5 mT, time constant- 0.3 sec.
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This paramagnetic center is of unidentified nature. It is suggested to be
caused by Fe** ion bound to chelate-forming ligands. In the saliva ofiron-de-
ficient anemic patients there is a Hem-NO signal (Figure 3-11) related to the
presence ofnitrate- and nitrite-restoring microorganisms in the mouth cavity.

Figure 3-11, Saliva EPR spectrum ofa patient with iron-deficient anemia (a sick woman S.,
case historyN 15028). Registration conditions: T=77°K, SHF power- 5 mW, magnetic field
scanning velocity - 50 mT/min, HF modulation-0.5 mT, time constant- 0.3 sec.

In the blood serum ofpatients with thalassemia, a Mediterranean anemia,
there is an EPR signal with g = 6.0 never observed in patients with thalasse-
mia minor. This EPR signal corresponds to a hem-serum albumin complex
[144].

The problem ofresponse to injury of infectious or non-infectious origin
has been existed during the whole history of investigation of living organ-
isms. The response manifests itselfby a change of'the organism reactivity,
structure and metabolism [145]. As early as in the XIX™ century I. I. Mech-
nikov pointed at the starfish defend reaction to spine irritation expressed as
formation ofa limiting leukocyte bank. Later on it has been shown that leu-
kocytosis is a universal non-specific response of the organism to injury of
differentnature [146].

Investigations carried out in the second halfofthe XXt century revealed
in leukocytes a number of species responsible for non-specific response of
the organism, such as lysozyme, lactoferrin, myeloperoxidase, non-
enzymatic cationic proteins. Leukocyte activation leads to the formation of
free radicals in accompanied by the so called "oxidative burst" ("respiratory
burst")[147].
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The organic hydroxidases appearing inthis case are cytotoxic. Leukocyte
polymorphonuclear myeloperoxidase is primarily responsible for organic
hydroperoxidase decomposition and cell defense [148]. (120). EPR and opti-
cal spectroscopy show neutrophil myeloperoxidase iron to convert from the
high-spin state Fe > to low-spin in the presence ofnitrite ion, the g-factor
values changing from 6.84, 5.02 and 1.95 to 2.55, 2.31 and 1.82, respec-
tively. EPR spectra fix even small differences in myeloperoxidase iso-
enzyme 1 compared with isoenzymes 2 and 3. This method allows detection
in vivo the reaction of nitrites with intact neutrophil myeloperoxidase by
monitoringNO production [149, 150].

Hydrogen peroxide and anion radical O ,-*react in vitro in the presence of
transition valence metals to form hydroxyl radical, an extra ordinary oxidant
essential in human phagocyte microbiological activity and tissue damage.
Neutrophils or mononuclear human phagocytes either are able to form en-
dogenous HO®or need exogenous metals such as iron. This is not clearly
understood until now mainly due to insufficient sensitivity of methods for
the determination of phagocyte HOradicals. HO®radicals can be detected
by EPR spectroscopy using various spin probes such as nitrone or nitroso
compounds. These compounds react with short-living HO- radicals to gener-
ate long-living nitroxide radicals (spin adducts) determined by EPR
spectroscopy using in most cases DMPO as a spin trap. DMPO well traps
both superoxide and hydroxyl radical to form a fairly stable spin adducts.
However, the spin adduct DMPO O, (2,2-dimethyl-5-hydroperoxy-I-
pyrrolidinyloxyl-DMPO/OOH)decomposes to give a spin adduct DMPO-
HO?® (2,2-dimethyl-5-hydroxy-1 -pyrrolidinyloxyl-DMPO/HO). Therefore in
the presence of both O. *and HO*®it is not possible to determine them sepa-
rately. This problem can be solved by addition of dimethylsulfoxide which
reacts exclusively with HO radical to form CH; radical. The latter is scram-
bled by a spin trap in the form of DMPO/CH;* The EPR DMPO/CHy
method provides a specific indicator of HO®radical registration in the pres-
ence of systems generating oxygen radicals in stimulated human phagocytes
(neutrophils, monocytes and monocyte derivatives —macrophages) [151].

Using EPR spectroscopy the generation ofoxygen radicals and the role in
leukocytes were studied [152, 153]. Eosinophils also produce hydrogen per-
oxide, superoxide and HO*which are ofimportance in host defense [ 154].

Taurine formed as a result of cysteic acid decarboxylation enters into the
composition ofpaired bile acids and is essential in fat metabolism. The anti-
oxidant properties of hypotaurine, the taurine precursor, were proved by
EPR method using spin probe DMPO. Hypotaurine competes with DMPO
for hydroxyl radicals. The biological role of hypotaurine and taurine in neu-
trophils was studied in terms oftheir antioxidant properties and subcellular
Iocation withinthe cell [155].
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Sodium sulfite is metabolized by human polymorphonuclear leukocytes
intwo alternative pathways. One ofthese is an enzymatic way dependent on
sulfite oxidase. The other is a non-enzymatic way involving the intermediate
formation of sulfur trioxide anion radicals. According to EPR data the "oxi-
dative burst" is initiated by phorbol myristate acetate that significantly
stimulates the sulfate formation. In healthy individuals a considerable varia-
tion in the activity of sulfite oxidase in polymorphonuclear leukocytes is
observed [156].

As shown by EPR spin trapping in monocyte-derivative macrophages
nitrogen monoxides involved inthe generation of HO® radicals [157].

Using the same method it has been found that binding of mono-, di- and
trisaccharides to membrane lectine reduces the rotational motion of mem-
brane proteins and lipids. As a result of interaction of polisaccharides with
lymphocytes the membrane fluidity decreases considerably which makes the
membrane almost rigid. The membrane fluidity decreases depen-ding on the
dose of saccharides, on the multivalency of ligands and is sensitive to the
presence of EDTA and sodium azide. Binding oftwo different carbohydrate
ligands on the lectin-containing membrane surface exerts a synergistic effect
onthe membrane fluidity [158-160].

According to EPR data, cell lines of human fibroblasts generate oxygen
radicals when stimulated with serum-treated zymosan, N-formyl-methionyl-
leucyl-phenylalanine, leukotriene B4 or 12-O-tetradecanoylphorbol 13-ace-
tate. As known, all the above compounds stimulate respiratory burst of
phagocytes (inphagocyticcells) [161].

Oxygen-derived active species and, in particular, superoxide radicals are
generated and excreted by activated granulocytes. These radicals play an
essential role in host defense against bacterial and fungal infections. The
formation of radicals peaks soon after neutrophil stimulation and decays
within minutes. Nevertheless, neutrophil function is expected to last consi-
derably longer. Kinetics of anion radical formation by stimulated human
neutrophils was investigated by three independent methods: EPR, chemi-
luminescence and ferricytochrome C reduction. Under the appropriate
experimental conditions stimulated neutrophils are able to produce anion
radicals O,*. withinseveral hours [162].

An agonist-activated phospholipase D/phosphatidic acid (PA) and phos-
phohydrolase (RAH) pathway of "oxidative burst" generation was
demonstrated in human neutrophils. Phosphatidic acid and diradylglycerol
(DG) formed in this way, participate in activation of the "oxidative burst"
followed by anion radical O,*. generation. To investigate the role of the
phospholipase D (RAH) pathway in neurophil activation the use was made
of a series of cationic amphiphilic compounds (sphingosine, propanolol,
chlorpromazine and desipramine)andantibiotics (clindamycin, trimethoprim
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and roxithromycin), all of which inhibiting the "oxidative burst". By EPR
spectroscopy using ([3H]-O-alkyl- lysoPC) labeling the content of phospha-
tidyl in neutrophil intact cells was examined. The [3H]-phosphatidic acid
and [3H]-diradylglycerol released in this case could quantitatively be deter-
mined only after addition of either chemo-attractant or phorbol miristate
acetate. All these agonists showed dose-dependent inhibition of [3H]-di-
radylglycerol generation which correlated well with inhibition of O, radi-cal
generation. However, the compounds cannot directly inhibit the NADP.H
oxidase in cells. In many cases inhibition of [3H]-DG corresponds to an
increase in the [3H]-PA concentration. This implies PAH to be the locus of
inhibition. With a decrease in the content of phosphatidic acid the anion
radical O, generation is either inhibited or ceased. O, release and DG gene-
ration are independent on the structure ofpropranolol stereoisomers. PAH is
suggested to be not involved in inhibition of this type. No effect of the
inhibitors on PA mobility was revealed by means of EPR monitoring using
spin labeled PA in amodel membrane system. These results suggest diradyl-
glycerol generated in the phospholipase D/RAN pathway to activate and
maintainthe "oxidative burst" [163].

Polymorphonuclear leukocytes appear in infected areas ofthe organism
and adhere via diapedese and chemotaxis. These leukocytes kill pathogenic
bacteria thus producing active oxygen radicals. However, the latter are toxic
not only to microorganisms, but to the host cells and even to leukocytes
[164,165].

"Oxidative burst" during phagocytosis ofhuman neutrophils is related to
the generation of superoxide anion radical. This radical is converted to hy-
drogen peroxide and hydroxyl radical which can be harmful to the organism.
The radicals were studied by EPR spectroscopy using DMPO spin trap.
Overproduction of superoxide anion radicals (by chronic inflammation, for
example) is endogenously suppressed by superoxide dismutase or other
drugs ofsimilaractivity [166].

Polymorphonuclear leukocytes are damaged by radicals formed on their
own. Leukocyte damage by these radicals can be inhibited using phenyl-N-
tert-butylnitrone (PBN) spin label [167-169].

3.5 HEMOSTASIS DISORDER

Hemostasis is an evolutionary developed defense reaction manifesting it-
self as hemorrhage arrest in cases of blood vessel wall injury. The hemosta-
sis system represents a combination of blood components (plasma and cells)
and vessels.
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The process of hemostasis involves extravascular tissue, vessel wall,
blood coagulation plasma factors, and other blood formed elements. In this
process an important role is played by endogenous physiologically active
substances (adrenalin, noradrenalin, serotonin, efc.), local changes in ionic
relations and blood pH, & (zeta)-potential (difference of potentials between
dispersion medium, dispersion phase and the vessel wall). Thrombocytes
also take part in the hemostasis vascular-thrombocytic mechanism. On the
wound surface they adhere to injured endothelial cells and tissue fibers, thus
forming a hemostatic thrombocytic thrombus. The structure and functions of
thrombocyte membranes are essential inblood coagulation process.

Three subfractions ofhuman thrombocytes different in density and func-
tion were studied using EPR spin label measurements and fluorescence
polarization. The anisotropy of plasma membranes oflow-density thrombo-
cytes is higher than that ofintermediate and low density thrombocytes. This
high plasma membrane anisotropy correlates with a higher choleste-
rol/phospholipid molar ratio in the plasma membranes of low density
thrombocytes. As compared with other subfractions the low density throm-
bocytes show a very small increase in cAMP after activation with
aggregation inhibitor prostaglandin E1. After thrombin stimulation the low
density thrombocytes show the highest percentage ofinositol phosphate ac-
cumulation. A high correlation between functional parameters and the
architecture ofthrombocyte plasmamembranes is observed [170].

The EPR method using paramagnetic analogs of endogenous phospho-
lipids was employed to study phospholipid distribution in thrombocyte
plasma membranes in the process of aging. Asymmetrical distribution and
translocation kinetics of spin labeled phosphatidylserine and phospha-
tidylcholine in fresh thrombocyte plasma membranes were different. After
keeping for seven days in a freshly prepared thrombocyte culture the spin
labeled phosphatidylserine fast penetrated to the inner side ofthe thrombo-
cyte plasma membranes. However, the spin labeled phosphotidylcholine
mainly remains on the external side. After stimulation ofthe thrombocyte
culture by the calcium ionophore A23187 the inhibition oftranslocase activ-
ity and modification of membrane stability persists up to the nineth day and
disappears between the day 10 and 12. After 7-9 days a strong cycto-
skeleton proteolysis and a noticeable decrease in intracellular ATP
concentration take place. After 9 days thrombocytes cannot be activated any
longer. This indicates complete suppression of B-N-acetyl glucosaminidase
secretion and vesicle formation after stimulation of aged thrombocytes by
ionophore calcium (A23187). During thrombocyte aging in vitro there are
metabolic and membrane changes analogous to those observed in activated
thrombocytes. All these phenomena simultaneously occur between the sev-
enth and nineth day. The EPR data emphasize the importance of main-
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taining the plasma membrane asymmetry to increase the hemostatic
effectiveness oftransfusedthrombocyte concentrates [1713.

In order to investigate specific changes in the fatty acid composition of
cell membrane phospholipids an original method based on the transfer of
pure phospholipid macromolecular fragment to membranes has been devel-
oped. For this purpose phosphotidylcholine (PC) and phosphotidyl-
ethanolamine (PE) subclasses containing unsaturated fatty acids with C,s:2n-
6 and Cx:6n-3 in the sn-2 position were incorporated into human
thrombocyte membranes. This was performed using endogenous phospho-
tidylinositol/PC transfer protein (PI/PC-TP) and phospholipid transfer
protein from maize (L-TP), respectively. The PI/PC protein transfer carriers
catalyze phospholipid exchange between thrombocyte membranes and uni-
lamellarvesicles containing 1,2-diacylglycerophosphocholine (diacyl-GPC,
16:0/18:2-GPCor 16:0/22:6-GPC). The proportion ofunsaturated fatty acids
18:2n-6 and 22:6n-3 in diacyl-GPC constantly increases from 11% to 17%
and from 0.8% to 10%, respectively, At the same time the PE and PI fatty
acid compositions are unchangeable. According to electron-spin resonance
of 5-and 16-nitroxy stearic acids, the diacyl-GPC-enrichmentin 22:6-3nand
18:2-6 does not lead to changes inthe membrane fluidity.

Analogously, 18:2-6 and 22:6-3 esterified in 1,2-diacylglycerophospho-
ethanolamine (diacyl-GCP) were incorporated in thrombocyte membranes
by an exchange process when donor vesicles had a phospholipid compo-
sition equivalent. Thus, the L-TP and PI/PC-PP catalytic effect can be used
for studying the modulation ofmembrane biological activities by changes in
fatty acid compositions of specific phospholipid classes or subclasses [172,
173].

Electrostatic forces enhancing the thrombocyte adhesion to a wound sur-
face are of importance in the mechanism of interaction of thrombocytes to
injured vessel wall during hemostasis. Adhesion facilitates slowing down of
bleeding.

Thrombocyte adhesion is followed by aggregation in the wall injury site.
ATP is released from injured endothelial cells and from erythrocytes and
thrombocytes and further transformed to ADP under the influence ofcellular
adenosinetiphosphotase. ADP induces a reversible thrombocyte aggrega-
tion. A number of hypotheses have been put forward for elucidating the
aggregation mechanism. According to one ofthese the ADP thrombocyte-
aggregating activity is conditioned by three free negative valences in the
ADP molecule. Two valences bind a calcium 1on whereas the third one, to-
gether with the same valence of neighboring ADP molecule, adds another
calcium ion. Thrombocyte aggregation results from the formation ofcalcium
"bridges" between thrombocyte-nucleotide complexes. However, many
thrombocyte aggregation mechanisms are not well understood yet.
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EPR spectroscopy using three different traps: two nitroso - DBNBS and
2-methyl-2-nitrosopropane (MNP), and a nitrone — DMPO was applied to
investigate the role of L-arginine/nitric oxide pathway in human
thrombocyte aggregation. In this study the effect of spin trap concentration
on the collagen-induced human thrombocyte aggregation was compared with
the antiaggregation effect exerted by L-arginine. It was found that the nitroso
spin traps prevented thrombocyte aggregation more effectively than L-
arginine. At concentrations below 300 Mm/l DMPO did not affect much the
collagen-induced aggregation. Thrombocyte activation with a low collagen
concentration (17 pg/l) in the presence of DBNBS and MNP leads to EPR-
detectable spin-adducts. Some ofthem are different from the spin adducts
forming in the interaction offree radicals and nitric oxide with the spin traps.
Only one DBNBS adduct observed in the spectrum of water-washed
thrombocytes in the presence of superoxide dismutase was similar to a
product obtained by a reaction of NO with DBNBS. DBNBS and MNP
adducts were also generated during thrombocyte activation in the presence
of Ca** and a cytosol(e)-depleted L-arginine preparation from washed
thrombocytes to which L-arginine was added. N—w-methyl-L-arginine
(MeArg, 100 mcM) inhibits the formation ofthese DBNBS and MNP spin
adducts. This suggests the latter to originate from a product of NO synthase.
The formation ofthese DBNBS and MNP spin adducts in thrombocyte sus-
pensions was enhanced in the presence of superoxide dismutase. However,
their formation was suppressed by methylene blue and hemoglobin, endothe-
lial-derived relaxing factor (EDRF) inhibitors. These data provide evidence
for the existence of the endogenous L-arginine NO pathway in human
thrombocytes[174].

The role of erythrocytes and leukocytes in hemostasis is related to the
presence of most blood coagulation factors. When the blood vessel wall is
injured these factor get involved in fibrination reaction. During hemostasis
thrombocytes are held in the fibrinous network thus facilitating a thrombus
formation and growth. Erythrocyte rheological properties and aggregational
ability have been studied by EPR spectroscopy using spin labels [175].

The rate of thrombus formation depends on the interaction between
thrombocytes and erythrocytes. However, the mechanism of this process
remains unclear. Thrombocyte aggregation can be caused by nanomolar le-
vels of hemoglobin released from injured erythrocytes. At the molecular
level this process is notreceptor-based. It involves oxyhemoglobin oxidation
by hydrogen peroxide derived from thrombocytes with subsequent gene-
ration of unknown radical products detected by EPR spectroscopy. MetHb
and Hb-CO do not induce thrombocyte activation or radical formation.
Hemoglobin-induced thrombocyte aggregation is completely blocked by
catalaseorradical "scavengers" [176].
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The interaction ofhuman thrombocytes and endothelial cells with neu-
trophils and monocytes was studied by EPR spectroscopy using spin probes.
Sialic acid receptors located on the thrombocyte surface were also examined
by thismethod [158].

Thrombocytes stimulated by arachidonic acid or collagen are activated
with nanomolar quantities of H,O,. This effect is mediated by hydroxyl
radicals extracellularly formed by a Fenton-like reaction. H,O,-induced
thrombocyte aggregation results in serotonin release and thromboxane A2
production. This process is inhibited by hydroxyradical "scavengers" and by
iron chelator desferrioxamine. The intermediate HO radicals were detected
by EPR spectroscopy using spin probes. The role of hydroxyl radicals was
supported in experiments with exogenously added iron. A free or EDTA-
bound Fe?* ion activates thrombocytes pretreated with deoxyribose, mannitol
or catalase. Fe* ion acts in a similar manner only in the presence of a re-
ductant. HO' radical activation depends on accompanying release of
arachidonic acid and is blocked by phospholipase A2 inhibitors mepacryne
and aristolochic acid and by (Na*/K* antiporter inhibitor ethylisopropyl-
amiloride). In contrast, neomycin and staurosporin were ineffective. This
indicates that phospholipase C, protein kinase C were not involved in the
initial activation phase. Neitherradial formation nor arachidonic acid release
were aspirin-blocked. In whole blood thrombocyte activation is induced by
hydrogen peroxide generated upon stimulation of neutrophils by N-formyl-
methionyHleucylphenylalanine.  Thrombocyte — activation and HO- radical
formation is blocked by the NADP.H oxidase inhibitor diphenyliodonium,
catalase and mannitol. This suggests that the reactive oxygen species act as
"second messengers" during the initial phase ofthrombocyte activation pro-
cess[177].

Introduction ofalbumin-bound docosahexaenoic acid (22:6n-3), but not
linoleic acid (18:2n-6) into cellular phospholipids inhibits thrombocyte ag-
gregation induced by thromboxane analog U46619. [3H]U46619 specific
binding to thromboxane A2/prostaglandin H2 (TXA2/PGH2) receptors, as
well as specific binding ofthe antagonist [3H]SQ29548 to these sites were
also decreased in these modified cells. Over 80% ofthe 22:6n-3 incorporated
in these cells was esterified in the various endogenous phospholipid classes.
The remaining was found in neutral lipids and in the unesterified fatty acid
pool. Membrane fluidity parameters were measured by electron spin reso-
nance of 5- and 16-nitroxy-stearic acids. As a result it was established that
the molecular species of phosphotidylcholine (PC) bound to 22:6n-3 in the
position 2 can affect were not significantly different in membranes enriched
with 1-palmitoyl-2-docosahexaenoyl-glycerophosphochcline  (16:0/22: 6-
GPC) relative to those enriched with 16:0/18:2n-6-GPC, arguing against a
generalized perturbation ofthe membrane due to 22:6n-3 incorporation. We
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conclude that molecular species of PC with 22:6n-3 at the sn-2 position can
affect TXA2/PGH2 receptors. Selective inhibition of thrombocyte mem-
brane fluidity by 22:6n-3 - containing phosphotidylcholine is discussed [ 172,
173].

Changes in membrane fluidity caused by recombinant tissue-type plas-
minogen activator were detected by means of h+1/0 parameter calculated
from EPR spectra for [2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-
oxazolidinyloxy](16-DOXYL-Ste)and[2(3-carboxypropyl)4,4-dimethyl-2-
tridecyl-3-oxazolidinyloxy] (5-DOXYL-Ste) incorporated into the lipid
bilayer (h+1 and h0) are the heights ofthe low-field and middle-field lines of
the spectra, respectively). For this purpose washed thrombocytes labeled
with 16-DPXYL-Ste and 5-DOXYL-Ste free radicals were incubated with
recombinant tissue-type plasminogen activator. Interaction ofthe above acti-
vator contained in both stimulated and non-stimulated thrombocytes
increases the membrane lipid bilayer rigidity. This is suggested by a de-
creased h+1/h0 value. This can be explained by either conformational
changes of the membrane receptors due to the attachment of recombinant
tissue-type plasminogen activator with subsequent rearrangement ofthe lipid
matrix ofthrombocyte membrane. Or by direct association of recombinant
tissue-type plasminogen activator with membrane phospholipids. Partial em-
bedding of the protein molecules into the lipid bilayer restrains the lipid
mobility [178].

In order to examine which ofthe two Pro47-Asp87 domains ofepidermal
growth factor is involved in the reaction of recombinant tissue-type plas-
minogen activator with thrombocytes this domain was expressed in E.coli.
Thus the peptide fragment was produced from a plasmid expression vector
as a fusion protein with 3 -galactosidase Met1-Val444 at high yield in eight
clones of E.coli. The fusion protein was purified and hydrolyzed with formic
acid under mild conditions. Then the Pro47/Asp87 peptides identified by
immunoblotting using specific antibodies to tissue plasminogen activator,
were isolated by HPLC. According to EPR data, after incubation with
thrombocytes spin labeled with 5- or 16-doxylsteraic acid the Pro47/Asp87
peptide fragment reduced the membrane lipid bilayer rigidity analogously to
intact tissue plasminogen activator. The data obtained suggest that the epi-
dermal growth factor-like domain oftissue plasminogen activator directly
interacts withthrombocytes [179].

Thrombin is a blood coagulation proteolytic enzyme catalyzing the hy-
drolytic cleavage of fibrinogen to fibrin-monomers. Thrombin is related to
peptide-hydrolases, serine-proteinase subclass. Fibrin-monomersare polym-
erized to fibrin constituting the thrombus basis.

The primary structures ofbovine and human o -thrombins are highly ho-
mologous. Therefore, X-ray diffraction analysis does not provide sufficient
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information about their structural differences. To compare the dynamic con-
formations of bovine and human a-thrombins the use was made of EPR
spectroscopy. The active sites were labeled by fluorosulfonylphenyl inhibitor
and fluorophore which probed the catalytic serine residue in the 10-15 A
region. According to EPR data, the nitroxide moieties in human and bovine
thrombin are completely mobilized, the steric motion in bovine thrombin
beingrestrained. Dansyl fluoride andpara-nitrophenyl anthranilate phospho-
res reveal differences in A ™ .., and A ., values ofthe complexes with bovine
and human a-thrombins, respectively [180].

Hirudin, a specific thrombin inhibitor, irreversibly blockades the "recog-
nition" site of high molecular substrates outside the active center.
Interactions of hirudin analogs with bovine and human thrombin were
studiedby EPR (using spin labeling and fluorescence spectroscopy [181],

A certain role in hemostasis is played by plasma fibronectin, a high-
molecular adhesive glycoprotein. Its macrochain contains two subunits (250
kDA) bound by disulfide bond within the carboxyl terminals. One ofthem
(SHI site) is located between the DNA-binding and cell-binding domains,
while the other one (SH2 site) is located within the carboxyl-terminal fibrin-
binding domain. Using the EPR method it is shown that these sulthydrile
groups ofsoluble fibronectin do notreact with sulthydryl reagents. Also they
fail to interact with collagen, fibrinogen, heparin, hyaluronic acids, calcium
ions, EDTA, deoxycholate ormethylamine solution [182].

Fibronectin molecular dynamics was investigated with the help of EPR
method (N, “H-maleimide spin label) and fluorescent spectroscopy (couma-
rinylphenyl maleimide label). Upon absorption of fibronectin'to a gelatin-
coated surface, the SH;, site, located between the DNA-binding and the cell-
binding domains, is partially exposed, while the SH; site, located within the
carboxyl-terminal fibrin-bindingdomain, remains buriedand unreactive. The
procedures for the preparation ofthe selectively labeled fibronectins are de-
scribed in detail. The fluorescence technique indicates that the environments
of SH, and SH, sites are hydrophobic. The EPR results show that heparin or
high salt induces an increase in the domainal flexibility in both SH, and SH,
regions, perhaps through the disruption ofdomain-domain interactions in the
fibronectin molecule, and that heparin is more effective in this respect than
the polysalts. The observed heparin effect is reversible by addition of cal-
cium ions in the SH, regions but not in the SH, regions. At temperatures
above 44°C, both types ofhomologous regions containing the free sulfthydryl
groups undergo denaturation and aggregation. These data suggest that the
EPR method is useful for mapping the spatial arrangement of structural do-
mains inthe protein molecule [183].

To correct hemostasis dipyridamole (curantyl) is often used. Dipyri-
damole dose-and time-dependently inhibits the production ofoxygen radical
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from human stimulated by opsonized zymos and formyl-methionyl-leucyl-
phenylalanine. Dipyridamole directly inhibits the generation of active
oxygen radicals attherapeutic concentrations. Possibly dipyridamole may be
used as a potential "scavenger" of active oxygen metabolites because it
inhibits very quickly biochemically formed radicals HO and O, At
therapeutic concentrations dipyridamole inhibits the generation of oxygen
active forms inhuman polymorphonuclear leukocytes [184].

Chemical modifications of thrombocyte membranes and erythrocyte
ghosts, induced by aspirin (acetylsalicylic acid), acetyl chloride or salicylate,
have been investigated using fluorescence quenching and EPR spectroscopy.
The results show that only aspirin can induce disorders in the lipid-protein
matrix and membrane protein conformation. The aspirin action in thrombo-
cyte and erythrocyte membranes decreases the distance separating the
membrane tryptophan and bound 1-anilino-8-naphthalenesulfonate molecu-
les. This significantly increases the maximum efficiency ofenergy transfer.
The decrease in the ratio of amplitudes of low-field peaks in EPR spectra
from weakly to strongly immobilized fractions of maleimide spin label (4-
maleimido-and the increase in the relative rotation correlation time of
10odoacetamide spin label [4-(2-i0doacetamido)- 2,2,6-6-tetramethylpiperi-
din-1-oxy1) indicate that aspirin effectively immobilizes membrane proteins
in the lipid bilayer. At the same time, acetylchloride and sodium salicylate
fail to produce a noticeable effect. Thus, aspirin affects the membrane pro-
tein structure inducing reorganization of both lipid and membrane protein
assembly. The interaction of aspirin with thrombocyte and erythrocyte
membranes may lead to local conformational changes with impairment of
thrombocyte functions. This new type of aspirin-induced protein chemical
modification is suggested to involve the generation of a reactive salicylic
residue during fast degradation of aspirin under physiological conditions
[185].

The effect ofpentoxifylline and other hemorheologically active drugs on
human erythrocyte membranes was studied by EPR spectroscopy. On exter-
nal addition of the drug, an increase in the fluidity in the regions of
phospholipid head groups ofthe erythrocyte membrane bilayer is observed.
The fluidity is dependent on the incubation time suggesting a drug-
membrane protein interaction. On the other hand, the acyl chain motion in
the hydrophobic end ofthe phospholipid group is reduced in the presence of
the drug and does not depend on time. These pentoxifylline-induced changes
in the membrane fluidity at different depths ofthe membrane may correlate
toerythrocytedeformability [186].

EPR spectroscopy was used to examine the effect of WEB 2086, 3-[4-(2-
chlorophenyl)-9-methyl-6H-thieno[3,2-f][1,2,4]triazolo- [4,3-a][1,4]-diaze-
pin-2-yl]-11-(4-morpholinyl)-1-propanone, an antagonist of thrombocyte-
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activating factor, on the generation ofactive oxygen radicals by human poly-
morphonuclear leukocytes. This agent inhibits the generation of oxidative
metabolites by these cells following stimulation by and formyl-methionyl-
leucylphenylalanine in a time-dependent fashion. WEB 2086 directly
inhibits the generation ofactive oxygen radicals by these cells washed prior
to stimulation may be a "scavenger" of active oxygen radicals. WEB also
"scavengers" active oxygenradicals generated by opsonized zymosan-stimu-
lated human polymorphonuclear leukocytes. As established by EPR, this
action of WEB 2086 may be exerted against hydroxyl radicals HO® and O,=.
Thus, it follows that WEB 2086 may inhibit the generation ofactive oxygen
radicals by human polymorphonuclear leukocytes and directly influences the
scavenging ofthese radicals [187].

3.6 DISEASES OF GASTRO-INTESTINALTRACT

The development of gastric and duodenal chronic diseases is accom-
panied by some changes in the host PMC content. In events of peptic ulcer,
especially, duodenal ulcer, the erythrocyte free radical concentration is
slightly increased. Activation ofthe glutathionereductase system seems to be
caused by hypoxia favoring chronic development ofpeptic ulcer [188].

In patients with chronic gastritis and ulcer the plasma Fe** concentration
1s decreased, whereas that of Cu?* is increased (cf. [189]). Opinions on the
iron concentration in the blood plasma ofpatients are contradictory (lower
values are most often reported). At reduced gastric juice acidity, the Fe* -
Fe3+ oxidation is decreased [190]. The same is also observed in gastritis, ul-
cers and cancer of stomach. Concomitant injuries of other departments ofthe
gastro-intestinal tract (enteritis, colitis, cholecystitis, pancreatitis, etc.) are
accompanied by disorders in iron utilization and metabolism. The results of
EPR and spectrophotometry show the duodenal 3 -type cytochrome to be in-
volved in the process of intestinal iron absorption [191]. The decrease in the
blood plasma Fe** content in ulceric patients is induced first of all by con-
cealedbleeding.

In the stomach contents of patients with gastritis, gastric and duodenal
ulcer an EPR Hem-NO signal was observed. Its concentration in healthy in-
dividuals is higher than in patients with chronic gastritis and peptic ulcer
(71% and 66%, respectively) (Figure 3-12) [192, 193].

Hem-NO exerts an activating effect on guanylate cyclase thus increasing
tissue c-GMP and stimulating cell proliferation. This supports the gastric
wall integrity and prevents ulceration [194, 195]. C-GMP inhibits thrombo-
cyte aggregation and produces a vasodilatory effect. The above diseases are
characterized by a reduced blood flow and the appearance of thrombocyte
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aggregations [190]. Certain amount of carcinogenic nitro- and nitroso-
compounds are brought into the gastro-intestinal tract with food. The activity
ofnitrate- and nitrite-reducing microorganisms is most likely to be compen-
satory reaction preventing the development ofoncologic diseases. Malignant
tumors are often met in patients with chronic gastritis and peptic ulcers. This
suggests Hem-NO to be a compulsory component of gastric contents. Hem-
NO is supposed to be involved in the development of chronic gastritis and
peptic ulcer by the following pathogenic mechanism. Changes in the
stomach microflora, in particular, a decrease in the content of nitrate- and
nitrite-containing microorganisms leads to a drop of the Hem-NO level
[196]. This inhibits cell proliferation, decreases mucous wall restoration,
strengthens thrombocyte aggregation andreduces vasculartonus regulation.

Figure 3-12, Intestinal Hem-NO concentration (10° M) in donors (1) and in patients with
chronic gastritis(2) and gasric-duodenal ulcer(3).

In some patients with injury ofthe gastro-intestinal tract a decrease in the
o -Tq content in plasma and erythrocyte lipids is well defined (Figure 3-13).

In patients suffered from ulcer of stomach the saliva Mn?* concentration
1s extremely low (6.3 +0.42) x 10-*M. In events ofchronic gastritis and pep-
tic ulcer the fecal Mn?* content is lowered too (Figure 3-14).

The Mn?* ion was detected in upper departments of the gastro-intestinal
tract (saliva, pancreas, bile). High concentrations of Mn?* ion were also
found in intestinal anaerobes ofthe Bacteroides genus.

Assessment of the stomach acid-forming function is of importance in
both diagnosis and treatment ofthe disease. The available methods to deter-
mine stomach acidity (gastric intubation, intragastric pH-metry, etc.) are
painful. Therefore, the development ofnovel diagnostic approaches is rather
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essential. The latest achievements in EPR spectroscopy involving exami-
nation ofintact animals look ratherpromising [ 197, 198].

Spin labeled pH-sensitive proteins were studied by EPR spectroscopy,
For this purpose human serum albumin was modified by two different spin
pH-sensitive labels ofthe imidazole series containing an alkylating or acyl-
ating group. Then the pK values ofradicals covalently bound to protein were
measured by the EPR method (pK, = 3.2 £ 0.1, pK2 =4.75 £ 0.1). The
resulting spin pH-probes may be used for measuring local pH values by the
EPR method within the 1.8-6.2 pH range [199]. A method based on peroral
administration of pH-sensitive nitroxide seems to be of great promise in
clinical practice [200]. The method enables intragastric pH monitoring.
These tentative data suggest that the EPR method will provide a valuable
noninvasive tool for a prolonged pH characterization in vivo.

Figure 3-13. Plasma lipid tocopherilquinone concentration in donors (1) and in patients with
iron-deficient anemia (2), chronic gastritis (3), duodenal ulcer (4), gastric ulcer (9, ischemic
heart disease (6), hypertensive disease (7). M —men,W - women.
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Figure 3-14, Fecal Mn* ion concentration (10 M) in donors (1) and in patients with iron-
deficient anemia (2), chronic gastritis (3), duodenal ulcer (4), gastric ulcer (5), ischemic heart
disease (6). M - men, W - women.

The acid-forming function of stomach can be reduced by a wide range of
drugs (antacids, cholinolitics, H,-histamine receptorblockers, "proton pump"
blockers). However, mechanism ofaction is not well-understood for most of
them. The effect of proton pump blocker omeprazole on the K/[H*] value of
ascorbic acid (K = the ascorbic acid-ascorbic free radical equilibrium con-
stant) has been studied. Changes in the concentration of ascorbate free
radical in guinea pig serum were examined after intraperitoneal administra-
tion of omeprazole. It was found that the serum K[H-] value increased
significantly after administration of omeprazole. The drug turned out to am-
plify the EPR signal intensity of ascorbate free radical in vitro. The results
suggested omeprazole to actlike oxygenradicals [201].

Recently anew antiulcer agent, rebamipide 2-(4-chlorobenzoylamino)-3-
[2(1H)-quinolinon-4-yl] propionic acid, has been synthesized. EPR spectro-
scopy using spin trap DMPO showed that rebamipide had antioxidant
properties. This agent is active as HO- radical "scavenger" and inhibitor of
superoxide production in neutrophils [202]. Rebamipide inhibits active oxy-
gen generation by neutrophils stimulated with Helicobacter pylori extracts.
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This suggests rebamipide to protect gastric mucosa against inflammation
[203].

The high ascorbic acid content ofdiet is suggested to protect against gas-
tric cancer. This may be due to its action as a "scavenger" of free radicals
forming in the gastric mucosa, which finally leads to DNA damage. Using
EPR spectroscopy ascorbyl radicals were found in gastric mucosa of 82 pa-
tients taken vitamin C earlier, of whom 37 had Helicobacter pylori-
associated gastritis. This appears to result from free radical scavenging by
ascorbic acid. In patients with Helicobacter pylori gastritis the ascorbyl radi-
cal concentration is much higher compared with subjects with normal
histology. These data suggest that ascorbic acid is acting as a "scavenger" of
free radicals generated in human gastric mucosa [204],

Crohn's disease and non-specific ulcerative colitis are called the diseases
of the century. They are of unidentified etiology. Industrialization and
"western" way of life contributed a great deal to spreading these diseases.
The ever increasing number of patients suffering from Crohn's disease and
non-specific ulcerative colitis makes it necessary to search for the origin and
mechanisms ofthese diseases as well as to specify and enlarge the scope of
drugs to treat them. The pathogenesis of chronic inflammations ofthe intes-
tine such as Crohn's disease and nonspecific ulcerative colitis, is suggested
to involve the formation of oxygen radicals (O2-* and HO') generated by
phagocytes. It was found that sulfasalazine (SASP) and its metabolites, such
as 5S-amino-salicylicacid (5-ASA), and acetyl-5-amino-salicylic acid (AC-5-
ASA), but not sulfapyridine (SP) and acetylsulfa-pyridine (Ac-SP) act as
direct 02+ and HO" "scavengers" in vitro. The in vivo anti-inflammatory ef-
fects of sulfasalazine and its metabolites are, at least partly, due to the direct
oxygen-centered scavenging activity ofthese drugs. Upon oral administra-
tion of sulfasalazine and 5-aminosalisic acid their concentrations in the
intestine my reach a level high enough to have a scavenging activity for
oxygenradicals [205].

Gluten enteropathy represents a classical example of thin intestine dis-
ease with malabsorbtion syndrome. In patients genetically indisposed to this
disease the proximal intestine mucous membrane may be injured by proteins
ofcereals such as wheat, rye, barley and oats. At first gluten is bound to spe-
cific enterocyte receptors and later it reacts with interepithelial lymphocytes
and with those ofits own platelet ofthe intestine mucous membrane. Thus,
an afferent unit of pathogenesis is formed. Further the afferent unit comes
into effect in the form of specific immunic products such as lymphokines
and antibodies which injure enterocytes. The viscoelastic properties ofwheat
dough is determined by prolamin proteins. Using EPR spin labeled spectros-
copy glutens from various wheat varieties were investigated in a temperature
range from 5 to 90°C. The spectra were ofa composite type, resulting from
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at least two populations of spin labels largely differing in molecular mobil-
ity. The correlation time ofthe less mobile nitroxide radicals was determined
by saturation transfer EPR. Upon heating there was a transfer from the slow
to the fast moving population ofradicals, and an increase of mobility ofthis
last category that followed the Arrhenius law. The effect oftemperature on
molecular flexibility was reversible. This was not the case for purified, po-
lymerized glutenin subunits extracted from gluten. Urea created similar
modifications on gluten as heat [206,207].

EPR Spectroscopy was employed forthe investigation ofliver pathology.
A stable free radical was revealed in the urine of acute hepatic patients with
Dubin-Jonson's syndrome. The radical is not related to melanin and absent
in other liver diseases [208].

A liver glycogen storage disease (GSD) is associated with severe dyslipi-
daemia which can induce cell membrane alterations. Using EPR
spectroscopy with two fatty acid nitroxide probes (SNS and 16NS) the mem-
brane erythrocyte fluidity in 25 GSD patients aged 1-27 years and 15
controls aged 1-28 years has been studied. The erythrocyte membrane of
GSD patients appeared less fluid compared with the controls. The patients
showed a relative increase in saturated fatty acids (SFA) and a decrease in
polyunsaturated fatty acid (PUFA). These data indicate a reduced
PUFA/SFA ratio in GSD cases. This should be taken into account for the
management ofthe dietary treatment of GSD patients [209].

Liver is of primary importance in alcohol metabolism. Ethanol induces
disbalance between the peroxidant and oxidant liver systems and an oxida-
tive stress, thus injuring the liver. The formation of reactive oxygen
compounds [C2H50H] by liver microsoms and an increase intheir content as
a result of cytochrome induction contribute a great deal to ethanol induced
oxidative stress. In chronic drunkards the lipid peroxidation intensity is dose-
dependent. The liver microsomal system oxidized ethanol to 1-hydroxyethyl
radicals found in vivo as well. 1-Hydroxyethyl radicals are covalently bound
to proteins to form adducts having immunologic properties leading to gen-
eration of antibodies. Antibodies are found in the blood of patients with
chronic alcoholic cirrhosis [210,211]. 1-Hydroxyethylradicals induce DNA
disjointing, DNA basis alkalizing and hemoprotein reduction. Therefore the
formation of 1-hydroxyethyl radicals from ethanol may be responsible for
ethanol-induced hepatotoxicity. Two pathways of 1-hydroxyethyl radical
formation are suggested. The one pathway requires iron catalysis and is
catalase-inhibited and, possibly, involves HO* radical formation. The other
pathway does not involve HO* radical formation. This pathway is a results of
one-electron ethanol oxidationto 1-hydroxyethyl radicals in the cytochrome
P.so. Human liver microsoms catalyze the ethanol oxidation to 1-
hydroxyethyl radicals either by NADP.H or by NAD.H which participate as
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reductants. The effectiveness of NAD.H may be significant due to the in-
creased NADP.H/NAD. redox ratio in the liver as a consequence of ethanol
oxidation by alcohol-dehydrogenase. The formation of 1-hydroxy-ethyl radi-
cals by human liver microsoms is catalyzed by oxidants derived from the
interaction ofiron with superoxide or peroxide anion radicals. In this process
there is a close association between the formation of 1-hydroxyethyl radicals
and superoxide production. Cytochrome b; seems to play a role in the for-
mation of 1-hydroxyethyl radicals most likely owing to their effect on the
production ofsuperoxide anionradicals [21 2 ]

As shown by EPR spectroscopy and potentiometry, the fragments of
hepatitis B virus proteins can specifically bind Cu?* ions using arginine
lateral NH, group donor sites [213,214].

A highly sensitive method to determine HbsAg has been offered. The
method is based on assessment ofthe peroxidase activity using EPR meas-
urements of the stability of nitroxide radicals. The method was tested on
donors, patients with hepatitis B and those with neither B nor C [215].

Liver plays a broad spectrum ofroles. It takes part in blood system co-
agulation as well as in fat, carbohydrate, protein and pigment metabolism.
One ofthe most important liver functions is detoxication of harmful exo-
and endogenous substances with the help of many enzymes, the structure
and function ofwhich in the liver is under investigation.

EPR spectroscopy was used in studying the His25Ala mutant of human
liver heme oxygenase and its complex with heme. In this complex the Fe?'-
containg heme is in the penta-coordinate state. This is distinct from the same
complex in the normal type enzyme in which the heme is hexa-coordinate.
The ferrous His25Ala heme oxygenase complex exists as an equilibrium
mixture between tetra-coordinate and penta-coordinate forms. Although the
His25Ala mutant protein shows no heme oxygenase activity, the heme par-
ticipates inbinding carbon monoxide [216].

Calphostin C is a specific protein kinase C inhibitor. Using EPR spec-
troscopy an enzymatic light-independent mechanism of calphostin C free
radical formation was established. Free radicals are generated in liver micro-
soms and their formation is determined by the presence of NADP.H,
functional microsomes, and protein and calphostin C concentration. Cyto-
chrome P.s, reductase is shown to be responsible for the calphostin C free
radicals. They are likely to belong to perylenesemiquinone [217]

EPR spectroscopy showed that cytochrome P.s;, 2E1-containing human
microsoms from clone MV2E1-9 produced superoxide ion-radicals. Micro-
some treatment by viral DNA increases the rates offormation anion radicals
0O;-and hydrogen peroxide by one and two orders of magnitude, respectively
[218].
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The in vitro metabolic activation of flutamide, a nitroaromatic anti-
androgen, in liver microsoms was studied by EPR. Flutamide s oxidatively
transformed by cytochrome P450 into reactive metabolites covalently bound
to microsomal proteins. Covalent binding requires oxygen and NADP.H, and
is decreased by the nucleophile glutathione and by the cytochrome P.s
inhibitors SKF 525-A, piperonyl butoxide and troleandomycin (an inhibitor
ofthe cytochrome P, 3A subfamily), and increased by dexamethasone (an
inducer ofthe cytochrome P,s, 3A subfamily). [219].

During the latest years viral hepatitis was successfully treated using inter-
ferons of various types. The term "interferon" has appeared as a result of
observations of patients after viral infection. It has been found that in the
convalescence stage they are to some extent protected against other viruses.
However, the reason for the so-called interference remained not understood.
And only as late as 1957 A. Azeks and J. Lindeman found the factorrespon-
sible for this phenomenon which they called "interferon". At present
interferon is subdivided into two types. The one involves interferon-a and
interferon-3, whereas the other involves interferon-y. This subdivision is
based by different biological roles ofthese types. Interferons-o and —f3, are
mainly characterized by antiviral activity, whereas interferon-? represents a
universal endogenous immuno-stimulating agents. Interferons strengthen
antigen cell-binding, HLA antigen expression, lymphocyte response to mito-
genes, target-cell lysing, increases immunoglobulin formation, macro-phage
phagocytic activity and cooperative interaction with T- and B-cells. Interfer-
ons inhibit the growth oftumor cells and suppress intracellular reproduction
of bacteria and protozoa, facilitate T-lymphocyte differen-tiation. In high
doses all interferons inhibit rather than stimulate immunic reactions. Inter-
feron of one type potentiate the effect of interferon of another type. The
formation of interferon-a in vivo is effected via B-lymphocytes and macro-
phages whereas that of interferon- 3 involves fibroblasts, epithelial cells,
macrophages, interferon-y—T and NK lymphocytes [220]. Mechanisti-cal
studies ofinterferon are in progress.

Using electron spin resonance techniques the effect of o -interferon on
fluidity ofthe plasma membrane lipid bilayer in human lymphopblastic cell
lines has been studied. These cells are sensitive to the antiproliferative action
of a-interferon. a-Interferon decreases the fluidity ofthe plasma membrane
lipidbilayerof lymphoblastoidcells [221].

In Burkitt's lymphoma patients, interferon-o produces dose-dependent
membrane hyperpolarization, decreases plasma membrane viscosity, modu-
lation ofthe microfilament system, and alters the synthesis ofcAMP, cGMP
and prostaglandins in interferon- a.-sensitive Daudi cells. No such changes
are observed in interferon- o -resistant cells. Using EPR spectrometry and
flow cytometry it was found that indomethacin, pentoxifylline, or the cGMP
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induced sodium azide (NaNs) had no effect on the interferon-a induced
membrane potential changes, or on membrane viscosity changes. Indo-
methacin may influence interferon-a synthesis, but not it's antiproliferative
actions. Relatively high doses ofpentoxifylline slightly inhibit proliferation
of Daudi cells and synergize with interferon-o. Thus, EPR spectroscopy
presents a new screening method to rapidly explore certain types of inter-
feron[222].

The EPR method was also used for a study of liver porphirin and biliru-
bin metabolism. Coproporphyrinogen oxidase catalyzes the conversion of
coproporphyrinogen I1I to protoporphyrinogen IX. This enzyme contains and
copper needed for its activity. It was studied by EPR, UV, visible and atomic
emission spectroscopy. Human coproporphyrinogen oxidase contains no
metal centers and is not stimulated in vitro by iron or copper. Addition of
these metal ions to cultures expressing the protein has no effect [223].

The nature of EPR signals derived from bilirubin-IX a has been studied
on the samples treated with free radical generating and inhibiting systems,
suchasFe/EDTA, superoxide dismutase, mannitoVascorbate, CO, KCN, efc.
In all the cases, stable signals originated from semiquinone radicals (g =
2.0012) and superoxide radicals (g; = 2.041, gl = 2.0040) were registered.
Bilirubin is suggested to act as "active oxygen sin" in mammalians [224].
Bilirubin enhances membrane lipid fluidity. The effect of bilirubin on mo-
tion parameters of human erythrocyte membranes was investigated using
spin label EPR spectroscopy [225].

In patients with mechanicaljaundice the liver tissue EPR signal intensity
1s many times higher than that in normal individuals [226].

Among gastroenterologic problems a prominent place is occupied by
gallbladder diseases. The incidence of chronic noncalculous cholecystitis
and cholelithiasis is ever increasing. Calculus generation presents an evolu-
tionary phase of earlier forms of biliary tract pathology such as dyskinesia
and chronic noncalculous cholecystitis. Therefore early diagnosis and ther-
apy of functional and inflammatory biliary tract diseases are of primary
importance in prophylaxis ofcholelithiasis. Among numerous existing diag-
nostic methods there are no optimal ones assuring correct diagnosis of
chronic noncalculous cholecystitis. The reliability ofmost criteria in diagno-
sing an inflammatory process in the biliary tract leaves much to be desired.
In the initial stage of gallbladder inflammation no wall thickening, defor-
mation, periprocess or other ultrasonically or X-ray-detectable alterations are
observed. Therefore laboratory examination are of primary importance for
early revealing ofinflammatory elements in withdrawn samples (blood, bile,
duodenal contents). EPR-detectable free radicals and paramagnetic centers
ofmetalloenzymes play an essential role in living cell metabolism.
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Using EPR spectroscopy 81 patients with chronic noncalculous chole-
cystitis (53 in acute phase and 28 in remission stage) and 29 patients with
acute calculous cholecystitis (men to women ratio 1 : 1.2, average age 46 =&
1.3 years) were examined. The control group consisted of 20 practically
healthy individuals (men - 31%, women - 69%). The presence of endogenic
nitrites in saliva, duodenal contents and gallbladder bile collected duiing
cholecystectomy (acute calculous cholecystitis) was fixed by EPR spectros-
copy. For this purpose sodium metabisulfite, iron sulfate and sodium
ascorbate were added to the above samples. A characteristic EPR signal with
g=2.03 was recorded. Nitrate-reducing capability was assessed on samples
to which sodium nitrate was introduced prior to incubation (37°C, 30 min).
The presence of nitrate reductase system was indicated by increasing the
signal intensity at g=2.03 compared with the initial signals. FeS0,, ascorbic
acid orpara-phenylenediamine solutions were added to bile to determine the
ferroxidase, ascorbatoxidase and catecholaminoxidase activity of copper-
containing biliary protein [227,228].

The most informative diagnostic criterion ofcholecystitis exacerbation is
the presence of Fe** and FR in plasma, FR in erythrocytes, and FR, Cu?* and
Mn2* in portion B ofthe duodenal contents (see table 3-25) [228].

Table 3-25. Criterion ofexacerbation activity in cholecystites according to EPR data (M +m)

Group n In duodenal contents (portion B)
Fe**in  FRinplasma, FRinerythro- CuZ, FR, Mn¥,
plasma, (10M) cytes (106M) (10°M)  (10-M)  (10-M)
(mcmol/1)

ACC 29 17.7+£0.9 0.75+0.1 1.17+0.1 5.1£0.6 4.840.]1 6.2+0.8
CNC 48  15.9+0.9 0.68 £0.1 0.84+0.0 1.4+£0.1 0.96+0.1 4.77+0.6
(exacerb

ation)

Normal 20 12.4+0.7 0.3+0.0 0.55+£0.0  0.87£0.1 0.68+0.1 8.37+0.5
individu-

als

Notes: FR-freeradicals, ACC-acutecalculouscholecystitis, CNC-chronicnon-calculouscholecystitis

As seen from table 3-25, the highest Fe3* concentration is observed in
cases of acute calculous cholecystitis and exacerbation of chronic non-
calculous cholecystitis. In patients with chronic non-calculous cholecystitis
in the exacerbation and remission phase the Fe** content is reliably en-
hanced.

The data on blood serum non-heme iron content in patients with bile se-
cretion system pathology are contradictory. An increase in plasma Fe** of
concentration (table 3-26) [228] in these patients and in those with exacer-
bation of both calculous and noncalculous cholecystites possibly can be
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explained by Fe3* release as a result of inflammatory destruction of cells in-
cluding blood formed elements. Lipid peroxidation intensification releases
Fe** from hemoglobin thus increasing the transferrin Fe**-saturation. The
consistency of Fe**-bound antioxidant activity of transferrin and cerulo-
plasmin decreases with increasing the transferrin Fe**-saturation [229].

As seen from table 3-26, the plasma and erythrocyte free radicals level in
cholecystitic patients is higher than in practically healthy individuals. Lipid
peroxidation appears to be one ofthe most probable injuring factors in the
genesis of gallbladder inflammation. Depending on the disease severity, the
highest plasma FR content in observed in acute calculous cholecystitis [228].

Table 3-26. PlasmaPMC content in patients with chronic non-calculous chole-cystitis (CNC)
and acute calculous cholecystitis (ACC) (M=£m)

Group n Fest, Cux, FR,
(mcmol/l) (10 M) (10 M)

CNC 54 15.93+0.89 1.31+0.09 0.68+0.02

(exacerbation)

CNC 27 13.34+0.78 1.35+0.06 0.65+0.03

(remission)

ACC 35 17.73£0.91 3.10+0.09 0.75+0.05

Normal 20 12.36£0.74 1.30+0.09 0.30+0.03

individuals

Blood plasma free radicals are conditioned by free radical adrenalin
form. The EPR spectrum contains a signal with g =2.0024—2.0029%nd line
half-width 0.6-0.8 mT [9,230]. Adrenalin presents "an emergency hormone"
responsible for mobilization ofall the functions under extreme conditions. In
emotional and pain stress, ischemia and hypoxia the blood catecholamine
content is enhanced. Adrenalin increases the amount ofplasma free radicals
and activates the erythrocyte glutathionereductase system.

The erythrocyte FR level is the higher, the more severe cholecystitis oc-
currence. The highest erythrocyte FR concentration is observed in patients
with acute calculous cholecystitis (P <0.001). In chronic noncalculous cho-
lecystitis in the exacerbation phase this factor was somewhat lower (see table
3-27)[228].

Table 3-27. Erythrocyte PMR centers in patients with chronic non-calculous chole-cystitis
(CNC) andacute calculous cholecystitis (ACC) (M £m)

Group n MetHb, (g/I)  Cu*-SOD, (10-M) __ FR, (10 M)
CNC (exacerbation) 54 0.76+0.11 1.27+0.08 0.84+0.03
CNC (remission) 27 0.64+0.10 1.16+0.10 0.65+0.06
ACC 25 0.78+£0.12 3.00+0.08 1.17+0.10

Normalindividuals 20 0.61 £0.11 1.11+0.13 0.55+0.03




3. Paramagnetic Centers in the Organism of Volunteers and... 135

Using EPR spectroscopy plasma and erythrocyte PMC centers were de-
termined in ACC patients before and 6-7 days after successful surgery. In
spite of normalization of biochemical indexes and total blood count, the
PMC concentration remained high even before discharge from hospital. Im-
mediately after surgery the ACC patients showed a decreased plasma Fe**
content. This can be explained by blood loss during surgery. FR, Mn** and
Cu?* were fixed in the gallbladder bile and duodenal content of ACC and
CNC patients. At the same time, the spectrum ofbile withdrawn as a result
ofgallbladder puncture during cholecystectomy also shows methemoglobin
Fe* signals at g = 6.0 and Fe’* at g = 4.3 of'a shape characteristic of Fe¥*
localization in albumin. However, the MetHb Fe?* signal was observed not
in all ACC patients. Atthe same time this signal usually appeared in the bile
spectrum of patients with both simple calculous and destructive-phlegmo-
nouscholecystitis [228].

The bile albumin Fe** signal at g=4.3 was always fixed in ACC patients.
The signal intensity was higher gallbladder in destructive ACC compared
with non-destructive (P <0.05) (table 3-28) [228].

Table 3-28. PMC concentration in the duodenal content (portion B) of CNC patients and in
the bile of ACC patients (M + m)

Group n MetHb, Fes, Cuz, FR, Mn?,
(g/l) (mcmol/l) (10-M) (10 M) (105 M)
CNC 48 1.394£0.07 0.96+0.08 4.77+0.61
(exacerbation)
CNC (remission) 27 1.11+£0.08 0.71 £0.06 6.89+0.70
ACC 16 5.9240.15 22.17+0.73 5.07£0.63 4.78+0.08 6.21+0.83
Normal 10 0.87+ 0.06 0.68+0.07 8.37+0.56
individuals

Apart from iron the duodenal content contains copper. The bile copper-
containing protein ofapparently serum origin is suggested to be localized in
ceruloplasmin [231]. However, no correlation has been found between the
Cu?* content of blood plasma ceruloplasmin and duodenal juice of ulceric
patients [30]. Therefore, it was found reasonable to exmine the duodenal
protein properties by EPR spectroscopy. It turned out that the duodenal
copper-containing protein does not show ferroxidase activity but exerted an
ascorbatoxidase and, in some patients, catecholaminoxidase effect. Thus,
this protein is not functionally identical to blood plasma cerulloplasmin.

The highest bile Cu** concentration was observed in ACC patients: 3.5
times as high as in CNC patients in the exacerbation phase (P < 0.001). Al-
teration in the bile Cu* level is dependent on the severity of gall-bladder
inflammatory process. The bile Cu?*-containing protein is not functionally
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corresponding to the Cu?-containing ceruloplasmin. Nevertheless, the for-
mer is suggested to be responsible for binding oxygen free radicals. This
protein also accounts for an increase in the bile Cu** concentration especially
in acute and chronic calculous cholecystitis. The Cu?* level ofduodenal por-
tion B in all CNC patients in both exacerbation and remission phase is
statisticallyreliably different [232].

Duodenal Mn,. ions evidently are localized in phosphatase, DNA-ase and
RNA-ase enzymes [233]. The gallbladder Mn?* content in ACC patients is
lower than in normal individuals and CNC patients in the exacerbation phase
[234, 235]. Sometimes this is related to depression ofthe synthetic and ex-
cretory liver function. The duodenal Mn?+ concentration is oflowest value in
patients with chronic noncalculous cholecystitis in the exacerbation phase
(seetable 3-28) (P <0.05).

Bacterial infection plays a leading part in cholecystitis etiology. Colon
bacilli, streptococci, staphylococci, enterococci are often met in bile. Most of
them show nitrate-reducing ability. They can transform nitrates to nitrites
and, finally, to nitric oxide. Owing to this fact the presence of microflora in
bile can be detected by EPR spectroscopy. In this way the presence of
nitrites as well as the nitrate-reducing ability of bacilli in the duodenal
content, bile and saliva of patients with cholecystitis were revealed and de-
termined.

After reduction with ascorbic acid to nitric oxide, nitrites were detected
by a characteristic EPR signal at g=2.03 recorded in the saliva and duode-
nal content in 80% ofnormal individuals and 50% ofpatients with chronic
cholecystitis. In the gall-bladder bile drawn under sterile conditions during
cholecystectomy colon bacilli, staphylococci, streptococci and klebsiella are
present. However, no nitric oxide EPR signal was fixed in the spectrum of
the saliva and duodenal content of ACC patients. As these patients were
treated with antibiotics, the latter were suggested to suppress the nitrate-
reducing ability of microflora. Like duodenal content and bile,
microorganisms are present in saliva as well, and the saliva EPR spectrum
also shows the signal at g =2.03. In this connection, we have examined the
saliva EPR spectrum after addition ofantibiotics in doses analogous to their
blood concentrations in treating acute cholecystitis. As a result the nitric
oxide EPR signal in the saliva spectrum disappeared. Thus, it is quite possi-
ble that the absence ofthe signal at g = 2.03 in the bile spectrum and rare
appearance in the spectra of saliva and duodenal contents of patients with
cholecystitis are connected with antibiotically induced depression ofmicro-
floranitrate-reducingproperties.

The biosynthesis and metabolism of bile acids are influenced by Mn*',
Fe*, Cu?* ions involved in the formation ofactive centers of redox enzymes
(oxydases, hydroxylases, superoxide dismutases, etc.). Iron is incorporated
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in hemoproteides responsible for molecular oxygen activation and participa-
tion in cholesterene oxidative degradation. Using EPR spectroscopy and
HPLC the content of serum bile acids and their correlation with blood PMC
have been studied. A correlation between the concentrations of cholic acid,
Cu?, plasma FR and superoxide dismutase have also been found (r = +0.4,
+0.5 and +0.6, respectively). The blood plasma Fe* content,depends ini-
versely on chenodesoxicholic acid (r = -04), whereas desoxicholic and
lithocholic acids are in direct proportion to plasma free radicals (r=+0.4 and
+0.5, respectively) [228,236].

EPR spectroscopy was also used in studying the efficiency oftreatment
of Mencke "silver hair" syndrome which manifests itself, in particular, as
hypoceruloplasminemia and abrupt drop in blood serum cooper content ap-
proaching 25% ofnormal level. Peroral copper administration leads to an
increase in albumin copper, but not in ceruloplasmin copper. At the same
time, intravenous administration induces an increase in the ceruloplasmin
copper contentand enhances the blood ceruloplasmin concentration [237].

Erythrocyte membrane fluidity was compared in 15 normal women and
15 women with anorexianervosa using EPR spectroscopy. The patients were
studied at hospital admission and again after 1 month ofrefeeding. At ad-
mission, the fluidity from the hydrophobic part ofthe erythrocyte membrane,
was decreased in the sick women. After 1 month ofrefeeding, fluidity in-
creased. One ofthe possible mechanisms of membrane fluidity variations
could be the effect of cholesterol on the membrane structure. Increased
cholesterol levels in anorexic patients could reduce fluidity. These
alterations in membrane physical properties could explain some ofthe neu-
robiological abnormalities observed in patients with anorexianervosa [238].

3.7 LUNGDISEASES

Using EPR spectroscopy blood paramagnetic centers of patients with
non-specific chronic lung diseases were studied. The increased cerulopla-
smin/transferrin (CP/TF) ratios and erythrocyte superoxide dismutase level
indicate an activated antioxidant system in these patients. PMC concentra-
tion is dependent on both the form of chronic lung disease and severity of
inflammatoryprocess[239].

Blood plasma PMC level in patients with bronchial asthma is dependent
on the form and severity ofillness [240].

An important role in the pathogenesis ofmany lung diseases is played by
oxygen radicals with a unpaired electron [241], in particular, in obstructive
lung diseases. The EPR method using DMPO was employed to investigate
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the products of xanthine oxidase activity in bronchoalveolar fluid of both
patients with obstructive lung disease and healthy non-smoking individuals.
The results show that xanthine oxidase is involved in mechanisms responsi-
ble for the formation of superoxide anion radicals in bronchoalveolar fluid,
thus contributing to oxidative stress inthis pathology [242].

Occupational exposure to coal mine dust causes coal workers pneumoco-
niosis and other pulmonary diseases. Their mechanisms remain unclear. The
hydroxyl radicals HO may play an important role in the pathogenesis of
coal pneumoconiosis. The catalytic effect of bituminous coal mine dust in
the generation of radicals HO" from hydrogen peroxide was investigated
using spin trap EPR spectroscopy. In the presence of DMPO as a spin trap
HO- radicals were effectively inhibited by deferrioxamine and catalase, but
only partially inhibited by superoxide dismutase.

At the same time the radical generation is enhanced by metal chelators
DETAPAC and EDTA. The HO*-generating potential ofall the coal dusts
showed a positive correlation with the surface iron content of coal mine
dusts. The coal dust-induced lipid peroxidation is in agreement with the
surface iron content. It is suggested that higher concentrations ofsurface iron
in coal mine dust may intensify the generation of HO* radicals which may
play an importantrole in the development ofcoal pneumoconiosis [243].

Stable coal radicals ofpolynuclear aromatic hydrocarbons were detected
by EPR spectroscopy in the lung tissue ofautopsied coal miners. These radi-
cals were also found in the lung tissue of 98 coal miners with and without
coal pneumoconiosis, cancer ofthe lung and a history of cigarette smoking.
Concentrations ofthe radicals were also measured in the lungs ofnon-miners
served as the control. The content of lung stable coal radicals was found to
be related to the length of coal mining work, coal pneumoconiosis or lung
cancerseverity, and cigarette smoking.

The mean concentration of stable coal radicals in the lung tissue of
miners with 30 years of coal mining exposure was (5.3 == 1.3) x 10" spins/g
versus controls who had anondetectable level (less than 105 spins/g).

An increase in disease severity was accompanied by a progressive
increase in stable coal radical concentration. A stable coal radical
concentration of (4.8 + 0.7) x 107 spins/g was found for simple coal
pneumoconiosis (with moderate coal macules) versus (7.8 = 4.6) x 10V
spins/g lung tissue for complicated coal pneumoconiosis (with progressive
massivefibrosis)[244].

By EPR spectroscopy using spin trapping silicosis-inducing crystalline
silica was shown to be involved in the generation of oxygen radicals (hy-
droxyl, superoxidase and singlet oxygen). Radicals HO® are generated from
H,O, (Fenton's reaction) [245] resulting in cell injury and DNA damage
[246]:
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Asbestosis ranks among pneumoconiosis varieties. Asbestos is a well-
known carcinogen in the development of lung cancer and mesothelioma.
However, its mechanism remains unclear. Asbestos is reported to release
oxygen radicals from neutrophils and macrophages. In neutrophils and
macrophages an anion radical O, were revealed by EPR spectroscopy with
the aid of spin trapping techniques in the presence of DMPO. Mechanism
responsible for O, release in the presence of asbestos is not understood yet
[247]. Nevertheless, it has been shown that the harmful asbestos effect con-
sists in catalyzing the formation offree radicals [248].

A combination of asbestos, lung and pleura cancer is met considerably
more often than in other pneumoconiosis. Oxygen radicals induced by croci-
dolite from human polymorphonuclear leukocytes were studied using both
an EPR spin trapping method with DMPO, and a luminol-dependent chemi-
luminescence method. The results confirm the generation of HOe.
Superoxide dismutase, catalase, and DMSO inhibit the production of O,*
and HO radicals in a dose-dependent manner. It is proposed that HO radicals
play keyrole in the mechanism ofcarcinogenesis in patients [249].

By EPR spectroscopy using DMPO as a spin trap, O, production was
proved upon stimulation of dimethylsulfoxide-differentiated HL60 cells by
crocidolite opsonized with fresh or refrigerated serum, as well as by PMA.
Crocidolite, unopsonized or opsonized with frozen-thawed or heat-
inactivated serum, did not induce O,*. release. The addition ofiron chelators
or superoxide dismutase inhibited O,* release completely. Neither undiffer-
entiated nor PMA-differentiated HL60 released O, upon stimu-lation with
opsonized crocidolite [250]. These radicals were shown to induce perme-
ability alterations and cell injury in alveolar epithelial monolayers. The
formation of hydroxyl radicals in hydrogen peroxide-treated cells was
proved by electron spin resonance measurements using the spintrap DMPO.
Chelation of'the cellular iron by deferrioxamine inhibits radical formation
and helped protectthe cells from oxidative changes [251].

The formation of respiratory tract pathology is greatly influenced by
smoking. The cigarette smoke induces cancer, emphysema and other dis-
eases even many years after giving up smoking. The high concentration of
polynuclear aromatic hydrocarbon free radicals detected by EPR spectro-
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scopy in the lungs of heavy smokers points to much probability of
developing cancer of lungs in the future. Cigarette tar contains stable
semiquinone radicals which can be directly observed by EPR. Aqueous ex-
tracts of cigarette tar, which contain these radicals, reduce oxygen to anion
radical Oz+and thus produce both H.O:and HO-radicals [252, 253]. Reac-
tive free radicals contained in cigarette smoke reduce antimicrobial activities
of polymorphonuclear leukocytes thus injuring the lung tissue. Superoxide
dismutase and an iron chelator, diethylenetriaminepentaacetic acid
(DETAPAC), totally protect the lung cells against injury. Pretreatment of
polymorphonuclear leukocytes with antioxidants such as a.-tocopherol and
dihydrolipoic acid produces a similar effect. Anion radicals O,- are probably
generated when cigarette smoke comes in contact with the upper and lower
respiratory tract lining fluid when they come in contact with cigarette smoke.
Antioxidant therapy is suggested to improve the lung patients state. Antioxi-
dants such as a-tocopherol or dihydrolipoic acid might be successful in
preventing cigarette smoke deleterious effects [254].

Apart from the above free radicals, the cigarette smoke contains nitrogen
oxide and its oxidation products (NO,, NO;). These all exert an adverse ef-
fect on the respiratory tracts. A Hem-NO signal was observed by EPR spec-
troscopy in bronchoalveolar lavage cell pellets obtained from human
volunteers exposed to NO,, for 20 min every other days [255].

As known ozone facilitates the formation of free radicals in biological
systems [256]. Vitamin E protects cells in vitro and in vivo against the ef-
fects of ozone. Ozone reacts by two quite different mechanisms to produce
radicals; one involves an ozone-olefin reaction resulting in splitting an R
radical out of an olefin with the structure R-CH=CH,. The R radical then
reacts with O2 to transform to a peroxyl radical (ROQO¢®). Both carbon- and
oxygen-centered radicals can be detected by the electron spin resonance spin
trap method. The other mechanism involves a reaction of ozone with elec-
tron donors. If the electron-donor is GSH or its ion GS, this reaction
produces the thiyl radical (GS*) and O;* The ozone radical anion then reacts
with a proton to form the hydroxyl radical and O, [257]:

03.0+H+ —> HO. + Oz.

The hydroxyl radical is determined by the EPR method using a spin ad-
duct DMPO [258]. All this indicates ozone to be one ofthe most potent toxic
agents. The noxious effect ofozone on living organisms appears mainly in
the lungs and blood. A considerable role in the mechanism of its action is
ascribed to free radicals. The EPR method was applied to indirectly demon-
strate the free radical effects and the significance of ascorbate in ozonizing
the blood. The effect of ozonizing the blood in vitro is expressed in trigger-
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ing a "local" protective mechanism ofthe blood cells, while in vivo it is to
point out the consumption of ascorbate in "scavenging" of free radicals
[257].

The nature of melanin-containing centers in bronchoalveolar smears and
blood ofpersons responsible for cleaning up after the accident at the Cherno-
byl Atomic Energy Station was determinedusing EPR spectroscopy [259].

The concentrations offree radicals in the whole blood of the patients with
cor pulmonale were determined using the EPR method. The results show
that the levels of free radicals, serum malonic dialdehyde and superoxide
dismutase activity were higher compared with those of'the control group.
These indicate that there is impairment in free radical metabolism ofthe pa-
tients suffering from cor pulmonale [260].

It is known that the breathing muscle fatigue syndrome contributes some
deal to pulmonary insufficiency in patients with lung diseases. This may lay
the foundation ofthe development ofnew approaches to treating pathologies
ofthis type. The results ofrecent EPR investigations in this field have shown
that oxygen free radicals generated during active muscle work, contribute to
the development ofmuscle fatigue [261].

The EPR method allows the diagnosis of destructive changes in patients
withpulmonaryandosteoarticular tuberculosis [262].

Using EPR spectroscopy at 77°K signals at g =4.2 and g = 2.049 arisen
from Fe3* and Cu?, respectively, were revealed in the pleural exudate of
both oncologic and non-oncologic patients. A significant difference in the
pleural liquid Cu*/Fe* ratio of'these patients enables malignancy assess-
ment[263].

3.8 DISEASES OFKIDNEYS

Kidneys excrete metabolic and products, excess salts, water, foreign and
toxic substances. They are responsible for monitoring the blood composition
and provide for the inner medium constancy. An important function ofkid-
neys 1s oxygen supply to the renal cortical layer. The tissue oxygen tension
in the kidney cortex and outer medulla in vivo in mice was measured by EPR
oximetry. In the cortex region the oxygen tension was higher compared to
that in the outer medulla. An intravenous injection of endotoxin decreases
the oxygen tension in the cortex and increases in the medulla region. In in-
tact kidneys Functional Magnetic Resonance (MR) images showed the
cortex region to be better supplied with oxygenated hemoglobin compared
with the outer medulla. After administration ofendotoxin an immediate in-
crease in the oxygenated blood level is observed in the outer medulla region.
Pretreatment of mice with N-monomethyl-L-arginine prevents both the
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changes in tissue oxygen tension and distribution of oxyge-nated hemoglo-
bin. The formation of nitric oxide has a critical role to play in renal
medullary hemodynamics. Formonitoring renal oxygen tension and changes
in the oxygen distribution a combination of EPR with MR imaging ofkid-
neys was proved to be very useful [264].

Excess free radicals in combination with antioxidant system insufficiency
produce an advert effect on tissue functions. Oxygen free radicals and red
blood cell damage in acute renal failure were examined by the EPR method.
The results revealed a correlation between free radical level and erythrocyte
hemolysis. [265]. Renal ischemia is accompanied by an increased oxygen
radical production in cortical tissue as established by the EPR method in
rabbits withrenal ischemia [266].

Glomerulonephritis is caused by damage ofrenal nephron glomerulus.
Using the EPR method the structure oflipid bilayer in patients with chronic
glomerulonephritis was determined. Studies were carried out in 30 patients
with nephrotic syndrome (NS) and 30 patients without this syndrome and 15
controls. Patients with chronic glomerulonephritis revealed disorders oflipid
bilayer structure. These disorders could be responsible for decreased throm-
bocyte aggregation observed in patients with chromic glomerulo-nephritis in
comparisonto healthy controls [267].

IgA-glomerulopathy (Berger disease) regarded as a chronic glomerulo-
nephritis variety, is characterized by excess production of immunoglobulins
A (IgA). An efficient renal blood flow in patients with Berger disease after
administration of standard doses of isosorbide-5-mononitrate (NO donor)
was examined by EPR spectroscopy. Blood nitric oxide levels are signifi-
cantly increased after isosorbide administration and decreased after drug
discontinuation. Blood NO concentration is closely connected with the ef-
fective renal blood flow, but not with the glomerular filtration rate.
Proteinuria levels significantly decrease after drug administration and return
to baseline levels thereafter. Values offiltration are decreased after admini-
stration of this drug compared to basal levels. These results suggest the
effects ofnitric oxide on glomerulus endothelium [268].

Superoxide dismutase in renal tissue biopsy specimens obtained from
patients with Berger's disease (13 cases) and mesangial proliferative glo-
merulonephritis (9 cases) was examined by the EPR method using spin
labeling. Normal renal tissues obtained from the kidneys of malignant pa-
tients (6 cases) served as controls. In the two groups of patients the copper
and zinc form of SOD activity was lowered proportionally to the severity of
kidney tissue damage. A lower level of SOD activity, whether as a cause or a
consequence of the disease process, might induce a decrease in the anion
radical "scavenger" reaction ofthe superoxide, thus causing the tissue to be-
come more vulnerable to oxidative stress [269].
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Chronic renal failure is a symptomatic complex resulting from gradual
damage of nephrons in cases ofany progressive disease ofkidneys. Super-
oxide dismutase activity in serum samples of 23 patients with chronic
glomerulonephritis and 6 patients with chronic renal failure was measured
by EPR spectroscopy using spin trapping. 10 healthy individuals were
examined as controls. Among 23 patients with chronic glomerulonephritis,
there were 12 patients with Berger disease and one patient with membranous
nephropathy diagnosed by immunofluorescence ofrenal biopsy specimens.

Other chronic glomerulonephritis patients were diagnosed by its clinical
criteria. The serum activity of SOD in patients with chronic
glomerulonephritis and chronic renal failure was significantly higher than
those in healthy adults. The serum SOD activity in patients with chronic
renal failure was also higher than that in patients with chronic glomerulo-
nephritis. Marked by high levels of serum SOD activity were observed
histologically in the advanced stage of Berger disease. Thus, the increase in
serum superoxide dismutase activity may reflect renal injuries in patients
with chronic glomerulonephritis and chronic renal failure [270]. EPR was
used to show that stable oxidizing components ofblood plasma accumulate
in uremia. The oxidant was detected by its capacity to oxidize the spin trap
DBNBS. The oxidant dialyzable from plasma, had an upper molecular
weight limit of about 3,000 Daltons and was stable over many months.
Physiological plasma concentrations of vitamin C, vitamin E and reduced
glutathione are unable to inhibit the oxidizing capacity of uremic plasma.
Thus, uremia is associated with accumulation of an endogenous oxidizing
activity at much higher concentrations than in subjects with normal renal
function[271].

However, in experiment no relation between the increase in renal oxygen
radical levels and chronic renal failure development has been found. There
was no detectable renal production of oxygen free radicals in rats with
chronic renal failure subjected to 3/4 nephrectomy. Kidney parenchymal
content of other oxidants and the oxidant/reductant ratio are similar in con-
trol and uremic animals. The plasma redox capacity and ascorbate levels are
elevated in uremic rats. Early in the course of chronic renal failure, there is
no excessive production of oxygen free radicals. There is accumulation of
reductants, primarily plasmaascorbate inuremic animals [272].

In the terminal stage of chronic renal failure the plasma Cu?* ceruloplas-
min EPR signal intensity is decreased. A decrease in the superoxide
dismutase activity and an increase in the MetHb EPR signal intensity ob-
served with increasing blood osmotic pressure and reducing total renal
function indicate a considerable disorder in antioxidant processes in the kid-
ney cells. In patients with renal function failure the erythrocyte FR content is
lowered too [273,274].
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EPR spectroscopy using spin labeling has not practically been applied to
diagnosis studying of various diseases up to now. Sorption processes of
widely accepted fatty-acid spin probe (16-doxy1 stearate) by human blood
components in different renal pathologies were examined with a goal to
elaborate diagnosis technique. The probe introduced into the whole blood is
absorbed mainly (90%) by serum albumin. The 16-doxyl stearate binding
constants are quite different in donors and uremic patients. This suggests that
in uremic patients the sites ofalbumin affinity to higher fatty acids are occu-
pied by the products ofpathologic metabolism [275].

16-Doxy1 stearate distribution between the free and the bound states
(probe: protein ratio =3 : 1) was used as a probe express-parameter. In this
way 250 patients were examined. In renal diseases without of nitrogen-
releasing function (chronic pyelonephritis and glomerulonephritis) the
binding parameter ranges from 1.2 to 1.7 in donors and is significantly
higher (up to 3.2) in chronic renal failure patients under programmed hemo-
dialysis.

In patients underwent successful transplantation of kidney taken at
autopsy the distribution parameter is close to normal. This parameter is
abruptly increased upon rejection-induced deterioration oftransplanted kid-
ney function. After arresting of acute rejection crisis by large doses of
corticosteroids the distribution parameter is brought back to normal.

EPR studies of renal diseases were also performed with other types of
spin labels such as lauric acid (7-doxyl laurate) and benzo-g-carboline
(BgC). These spin labels react with other blood serum binding sites than 16-
doxyl stearate does. 7-Doxy| laurate is sorbed by binding sites of medium
fatty acid serum albumin. In this case the parameter to be measured is an
apparentdissociation constant (K).

The benzo-g-carboline spin label shows high affinity for not only albu-
min, but for blood lipoproteins as well. It was used in measurements ofnon-
bound spin label concentrations in the serum diluted to equal albumin
content (250 mcM), total spin label concentration being 60 mcM.

Summarized data of comparative tests for different spin labels are pre-
sented intable 3-29 [275].

As seen from table 3-29, the parameters of spin label binding by blood
serum in CRF patients differ much from those in healthy donors. The donor
— CRF patient difference for spin label 7-doxy1 laurate is significantly higher
thanthat for 16-doxy1 stearate. A donor serum-induced decrease in spin label
7-doxyl laurate is observed in the presence oftypical uremic toxins - hippu-
ric acid and sulfate indoxyl. No localization of spin label benzo-g-carboline
binding sites on lipoproteins was found. Evidently, in CRF the spin label
trapping ability is markedly enhanced thus indicating a quantitative enlarge-
ment ofthe lipoprotein fraction in the blood uremic patients. Thus, the use of
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spin labels in both renal disease diagnosis and detoxication therapy looks
verypromising [275].

Table 3-29. Blood serum spin label binding parameters in patients with chronic renal failure
(CRF)

CRF Stage (number n Measured spin label parameter
ofobservations) 7-DL (K, mcM) 16-DS(K,mcM) BgC(Cf,mcM)
Compensatory 5 134+ 12 1.25+0.20
Intermediate 4 163 +21 0.13-0.15 0.95+0.25
Terminal 5 320+40 0.15-0.16 1.55+0.15
Control 15 127+7 0.12 2.35+0.20

Many nitroheterocyclic compounds (xenobiotics) are potential radio-
sensitive and antimicrobial agents. However, their use in therapy is strongly
limited by their toxic action including mutagenous and carcinogenic activity.
The toxicity of these compounds is caused by intracellular reduction to
active metabolites. The first step ofactivation involves the formation offree
radical NO,* that is rapidly reoxigenated by molar oxygen to related
compounds to form superoxide anion radical. In the course ofthis process
called a redox cycle the generation ofa constant superoxide flow leading to
other active oxygen intermediates occurs. The intermediates are strong
oxidants (hydrogen peroxide and hydroxyl radical) able to weaken the cell
function. Oxygen energy consumption during a redox cycle causes cell and
tissue hypoxia that reduces NO,* radical to nitroso derivatives and other
reactive intermediates and stable end products. Some intermediates are
strong electrophiles and can be readily covalently bound to proteins and nu-
cleic acids. This is the way of cell injury responsible for the antimicrobial
activity ofheterocyclic nitro derivatives. However, the redox cycle may be
the reason for the high toxicity of this class of drugs. Numerous potential
pathways ofxenobiotics activation mainly involve primary reduction by fla-
voproteins such as xanthinoxidase, aldehyde oxidase and cytochrome P.s,
reductase, by mitochondrial redox chain components, or diaphorases. In
spite ofthe fact that most investigations in this field were undertaken with
pure enzymes and subcellular fractions, principle pathway responsible for
activation in vivo has not been elucidated yet. 5-Nitrofuran preparations
(furazolidon) are mainly used as prophylactic additives to farm animal feed
to suppress gastrointestinal and renal microorganisms. Nevertheless, the
ability ofthese products to cause disease in poultry and, possibly, in human
1s well-known [276, 277]. Therefore the residues ofnitroheterocyclic com-
pounds and their toxic metabolites in the tissue of farm animals and poultry
fed on a diet containing the above additives, may be arisk factor to human.
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The gastrointestinal tract provides the first drug barrier in the host
organism. CaCo-2 cell line (human colorectal carcinoma cells) provides a
good model for investigating drugs ofthe nitroheterocyclic series. Mecha-
nism of action of a nitrofuran, N-[5-nitro-2-furfurylidene]-3-amino-2-
oxazolidinone (furazolidone) was investigated by noninvasive EPR
spectroscopy. One-electron reduction of furazolidone led to the formation of
a free radical intermediate that could be monitored in dense cell suspensions.
The effects of enzyme inhibitors on the kinetics of radical production and
decay were used to estimate the enzyme-induced reductive activation of
nitrofurans. The relative contribution of enzymes such as xanthinoxidase,
aldehyde oxidase, DT-diaphorase, mitochondrial chain components to the
reduction of nitrofurans is insignificant. The microsomal cytochrome P,
reductase proved to be most active in this respect. Thus, the EPR method
makes it possible to distinguish the bioactivation sites ofredox active drugs
in intact cells and can be used in therapy [278].

A new antinephritic drug, 6-(1H-indol-3-ylmethyl)-5-methoxy-3-(2-me-
thylpropy1)-2-(1H)-pyrazinone-4-oxide (OPC-15161) does notreact with 1,
1 -diphenyl-2-picrylhydrazyl (DPPH) and is only slightly reactive with O
but it easily reacts with hydroxyl radical. The scavenging ability ofthis drug
against the hydroxyl radical is dependent on its concentration. The life-span
offree radicals generated by the reaction ofthe drug (OPC-15161) with HO*
1s 30 min. The structure of this new radical species corresponds to the
chemical formulabelow [279]:

OCH:

OPC- 15161

Alkaptonuria is a hereditary disease characterized by tyrosine exchange
disorder and a large amount (up to 4-8 g/day and more) of homogentisic acid
(2,5-dihydroxyphenlacetic acid) excreted with urea. Darkening of urea (till
a nearly black color) on exposure to air, especially upon alkalining or heat-
ing, 1s a feature of this disease. When urine samples from alkaptonuria
patients are allowed to stand, they turn black, presumably owing to the oxi-
dation of homogentisic acid to a melanin-like substance. The pigments
formed by polymerization of the components in the urine from a patient with
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alkaptonuria and homogentisic acid can be characterized as follows. The ab-
sorption spectra and electron spin resonance signals of these pigments are
similar to those of eumelanins. Irradiation of the pigments with nitroblue
tetrazolium reduced the tetrazolium; which was partially inhibited by super-
oxide dismutase. Irradiation of Ehrlich ascites carcinoma cells with the
pigments from homogentisic acid or urine caused cell lysis. The fact that this
lysis was inhibited by catalase, allows a conclusion that it was mediated by
H202. A similar pigment was also extracted from the tissue from an alkap-
tonuria patient. It is suggested that the degeneration oftissue in vivo may be
due to the deposition of melanin-like pigments in the tissues, probably in
combinationwithmetal ions [280].

In complete renal failure the only radical cure (though not infrequently
successful) is kidney transplantation. In order to elucidate the reason for
transplant rejection a study was performed for evidence ofthe production of
free radicals in the blood of 14 patients underwent kidney transplantation.
The assessment was done by the measurement of vitamin E (an index of
lipid peroxidation) and of myeloperoxidase (a marker of neutrophil activa-
tion) in the systemic blood. Early (2 min) and late revascularization (30 min)
ofthe kidney was respectively associated with a significant decrease of35%
and 40% of'the initial level of plasma vitamin E. This consumption was
parallel to the decrease in the vitamin E/total lipids ratio, a better indicator of
tocoferol status. Heparin administration preceding renal artery clamping
resulted in a two-fold significant increase of baseline plasma myeloperoxi-
dase (MPO) level (523 £+ 214 ng/ml). At kidney reperfusion, MPO concen-
tration rose again and reached a maximum value of 1653 + 882 ng/ml,
indicating the presence of considerable neutrophil activation. A return to the
baseline value was observed after 30 min ofreperfusion. These data strongly
suggest that free radical production, leading to lipid peroxidation pheno-
mena, can occur within the early phase ofkidney revascularization. Prelimi-
nary data using EPR with the spin trapping technique strengthen this hypo-
thesis[281].

Many diseases such as syphilis, gonorrhea, trichomonoasis, chlamydia-
sis) are transmitted by sexual contact, thus causing injury ofthe urogenital
system. In particular, an extracted and partially purified hydrogenase
Trichomonas vaginalis was studied using the EPR method. The catalytic and
spectroscopic properties ofthe enzyme indicate that it belongs to the class of
[Fel]-hydrogenases, rather than the [NiFe]-hydrogenases. The hydrogenase
activity is highly inhibited by carbon monoxide. Thus as little as 1 mecM CO
induces 50% inhibition. The EPR spectrum ofthe most active fractions from
chromatography, after reduction by hydrogen and partial reoxidation under
argon, showed an EPR spectrum at g=2.10, 2.04, 2.00. This unusual spec-
trum 1s characteristic of the "H-cluster", as seen in [Fe]-hydrogenases of
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anaerobic bacteria such as Clostridium spp [282]. The EPR method was also
usedto examine spectral characteristics of Trichomonas vaginalis ferredoxin
[283].

Many microorganisms and chemical compounds are nephrotoxic. Orella-
nine, a tetrahydroxylated and di-N-oxidized bipyridine toxin is responsible
for lethal nephrotoxicity of some fungi ofthe Cortinarius genus. Heavy and
even lethal fungal intoxications of human have been observed during the
latest years in Europe and North America. The patients showed renal insuf-
ficiency from moderate to heavy degree ofseverity. In some cases, recourse
to hemodialysis or even kidney transplantation was necessary. No specific
cure has been found until the present time. Orellanine in vitro inhibits
protein synthesis, but this effect needs preliminary activation of the toxin
[284].

The mechanism responsible for orellanine lethal nephrotoxicity was un-
known until now. The properties of the toxin were studied and compared
with those of other bipyridine derivatives using EPR spectroscopy. After a
one-electron oxidation (e.g., photochemical oxidation upon visible light), a
radical form oforellanine was observed at physiological pH under aerobic or
anaerobic conditions. This radical, identified as ortho-semiquinone anion
radical, can also be generated by oxidation with biological oxidizing agents
or enzymatic systems. Production of superoxide and hydroxyl radicals was
shown by the spin trapping method using DMPO as a spin trap. Bioreducing
agents like GSH and cysteine involve in vitro the semiquinone radical and
orellanine in a redox cycling process resulting in the production of
glutathionyl and oxygen free radicals. This process leads in vitro to a large
oxygen consumption and to a dramatic depletion of glutathione level. The
formation of an apparently stable ortho -semiquinone anion radical and of
reactive oxygen radical species is observed for the first time with a mush-
room toxin [285]. These species are shown to be readily detected by EPR
spectroscopy in fresh mushrooms Cortinariace species [286]. This enables a
wide application of EPR spectroscopy intoxicological centers.

3.9 DIABETES

Diabetes mellitus is a disease caused by an inadequate action of insulin
on tissues due to either a reduced level of circulating insulin or target tissue-
resistance to the insulin action. Diabetes is associated with metabolism dis-
order, remote complications such as ophthalmic, renal, nervous and vascular
damage as well as with basal membrane injury. The mechanism of diabetes
pathogenesis is not well-understood in spite of numerous investigations
carried out using differenttechniques. Thus, for example, microviscosity and
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polarity of erythrocyte membranes of the blood of patients suffering from
diabetes were studied by EPR using spin labeled fatty acids. In this study
structural changes were discovered 0.6-0.8 nm from the membrane surface
in the lipid bilayer of erythrocytes obtained from diabetic patients’ blood.
However, no essential immobilization ofthe acyl chains of phospholipids
was found in deeper layers [287].

The dynamic properties of erythrocyte membranes in diabetic children
and of control erythrocyte membranes subjected to in vitro glycation have
been investigated by means and EPR spectroscopy. The apparent distance
separating the membrane protein tryptophan and the bound 1-anilino-8-
naphthalenesulphonate molecules was decreased in the erythrocyte
membranes from children with diabetes. This resulted in a significant in-
crease of the maximum energy transfer efficiency in diabetic membranes.
These changes are accompanied by an increase in the relative rotational
correlation time in diabetic membranes and in the membranes subjected to in
vitro glycation. The results suggest that that nonenzymatic glycosylation of
membrane proteins in vivo and in vitro may be the major factor attributable
to the alterations in the dynamic properties of erythrocyte membrane in dia-
beticstate [288].

The membrane fluidity of intact erythrocytes from diabetic patients and
sex-matched controls has been examined between 20°C and 40°C by EPR
spectroscopy using the 5-doxy1 palmitic acid spin label. In contrast to the
normal erythrocytes, in types I and II of diabetes a significant non-linearity
was found around 30°C in the fluidity-temperature plots ofthe lipid bilayer.
The magnitude of the bilayer fluidity showed a little decrease in insulin-
dependent diabetes and an increasing trend (vanishing around 37°C) in non-
insulin-dependent diabetes. In addition, two protein-immobilized lipid
subpopulations, showing slightly higher apparent concentrations and modi-
fied fluidity were observed in diabetes. The fluidity changes may be
explained by membrane composition alterations, mainly in the fatty acid
concentrations. These data also demonstrate the high potential ofthe spin
label application indiabetic investigations [289],

The EPR method was also used for studying the behavior of insulin re-
ceptors in human tissues. Thus, the divalent cation-binding properties ofthe
human insulin receptor tyrosine kinase domain were examined. The protein-
tyrosine kinase activity of the purified cytoplasmic domain was activated
nearly 10-fold by 3 mM Mn?* in the presence or absence of 5 mM Mg>.
Electron paramagnetic resonance spectra ofthe purified, acid-denatured ki-
nase domain and assays of EDTA-treated kinase show that the purified
protein does not possess residual, tightly bound Mn?. Electron paramagnetic
resonance spectroscopy was used to directly measure the binding constant of
the kinase domain for Mn?*. The results indicate that the recombinant cyto-
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plasmic domain ofthe human insulin receptor does not bind Mn?* tightly in
the absence or presence of Mg-ATP (Kd greater than 0.8 mM). The enzyme
does not show a strong preference for Mn-ATP binding when both Mg-ATP
and Mn-ATP are present. Mn?* ions, although they bind weakly, induce an
activating conformational change in the secondary structure ofthe human
insulinreceptorcytoplasmic domain [290].

The EPR method using the spin label 5-nitroxystearate inserted into the
lipid bilayer of cell membranes has revealed insulin receptor internalization
inresponse to insulin incubation (down-regulation) occurred in human eryth-
rocytes as well as in human erythrocyte ghosts. Changes in spectral
parameters at 37°C were followed over a 3 h time period. As a result it was
found that a transient decrease in erythrocyte membrane order began within
30 min ofthe start of insulin incubation and within 90 min reached a mini-
mum level of 5.25 mT, that was nearly a 0.2 mT lower than that at the start
ofincubation. Membrane order returned to the initial value by 2.5 h. These
time-related changes in membrane order correspond well with the insulin
receptor internalization process as followed by surface binding assays.
Similar correlations between membrane order and receptor internalization
are observed at 23°C. Erythrocytes incubated with denatured insulin, and
ATP-depleted erythrocytes incubated with native insulin, do not down-
regulate their insulin receptors. This is consistent with the hypothesis that an
increase in membrane disorder is part ofthe mechanism of insulin receptor
down-regulation[291].

The EPR technique using a spin label (5-nitroxysrearate) was employed
to investigate cholesterol-enriched human erythrocytes and erythrocytes in
patients with hepatocyrrhosis. The two groups of cells show a high choles-
tero/phospholipid ratio compared to that in volunteers. Erythrocytes in
hepatocyrrhotic patients and those rich in cholesterol do not reduce the
regulation and the membrane order observed in intact erythrocytes. A higher
membrane order inhibits the internalization of erythrocyte insulin-receptor.
An increase in membrane disordering reduces insulin receptor regulation
[292].

Oxidative imbalance plays an important role in many cell pathologies a
well as in cell aging. Insulin-induced down-regulation oferythrocyte insulin
receptors is a simplified model that can provide useful information on the
cell surface regulative phenomena and on the role ofthe plasma membrane
and cytoskeleton in such physiological processes. The free radical inducer
menadione was examined in order to evaluate ifthis compound is able to
modify (and in which manner) the down-regulation process. The menadione-
induced oxidative damage is able to decrease the insulin-induced down-
regulation process. This effect is accompanied by slight alterations in plasma
membrane ultrastructure and by insignificant variations in plasmamembrane
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lipid composition. EPR measurements of changes in membrane order re-

vealed no decrease to occur during the process of down-regulation. In
contrast, cytoskeletal protein assembly appears to be remarkably altered.

Such changes in specific cytoskeletal elements could lead to the decrease of
down-regulation phenomenon induced by menadione. This suggestion is

supported by changes in electrophoretic pattern ofsome cytoskeletal proteins

(e.g., spectin). Using the EPR method the importance of free radicals in cell
injury and cell surface receptor modification was established [293].

Non-enzymatic glycation ofreactive amino groups in model proteins in-
creases the rate of free radical production at physiologic pH by nearly fifty-
fold over non-glycated protein. Anion radical O, generation was confirmed
by EPR measurements with the spin trap phenyl -¢-butyl-nitrone. Free radi-
cals generated by glycated protein increase the peroxidation of membranes
of linoleic/arachidonic acid vesicles nearly 2-fold over control. It is sug-
gested that the increased glycation of proteins in diabetes may accele-rate
vascular wall lipid oxidative modification [294]. To determine oxygen radi-
cals which generate in Type II diabetes melitis an interesting marker in the
form ofdimethylsulfoxide / ascorbyl free radial (DMSO/AFR) complex has
beenproposed [295].

Spleen tissue paramagnetic centers were examined by EPR prior to
spleen autotransplantation both experimental and in a clinic. The results
show the presence of free radicals, Cu?t, Fe3*. The Fe3* concentration did not
change afterantioxidanttherapy [296].

Cytokines, immunological effectors of molecules, that mediate -cell
destruction, are involved with the development ofinsulin-dependent diabetes
mellitus. The combination of cytokine with human recombinant interleukin
1-B, tumornecrosis factor o (TNF- a0), and interferon-y induces the formation
ofnitric oxide by human islets. This combination stimulates both the forma-
tion ofthe nitric oxide derivative, nitrite, and the accumulation of cGMP by
human islets. The nitric oxide synthase inhibitor N-monomethyl-L-arginine
prevents the formation of both cGMP and nitrite. Interleukin 1-f3 and inter-
feron-vy are sufficient to induce nitric oxide formation by human islets,
whereas TNF- apotentiatesnitriteproduction. This combination ofcytokines
with interleukin 1-3, TNF-a, and interferon-y also influences the insulin
secretion by human islets. Pretreatment of human islets with low concen-
trations ofthis cytokine combination (interleukin 1-f3 15 units/ml, TNF- o 0.7
nM, and interferon-y 150 units/ml) appears to slightly stimulate insulin
secretion. Higherconcentrations (interleukin 1-3 75 units/ml, tumor necrosis
factora 3.5 nM, and interferon-y 750 units/ml) inhibit insulin secretion from
human islets. The inhibitory effect is prevented by NG-monomethyl-L-
arginine. This higher concentration of cytokines also induces the formation
of an electron paramagnetic resonance-detectable signal at g = 2.04 by
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human islets that is characteristic of the formation of an iron-dithio-
dinitrosyl complex. The formation ofthis complex is prevented by N-mono-
methyl-L-arginine, thus confirming that this cytokine combination induces
the formation of nitric oxide by human islets. These results indicate that
nitric oxide mediates the inhibitory effects of cytokines on glucose-stimu-
lated insulin secretion by human islets. Nitric oxide is suggested to partici-
pate in P-cell dysfunction associated with insulin-dependent diabetes
mellitus[297].

Investigations ofthe structure and properties of insulin are in progress.
The R-state conformation ofthe Cu?*-substituted insulin hexamer has been
identified and a number of its derivatives have been studied via EPR, "H
NMR, and UV-visible spectroscopy. The results indicate that each Cu*
center ofthe R-state Cu**-insulin hexamer possesses a coordination site that
is accessible to anions from solution. Both phenol and anionic ligands that
coordinate to the Cu?* ions are required to generate the necessary hetero-
tropic interactions stabilizing the R-state structure. With phenylmethyl-
thiolate (PMT), a Cu?*-R6 adduct that displays the spectral features ofblue
(type 1) copper proteins is obtained. This complex is proposed to embody a
pseudotetrahedral Cu*N3S(PMT) chromophore, in which N is HisB10
(imidazolyl). The remaining ligands examined give rise to Cu?*-R6 adducts
that possesses the spectral characteristics of normal (type 2) Cu?* proteins.
Under reducing conditions, Cu*-T6 and Cu*-R6 hexamers have been
identified[298].

3.10 NERVOUS SYSTEMDISEASES

The EPR method has found many uses in clinical and experimental neu-
rology. [299,300].

In order to decrease oxygen toxicity ofthe central nervous system and to
treat cancer and HIV-infected patients the use has long been made of
diethyldithiocarbamate (DEDTC), a potent copper chelating agent, and an
immunomodulator. The antioxidant properties of DEDTC, including its
scavenging ofreactive oxygen species were evaluated by EPR spectroscopy.
The same method was used to examine its reducing and iron-chelating prop-
erties, and its protective effects on oxidant-induced damage of brain tissue,
protein, human low density lipoproteins, and DNA. It is found that DEDTC
is apowerful reductant and antioxidant since it scavenges hypochlorous acid,
hydroxyl radical and peroxynitrite (HOONO). All this may provide an ex-
planation for the apparent beneficial effects of DEDTC against oxidative
stress-related diseases that have been observed in experimental and clinical
studies[301].
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Anion radicals O, cannot be directly fixed by EPR spectroscopy owing
to their high reactivity. With advent of spin labels [302] the detection ofhy-
droxyl and hydroperoxyl radicals (HOO") using their stable spin adducts
becamepossible [303,304].

EPR spectroscopy using spin traps was applied to determine Cu,Zn
superoxide dismutase activity in cerebrospinal fluid (CSF) of4 patients with
rectal carcinoma, 10 patients with endometrium cancer, 9 with cervical car-
cinoma, 21 with leilomyoma, 3 with ovarian cyst, 4 with inguinal hernia and
8 expectant mothers. The results showed the SOD activity to increase with
age[305].

Ascorbic acid (vitamin C) attracts the attention of numerous researchers
since it is not only essential to the health ofhuman, but prevents from many
diseases [306]. The acid possesses an antioxidant activity due to its ability of
scavenging oxygen radicals. Therefore much information on this process can
be provided by measurements of CSF and plasma ascorbic acid levels made
using the EPR method. Ascorbic acid transport from plasma to CSF is con-
trolled by choroid plexus. In this way it was possible to examine CSF and
plasma of’patients with acute lymphoblastic leukosis by an ingenious tech-
nique which avoids using plane quartz cuvette, in a polymethylmetacry-late
capillary at room temperature. The EPR spectra of both CSF and plasma
show a characteristic ascorbyl radical doublet at g =2.005 and AH = 0.18
mT. The CSF and serum ascorbyl radical concentration determined using
known concentration of nitroxyl radical TEMPO is 3.5 x 10® and 9 x 10°
mol/dm-=[307].

In the pathophysiology of lumbosacral radiculopathy, inflammation of
the nerve root is of critical importance. This inflammatory process has been
shown to be associated with free radicals. EPR spectroscopy with DMPO
spin trap was used to SOD activity in CSF of 31 patients with unilateral
lumbosacral radiculopathy caused by a herniated disc. The SOD activity in
the hernia patients was remarkably decreased. The concentration gradient of
SOD activity was different between central herniation and centrolateral
herniation. These findings indicate that free radicals are generated after
nerve root compression. Under severe deficiency of SOD activity in CSF,
serum SOD penetrates into CSF and may play an important role in
protecting againstnerve root involvement [308].

Patients with Alzheimer’s disease show a suppressed highest cortical
function leading to dementia caused by diffusive cerebral atrophy. Alz-
heimer’s disease is related to presenile dementia of unclear pathogenesis.
During the latest time free radicals have been widely believed to play a part
in neuron damage and the development of age-dependent degenerative
diseases. The membrane fluidity ofthrombocytes isolated from 15 patients
with Alzheimer’s disease (AD), 11 patients with multi-infarct dementia
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(MID), and 7 neurologically healthy controls was studied by EPR spectro-
scopy employing spin label techniques. Spin label 1(12, 3) probed the
shallow site (hydrophilic region) and spin label I(5, 10) the deeper site (hy-
drophobic region) ofthe thrombocyte membrane. A significant increase in
membrane fluidity was observed in patients with Alzheimer's disease and
multi-infarct dementia, as compared to age-matched controls. However,
there were no significant differences in fluidity between AD and MID pa-
tients. The increased thrombocyte membrane fluidity observed in dementia
does not seem to be specific to Alzheimer's disease [309].

Electron paramagnetic studies of heavy polyvalent metals were per-
formed on autopsy material of 5 aged patients (mean age 80.2 years) and 15
control patients (mean age 29 years). The obtained results lead to the fol-
lowingconclusions:

1. The aging brain is characterized by a tendency to decrease in concen-
tration ofisolated Cu?* ions, and a marked decrease in concentration of Fe3+
1ons as well as of free radicals, whereas the concentration of Cu?* clusters is
significantlyincreased.

2. The cases showing both arteriosclerotic and senile degenerative
changes are characterized by higher concentrations of Cu?* clusters than the
brains with dominance ofthe arteriosclerotic process, whereas the concen-
trations of isolated Cu** and Fe?* ions as well as that of free radicals do not
differbetween the two subgroups.

3. The diminished concentrations of Cu?* and Fe** ions and free radicals
observed in brains of old persons and concomitant with increased concen-
tration of multi-ion aggregates (clusters), more marked in cases of senile
atrophy of Alzheimer type, seem to result from some slow-down of meta-
bolic processes inthe aging brain [3 10].

In Alzheimer's disease progressive dementia and gradual formation of
extracellular senile plagues in the hippocamp and adjacent brain areas are
observed. B-Amyloid (AB) oligopeptides represent an essential component
ofthese plagues. A- 3 peptides consist 0f40-43 amino acids, derivatives ofa
larger A B precursor 3-APP. B-APP is aunit gene product existing in several
forms coding plasma membrane type I integral proteins. Amyloid formation
1s successfully monitored by EPR spectroscopy [311]. Alzheimer's disease
genetic forms called hereditary Alzheimer's disease are characterized by a
comparatively early beginning and are determined by mutation of three
genes. The first gene corresponds to B-APP located in chromosome 21, the
second gene is in chromosome 14 and codes protein S182, and the third
gene, responsible for coding protein STM2, is present in chromosome 1.
Mutation in either ofthe three genes accelerate the processes of b-APP for-
mation and accumulation. The functions of V-APP, S182 and STM2 are not
clearlyunderstood. Inanaqueous solution 3-amyloid undergoes spontaneous
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fragmentation to produce low molecular free radicals which can be fixed by
EPR spin trapping technique using spin trap phenyl-zer¢-butylnitrone. In
aqueous media pamyloid produce free radicals without metals. For 3 -amy-
loid it takes the hours or days to produce detectable free radicals, whereas
the extremely neurotoxic A B (25-35) fragment of pamyloid peptide pro-
duces a detectable radical in minutes. A [ (25-35) is a potent
lipoperoxidation initiator. It rapidly quenches the membrane-bound 12-
nitroxyl stearate spin probe deep within the lipid bilayer. These data enable
formulating a "molecular shrapnel" model ofneuronal membrane damage in
Alzheimer's disease [312-314]. Thus, pamyloid should be considered the
central constituent of senile plaques in Alzheimer's disease. 3-Amyloid pep-
tide neurotoxicity is inhibited by antioxidants. It is established that the free
radicals derived from A B peptides are able to inhibit glutamate uptake in
cultured astrocytes. These results support the hypothesis that A B neuro-
toxicity in Alzheimer's disease may be due in part to A [ -derived, oxygen-
dependent free radical inhibition ofglutamate uptake [315]. a.-Hydroxyethyl
radical formation induced by the action of ethanol on human brain glyoma
C6 cell astrocytes and astrocytic to ethanol has been investigated by EPR
spectyroscopy using spintraps [316].

The formation of free oxygen radicals in homogenates of frontal cortex
from brains taken at autopsy and verified histologically to be from five pa-
tients with Alzheimer's disease or from six age matched normal controls,
was investigated by EPR spectroscopy. During incubation at 37°C, in the
presence offerrous sulfate (200 mcM), samples of Alzheimer's frontal cortex
produced nearly 50% more free radicals than did controls. Although these
are post mortem in vitro observations are consistent with an increased free
radical burden in tissue from patients with Alzheimer's disease, that compa-
rable differences exist in vivo between Alzheimer's patients and non-
demented peopleremainstobe demonstrated [317].

Migraine is a severe mostly unilateral headache ofvarious intensity, fre-
quency and duration. Sometimes, migraine is accompanied by vegetative
disorders and transient focal neuralgic symptoms. The role of vascular phe-
nomena during an attack of migraine remains unclear. For a better
understanding ofthese phenomena a study involving measurements of sys-
temic levels ofnitric oxide and endothelin-1 has been carried out. Nitric
oxide levels were measured using EPR spectroscopy, whereas endothelin-1
concentrations were estimated by means ofradioimmunoassay. In the pilot
study seven patients (five women and two men suffered from migraine) were
enrolled. Nitric oxide levels in women and men were slightly higher com-
pared to basal values (1.56 +0.88 and 0.85 = 0.46 pg/ml, respectively) and
were raised after pharmacological intervention (2.91 £ 1.93 pm/ml). Plasma
endothelin-1 concentrations decreased during migraine attacks with respect
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to interictal conditions from4.23 + 1.19)t0 (3.99 + 1.21 pg/ml), and returned
to basal values (4.44 + 1.08 pg/ml) after reliefofpain. The measurements of
systemic levels ofnitric oxide and endothelin-1 will provide useful informa-
tion on the hemodynamic changes of cerebral blood flow regulation in
migraine. This will give new insights into the mechanisms ofthe migraine
attack [3 18]. NO formation by nerve cells and brain macro-phages was de-
monstrated by the EPR technique using spin trapping [3 19].

The EPR technique and total reflection X-ray fluorescence spectroscopy
were employed to measure paramagnetic metal ions, free radicals (neuro-
melanin), and total metal content in nine areas ofthe brain. In addition, the
extent ofaccumulation ofmetal ions by melanins incubated in homogenates
ofaregion ofthe brain (putamen) was determined. The EPR spectrum ofthe
substantia nigra had a prominent g = 4 EPR signal characteristic of Fe** ions
in the rhombic state. Only the substantia nigra, and to a lesser extent the
locus coeruleus, had a free radical signal consistent with that of
neuromelanin. This signal was much more prominent in the unprocessed
substantia nigra. However, when metal ions were removed the EPR signal
ofneuromelanin ofthe locus coeruleus increased much more than that ofthe
substantia nigra. This suggests that the structure ofthe pigment may differ
in these two regions. Incubating synthetic melanins with homogenates of
putamen resulted in accumulation ofiron, copper and zinc ions. This seems
to be caused by metal binding to the neuromelanin during the isolation pro-
cedure[320].

The role ofneuromelanin, a pigment that accumulates in catecholaminer-
gic neurons during normal aging, is poorly understood in many respects.
Accordingto histochemical data, neuromelanin has a cytoprotective function
under normal conditions, but it is cytotoxic at advanced ages and in patients
with Parkinson's disease. EPR spectroscopy is an especially effective tech-
nique for investigating melanins [321]. This method was used to examine
human substantia nigra. It has been unambiguously shown during the purifi-
cation of neuromelanin that a portion of paramagnetic metal ions are bound
to the pigment in situ. This made it necessary to elaborate a purification pro-
cedure to avoid contamination ofthe pigment by extraneous metal ions. The
EPR method is also useful for identifying other natural pigments [322].

Parkinson's disease (paralysis agitans) is a brain disease that slowly
grows progressively worse and manifests itselfby shaking, extrapyramidal
rigidity and akinesia. The origin of Parkinson's disease is unclear. Shaking is
mainly caused by functional disorder ofthe spinal system. Distribution pat-
tern ofbiogenic amines in the brain was examined by histochemical methods
using electron microscopy. It has been found that extrapyramidal rigidity
was induced by dophamin deficiency in subcortical structures.
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Parkinsonism is also associated with substantia nigra malfunction and
breakage ofbasal nuclear control ofreticular-spinal tracts. All this increases
the time of tonic muscle delay. Under this syndrome both the considerable
decrease in dophamin levels in basal nuclei and synthesis ofsubstantia nigra
melanin are considerably reduced. A certain part is played by acetylcholine
as well. Using the EPR technique the melanin ability to scavenge free radi-
calsproduced fromtetrahydroisoquinolines has been studied [323].

In the etiology of Parkinson's disease and other CNS disorders a role of
metal ions and/or neuromelanin is postulated. The interactions between neu-
romelanin and metal ions as well as the amount and type of metal ions in
human neuromelanin in intact substantia nigra and in isolated neuromelanin
have been studied using EPR spectroscopy. In substantia nigra substantial
amounts ofiron, zinc, lead, copper, manganese, and titanium are present at
concentrations up to 4 times greater than those ofnon-pigmented brain tissue
(basis pedunculi). The concentrations ofmetal ions in isolated neuromelanin
were 5-260 times higher than in substantia nigra. There were substantial
amounts of paramagnetic metals ions, especially iron, bound to neuro-
melanin in intact substantia nigra. Compared to other regions of the mid-
brain, the substantia nigra contains increased amounts of many different
metal ions. These results are consistent with the hypotheses that postulate a
role of metal ions in promoting oxidative reactions in pigmented neurons
[324].

Free radicals are considered to be involved in the pathogenesis of Parkin-
son's disease as the level ofradical NO- is increased in Parkinson's disease
brain. A system generating NO- radicals in vitro using 3-(2-hydroxy-I-
methylethyl-2-nitrosohydrazino)-N-methyl- 1-propmamineasanradical NO'
donor and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline- 1-oxyl 3-
oxide (carboxy-PTIO) has been examined by EPR spectroscopy. The effects
of the dopamine agonists pergolide and bromocriptine on the amount of
radical NO- generated has also been studied. Radical NO- appeared to be
scavenged by pergolide and, to a lesser extent, by bromocriptine. Pergolide
and bromocriptine treatment of Parkinsonism in vivo completely protects
against the decrease in levels of striatal dopamine and its metabolites. Per-
golide and probably bromocriptine may also protect against dysfunction of
dopaminergic neurons by direct scavenging ofradicals NO' and thus elimi-
nating NO-related cytotoxicity. Thus the ESR spectrometry method using
carboxy-PTIO may be useful for screening other drugs that can quench radi-
calNO [325].

Idiopathic Parkinson's disease (PD) involves is accompanied by a decline
in the activity of mitochondrial complex I in substantia nigra (1-3). EPR
spectroscopy was used to investigate complex I in human substantia nigra
and globus pallidus. EPR signals characteristic ofthe iron-sulfur centers of
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complexes I and Il were observed with globus pallidus. There was no sig-
nificant difference between control and PD patients. The complex 1 signals
could not be clearly observed in substantia nigra. Instead, nitric oxide radi-
cals in PD nigra were detected at g approximately 2.08, 1.98 due to [Hem-
NO] formation. Although an EPR signal indicative of Hem-NO was
observed with control nigra, it lacked the distinctive g approximately 1.98
trough observed with PD nigra. As PD is associated with a reactive gliosis,
the difference in the Hem-NO EPR signal, between control and PD nigra,
may result from cytotoxic radical NO- generated by microglia in PD
substantia nigra [326].

Down's syndrome (chromosome disease) is an oligophrenia form charac-
terized by mental retardation in combination with a peculiar appearance of
the patient. Sulfite oxidation and sulfur trioxide radical formation were
studied in polymorphonuclear leukocytes isolated from healthy young, old
and centenarian donors and from patients with Down's syndrome. The sulfur
radical formation measured by EPR spectroscopy using spin trapping is cor-
related with the activity of sulfite oxidase and with the rate of sulfite
oxidation to sulfate by polymorphonuclear leukocytes. Sulfite metabolism
was studied both in resting, and phorbol myristate acetate stimulated freshly
isolated cells. The rate of sulhr trioxide radical formation was demonstrated
by use ofthe spin trapping agent DMPO with subsequent formation of an
adduct. The intensity ofadduct formation was most intense in cells with low
sulfite oxidase activity, while a mixture of the adduct and of DMPO
hydroxyl radical was mainly observed in cells with high sulfite oxidase
activity. Furthermore, the spectra of purified sulfite oxidase show that in the
presence of sulfite the enzyme can also give rise to a DMPO-OH adduct.
Sulfite oxidase activity in cells isolated from healthy young and old donors
was positive correlated with both rates of sulfur trioxide radical formation
and sulfite oxidation to sulfate, respectively. However, sulfite oxidase activ-
ity in cells isolated from centenarians and patients with Down's syndrome
seems to loose partly its rate of oxidizing sulfite to sulfate. The intensity of
the sulfur centered radical adduct increased in the two latter groups of
population and the radical observed was predominantly sulfur trioxide radi-
cal[327].

Amyotrophic lateral sclerosis (Charcot-Kozhevnikov's disease) is an or-
ganic nervous system leisure mainly caused by damage of anterior horn,
pyramid tract, nervous roots and peripheral nerves. The etiology and patho-
genesis of this disease remain unclear. On the one hand this disease is
considered to be of hereditary origin, on the other hand it is regarded as an
infectious disease. Histologic pattern and clinical symptoms in familial and
sporadic varieties are practically indistinguishable. Therefore, investigation
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of amyotrophic lateral sclerosis at the molecular level will contribute much
to a better understanding ofprocesses occurring in this pathology.

Several point mutations in the gene coding for human Cu,Zn superoxide
dismutase reported as being responsible for familial amyotrophic lateral scle-
rosis (FALS) have been distinguished. However, no direct correlation
between total superoxide dismutase activity and severity ofthe FALS pa-
thology has been found. In order to get a better insight into the mechanism
underlying FALS phenotype, the activity and the copper-binding properties
of the single mutant H46R, which is associated with a Japanese form of
FALS, has been investigated by the EPR method. The results show that this
mutant is structurally stable but lacks significant enzyme activity and has
impaired capability of binding catalytic copper. The mutant protein can be
fully reconstituted with copper in vitro but its ESR spectrum quite differents
from that ofthe wild-type [328].

Familial amyotrophic lateral sclerosis responds to treatment with diffi-
culty. Positive tendency appeared after the discovery of some FALS cases
associating with superoxide dismutase-1 (SOD-1) genus mutation. SOD-1 is
responsible for coding of Cu-Zn SOD-1 formation [329]. Only 10% of
FALS patients display features of'the familial type. SOD-1 mutation was
observed in 20% of FALS patients. It is suggested that biochemical proc-
esses that lead to the damage of motor neurons in SODI-associated FALS
are like sporadic FALS cases [330].

Unlike the wild type, mutant Cu-Zn-superoxide dismutase observed in
familial amyotrophic lateral sclerosis, has peroxidase Cu-dependent activity.
This was proved by EPR method using spin trap DMPO. The effect of two
Cu chelators (sodium diethyldithiocarbomate and D-penicillamine) on the
relation between the death of motor neurons and the mutant activity has been
studied. These chelators inhibit mutant peroxidase, the wild type enzyme
activity in stoichiometric concentrations being unchanged. Moreover, these
Cu-chelators increase the neural survival in cell culture of FALS patients.
The wild type cell expression survival of Cu-Zn-SOD remains un-
changeable. It is suggested that oxidative reactions catalyzed by mutant Cu-
Zn-SOD initiate neuropathologic changes in familial amyotrophic lateral
sclerosis [300].

Duchenne-Aran amyotrophy is characterized by a chronic degenerative
process in spinal anterior horn cells, anterior roots and peripheral nerves.
Histologic examinations of muscle fibers of patients suffering from this
disease reveal a fascicular character of atrophy and electromyographic
alterations associated with neural atrophy. Mobilization and aggregation of
intramembrane particles are physiological changes observed in all cells. In
erythrocyte membranes this can be induced by exocytosis, vasopressin se-
cretion, oxidation and pH changes. The association between aggregation of
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intramembrane particles, protein mobility, and membrane fluidity in erythro-
cyte membranes of healthy controls and patients with Duchenne-Aran
muscular dystrophy was investigated by the EPR method using spin labels.
In control individuals a partial spectrin removal induced a decreased seg-
mental motion of protein spin label. This indicates an increase in protein-
protein interactions. Stearic acid spin labels 5- and 16-(N-oxyl-4,4'-
dimethyloxazolidine) induces an increase in membrane fluidity. In patients
with Duchenne-Aran's amyotrophy changes ofmembrane fluidity compared
to those ofthe controls are observed. It is suggested that in Duchenne-Aran's
amyotrophy the defects in the interactions between skeletal proteins, mem-
brane and skeleton components may induce alterations in erythrocyte
membranes[331].

Myotonic dystrophy, a neuromuscular disease, is associated with the
presence of a myotonic phenomenon or “contracture”. Patients with myo-
tonic dystrophy experience difficulty with relaxation of muscles after strong
contraction. Pathogenesis of this disease is related to injury of cell mem-
brane permeability and changes in ionic and mediatory exchange. The levels
of free radicals in the blood of six patients with myotonic dystrophy (mean
age 52.8 = 5.0 years) and seven controls (mean age 48.8 4= 6.3 years) were
studied by EPR spectroscopy using DMPO spin trap. In the same groups
lipid peroxides and the levels ofantioxidants (vitamin E, coenzyme Q10, se-
lenium), as well as superoxide dismutase activity were examined. The SOD
activity in both erythrocytes and serum was the same in the 6 patients with
myotonic dystrophy and the seven controls. Free radical concentration and
serum lipid peroxidation was increased in 5 ofmyotonic dystrophy patients
and tended to increase further as the disease progressed. At the same time.
The levels ofserum vitamin E, Q10 and selenium were low. Thus, an increase
in the levels offree radicals and lipid peroxides and a decrease in the levels
of antioxidants play an important role in the pathogenesis of myotonic dys-
trophy [332].

Ataxia-telangiectasia (Louis-Bar's syndrome) is an early progressing
cerebellar ataxia with symmetrical telangiectases of conjunctiva and skin.
This pathology is associated with atrophy and glyosis of cerebellum, pale
globe and substantia nigra, numerous telangiectases in brain substance as
well as with thymus aplasia, adenohypophysis hypoplasia, bronchiectases.
Ataxia-telangiectasia is supposed to be a hereditary disease, that is transmit-
ted by autosome-recessive type. In erythrocyte membranes from an ataxia-
telangiectasia patient and from his mother (heterozygote) an additional
protein fraction migrating slower than spectrin has been detected. In erythro-
cyte membranes labeled with maleimide spin label changes in signal ofthe
weakly immobilized spin label as related to that of strongly immobilized one
(w/s) were noted. In controls the w/s values increased with age, whereas in
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families with ataxia-telangiectasia no significant differences were noted
between children and parents. The presence ofan additional protein fraction
in erythrocyte membranes of ataxia-telangiectasia patient and ataxia-
telangiectasia heterozygote indicates that they can be differentiated from the
healthycontrols[333].

Using The EPR method was used to assess the action simultaneously
produced by decimeter microwaves and deresinified naphthalane on neurons.
Clinical and neurophysiological trials were conducted with 133 patients suf-
fered from vertebrogenic scapulohumeral periarthritis. It was found that the
above combined efforts produce beneficial effect and correct functional ac-
tivity ofsegmental-peripheral neuromotor system [334].

Jugular bulb venous oxygen saturation and free radical formation in the
process of cerebral ischemia/reperfusion were studied in 13 patients under-
going carotid endarterectomy. Oxygen content were determined by a
calorimetric assay. Free radical levels were recorded by EPR spectroscopy
using spin trap adducts a -tert-butyl phenyl nitrone. During clamping ofthe
internal carotid artery the oxygen saturation decreased greatly from 68% to
61% and returned to baseline (65%) when the carotid clamp was removed.
Jugular venous plasma antioxidant potential also decreased from 33% to
28%. There was no concomitant change in arterial plasma antioxidant po-
tential values. This indicates a decrease in antioxidant capacity across the
cerebral circulation, which is supported by EPR data. These results provide
strong evidence for oxidant production during cerebral ischemia/reperfusion
[335].

3.11 DISEASES OF JOINTS AND CONNECTIVE
TISSUE

Erythrocyte and plasma paramagnetic centers were studied in 110 pa-
tients with rheumatoid arthritis and 82 patients with osteoarthrosis defor-
mans for the purpose of differentially diagnosing inflammatory and dege-
nerative diseases ofjoints and connective tissue. In osteoarthrosis deformans
and, especially, in rheumatoid arthritis a noticeable increase in erythrocyte
free radical levels and a decrease in plasma Fe** content compared to those
in normal donors are observed (Table 3-30) [336]. As the activity ofinflam-
matory process enhances, the erythrocyte free radical level grows higher.
Nothing ofthis kind is observed in patients with osteoarthrosis deformans. A
considerable decrease in plasma Fe** concentration in patients with rheuma-
toid arthritis may serve as a differential criterion ofthis disease. The Cu*-
ceruloplasmin and Fe** transferrin levels in blood plasma of RA patients is
increasedtoo [6].
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Analogously, in patients with systemic lupus erythematosus the blood
free radical concentration is higher than that in healthy donors and increases
as the process activity grows higher [9].

In the course of seropositive RA the value of FR signal and the intensity
oflipid peroxidation are higher than those in the seronegative version [337,
338]. It is known that hydroxyl radicals attack hyaluronic acid and related
polymers, that leads to their strand-breakage [339].

The low erythrocyte FR level in the RA visceral form is most likely to be
associated with glutathionereductase depletion (table 3-30) [336].

Table 3-30. Erythrocyte and plasma PMC contentin RA and OAD patients (M £m)

Indexes RA OAD Control
Erythrocytes
MetHb, (g/1 2.0+ 0.06 1.8+0.07 0.8+0.03
FR, (10¢M) 1.6+0.06 0.8+0.02 1.2+£0.03
Cuz* SOD, (10 1.0£0.03 0.8+0.03 0.3+0.04
M)
Plasma

Fe3*, mcmol/l 5.6+£0.29 14.2+0.5 16.0+0.33
FR,(10-M) 0.5+0.02 0.5+ 0.02 0.50+0.01
Cuz* CP, (105 M) 2.224+0.08 0.92+0.03 1.80+0.03

RA and OAD patients show and increased blood MetHb concentration.
This seems to be due to the administration ofanti-inflammatory drugs, that
are methemoglobin producers [20]. These include not only toxic substances
such as lysol, creosote, barium sulfate, 3-naphthol, nitrates, nitrites, nitrogen
oxide, but various medicines (phenacetin, para-aminosalicylic acid, hydra-
zine derivatives, nitroglycerol, sulfanylamides) [340]. Electron spin
resonance investigations have revealed that hemoglobin in intact erythro-
cytes react with hydrophilic xenobiotics, such as hydroxylamine [341] and
phenol [342] to form MetHb.

The use of ESR spectroscopy made it possible to verify whether Cu>*
complexes bound to dipeptides or tripeptides and introduced into human red
blood cells, interact with hemoglobin to form MetHb [343].

Using EPR spectroscopy the effect of superoxide anion radicals on syno-
vial fluid has been studied. Anion radicals O,*. are generated by micro-
vascular endothelial xanthinoxidase in inflamed synovial tissue [344]. In
rheumatoid arthritis the activity ofpolymorphonuclear leukocyte superoxide
dismutase is decreased, therefore the forming superoxide anion radicals in-
jure synovial fluid [345].

In RA patients the synovial fluid Fe3* content is four times lower than in
OAD patients. The Cu?* content inversely changes in these diseases (table 3-
31)[336].
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Table 3-31. Synovial fluid PMC content in R4 and OAD patients (M £ m)

Indexes RA OAD
Fe’, (mcmol/l) 4.5+0.38 13.5+0.86
Cu, (10 M) 2.24+0.11 1.20+£0.10
FR, (10 M) 0.5+0.03 0.4+0.03

The analysis of synovial fluid of 18 RA patients was carried out on ad-
mission and after 3 weeks of stationary treatment. The positive dynamics in
the patient state was characterized by a statistically reliable decrease in the
Cu?* level and an increase in the Fe3* signal amplitude in EPR spectra [346].

The molecular fundamentals of auto-immune diseases of RA type be-
came more clearly understandable owing to investigations ofthe dynamics
and conformational alterations in immunoglobulin molecules forming an
antigen-antibody complex. Some dynamic and conformational characteris-
tics in human IgG molecules have been studied by EPR spectroscopy using
spin label 2,2,5,5-tetramethyl-3- maleimide pyrrolidin-1oxide. The value of
rotational correlation time (t) of the spin labeled IgG is 2642 ns, what is
known to be characteristic of labeling of the IgG peptide residue. The spin
labeled Lys residues are subdivided into two forms with different mobility
and rigidity, the ratio ofmobile to rigid forms being 3: 1. The im-mobility of
IgG Lys residues is conditioned by their involvement in H-bonds formation.
The temperature dependence ofthe ordering parameter S provides evidence
for a significant immobility of Lys residues. When kept for a long time at 4
C, the spin labeled IgG samples are mobilized, as shown by EPR spectra.
This is caused by the process ofautolysis, that can be completely eliminated
by addition of phenylmethylsulfonylfluoride [347].

The use ofnon-steroid anti-inflammatory drugs often fails to furnish the
desirable result. This is caused by the fact that lactoperoxidase (LPO, EC
1.11.1.7; donor-H,O, oxidereductase) catalyses the oxidation ofindometha-
cin. As shown by the EPR method, lipid peroxidation of indomethacin
follows a one-electron mechanism [348]. Cu,Zn-superoxide dismutase is
thought to act as peroxidase in the presence of H,O, at high pH (pH>9).
However, a recent EPR study has shown this enzyme to function also at
physiological pH (pH 7.4-7.6) inthe presence of bicatbonate [349].

The EPR method was successfully used for the assessment ofthe anti-
inflammatory effect and the scavenging activity with respect to free radical
(hydroxyl and superoxide) ofthe Arctium lappa L. root [350].

Physiological changes in neutrophils after elimination ofthe effect of'si-
alic acid, mucin and fucoidan have been investigated by the EPR method
using spin probes. Binding of sialic acid markedly reduces the mobility of
neutrophil membrane proteins and lipids, whereas binding of mucin and
fucoidan totally restricts the mobility probably due to cross linking of the
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surface lectins. This also results in an increase in the cytoplasmic viscosity
[160].

Elaboration ofnew approaches to the diagnosis of osseous abnormalities
is of great importance in clinical practice. New data concerning the EPR
method potential in interpreting osseous images including characterization of
trabecular patterns by micromorphometry appearrather promising [351].

Generation of free radicals in mammals with bone fractures or cuts has
been fixed using ER spectroscopy. The detected species were identified as
alkylperoxyl, RCHy, and O," radicals. Evidently, these data and the above
method will be ofhelp in traumatologic and orthopedic practice [352].

3.12 MYOGLOBIN PATHOLOGY

Myoglobin (Mb) is a protein related to chromoproteides, that is present in
red muscles ofanimals ofvarious classes and species. The major myoglobin
function is accumulation ofthe oxygen brought from blood into muscles in
the process ofbreathing and the loss ofthe oxygen as needed [353].

Some more comprehensive information concerning the electron structure
and stereochemistry the O, bond and ligand-binding Mb and Hb sites could
be derived by substitution of protoporphyrin IX iron in the Mb and Hb com-
plexes by cobalt. The EPR method and Raman spectroscopy have revealed
that cobalt in cobaltous Mb binds O,. As shown by using deuterium buffer,
in this case a hydrogen bond between the O, atom and the histidine E7 distal
residueis formed [354].

Proteins and the role ofdistal histidine residue on the interaction between
the bound ligand and the myoglobin molecule have been studied by EPR
spectroscopy. The results have shown that the distal histidine residue is es-
sential in the orientation ofthe bound oxygen molecule. Recombinant human
myoglobin mutants having the distal histidine residue replaced by Leu, Val
or Glnresidues have been prepared by site-directed mutagenesis and expres-
sion in E.coli. The recombinant apomyoglobin proteins were successfully
reconstituted with cobaltous protoporphyrin IX to obtain cobalt myoglobin
mutant proteins. Low temperature photolysis of cobalt-oxygen proteins and
ferric nitric oxide complexes indicated that the nature ofthe photolyzed form
depends on steric crowding ofthe distal heme pocket. The distal Leu mutant
has a less restricted, less sterically crowded distal heme pocket than that of
the distal Val mutant myoglobin. The EPR data demon-strate that the distal
heme pocket steric crowding is not necessarily related to the side chain
volume ofthe E7 residue [355].

Oxo-ferrylporphyrin 7 -cation radical [Por** FeY=0] is a highly reactive
intermediate responsible for the catalytic reactions ofheme enzymes such as



3. Paramagnetic Centers in the Organism of Volunteers and... 165

cytochrome P.s, peroxidase and catalase. This compound is involved in the
utilization ofhydroperoxides or reacts with their equivalents containing Fe3*-
heme proteins or model porphyrin complexes. They are formed as the
oxygen atom is transferred from peroxide via hemolytic cleavage ofthe O-O
bond[356].

PorFe3* + ROOH PorteFey=0 + ROH

Simultaneously hemolytic cleavage ofthe O-O bond takes place leading
to the formation ofoxo-ferryl species (PorFeY=0):

PorFe** + ROOH PorFelY=0 +RO' + H*

Human Mb histidine-93 (F8), a proximal ligand of'the heme iron, has
been replaced with cysteine or tyrosine by site-directed mutagenesis. The
resultant proximal cysteine and tyrosine mutant Mbs (H93C and H93Y Mbs,
respectively) exhibit the altered axial ligand analogous to P.s, chloro-
peroxidase and catalase. Coordination of cysteine or tyrosine to the ferric
heme iron is confirmed by EPR, IHNMR, UV and Raman spectroscopy data
and by redox potential measurements of Fe3*/Fe** couple. Mutant H93C
myoglobulin is five-coordinate ferric high-spin with the proximal cysteine.
H93Y myoglobin containing the tyrosine residue is of analogous structure.
The reactions of the mutants with hydroperoxide show that the thiolate
ligand enhances heterolytic O-O bond cleavage ofthe oxidant. At the same
time, the phenolate ligand hardly affects the heterolysis/homolysis ratio for
0O-0 bond scission compared to with wild-type Mb. The catalytic activity of
wild-type Mb is five times lower than that ofmutants [357].

3.13 CUTANEOUS DISEASES

Skin is one ofaccessible tissues used for diagnosis and selection oftactic
oftreating various diseases.

EPR spectroscopy was used to examine human normal connective tissue,
skin and keloid. Most oxygen free radicals are identified in keloid, less in
normal connective tissue. No free radicals are found in skin. The relation
between the occurrence of oxygen free radicals and the formation ofkeloid
is the topic of discussions. It is suggested that reduction or elimination of
production of oxygen free radicals by scavenging may be of help in
preventing the excessive growth ofscartissue [358].

Skin paramagnetic centers of patients with various burns have been
examined. In the EPR spectrum along with the signal ofmelanin (g=2.003,
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AH~ 0.9 mT), there is an EPR signal (g = 2.3) corresponding to the non-
heme iron nitrosyl complex indicating the hypoxic state oftissue [359].

The EPR method using nitroxide radicals has a wide application in
dermatologic research for studying biophysical properties of skin lipids and
epidermal membranes [360,361]. The biostability ofvarious chemical types
ofnitroxide radicals in keratinocytes, epidermis homogenate, and intact skin
has been examined. Imidazoline, pyrrolidine, piperidine, and oxazolidine
nitroxides may loose their paramagnetic properties in biological tissues due
to their reduction to the corresponding hydroxylamine. The rate ofnitroxide
reduction in skin is considerably dependent on the nitroxide ring structure
and substitution. The nitroxide stability in isolated human keratinocytes,
mouse epidermis homogenate, and intact mouse and human skin decreases in
the following order: imidazoline >pyrrolidine > di-¢-butylnitroxide (DTBN)
> piperidine > oxazolidine. Thus, imidazoline and pyrrolidine nitroxides
show the highest biostability. Cationic nitroxides are reduced much faster
than neutral or anionic probes, presumably due to transmembrane electron
shuttle or internalization. Piperidine-type nitroxides are versatile probes for
studying one-electron transfer reactions in skin [360]. As shown by EPR
spectroscopy using 5-doxylstearic acid, a 1% sodium lauryl sulfate solution
(surfactant) significantly affects human skin barrier function [361].

A relationship between tumor production and free radical formation has
been shown by the EPR method in cultured murine keratinocytes and human
skin-tumorcellline. Thebioactivationof z-butyl-hydroperoxide,andbenzoyl
peroxide via one-electron oxidation or reduction was compared in freshly
isolated and in cultured normal human keratinocytes. The formation of
methyl free radicals during the metabolism of z-butyl-hydroperoxide was
shown by the EPR spin trapping technique.

Radical formation increases under hypoxic conditions. At a low concen-
tration (1 mM) hydroperoxides do not affect much the cell viability, whereas
at a higher concentration hydroperoxides display cytotoxicity. Cultured
human keratinocytes can be used as a model system for the study of the
metabolic activation to free radical inter-mediates oftoxic and carcinogenic
compounds inthe epidermis [362].

The necessity of biopsy presents the only disadvantage of using EPR
spectroscopy in dermatologic research. However, with the development of
new approaches examination oftissue in vivo became quite possible. Thus,
free radicals were directly detected in vivo in hairless mice skin using low-
frequency EPR spectroscopy after local application of anthralin. The EPR
signal intensity increased approaching maximum during 1 day and decreased
slowly in the following days, probably due to desquamation of the skin.
Judging by the spectroscopic features (singlet with a line width of 6 mT; g=
2.0036) and by the pharmacokinetic pattern, the observed signal is related to
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the final products ofanthralin metabolism (ether-insoluble polymeric struc-
tures-"anthralin brown"). Vitamin E and the spin trap fert-butylphenyl-
nitrone decrease the amount ofanthralin-derived radicals. [363].

In this case it is evident that EPR is a valuable tool for the noninvasive
and direct in vivo monitoring of drugs-induced radical formation in the skin.
These experi-mental studies are likely to find much use inthe clinic practice.

3.14 GYNECOLOGIC DISEASES

Capacitation of spermatozoa is an essential procedure for fertilization.
Capacitated spermatozoa have an increase in the intracellular cAMP and
acrosome reaction (AR) occurs immediately. The effect of superoxide anion
on the level of intracellular cAMP and on both spontaneous AR and lyso-
phosphatidylcholine-induced AR (LPC-AR) were studied by EPR spectro-
scopy using semen samples collected from 10 healthy and fertile volunteers.
Spermatozoa were incubated at 37°C in a medium with O, generation sys-
tem: xanthine + xanthine oxidase + catalase + diethylenetriamine-penta-
acetic acid + sodium formate (Ham's F-10). The intracellular cAMP was
determined by (3H)-cAMP radioimmunoassay at 3 h ofincubation, and the
percentages of AR and LPC-AR were evaluated by the triple-stain technique
at 3.5 h ofincubation. The effects of SOD with different concentration were
also determined. The results showed that the level of intracellular cAMP of
spermatozoaincreased from 14.0to0 23.2 (pmol/108 ofspermatozoa) whereas
lysophosphatidyl-choline-induced acrosome reaction increased from 4.5%
and 14% to 16% and 32.5%, respectively. These processes are inhibited by
superoxide dismutase. For the elucidation ofthe source of SOD anion radi-
cals influencing sperm capacitation female genital tract fluids collected from
6 healthy nonpregnant donors of reproductive age, and seminal plasma,
capacitated and noncapacitated spermatozoa from 10 fertile volunteers were
investigated by the EPR spin trapping method. A typical EPR spectrum for
SOD anion radical spin adduct was exhibited only in capacitated spermato-
zoa but not in vaginal or cervical secretions, uterine and fallopian tubal
fluids and noncapacitated spermatozoa. These results suggested that only
capacitated spermatozoa themselves are able to generate superoxide anion
radicals which stimulated their capacitation in turn [364].

Measurements ofthe water content of human sperm were performed by
EPR spectroscopy using a spin label TEMPO and a broadening agent potas-
sium chromium oxalate. This method proved to be better than the generally
accepted optical and electronic particle countertechniques [365].

Using the EPR techniques the permeability of human spermatozoa to
glycerol and its activation energy were determined. For this purpose the
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aqueous spin label “N-tempone and the membrane impermeable broadening
agentpotassium trioxalatochromiate were used. The permeabilities ofhuman
spermatozoa in 1 molar and 2 molar glycerol at 20°C are (10.3 =% 0.3) and
(6.0 = 1.4)x 10 cm/min, respectively. The permeabilities ofhuman sperma-
tozoa in 2 molar glycerol at 30°C, 20°C, 10°C and 0°C are (8.3 &= 1.3), (6.0 =%
1.4), (2.1 =0.4),and (1.1 £0.3) x 10# cm/min, respectively. The activation
energy (Ea) for glycerol permeation between 30°C and 0°C is 1 1.6 kcal/mol
[366].

In the EPR spectrum of'the placenta tissue of women in various patho-
logic conditions there is a narrow EPR signal of free radicals (AH = 0.8-1.0
mT), whereas in the women placenta and the umbilical cord of infants born
in asphyxia a broad signal (AH 20-30 mT and g=2.7-3.0) is observed [367].
Intact uterus tissues gives rise to EPR signals with g =2.11-2.15. In uterus
cancer the signal intensity is lowered [368,369].

In major tumoral injuries ofhuman uteric muscle (lelomyoma and endo-
metriosis) a signal ofribonucleotide reductase (g = 2.05 with splitting into a
double 1.7-2mT) is observed in the EPR spectrum [370].

A decrease in iron level in pregnant women has been found by EPR
spectroscopy [371]. With increasing transferrin saturation by iron the anti-
oxidant activity of transferrin and ceruloplasmin decreases. The inter-
relation between serum iron and iron-binding capacity and concentrations of
the lipid peroxidation metabolite malondialdehyde in normal and preclamp-
tic pregnancies has been examined by EPR spectroscopy. It is suggested that
the enhancement of lipid peroxidation induces the release of iron from free
hemoglobin and the increase in iron saturation of transferrin [229] (Huber,
1996).

To elucidate the rheological difference in maternal and fetal blood, the
erythrocyte deformability in 20 pairs of mothers and newborns, and in 20
nonpregnant women was measured by means ofan electron spin resonance
method. As a result it has been found that erythrocyte deformability is de-
pendent on the hematocrit. The hematocrit at which the deformability was
maximal showed a lower value (32% to 35%) in maternal blood; conversely,
a higher value (47% to 50%) occurred in fetal blood, and an intermediate
value (40% to 43%) is observed in nonpregnant control women. These
results show the erythrocyte deformability of fetal blood to be much higher
compared with the maternal blood. This suggests the effective oxygen
supply to the fetal tissues even under the conditions of lower oxygen tension
[372].

The EPR method was used to study the receptor ofrat ovarian membrane
luteinizing hormone of human chorionic gonadotropin (LH/hCG) on a re-
constituted system of proteoliposomes. The ability of sodium cholate to
extract and reconstitute the binding activity of human chorionic gonado-
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tropin is dependent on the protein/detergent ratio. Trypsin treatment ofthe

LH/hCG receptors containing proteoliposomes indicates that approximately
57% of hCG binding sites were oriented extravesicularly. The presence of
20% glycerol or other osmolytes in the reconstituted system increases the

accessibility of LH/hCG receptors but not the activity ofadenylate cyclase in
proteoliposomes. Changes in the membrane properties were monitored by
the EPR method using a spin label 16-, 12-, and 5-doxy]1 stearic acid. Recon-

stituted proteoliposomes contain less ordered membrane lipids than do native

membranes. Addition ofglycerol before reconstitution increases the order of
lipid bilayer and shifted it to the physical state of the native membrane.

These data are consistent with the hypothesis that a rise in the membrane

ordering increases the accessibility of membrane-bound luteinizing hor-

mone/human chorionic gonadotropinreceptors [373].

ERR and NMR spectroscopies have been used to examine the plasma
protease inhibitor pregnancy zone protein (PZP) and its complex with chy-
motrypsin. The results show that the pregnancy zone protein is identical to
o-2-macroglobulin[374].

In the process of embryo development the human placenta regulates the
transport of ions, nutrients and immunoglobulins from the maternal to the
fetal circulation. An essential role is played by trophoblast organization into
a syncytial layer. The structural stages by which the syncytial trophoblasts
are formed are not yet understood. In order to clarify the mechanism of
trophoblast development in cell cultures the EPR method using 5- and 16-
nitroxystearate as spin labels has been applied to study the morphological
characteristics ofthe syncytial trophoblast formation as well as the func-
tional changes (transport properties and membrane microviscosity)
accompanying these structural modifications. It has been found that the
membrane order increases during the first 24 h of culture. This increase can
be associated with the recovery of cell membranes following trypsin treat-
ment and initial aggregation ofcytotrophoblasts. [375].

GSH-transferase is involved in detoxication of electrophilic compounds
via catalyzing their GSH-conjugation. Over 80% ofcellular GSH-transferase
are soluble dimers consisting of two either identical or different subunits.
The subunits contain a binding site for GSH (G-site) and the other for elec-
trophilic substrate (H-site). Basing on their different amino acid sequences,
catalytic and immunic properties, the cytosol enzymes ofmammals are sub-
divides into three classes, o, i and . The ©-class possess sulfhydryl groups,
that play a functional role in the catalytical area. Human placenta GSH trans-
ferase of p-class contains a highly reactive cysteine residue identified as
Cyst-47 principal residue in the catalytic site. The active site ofhuman pla-
centa GSH glutathione transferase was characterized be means of EPR
spectroscopy using spin labels. The results show that modifi-cation ofthe
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Cyst-47 residue redirects the enzyme towards inactive conformation, thus
preventing GSH-binding inthe G-site [376, 377].

4-Hydroxytamoxifen (4-HTF) antiestrogen drug tamoxifen principal
metabolite, is used in treating breast cancer. 4-HTF produced a blocking ef-
fect onthe peroxidase/H202 system significantly faster than tamoxifen and is
more efficient in damaging tumor cell DNA. The formation of glutathione
thiyl radicals (aH = 1.62 mT) has been demonstrated by EPR spectroscopy
using DMPO in combination with glutathione (proton donor) [378]. The role
of glutathione thiyl radicals in tamoxifen mechanism ofaction is not clearly
understood andneeds furtherinvestigation.

3.15 ONCOLOGIC DISEASES

Most investigations on the use of EPR spectroscopy in medicine are de-
voted to oncology. Using this method it was possible to detect decreased
plasma Fe3*-transferrin and increased Cu?*-cerulloplasmin concentrations in
oncologic patients compared to those in normal donors [379, 380]. Similar
changes were found in patients with cancer of lung [381] and chronic lym-
pholeukosis [8].

Lymphoma (hematosarcoma) is the general name ofall the non-leukemic
tumors ofhematopoietic and lymphoid tissue. The tumoral tissues consist of
lymphoid elements and derivatives thereof. Other hematopoietic tissue tu-
mors both assigned to a cellular line (histiocytic, granulocytic) or non-
differentiated, are related to the lymphoma group. Most often the
lymphomas are generated in lymph nodes, spleen, Waldeier's ring lymphoid
tissue, group lymph follicles. This disease can be met in any other organs or
tissues having no relation either to hematopoietic or to lymphatic systems.
EPR spectroscopy using spin traps has been applied for studying the active
oxygen radicals produced during the respiratory burst of phorbol miristine
acetate stimulated leukocytes in 17 patients with malignant lymphoma. Oxy-
gen consumption was measured by the spin oximetry technique. The results
show that the spectra produced from the PMA-stimulated patients' leuko-
cytes are dominantly spin adducts DMPO-HO". Besides, the patients'
leukocytes are characterized by a decreased oxygen consumption during res-
piratory burst. Under the condition of remission, the respiratory burst and
oxygen consumption become close to normal. These data are helpful for a
better understanding of'the mechanism of cancerous proliferation and me-
tastasis[382].

The depletion of cellular iron can inhibit ribonucleotide reductase, pre-
venting new DNA synthesis and hence inhibiting cell proliferation. EPR
spectroscopy has been used to examine the relationship between chelation of
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intracellular iron and the rate of removal and regeneration of the tyrosyl

radical ofribonucleotide reductase within intact human leukemia K562 cells.

The base-line concentration of EPR-detectable mononuclear nonheme iron
complexes was 3.15 = 1.05 mcM. On incubation with chelators this value

rises more rapidly with hydroxypyridinones than with desferrioxamine. The

hydroxypyridinone-induced decrease in the intracellular iron leads to a more

rapid removal ofthe tyrosyl radicals. Hydroxypyridinones also remove the

tyrosyl radicals more rapidly, apparently as a consequence of depletion of
the intracellular iron pools necessary to regenerate the active enzyme. The
tyrosyl radicals are significantly faster for hydroxypyridinones than for des-

ferrioxamine. This is consistent with their differential effects on cell cycle

synchronization[383].

Gallium porphyrin (ATX-70 analog) cellular toxicity is significantly in-
creased upon ultrasonic treatment. The mechanism of action is not well
understood. The presence of short-lived ATX-70 toxic intermediates is sug-
gested. Nevertheless, the EPR method using spin traps (POBN, DMPO
DBNBS, etc.) failed to reveal any radicals [384]. This suggested needs
further study to be carried out.

Some antioxidants (sodium ascorbate, gallic acid, n-propylgallate, etc.)
induce human promyelocyte leukemic HL-60 cell apoptosis [385, 386]. The
effect ofthese compounds was enhanced by CuC12 or by iron chelator, des-
ferrioxamine, but FeCl; was decreased. The EPR data indicate that both
CuCl, and FeCl; enhance ascorbic radical level, but reduce gallate radical
intensity[385].

Myeloleukosis is a chronic leukosis form in which the cell-precursor of
myelopoiesis is the source of tumoral process. During the last years a
method for potential use in photodynamic therapy ofcancer based on illumi-
nation of the tumor tissue with laser irradiation in the presence of
photosensitizers has been developed. The following aminoanthroquinone
derivatives were studiedas photosensitizers: 1-NH,-4,5-(MeO),-AQ(1), 1,5-
(NH,),-4,8-(MeO),-AQ (2), 1,8-(NH2),-4,5-(MeO),-AQ (3), and 1,5-
(NHPhMe),-4,8-(MeO),-AQ (4). These compounds exhibit strong absorp-
tion in the region 480-620 nm. Possible mechanisms of photosensitization
were studied by measuring 'O, phosphorescence at 1270 nm, employing
EPR spectroscopy (using a spin trapping technique), and measuring oxygen
consumption. Anion radicals O, were detected as spin adducts DMPO in
irradiated benzene solutions of compounds 1, 2 or 3 and DMPO. Amino-
anthroquinones 2 and 3 sensitize photo-oxidation of NAD.H in H,OEtOH
mixture to form the intermediate of singlet oxygen. This is indicated by the
effect of sodium azide on the photo stimulated oxygen consumption.
Evolution of O, upon addition of catalase to the illuminated solution
confirms the ultimate formation of hydrogen peroxide. These frndings
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suggest that the (di)amino-dimethoxyanthroquinones might exert photo-
sensitization via both Type I (radical) and Type 11 (singlet oxygen)
mechanisms. The ability to photosensitize K562 human chronic myeloid
leukemic cells in culture has been tested. The cell viability was measured
using the 3,4,5-diethylthiazol-2,5-diphenyl tetrazolium blue assay. DNA and
possible membrane damage were assessed as well. [llumination ofcells with
light > 475 nm in the presence of compound 2 reduces the dark toxicity
from ID50 of 23 to 250 microM, for compound 3 correspondingly from
ID50 of 53 to > 300 microM, and for compound 4 from 8.85 to 14.4
microM. The mechanism of cytotoxicity of the prototype phenolic amino-
anthroquinones and their methoxy counterparts is quite different. Thus, the
cytotoxic action of the latter causes cell damage by the formation ofa high
concentration ofalkali labile sites in additionto DNA strand breaks [387].
Melanoma is a malignant tumor developed from pigment-forming cells.
Melanoma grows and metastasizes very quickly, and is resistant to cure. The
tumor contains an enzyme ribonucleotide reductase, that controls human
melanoma growth. The ribonucleotide reductase active site contains tyrosine
radicals readily detected in intact cells as a doublet in the EPR spectrum. The
content of tyrosine radicals is higher in young tumor tissues than in older
ones. The antimelanotic drug, 4-hydroxyanisole, inhibits ribonucleotide
reductase in Ehrlich ascites tumor cells. This is demonstrated by quenching
ofthe tyrosine radicals (IC50 = 5 mcM) by the above antitumoral drug. In
amelanotic melanoma tissue tyrosine radicals of the enzyme are also
quenched by 4-hydroxyanisole at concentrations down to 50 mcM. These
data indicate that the inactivation of ribonucleotide reductase, which pro-
vides deoxyribonucleotides for DNA synthesis, may be a hitherto
unexpected mechanism forthe antitumoral action of4-hydroxyanisole [388].
Cell free extracts from metastases of human melanoma also contain a
highly active ribonucleoside diphosphate reductase (RR) which uses
guanosine diphosphate (GDP) as a substrate and deoxythymidine tri-
phosphate (dTTP) as an effector. No activity could be detected in these
extracts when cytidine diphosphate (CDP) was used as a substrate with
adenosine triphosphate as an effector. The activity of this ribunucleotide
reductase requires the presence of either Mg>or Ca?* ions. There are two
different free radicals in melanoma ribunucleotide reductase. One is present
in the resting enzyme, and the other is used during catalytic activity. The
thiolate-active site from melanoma is inhibited by the new nitrosourea anti-
tumor drug fotemustine (IC50 = 10+ M), that suppresses free radicals [389].
Neuroblastoma is a malignant tumor consisting of immature ganglion
cells. Using EPR spectroscopy the mobilization of iron from intracellular
ferritin by ascorbic acid has been analyzed in situ. This enables a distinction
between ferritins and other Fe3*-binding cellular components. The ordered
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iron core of ferritin gives rise to a resonance signal, which can be observed
only at temperatures above 50°K. It has been clearly demonstrated that
ascorbic acid is capable of mobilizing iron from ferritin in the cellular sys-
tem by reduction of the ferric ion core in neuroblastoma SK-N-SH cells.
This mechanism may open new ways in the therapy of'this hardly curable
tumor in the terminal stage [390].

A successful treatment of many malignant tumors is restricted by their
being resistant to antitumoral drugs. The reason for this phenomenon
remains poorly understood. It has been found that doxorubicin (adriamycin)
(an antitumor antibiotic of the anthracyclin series) cytotoxicity may be
mediated by semiquinone-free radicals derived from the drug itself and by
reactive oxygen species, that form in its cells. The low concentration of
reactive oxygen species and the subtoxic dose of doxorubicin are able to
stimulate cell proliferation. It is suggested, therefore, that the mechanism of
action of small doses of doxorubicin is connected with the generation of
reactive oxygen compounds. Their nature has been investigated with the help
of EPR spectroscopy using the spin trap DBNBS, which is oxidized in the
presence of H,O, and peroxidase enzymes and gives rise to a characteristic
three-line signal in the spectrum. An identical EPR spectrum is produced by
human lymphoblastic leukemic cells after exposure to doxorubicin. The EPR
data have shown that subtoxic concentrations of doxorubicin are likely to
induce cell proliferation via an H,O, mediated mechanism [391].

Sarcoma is a malignant non-epithelial tumor that develops from embry-
onic mesoderm-derived cells. Sarcoma etiology and pathogenesis is unclear.
The manifestation of sarcoma is favored by ionizing radiation, oncogenetic
substances and viruses. Several mechanisms of drug resistance have been
defined using cell lines selected for resistance in vitro. It has been found that
one pretreated sarcoma line, STSAR90, is 6-fold less sensitive to doxorubi-
cin compared to a normal fibroblast line, AG1522. The sensitivities of six
other sarcoma lines are similar to that of AG1522. The cells were labeled
with aphotosensitive compound, a vinblastine analogue N-(p-azido-3-1251-
salicy1)-N'-B-aminoethylvindesine. Theresults showthe glutathione levelsto
be twice as high in STSAR90 than in STSARI 1, and the glutathione peroxi-
dase activity to be from 3.5- to 6-fold higher. This is due mostly to an
increase in selenium-dependent peroxidase activity. As detected by EPR
spectroscopy, after exposure to doxorubicin, STSAR9O0 cells form only half
as many measurable hydroxyl radicals comparedto STSARI1. Doxorubicin
sensitivity is increased in STSAR90 cells when intracellular glutathione
levels are reduced by buthionine sulfoximine. These results indicate that
glutathione peroxidase-dependent detoxification of doxorubicin induced
oxygenradicals may contribute to clinical doxorubicin resistance too [392].
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The phenotypic expression of multidrug resistance by the doxorubicin-
selected AdrR human breast tumor cell line is associated with over-
expression ofplasma membrane P-170 glycoprotein and increased cytosolic
selenium-dependent GSH-peroxidase activity relative to the parental MCF-7
wild-type line (WT). Potential doxorubicin resistance by AdrR cells in vivo,
and the possibility ofbiochemical differences between WT and AdrR solid
tumors have been studied. For this purpose the two tumor cell lines were
grown as subcutaneous xenografts in athymic hairless mice. The results
show that the growth rate for the AdrR xenografts is only about halfthat of
WT xenografts. Doxorubicin intraperitoneally injected weekly at a dose of2-
8 mg/kg, significantly diminishes the growth of WT tumors, whereas AdrR
solid tumors do notrespond to doxorubicin. The accumulation of 1*C-labeled
doxorubicin is 2-fold greater in WT xenografts that in AdrR. Membrane P-
170 glycoprotein mRNA is detected inthe AdrR tumors, but not in WT cells.
The formation of oxygen radicals in both AdrR and WT xenografts is
demonstrated by EPR spectroscopy using 5,5-dimethylpyrroline-N-oxide
spin trapping. The oxygen radical (superoxide and hydroxyl) concentration
is found to be 2-fols greater in doxorubicin-activated WT cells compared to
AdrR. On the contrary, the activities of selenium-dependent glutathione
(GSH)-peroxidase, superoxide dismutase and GSH-S-aryltransferase in
AdrR xenografts are elevated relative to WT. In both WT and AdrR solid
tumors in vivo, the catalase, NADP.H-oxidoreductases, and glutathione di-
sulfide (GSSG)-reductase activities, and the GSH and GSSG levels do not
differ markedly, and are essentially the same as in cells in vitro. AdrR tumor
xenografts are extremely resistant to doxorubicin and retain most of the
characteristics ofthe altered phenotype. These results suggest that WT and
AdrR breast tumor xenografts provide a useful model for the study of’bio-
chemical and pharmacological mechanisms of drug resistance by solid
tumors in vivo [393].

The doxorubicin-promoted intracellular generation of free radicals has
been investigated using nitroxide spin label EPR spectroscopy. The effect of
50-500 mcg/ml ofdoxorubicin on human tumor cells (MCF-7, breast cancer
cells, and HL-60, promyelocytic leukemia, cells) was studied by measuring
TEMPO absorption intensity decay (TAID) ata TEMPO concentration of 10
mcM. Doxorubicin accelerates the TAID in both cell lines with a detection
limit of 50 and 500 mcg/ml doxorubicin for MCF-7 and HL-60 cells, respec-
tively. Preincubation of’cells with the iron chelating agent, desferri-oxamine
(5 mM), partially prevents the effect of doxorubicin on the TAID. Catalase
and copper, zinc-superoxide dismutase do not affect much the effect of
doxorubicin on the TAID in intact cells. However, Cu,Zn-SOD completely
abolished the effect of doxorubicin on the TAID in a MCF-7 cell-free sys-
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tem. It is suggest that doxorubicin facilitates the intracellular generation of
anion radicals O, with iron being involved in this process [394].

The doxorubicin-resistant human breast tumor cell line (MCF-7), also
displays resistance to mitomycin C and its two analogues, BMY 25282 and
BMY 25067 isolated from Streptomyces caespitotus. The mitomycin C
molecule contains an urethane group and the aziridine ring. Using the EPR
spectroscopy it has been shown that in the presence of mitomycin C and
BMY 25282 the resistant MCF-7 cells form significantly less hydroxyl radi-
cals than the sensitive cells. In the resistant cells the activity of glutathione
peroxidase and glutathione S-transferase is considerably higher (14-fold and
44-fold, respectively). The formation of free radicals is consistent with the
cytotoxicity indrug-sensitivecells [395].

The absence of estrogen receptors (ER) in human breast tumor cells is
considered as a bad prognosis compared to patients with ER positive breast
cancer. A drug-resistant human breast tumor cell line characterized by
doxorubicin-resistance exhibits a noticeably increased expression of both
glutathione transferase and selenium-dependent glutathione peroxidase. The
EPR method has been applied for studying the relationship between the
presence of estrogen receptors in these cells and the activity of glutathione
peroxidase and catalase, their capacity to generate HO- radicals, doxorubicin
redox cycling and their sensitivity to the cytotoxic effects of doxorubicin and
H,0, oxidants. The results have revealed an inverse relation between the
expression of glutathione peroxidase (but not catalase) and the presence of
ER in these cell lines. The formation ofHO" radicals induced by doxorubicin
treatment ofthe cells is inversely proportional to the activity of glutathione
peroxidase in these cells and thus directly related to the presence ofestrogen
receptors[396].

An enzyme-activated irreversible inhibitor of ornithine decarbocylase
(ODC), a-difluoromethylornithine (DFMO) made it possible to select two
highly doxorubicin-resistant cell lines, K562-DFMOr and V79-DFMOr. In
both cell lines the increased expression of ornithine decarbocylase is caused
by gene amplification. The K562-DFMOr cells, but not the V79-DFMO1
show an elevated level ofribonucleotide reductase subunit R, mRNA and an
increased R2 gene copy number. Analysis oftheir EPR spectra indicates an
increased level ofthe R2 proteins in the K562-DFMOr cells compared to the
wild type K562 cells. The K562-DFMOr cell line is more stable for many
passages and resistant not only to DMFO, but also to hydroxyurea, an
inhibitor ofribonucleotide reductase and thus DNA replication [397].

The generation of daunomycin semiquinone (an antitumor antibiotics of
the anthracyclin series, produced by Actinomyces coeruleorubidus) in intact
erythrocytes under CO atmosphere has been studied by EPR spectroscopy.
The undyalized hemolyzates and the spin broadening agent chromium
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oxalate quench the EPR signal. This suggests the EPR-detectable radicals to
externally locate and slowly diffuse inside. The reductase on the outer side
ofthe erythrocyte membrane is thought to be the source ofdaunomycin radi-
cals[398].

The sodium ascorbate-induced cytotoxicity against human glioblastoma
T98G cells in an RPMI11640 medium supplemented with fetal bovine serum
or human serum samples has been investigated. Human serum significantly
reduces the cytotoxic activity ofsodium ascorbate. This effect is independent
ofthe sex, age or the disease of the serum donor with or without heat-in-
activation ofthe serum. EPR spectroscopy has revealed that the above serum
effect is not simply caused by the alteration ofthe ascorbyl radical intensity.
The sodium ascorbate activity is suggested to be considerably reduced by
humanplasma[399].

Stomacytosis induced in human erythrocytes by antitumoral drugs vin-
blastine and chloropromazine has been examined by EPR spectroscopy using
spun label phosphotidylcholine and sphingomyelin. A fraction of labeled
lipids has been determined on the external leaflet, on the cytosol face, or
trapped in endocytic vacuoles. The two drugs produce a time- and dose-
dependent stomacytic shape change in parallel with an inward shift of ~ 10%
to 33% ofvinblastine and chloropromazine outer leaflets [400].

The ortho-quinone forms of2,3- and 3,4-catechol estrogens are impli-
cated in the carcinogenicity ofthese hormones. The reduction ofthe ortho-
quinone estrogens is accompanied by a concomitant production of reactive
oxygen species as shown by EPR spectroscopy. The production ofhydrogen
peroxide, HO radicals, and estrone 3,4-semiquinone in estrone 3,4-quinone
treated human breast cancer subcellular fractions was demon-strated even in
the absence ofexogenously added catalysts. Subcellular fractions of MCF-7
cells treated with estrone 3,4-quinone and NADP.H, including nuclei, mito-
chondria, and microsoms, provide support to H,O, production. It should be
mentioned that the hydrogen peroxide production and the chromosomal
DNA damage are abolished by the addition of catalase. Thus, the results
demonstrate that free radicals are generated during the metabolism ofestrone
3,4-quinone inhumancells [401].

According to the EPR spectroscopy data, the nitroxide free radicals,
TEMPO, commonly used to prevent oxidative damage, increase the intra-
cellular H,O, concentration. For a better understanding of this process,
various human tumor cell lines were incubated with compounds preventing
the generation ofactive oxygen metabolites. Sodium azide, inhibitor ofthe
respiratory chain, the iron-chelating agent desferrioxamine, superoxide dis-
mutase and catalase have no effect on the hydrogen peroxide concentration.
Metyrapone, inhibitor of the cytochrome P.s system, decreases, but not
completely prevents, the H,O, production. N-ethyl-maleimide, a sulthydryl-
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bond alkylating agent, is able to completely prevent the increased hydrogen
peroxide production. It is concluded that, by increasing the cellular H,O,
concentration, TEMPO exerts a pro-oxidant effect. This increase in hydro-
gen peroxide production seems to be mediated by the induction of oxidase
activity in the cytochrome P,s, system [402].

The tumor necrosis factor has been monitored by EPR spectroscopy
using the spin label TEMPO. In this study the rate of TEMPO spin decay by
the TNF-sensitive 1.929 cells served as an indicator of TNF cytolytic re-
sponse. The rate ofloss ofthe TEMPO signal is sensitive to concentration as
well as to time of incubation with TNF. The TEMPO spin decay first
derivative plot correlates well with the corresponding TNF cytotoxicity
curve as obtained by a standard tetrazolium dye reduction procedure. DMSO
(500 mM) and a.-tocopherol (1 mM) inhibitthe TNF-induced decrease in the
rate of loss of TEMPO decay, whereas superoxide dismutase (100 U/ml),
catalase (1000 U/ml), and histidine (6 mM) have little effect on the TEMPO
decayrate [403].

Cancer therapy studies using proton accelerators are underway in several
major medical centers in Russia, the United States, Japan and elsewhere. To
facilitate dosimetry intercomparisons between these laboratories, alanine-
based detectors produced at the National Institute of Standards and
Technology (USA) were studied at the Institute of Theoretical and Experi-
mental Physics (Russia) for their possible use as passive transfer dosimeters
for clinical proton beams. Measurements made in a number of experiments
showed average agreement between the Institute of Theoretical and Experi-
mental Physics and National Institute of Standards and Technology
dosimetry standardsto 2.5% [404].

The effect of oxygen, and thus hypoxia, on tumor cell radio-sensitivity
has been revealed. The tumor tissue consists of heterogeneous cells having
various oxygen content. Knowledge about the oxygenation ofhuman tumors
and its importance in the response to radiotherapy is crucial for the develop-
ment ofimproved treatment methods for radiotherapy ofoncologic diseases.
The oxygen content ofcells is measured by numerous methods such as pola-
rography, the comet and alkaline elution assays, nitroimidazole binding
assays, hemoglobin saturation assays, magnetic resonance spectroscopy,
electron spin resonance spectroscopy, phosphorescence imaging, and an
assay fortumor interstitial pressure [405].

The EPR spectra of India ink are very sensitive to the partial pressure of
oxygen (pO,). That is why this oxygen-sensitive paramagnetic material is
widely used to measure pO, in tissues ofpatients. This potentially provides a
means to individualize and guide treatment of diseases such as cancer and
peripheral vascular insufficiency [406]. pO, in vivo including human sam-
ples have measured by EPR method [407].
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Using EPR oximetry with the oxygen-sensitive paramagnetic material,
fusinite, the partial pressure ofoxygen (pO,) in the mouse mammary adeno-
carcinoma MTG-B has been measured. The results show that the average
pO; in untreated tumors is low (about 5 mm Hg) and further decreases with
the tumor growth. The EPR method and histological examination were used
to localize the position ofthe fusinite with respect to tumor margins and vas-
cularization. The pO, is generally higher in the periphery than in the center
ofthe tumors. But there is considerable variation among tumors both during
normal growth and after radiation treatment. After a single 20 Gy dose, there
was an initial reduction in pO, (minimum occurred 6 h postirradiation). This
was followed by a transient increase in pO2 to levels higher than the preirra-
diation pO2 (maximum occurred 48 h postirradiation). Thus EPR can be used
to identify both potentially radioresistant tumors and tumors with slow re-
oxygenation[408].

Semiquinone signals (SFS constants ay = 0.14 H a; = 0.135 MT) were
detected in the EPR spectra ofhuman large intestine carcinoma HN-29cells
upon addition of 3,6-difluoro-2,5-bis(aziridinyl)-1,4-benzoquinone. This in-
dicates the presence ofredox sites in the plasma membranes [409]. The role
of NADP.H quinone oxyreductase in aziridinylbenzoquinone metabo-lism
under the above pathology condition has also been studied [410].

3.16 OPHTHALMIC DISEASES

In ophthalmology the EPR spectroscopy has found much use for the lens
studies. The lens of'the eye is an avascular tissue, with one side facing
toward the outside ofthe vitreous body. The research in this area is related to
the development and treatment of cataract. Special attention is given to free
radicals that trigger the formation of cataract. Using the EPR spin method
the anion radicals (O:+) produced by the hypoxanthine-xanthine oxidase
system and the hydroxyl radicals (HO*) produced by the Fenton reaction
have been measured. The inhibitory effect ofcompounds used as anticataract
drugs (pirenoxine and ascorbic acid) on radical formation has been
investigated [411].

EPR Spectroscopy of the lens enabled investigation of the activity of
superoxide dismutase, that eliminates anion radicals O+ and glutathione
(GSH), which has a defensive action against cataract. SOD activity and GSH
concentrations significantly decrease in human lenses with senile cataracts as
the cataract advances. The SOD activity in human lenses is localized
dominantly in the lens epithelium and also in the shallow layer ofthe cortex
[412].
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The EPR method and the protein spin labels 2,2.4,4,9-pentamethyl-
1,2,3,4-tetrahydro- y-carboline- 3-oxyland 4-(N-maleimido)-2,2,6,6-tetra-
methylpiperidine-1-oxyl were employed for studying the fluidity and
binding ability to protein functional groups in human lens membranes. The
image and the stage ofcataract as well as the ultrastructural characteristics of
the lens fiber cell membranes were evaluated in parallel studies.

The EPR spectra of membrane structures of transparent lenses of
different ages show that the sorption parameter ofthe carboline label on the
surface of protein-lipid components is usually weakly expressed but
increases with aging. At different stages of the lens opacification the
carboline analog spin label increasingly binds to the lens membrane
structures. A spin label signal can be enhanced by addition to the samples of
a paramagnetic probe K;Fe(CN),. The maleimide spin label binds to the
protein SH-groups in cataractous lens membranes at a slower rate, than in
transparent lenses. Both the age-related and cataractogenic changes in the
lens matter are accompanied by deterio-ration ofthe lenticular fiber plasma
membranes and by formation of coalescing globules with a diameter of 220-
500nm.

At the stage of cataract with advanced opacities, there is an increase in
the number ofthe carboline label binding sites with the surface proteins and
annular lipids of mem-branes. These lipids represent a mass of amorphous
aggregates contributing to significant scatter of light. It appears, therefore,
that the suggested EPR spin label technique can be effectively used to
monitor the aggregation process of protein membrane components, which
takes place duringhuman cataractogenesis [413],

Peroxidative reactions occurring in cataractous lenses and in the sur-
rounding enviroment the lipid peroxidation increases significantly and
becomes increasingly oxidized with age. In human normal lenses the fiber
structure changes with age. Generation of free radicals ofascorbic acid and
HO inside the cataractous lens has been revealed by the EPR method using
spinlabeling.

The presence of iron and copper ions in the subepithelial region of the
lens is related to the increased lipid peroxidation. The lowered level of
phospholipids and the higher degree of saturation of fatty acids observed in
senile cataractous lenses indicate that the membrane structure is damaged by
lipid peroxidation. On the epithelium ofnormal lenses there are receptors for
low density lipoproteins. Denatured lipoproteins are incorporated into senile
cataractous lenses. This suggests that the membrane barrier function
deteriorates in cataractous lenses. In diabetic cataractous lenses, the levels of
very low density lipoproteins show a significant increase. In diabetic patients
the environment surrounding of the lenses (blood, aqueous humor, and
vitreous body) has decreased levels ofreduced glutathione and superoxide
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scavenging activity, and increased levels of lipid peroxide and glycated
proteins. This may be related to a reduction in the antioxidative potential in
the environment surrounding the lens due to the enhanced glycation [414,
415].

The melanin level in human melanosomes in the pigment epithelium of
the eye depending on age has been determined using EPR spectroscopy
[416]. Melanin is shown to be the major retinal pigment responsible for
ascorbate photosensitive oxidation [417].

In the human retinal pigment epithelium a fluorescent material is gene-
rated and accumulates within the lipofuscin granules with aging. These
fluorophores seem to be able to make a possible light-induced contribution
to age-related macular degeneration. Some ofthe fluorescent components of
lipofuscin granule are the products of the reaction of retinaldehyde with
ethanolamine. The synthetic mixtures ofthis reaction can serve as a useful
model forphotophysical studies.

Using the EPR method it has been demon-strated that UV-irradiation of
either natural or synthetic human retinal lipofuscin extracts in oxygen-free
methanol leads to the formation of DMPO spin trapped carbon-centered
radicals. In the presence of oxygen, superoxide anion radicals are formed.
Electron or hydrogen abstraction from the substrate by these fluorophores in
vivo and the resulting radical products may contribute to the age-related
decline ofthe retinal pigment epithelial function and blue light damage in
theretina [418].

Retinal degeneration is mainly caused by deficiency of o -tocopherol (vi-
tamin E), the major lipid-soluble antioxidant ofretinal membranes. The a-
tocopherol antioxidant function is realized via scavenging peroxyl radicals,
which results in the formation of phenoxyl radicals of a -tocopherol. It is
suggested, that a-tocopherol phenoxyl radicals can be reduced by endoge-
nous reductants intheretina, providing for a -tocopherol recycling.

The results ofthe EPR study show that: endogenous ascorbate (vitamin
C) is able to reduce the o -tocopherol phenoxyl radicals, formed upon UV-
irradiation ofretinal homogenates and in rod outer segments. In the absence
ofascorbate, either endogenous or exogenously added glutathione (GSH) are
unable to protect a.-tocopherol against oxidation. Exogenous dihydrolipoic
acid is inefficient in direct reduction ofthe o -tocopherol phenoxyl radicals,
but it is able to enhance the protective effect ofascorbate by regenerating it
from dehydroascorbate. Thus, the vitamin E antioxidant effectiveness in the
retina can be enhanced due to regeneration of o -tocopherol from its
phenoxylradicals [419].

Hydrazine derivatives involved in oxidative metabolism are used in the
treatment of a number of diseases. The EPR method shows, for example,
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phenylhydrazine irreversibly inactivates lacrimal gland peroxidase, thus
significantly affectinghuman eye vision function [420].

During the last years a method of vision correction using soft, drug-
saturated contact lenses has found many uses in ophthalmology. This allows
the action of drugs to be significantly prolonged compared to that in tradi-
tional methods oftreatment. /n vitro and in vivo diffusion from soft contact
lenses based on atropine-, pilacorpine-, fetasnol-, and clopheline poly-2-
hydroxyethalmetacrylate has been studied by the EPR method using stable
nitroxyl radicals. The enthalpies of drug-sorption in soft contact lenses,
diffusion rate constants and other molecular-dynamic characteristics have
beendetermined [421].

3.17 OTORHINOLARYNGOLOGIC DISEASES

3.17.1 Nasal Secretion Free Radicals

A change in the activity of enzymes catalyzing respiration and peroxi-
dation processes presents a substantial risk factor in upper respiratory tract
(URT) pathologies [422, 423]. In particular, a distinct manifestation ofthe
above processes 1s oppression of mucociliary activity of respiratory tract
mucous membranes in patients with bronchial asthma. Vitamin-antioxidant
deficiency plays an important role among possible reasons for lipid peroxi-
dation in patients with chronic pharyngitis of mycotic origin [424, 425].
However, peroxide radicals are short-lived species and can be detected by
EPR spectroscopy only with difficulty [425]. Therefore investigations con-
cerning free radical complexes in otorhinolaryngology are rather scarce. The
applicability of EPR spectroscopy for measurements of free radical levels in
order to assess the drug-sensitivity oflarynx tumor has been demonstrated.

Nasal secretion free radicals were examined in 50 patients with nasal and
accessory nasal sinus lesions. Main group consisted ofpatients with chronic
subtrophic and catarrhal rhinitis (28 and 12, respectively). Ofthis group 10
patients displayed vasomotor neuro-vegetative rhinitis. Diagnosis was based
on symptoms, anamnesis, and the data of examinations undertaken by con-
ventional methods accepted in clinical rhinology. The results of EPR
spectroscopy ofnasal secretion patients with nasal mucous membrane patho-
logy were compared to NS free radical levels of volunteers (31 donors
without pathological changes either in the nasal cavity or in the nasal sinus).
NS free radical content in patients [(0.78 + 0.03) x 10 M] was 21% lower
than that in volunteers [(0.96 = 0.03) x 10 M; P <0.001]. In both patients
with nasal mucous membrane pathology and volunteers, free radical levels in
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nasal secretion are reliably higher than those in blood plasma (table 3-32)
[426].

Table 3-32. Blood plasma and nasal secretion free radical levels in patients with nasal and
accessory nasal sinus pathology and in volunteers (M +m)

Groups ofexaminees Free radical concentration (104 M)
Nasal secretion Bloodplasma

Patients 0.76+0.03 0.55+0.03

Volunteers 0.92+0.04 0.56+0.03

NS free radical content does not depend on the type of upper respiratory
tract pathology and is always higher than in volunteers.

A higher NS free radical level is observed in patients with vasomotor
rhinitis. Thus, in chronic catarrhal, subtrophic rhinitis and rhinosinusitis the
NS free radical content is (0.78 = 0.08) x 10 (0.75 £ 0.05) 10+ (0.72 &=
0.13) x 10¢ M, respectively, whereas that in vasomotor rhinitis is (0.82 +
0.05)x 10 M [426-428].

Thus, the NS free radical level is reliably decreased in nasal and
accessory nasal sinus pathologies. This indicates that there is a dependence
between the free radical activity of nasal discharge and the morpho-
functional state ofnasal mucous membrane. The higher NS free radical level
in patients with vasomotor rhinitis seems to be due to clearly expressed
changes in microcirculation that occurs in the nasal mucous membrane, and
intensification oftranssudative and exaudative processes. These phenomena
are accompanied by an emhanced trasport from the blood flow of free
radicals influencing the redox reaction dynamics in the nasal mucous
membrane discharge [429].

Using EPR spectroscopy the nature ofnasal mucous membrane discharge
free radicals in pathological changes in the nasal cavity has been studied.
The g-factor values ofthe NS free radicals signal were determined for the
patient with these pathologies (table 3-33) [426].

Table 3-33. Nasal secretion free radical g-factor values depending on the state ofnasal cavity
mucousmembrane(NMM)

g-Factor value

Patients with NMM Volunteers
range
pathology

n Ptm % n P+m%
2.0024-2.0028 5 10.0+12.7 16 69.6+9.6
2.0030-2.0040 28 56.0+7.0 7 30.4+9.6
2.0040-2.0050 14 28.0+6.3
2.0050-2.0060 3 6.0+3.3

Total 50 100.0 23 100.0
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As seen from Table 3-33, the g-factor values in patients with NMM
pathological changes were recorded in most cases within the 2.0030-2.0040
and 2.0040-2.0050 ranges, whereas in volunteers the g-factor values were
fixed within the 2.0024-2.0028 range. The average g-factor value of free
radical EPR signal ofnasal patients is higher (2.0038 =+ 0.0001) than that of
donors (2.0025 + 0.0002; P < 0.001). These data show that in NMM
pathological changes, free radicals related to the class of flavo- and
benzosemiquinone appear in over 80% ofpatients (see Table 2-5).

It should be taken into consideration that various pathological processes
occurring in the nasal cavity and the respiratory system, are commonly ac-
companied by noticeable shifts in the cellular composition ofthe respiratory
tract mucous membrane discharge. In particular, it is believed that an in-
crease in the number of NS cells strictly indicates a pathological process to
occur in the respiratory tracts. The peculiar cellular composition ofthe respi-
ratory tract mucous membrane discharge is closely associated with the
disease development and has a diagnostic and prognostic value [430].

Naturally, the increase in the amount of NS desquamated cells is ac-
companied by amplification of the processes of membrane stabilization,
accumulation of NS intracellular structures, enzymes and semiquinones.
Ultimately, this cannot but influence both the direction of free radical
reactions and spectral characteristics of NS free radical EPR signal. All this
allows a conclusion that EPR study of NS free radicals can provide valuable
information concerning the nasal mucous membrane morpho-fuctional
condition.

3.17.2 Nasal Secretion Metalloproteins

As follows from Section 3.17.1, in the assessment of functional potential
for the URT local protection mechanisms it should be taken into conside-
rationthat:

1. Paramagnetic centers related to iron- and copper-containing proteins
are detected innasal secretion.

2. Nasal secretion EPR signal with g = 4.3 corresponds to the F** ion
seemingly boundto albumin.

3. The EPR signal at g=2.05 is brought about by the Cu?* ion bound to a
protein, that is functionally identical to ceruloplasmin and possesses oxidase
activity.

Quantitative and qualitative characteristics of signals at g=4.3 and g =
2.05 in the nasal secretion EPR spectra ofpatients with pathological changes
of nasal mucous membrane have been studied by EPR spectroscopy. The
results were compared to those obtained from the examination of plasma
EPR spectra ofthe same patients. Comparison was also made to the level of
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the corresponding EPR signals for nasal cavity mucous membrane discharge
and blood plasma ofhealthy donors.

The intensity of EPR signal at g = 4.3 was very low in almost 24% ofthe
patients and 38% of'the donors. This impeded evaluation of the Fe’* and
Cu?* concentrations in nasal mucous membrane discharge. Therefore only
the EPR spectra with distinct signals at g = 4.3 were considered in studying
changes innasal secretion Fe** concentrations [431].

The nasal secretion Fe3* content was much lower in various nasal cavity
pathologic changes than in the absence oflesions ofthis kind. The Cu** level
is increased in NMM discharge ofpatients with subtrophic NMM changes
(reduced activity of both goblet cells and glands, vascular-tissue
permeability alterations, disorders in fluid and soluble species transudation,
etc.) [429]. On the contrary, the intensity of EPR signal at g = 2.05 in
patients with chronic catarrhal and vasomotor rhinites is higher in spite of
normal NMM excretory function., thanthat in volunteers (table 3-34) [426].

Table 3-34. Nasal secretion and plasma metalloprotein PMC content in patients with nasal
cavity pathology and in healthy donors

Disease PMC n Nasal secretion  Bloodplasma
Chroniccatarrhal Fe* (mc/l) 7 1.17+£0.31 10.5+1.44
rhinite Cuz (10° M) 7 1.55+0.37 2.14+0.097
Chronicsubtrophic Fest (mem/1) 14 1.3940.13 9.6+1.02
rhinite Cu> (105 M) 14 2.45+0.46 2.26+0.15
Vasomotorrhinite Fes* (mcm/1) 7 0.91 +£0.11 12.34+1.83
Cu> (105 M) 7 1.84+0.38 2.14+0.12
Normal Fe3(mcM/1) 15 2.43+0.27 14.98+1.36
Cux (105 M) 15 2.04+0.38 1.85+0.18

With a decrease in nasal mucus immunoglobulin (IgA) concentration and
suppression ofthe local protection potential ofupper respiratory tracts [430]
on the background of abrupt suppression of ciliated epithelium functional
activity, the increase in Cu?* concentration and Cu?/Fe’* ratio (antioxidant
activity index (AAI) has a compensatory character and is aimed at support-
ing upper respiratory tract homeostasis. The importance of Cu?*/Fe* ratio is
also confirmed by a tendency towards retention ofthe dependence between
NS Fe*+ and Cu2+ levels in patients with clearly expressed dystrophic altera-
tions ofthe nasal mucous membrane (r=-0.2, P> 0.05).

Since no formation of metal-containing protein complexes occurs either
in nasal mucous membrane or in its discharge, the complexes are suggested
to penetrate into the nasal secretion from the blood plasma. Blood microcir-
culation is considered to be one ofthe most important processes maintaining
the balance of proteins, including metalloproteins. Nasal secretion blood
concentration is dependent on the intensity of nasal cavity exudation
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processes [432]. This allows a suggestion that one of the reasons for the
disbalance in nasal secretion and blood plasma metalloprotein concentration
is disturbance in the transportation of metalloproteins from blood flow, that
is caused by morpho-functional alterations in the nasal mucous membrane
state (along with iron and copper insufficiency, reduced synthesis and de-
creased transportation pool). Ifthis suggestion were true, the EPR signal at g
=4.3 must have been detected in both the patients and donors. However, the
nasal secretion Fe** EPR signal was fixed only in 76% ofthe patients and
62% ofthe donors. Both groups showed no relationship between the Fe3*
content in nasal secretion and blood plasma. (r =-0.07, r =+ 0.33, respec-
tively). This provides evidence for the existence of other, not mentioned
above, Fe* level-regulating systems in the URT mucous membrane dis-
charge[426].

Endogenous iron is present in tissues in the Fe?* form that is supported by
various reducing agents [433]. Therefore it is possible that one ofreliable
pathways to the formation oflocal Fe3* level in the nasal secretion involves
activation of the oxidases responsible for the generation of Fe** from Fe?'.
To support this hypothesis we have undertaken an EPR study of nasal
secretion EPR spectra derived from patients with nasal cavity pathologies
and from donors prior to and after nasal secretion discharge incubation with
ascorbic acid. The results show that after the addition ofascorbic acid to the
nasal secretion the patients exhibit no reliable Cu?* level variations (table 3-

35)[426,434].

Table 3-35. Changes in nasal secretion paramagnetic center concentration in patients with
URT pathologies and donors priorto and after incubation with ascorbic acid (M +=m)

Groups of PMC Nasal secretion PMC Concentration
examinees n Priorto incubation Afterincubation
Normal Fe* (mcm/1) 13 1.09+0.31 1.2+0.39
Cuz (10-°M) 13 1.01 £0.13 0.73+0.08
Patients Fe* (mem/l) 11 0.96+0.3 1.47+0.3
Cu (10 M) 11 144 +£0.2 0.96 £0.2

An analogous regulation of Cu?* dynamics was observed in the EPR
spectra ofnasal secretion incubated with divalent iron (0.01 M FeS0,) (table
3-36)[434].

Thus, nasal mucous membrane pathological changes are accompanied by
a clear-cut suppression of the oxidase activity of nasal secretion copper-
containingprotein [434].
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Table 3-36. Changes in nasal secretion paramagnetic center (PMC) concentration in patients
with URT pathologies and donors prior to and after incubation with 0.01 M FeS0, solution

(M+m)

Groups of PMC Nasal secretion PMC Concentration
examinees n Priorto incubation Afterincubation
Normal Fe* (mcdl) 10 0.96 +£ 0.3 12.78 £ 2.1
Cuz (105 M) 10 0.89 £ 0.09 0.57 + 0.099
Patients Fe3*(mcm/1) 6 1.37 £ 0.6 82+ 13
Cu> (105 M) 6 1.13 +£0.15 0.78 + 0.099

URT pathological processes are characterized by significant microflora
sowing ofthe mucous membrane [435, 436]. Lactoferrin protects the nasal
and URT mucous membrane against microbes. The lactoferrin microbial
resistance is due to Fe3* binding, an essential co-factor of microbial cell me-
tabolism and to enhanced xanthinoxidase-induced generation of anion
radicals O,. This, in turn, intensifies lipid peroxidation and superoxidedis-
mutase activation [437]. Evidently by the same reason, Fe** ion is revealed
14% more often in the nasal secretion ofpatients with nasal cavity patholo-
gies compared to donors.

All the data obtained indicate the following reasons for changing the NS
Fe-and Co-containingprotein concentrations in URT pathologies:

1. Enhancement ofnasal mucous membrane permeability, that intensifies
metalloproteintranscapillarymetabolism.

2. Imbalance oflocal biochemical systems maintaining the optimal Fe3*
and Cu?* level inthe URT mucous membrane.

Under the conditions of constant interaction of the nasal mucous
membrane with various, sometimes hazardous environmental factors
occurring in upper respiratory tracts, the adaptation mechanisms ofthe nasal
cavity are disturbed. This may be accompanied by an increase Cu?*
concentration and Cu?'/Fe** ratio reflecting the NS antioxidant activity level.
However, in clearly-displayed disorders ofthe nasal mucous membrane the

activity of NS ceruloplasmin oxidase is decreased. This facilitates lipid
peroxidation activity and adds to upper respiratory tract pathologies.

The alveolar EPR spectra of patients with chronic tonsillitis show Cu*,
Fe** and free radical signals [438].

3.18 DISEASESOFTEETHAND MOUTHCAVITY

EPR spectroscopy is widely used in stomatology to elucidate the
mechanisms governing the development ofteeth and mouth cavity lesions
[439]. Using the EPR method the sizes ofroot areas after tooth extraction
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were measured. This technique was also applied to measure 160 tooth root
surfaces. The results suggest a correlation to exist between the EPR para-
meters, the size of wound area and the frequency ofpost-extraction inflam-
matory disorders [440]. The EPR method was used to measure the surface of
173 ofright maxillary and mandibular teeth. This technique proved to be
applicable for solving some problems intooth descriptive anatomy [441].

New approaches to the solution ofa number of problems in stomatology
have been developed on the basis of EPR spectroscopy data. A microwave
scanning ESR microscope has been developed to study the distribution of
paramagnetic ions or radicals in various materials. This device consists ofa
cavity with an aperture over which a sample is moved. The EPR signal
intensities at all positions are composed on a computer display as an image.
A new TE,;-mode cylindrical cavity system was designed to obtain better
sensitivity and resolution. The EPR images of y-rayed human teeth were
obtained to study the effect of secondary electrons from the adjacent metal
on the defect formation in the tooth tissue [442].

3.19 RADIATION-INDUCED PATHOLOGY

Ionizing radiation brings about decay oftissue resulting in the formation
offree radicals. The radiation dose absorbed by the victims ofaccidents can
be determined using the EPR method by a free radical signal ofbone, dentin
andtooth enamel [443-454]. Bone tissue incorporates and retains many radio
nuclides. However, bone tissue hardly can be used for dosimetry of the
exposed population or in clinical practice owing to the necessity of biopsy
and autopsy. Tooth enamel is more preferable for this purpose. Therefore
determination ofthe dose accumulated by human on exposure to y- or X-rays
by a method based on tooth enamel EPR spectra has been widely accepted.
This technique enables using tooth enamel as an individual natural dosimeter
[454]. This is of special importance for establishing the doses delivered in
atomic power station accidents and otherradioactive emissions.

Tooth enamel EPR dosimetry is based on the determination of CO;?* ion-
radical concentration ofhydroxyapatite, a tooth enamel mineral component.
The radical concentration and consequently, the EPR signal intensity are
proportional to the absorbed dose. EPR dosimetry is restricted by the
presence in the tooth enamel ofa natural background signal (g, =2.0018 and
g1 = 1.997) of unidentified origin. At least two factors may be responsible
for this signal. One ofthese may be related to defects in the hydroxyapatite
crystal structure. The other is likely to be caused by organic radicals whose
concentration can be reduced by chemical deproteinization. At a radiation
dose ofbelow 200 mGy the radiation-induced EPR signal is overlapped by
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background signal. By this reason abroad signal in the EPR spectrum should
beneglected[455-457].

Hydroxyapatite (Ca,(PO,)s(OH),, major constituent oftooth enamel, is
located in the crystalline structure, where 2-3% of PO, is substituted by
COs*> anions. After exposure to radiation free electrons became trapped by
CO;* to form paramagnetic ion-radicals COy*, COs~ and CO,* fixed by
EPR spectroscopy [458-460]. These are reactive short-lived radicals. The
CO;* ion radical is accumulated for years and does not disappear from the
crystalline structure [461-463]. The amount ofradicals formed and, conse-
quently, the EPR signal intensity, are proportional to the radiation dose
[464]. The EPR spectrum is brought about by free radicals with maximum g
=2.0036 and minimum g= 1.9975 [465].

Radiation-induced ion-radicals CO:> in the tooth mineral matrix are
stable (life-time t ~ 10°y) [455]. The dependence of CO,*- signal intensity
on radiation dose in the low dose region from 3.1 x 10+ C/kgto 865.6 x 10+
C/kg was determined. For this purpose the human tooth enamel samples
(particle size 350-500 micrometers) were irradiated with ©Co gamma rays.
The EPR spectra of samples show the appearance of ion-radical CO;*
signal. There was observed a linear dependence between the true intensity of
the CO;* signal and the exposure dose from 25.0 x 10+ C/kg to 865.6 x 10~
C/kg. Dosimetry is impeded at exposure dose of less than 25.0 x 10+ C/kg
due to the effect oforganic signal and noise [466,467].

Also the dependence of CO;- signal intensity on the tooth enamel
weight was determined. There was observed a linear dependence between
the CO;* signal intensity and the enamel weight up to 300 mg at the same
radiation dose [466,467].

The EPR method enables measurements of large absorbed doses (over 4
Gy). For low doses (1-2 Gy), most common in practice, EPR dosimetry is
complicated by overlapping ofa non-radiation (background) broad signal (g
= 2.005) arisen from a tooth enamel organic component, which masks the
dosimetrically important signal. In addition, the analysis is hampered by the
low signal-to noise ratio due to a small quantity of tooth enamel to be
examined (especially with children). To overcome these obstacles a method
of selective super high frequency saturation of EPR signals has been pro-
posed (40). The method is based on the dependence of EPR components of
the tooth enamel spectrum on the microwave (mw) power. Differentiation
between the background and radiation induced EPR signals is effected by
subtraction ofthe EPR spectrum recorded at low mw power from that re-
corded at higher mw power. This allows determination ofa radiation dose of
about 100 mGy [468, 469]. However, the advantages ofthis method are re-
duced to minimum by the increasing signal-to-noise ratio and, correspon-
dingly, the decreasing usable signal. Therefore, a search for optimal condi-
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tions for tooth enamel EPR spectra registration, which enable efficient
detection of the radiation signal and improve signal-to-noise ratio seems to
be ofgreat practical value [470].

Temperature variation in recording free radicals significantly enhances
the EPR method sensitivity and selectivity [471]. CO,*- ion-radicals of hu-
man tooth enamel have been studied at various temperatures between 4°K
and 350°K and at various microwave powers in the 9 GHz band. Signal satu-
ration during cooling due to slowing down of the electron spin relaxation has
been established. The 35 GHz (Q) band spectra oftooth enamel, irra-diated
with various gamma-ray doses, are also presented. Q band ESR dosi-metry
offers some advantages over the X-band dosimetry. The signal is enhanced
due to the spin level population difference and especially due to a better
filling factor [472].

In order to pick up a radiation-induced signal in the EPR spectrum the
following is proposed:

to measure the signal intensity by its high-field, where the effect of back-
ground component is minimal;

to subtract from the experimental spectrum the EPR signal of nonirra-
diated enamel, namely, that of milk tooth;

to subtract from the experimental EPR spectrum the Lorenz line that ap-
proximates the background signal, thus adjusting the line position, width and
amplitude by the low-field spectral region, where only the background field
ispresent.

All this significantly complicates the EPR dosimetry technique and intro-
duces additional errors in human absorbed dose determinations. This is
clearly expressed at low doses when the radiation-induced signal is poorly
seen on the background of "native" signal, that masks the radiation-induced
signal at a dose of 20 Gy. EPR dosimetry based on fast scanning spectral
registration is rather promising [473]. Applicability ofthis method has been
demonstrated in tests with animals and humans [474,475].

To estimate the individual dose of Nagasaki citizens exposed to y-ray
irradiation EPR measurements of the teeth of A-bomb survivors have been
carried out. The results of EPR dosimetry show the difference in doses
absorbed by individuals exposed to unshielded and shielded irradiation
[476]. The EPR spectra of 100 enamel samples isolated from the extracted
teeth of A-bomb survivors were compared the chromosome aberration fre-
quency in lymphocytes of the tooth donors, and with the doses physically
estimated by the Term Dosimetry System 1986 (DS86 dose) which ranged
from 0 to 3.5 Gy. The results show that the ESR data closely correlate with
the chromosome aberration frequency in lymphocytes [464]. Similar data
were obtained during examination of Hiroshima A-bomb survivors [477,
478].
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Tooth enamel samples from workers exposed to radiation at the Russian
nuclear facility "Mayak" in the South Ural have been examined using EPR
spectroscopy. The individual doses obtained approach 3.89 Gy [479-484].
Red bone marrow of victims exposed to radiation in the early 50ties was
studied in the same manner. The individual absorbed dose was 0.24-1.6 Gy
[485].

After the accident at the Chernobyl Atomic Power Station there was an
abrupt increase in the possibility of negative effect of low doses on the
hemopoietic system and the adaptation in children constantly living in
contaminated areas. Although the role of'ionizing radiation as an etiologic
factor inthe development ofoncologic diseases is commonly accepted, there
is no reliable pathogenetic concept on the effect of low doses on
hemoblastosis development (acute and chronic leukemia, lymphoma) in
children. Available statistical data concerning the changes in children onco-
pathology structures in the postchernobyl period indicate that low doses do
inducehemoblastosisgrowth.

Absorbed dose measurements basing on tooth enamel EPR spectra pro-
vide a reliable method comprehensive dosimetry in cases of total exami-
nation ofexposed population.

EPR dosimetry of 36 enamel samples derived from children teeth (at
autopsy as well) has been carried out at the Belorus Republic Scientific-
Practical Center for Children Oncology and Hematology. Ofthese children
14 suffered from hemoblastosis. The control group consisted of 12 children
with various hematological diseases having no relation to hemoblastosis.
Absorbed doses were also measured in 10 healthy children living in Minsk,
capital of Belorus. In the group of patients with hemoblastosis an absorbed
dose ranging from 15 to 30 cGy was observed in 5 children from the Brest
and Mogilev Regions (Belorus), the areas subjected to radioactive conta-
mination. In 5 children from Minsk City and the Mogilev Region, considered
to be relatively unaffected territories, the absorbed dose was from 0 to 1
cGy. Inthe group ofchildren underwent y-therapy as a prophylactic measure
against neuroleukemia, the absorbed dose varied inthe 30-250 cGy range. In
the two control groups the absorbed dose was nearly zero (0-7 cGy for the
group involving sick children and 0-5 cGy for that ofhealthy child-ren. The
error of dose determination is 5-9 cGy depending on enamel mass. All the
studied performed indicate the high sensitivity of EPR dosimetry, that pro-
vides reliable information on the level of radioactive irradiation doses in
children. These doses may serve as an etiological factor ofacute leukoses in
children inthe Belarus areas in the post-accidental period [486].

Other tooth tissues can also be the objects ofdosimetry. The EPR spectra
of irradiated dentin have been studied over a range of radiation energies
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from 50 kVp to 26 MVp. The behavior of EPR signal is similar to that of
enamel signal. However, its magnitude isto 10 times smaller [448,455].

The feasibility of using dentine from surgically extracted human teeth in
EPR dosimetry in vivo has been investigated. The organic fraction ofhuman
dentine was removed by extraction with diethylenetriamine. The dentin
granules 75 to 250 microns in size were exposed to gamma radiation at a
dose ranging from 50 mGy to 8 Gy. In the post-irradiation PMR spectra the
signals with g=2.0018, line width=0.903 mT; and g= 1.9961, line width =
0.444 mT were detected. These signals have been assigned to hydroxyapatite
ofbone and enamel. Several other signals were also seen but not characte-
rized. It was concluded that doses 0f 500 mGy or less may be resolved with
prior removal ofthe organic component ofdentin [487].

Tooth enamel paramagnetic centers are detectable on exposure to both X-
and y-rays [474, 488] and mechanical action [489-491]. PMC are also
revealed on exposure to UV light at A< 335 nm, the wave-length range of
280-320 nm being most efficient. The PMC thermal stability and EPR
spectrum are coincident with those of the ion-radicals O generated on
exposure toy -rays. The long wavelength tail oftheir creation spectrum inter-
sects with the short wavelength tail ofthe solar spectrum reaching Earth's
surface. All this suggests a possible effect of solar irradiation on tooth
enamel EPR dosimetry [465].

TM,;, mode and TE,;; mode EPR microwave cavities have been devel-
oped for in vivo human tooth dosimetry. The EPR signal from a sample is
measured by using a microwave leak from the pin hole on the cavity wall.
The minimum detectable dose of 2 Gy is obtained by the signal accumu-
lation for 100 sweeps [492,493].

The EPR method can be applied to determine the absorbed dose not only
in tooth enamel, but in bone as well. Bone is an integrating dosimeter which
records the radiation history of'the skeleton. During irradiation, electrons
become trapped in the crystalline component of bone mineral (hydroxy-
apatite). The traps are very stable; at room temperature, it takes a half-life of
many years to empty the traps. EPR spectra of synthetic hydroxyapatite,
irradiated with 60Co, were obtained at room temperature. The radiation-
induced signal, with a y-value 0f2.001 + 0.001, increases linearly with the
absorbed dose from 3 to 200 Gy. In contrast to pure hydroxyapatite, the EPR
spectra ofexcised human bone show a broad "native' signal, arisen from the
organic component of bone, which masks the dosimetrically important sig-
nal. This native signal is highly variable from sample to sample and
precludes the use of EPR in dosimetry. However, after subtraction of the
background signal from the EPR spectrum, irradiated human bone shows a
linearresponse similarto that of synthetic hydroxyapatite. This indicates that
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bone can be successfully used for an in vivo accurate estimation of the
absorbedradiationdose [494].

The feasibility ofthis method was checked with three victims ofradiation
accident at a plant in San-Salvador (South America). The absorbed dose
estimated by a signal in the hydroxyapatite EPR spectrum of excised bone
was about 79 Gy [495].

Thus, quantification of the absorbed dose will make it possible to
establish the cause and level ofradiation detriment and important biological
outcomes. Most epidemiological studies ofunanticipated radiation exposure
fail to establish the dose for the exposed population. No one biodosimetric
technique (biophysical or biological) meets all the requirements ofan ideal
dosimeter and thus qualify as a "gold standard". A new technique has been
developed combining new results with previously published data in order to
evaluate the absorbed radiation dose and first applied to the victims ofthree
radiation accidents. The first subject was a fireman involved in the
Chernobyl nuclear accident; the second was the victim of an unspecified
occupational accident; and the third was exposed to a “Co sterilization
source. The absorbed dose value and distribution were estimated using EPR
spectroscopy, biological dosimetry and computer modeling. The use of EPR
spectroscopy allows determination ofthe content ofradiation-produced free
electrons in tooth enamel and clothes ofthe victims. The absorbed dose was
measured by a biological method employing the chromosome aberration in
blood lymphocytes (cytogenetically) and by kinetics of post-radiation
granulocyte and lymphocyte production. The above biodosimetric techni-
ques show a good agreement in estimating the absorbed dose for the three
accidentvictims [455].

The EPR method has been employed for determining the ionizing
radiation absorbed by other tissues such as human nails, hair [496] and
aminoacides (alanine) [497]. At initial doses between 50 and 634 Gy. The
radiation center in hair is characterized by a single decay constant with k =
4.86° mcs! for brown and yellow hair and k = 1.45'° mcs for red hair. It is
suggested that human hair has the potential to be used as a dosimeter for
accidental exposure to ionizing radiation if measurements are carried out
within initial 24 h [498].

In 1991 the International Program on the Health Effects ofthe Chernobyl
Accident (IPHECA) was established by the World Health Organization
(WHO). At present, the technical part of the Program consists of five
projects related to the following areas ofpriority health problems: thyroid,
hematology, brain damage in uterus, oral health and epidemiological
registry.Important findingsare:

1. a significant increase of thyroid cancer in children in Belarus and
Ukraine since 1989, and in Russia since 1992. No clearly displayed relation-
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ship between detected thyroid cancers and radiation exposure is has been
established. Therefore the data obtained are to be refined;

2. no increase yet in the incidence of hemoblastoses in the three States;

3. no relationship established between mental retardation and radiation
exposure in uterus in4500 children investigated.

The importance of dosimetry and biological indicators of radiation
damage has been recognized by IPHECA. Several methods ofbiological and
physical dosimetry are being employed using instrumentation provided by
[PHECA. Somepreliminaryresultsindicate:

1. unstable chromosomal aberrations can indicate an integral exposure;

2. a higher ratio of total aberrations in patients with hematological
diseases comparedto healthy persons in contaminated areas;

3. according to EPR data, the individual distribution ofdoses approaches
alog-nomal one, especially for adults, and a peak shift towards higher doses
1snoticeable for children [499, 500].

EPR spectroscopy, although not universally applicable, currently
provides the most specific method for the detection ofirradiated food [501].
Most of radiation-produced free radicals rapidly decompose, but some of
them live for a long time and can be readily detected and characterized by
EPR spectroscopy. A survey over recent international developments to
detect the irradiation treatment of foods is given, in particular the programs
on monitoring the radiation effect on food products. This is needed in order
to check compliance with the existing regulations, such as the enforcement
of labeling and control of prohibition, to enhance consumer confidence in
the correct application of radiation processing, and to protect consumers'
freedom of choice between irradiated or unirradiated food products. Some
larger collaborative studies on an international scale have already taken
place, e.g., ESR measurements ofthe absorbed doses in bones from chicken,
pork, beef, frog legs and fish, vegetable and spices after y-ray treatment
[502].

After irradiation of dried fruits three different types of signals are ob-
served in the EPR spectra. In most cases they correspond to those of sugar
radicals. The spectra ofiirradiated sucrose-rich fruits are very similar to that
of pure sucrose. The structure ofthe ESR spectra can change with storage.
These changes are suggested to be due to radical rearrangement reactions in
the samples[503].

The EPR method enables the identification of irradiated fresh fruits,
seeds, grain, pips, kernels or stones. Their irradiation specific spectra were
assigned to cellulose radicals. The intensity ofthe irradiation specific signals
1s linear up to doses of 11 kGy. The lifetime of the cellulose radicals (at
room temperature and at 77°K) is long enough comparable to the storage
time of fresh fruits. It is concluded that the EPR spectroscopy provides a
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routine method well suited for the identification of irradiated fresh fruits
[504]. The radicals of seeds and dried spices are indistinguishable from
endogenous radicals and can be destroyed over a period of days or weeks
[501].

Ionizing radiation can be used to control microbial infestation of food-
stuffs, inhibit sprouting, delay ripening and reduce the dangers from food-
poisoningbacteria[501].

Three types of free radicals detectable by the EPR method produced by
gamma-irradiation of ceftazidime at 4.2-295°K. The first radical consists of
seven lines inthe ESR spectrum and decays at 230°K. The signal is assigned
to a -C(CH3)2COOH radical. The second one shows triplet lines and decays
at 293°K; it is assigned to iminoxyl radicals (>*C=N-Or). The third one
shows a broad singlet line and survives even at 295°K. The assignment of
this spectrum is discussed. It is concluded that the O-C bond ofthe gamma-
irradiated ceftazidime is ruptured to produce iminoxyl radicals and
‘C(CH;),COOH radicals. The yields of free radicals increase linearly with
increasing the dose of gamma-irradiation. Half of the radicals that show a
broad singlet line survive at 295°K upon storage ofthe irradiated ceftazidime
for 159 days. It is concluded that the ESR measurement of free radicals gives
a good method to distinguish irradiated antibiotics from non-irradiated ones.
The EPR method also allows the estimation ofthe absorbed irradiation dose
[505]. Analogous studies were carried out antibiotics ampicillin. Under
gamma-irradiation at 295°K ampicillin shows an EPR doublet that survives
over a period of 140 days [506].

Autologous transfusion ofphotomodified (UV-irradiated) blood provides
a safe method ofthuman adaptive-protective system stimulation. For a better
understanding ofthe autohemotherapeutic mechanism it was necessary first
to elucidate the nature of primary products formed in blood exposed to UV-
irradiation. It has been found that short-lived free radicals are produced in
photomodified blood. The radicals proved to be stable inthe blood irradiated
with UV light at a liquid nitrogen temperature (77°K). A temperature
increase makes it possible to examine the behavior ofradicals in time and
their transformations induced by dark reactions or ultra-violet irradiation.
Photoinduced paramagnetic centers in human erythrocytes, serum and
plasma have been studied by EPR spectroscopy at 77°K. Human blood
(volunteers of 25-40 years of age) was stabilized by sodium nitrate and
irradiated with a non-filtered mercury-discharge lamp in a quartz Dewar
vessel. In the course ofblood irradiation, radicals were generated as a result
of hydrogen abstraction from a -C atoms of the protein polypeptide chain
(protein signal). Radicals of peroxide type were also generated [507].
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3.20 HYPERTHERMIAIN PATHOLOGIC STATES

The EPR method extends our knowledge ofregulations governing in vivo
free radical processes conditioned by adaptive rearrangement and environ-
mental effects. At present, the effect ofhyperthermia on the organism and its
cellsisunderextensive investigation.

The effect ofheat shock on the internal microviscosity ofhuman erythro-
cytes has been studied by EPR spectroscopy using nitroxyl spin probe, 4-
amino-2,2,6,6-tetramethylpiperidinyloxy. Heatcauses permanent damage of
cells at the expense ofan increase in intracellular microviscosity [S08]. The
effect of mitomycin-C concentration and temperature on erythrocyte
membrane dynamic properties was also studied using 5-and 16-doxylstearic
acid as spin labels. The results show that the temperature influences much
spectral parameters, thus providing evidence for structural changes [509].

Heat-induced plasma membrane modifications such as surface blebbing,
have been considered as crucial factors in cell injury and death. Different
effects of free radical-induced cell damage by quinone menadione (2-
methyl-1,4-naphthoquinone) and by hyperthermic shock (45°C) on the
erythroleukemic cell line K562 have been investigated by the EPR method.
Menadione induces the formation of surface blebs, accompanied by a rear-
rangement of the microfilament system and changes in the distribution of
plasma membrane proteins. In contrast, heat-shocked cells show neither
blebbing nor important cytoskeletal changes. Thus, an increase in membrane
order not specifically related to the type of free radical-induced stress. The
two different pathways induce cell injury by modifying the plasma mem-
brane integrity and function. However, one involves cytoskeleton-dependent
surface blebbing, whereas the otherdoes not [510].

Hyperthermia is employed for malignant tumor treatment, especially in
combination with chemo- or radiotherapy. For the adequate treatment and
for the patients’ safety the tumor tissue temperature should be maintained at
42-43°C over a period of 39-60 min, the surrounding tissue temperature
being much lower. Monitoring of tumoral and surrounding tissues is a
prerequisite for the method of hyperthermal therapy. The EPR method i1s
suitable for in vivo temperature measurements basing on the temperature
response of nitroxide stable free radicals. The response has been
substantially enhanced by encapsulating the nitroxide in a medium ofa fatty
acid mixture inside the protein microsphere (3 mc in diameter). The mixture
undergoes a phase transition in the required temperature range. The shape of
the EPR spectrum is dramatically altered by the phase change, providing a
highly temperature sensitive signal. The use ofnitroxide dissolved in a cho-
lesterol and a long-chain fatty acid ester, has resulted in a mixture which
provides a peakheight ratio change from 3.32 to 2.11, with a standard
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deviation of 0.04, for a temperature change from 38°C to 48°C, that is
typical in biological and medical applications. The average temperature
resolution of'this experimental system is 0.2°C. Therefore, this method is
applicable to in vivo studies where the microspheres could be injected into
the microvasculature having a minimum vessel diameter of the order of 8
microns. This temperature measuring method has various potential clinical
applications, especially in monitoring and optimizing the treatment ofcancer
withhyperthermia[511].

However, not all clinicians lend credence to diagnosis of malignant hy-
perthermia susceptibility. The spin labeled EPR method has been employed
to examine 19 donors, 10 malignant hyperthermia susceptible patients and 9
malignant hyperthermia unsusceptible ones. No evidence that this method
could be used to diagnose malignant hyperthermia susceptibility has been
obtained. Furthermore, there was no significant difference in the fluidity of
the red blood cell membranes between the two groups. This would have been
indicative ofa generalized membrane abnormality in malignant hyperther-
mia. Thus, in this case the EPR method proved to be unsuitable to diagnosis
ofmalignant hyperthermia susceptibility [S12].

The EPR method has been used in examining the blood and blood com-
ponents free radical level in workers ofthe Irkutsk plant ofheavy machinery
(Russia), occupationally exposed to high temperatures and respirable dust.
The results show that the whole blood and erythrocyte free radical level was
significantly higher in steel makers compared to that in machine-tool opera-
tors and donors. It has been found that complex biochemical changes leading
to glutathionereductase system activation occur in foundry workers [513].

3.21. HYPERBARIC OXYGENATION

Hyperbaric oxygenation is applied in treating a number of diseases. The
introduction ofthis method into clinical practice has initiated investigation
ofmechanistic aspects ofhyperbaric oxygenation.

Using EPR spectroscopy the content of paramagnetic centers of rat
myocardium and the dependence ofthis value upon hyperbaric oxygenation
have been examined. In the spectrum of normal myocardium tissue there
was an EPR absorption at g = 4.3, 2.00 and 1.94. In acute coronary
insufficiency new signals at g = 2.03, 2.10, 2.7-2.8, 2.8-3.2 were fixed in
addition tothe above mentioned [367].

Hyperbaric oxygenation does not produce significant effect on the
intensity of EPR signals arisen from the infarction zone tissues, which is due
to the absence blood circulation in this zone [5 14]. It has been suggested that
elevated oxygen concentrations lead to an increase in oxygen radical
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production, which may account for the toxic effects ofexcessive exposure to
oxygen. Examination ofblood from patients undergoing hyperbaric oxygen
exposure has been performed by EPR spectroscopy. The results show a
marked increase in the magnitude ofa signal corresponding to a free radical
(g = 2.006). The signal diminishes to zero level within 10 minutes of
cessation of hyperbaric oxygenation exposure. It is also shown that the
oxygen-generated free radical centers are localized in erythrocytes and give
rise to a signal ofascorbic acid radicals inthe EPR spectrum [515].

In biological systems most polyvalent metals are bound by specific
proteins, This hinders metal-dependent catalysis of free radical reactions.
Nevertheless, in vitro experiments show that reactive oxygen compounds
release transition metals from the state ofbinding to proteins. In this process
ascorbic acid acts as a prooxidant. Evidently, this can manifest itselfin some
pathologic states. However, any unfavorable effect ofthe addition ofascor-
bic acid has not been proved. The role of ascorbic acid in the process of
polyvalent metal mobilization is not clearly understood yet.

Plasma and leukocyte ascorbic acid concentrations are frequently
decreased in cases of hematological diseases associated with ferric over-
loading. This indicates an increase in ascorbic acid utilization. Ascorbic acid
an unfavorably effects on ferric overloaded patients. When the blood Fe con-
centration exceeds the binding capacity of specific proteins, excess iron may
be involved in free radical reactions, which get strengthened in the presence
ofascorbic acid. It appears that, being an oxidant, ascorbic acid promotes the
formation of HO" radicals in Fenton's reaction.

Blood plasma is an important site for ascorbic acid — metal interactions.
Vitamin C is an antioxidant protecting human against oxygen radicals. How-
ever, the reaction with iron enhances ascorbic acid utilization thus promoting
plasmaoxidativedamage.

An EPR study has been made ofthe interaction of plasma ascorbic acid
and ascorbic acid free radical (AFR) with exogenously added iron. An
ascorbic acid free radical was found in the plasma ofall donors and was un-
affected by superoxide dismutase, catalase and a strong iron chelator desfer-
rioxamine. These findings and the rapid decrease inthe AFR content under a
nitrogen atmosphere suggest that plasma AFR is probably the result of air
auto-oxidation. When the iron loading of plasma exceeds the plasma latent
iron-binding capacity, the intensity ofthe AFR signals increases to about 10
times the normal level and then decreases rapidly to undetectable levels after

15-20 min. The characteristic behavior of plasma AFR after iron loading is
due to its specific iron-binding capacity and to plasma ferroxidase activity.
The ferroxidase activity of plasma is important to promote the Fe*—
transferrin transfer without a transient ascorbate oxidation. The EPR study
using spin trap 5,5-dimethyl-1-pyrroline N-oxide and N-z-butyl-o-phenyl-
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nitrone shows that iron-overloaded plasma is unable to produce spin trap
adducts even in the presence of 50-300 mcM-hydrogen peroxide or 100
mcM-azide. The formation of HO' radicals occurs only after the addition of
iron-binding EDTA. Therefore, if ascorbic acid indeed has a free radical-
mediated pro-oxidant role, it is not detectable in plasma by spin trapping
experiments [516].

3.22 CONDITIONS UNDER NARCOSIS

Narcosis is a pharmacologically or electrically induced deep sleep (re-
versible suppression of central nervous system cells). The narcotic state is
associated with loss of consciousness, anesthesia, relaxation of skeletal mus-
culature, and suppression of reflex activity. There are many theories
explaining the processes occurring under narcosis. The lipid theory, for in-
stance, points to the interaction between the anesthetic agent and intra-
cellular lipids. However, the postulated regularities are true only for certain
anesthetic agents such as acyclic hydrocarbons and inert gases. This theory
i1s not expanding to other narcotic agents such as barbiturates, steroid
anesthetics, etc. Therefore the lipid theory is far from universal. Using EPR
spectroscopy it has been found that chlorpromazine and pipolfene, which
potentiate general anesthesia, increase phospholipid membrane viscosity in
the region of polar headgroups and in the hydrophobic area near glycerol
skeleton. These results (independently of potentiating mechanism) confuse
the mechanism of anesthetic action with the increased fluidity of phospho-
lipidmembranes [517].

The protein theory of narcosis is explained in terms of interaction of
some anesthetic agents (chloroform, ethylene, cyclopropane) with cellular
proteins. The EPR method using a spin label paramagnetic maleimide de-
rivative(2,2,6,6-tetramethylpiperidin-1-oxy1-4-maleimide) wasemployedto
investigate the effect of thiopental on the Na*/K* ATPase activity. The re-
sults show that a Na'/K*-ATPase membranous preparation obtained from
placental tissue is strongly inhibited by thiopental [518].

Narcotics-induced biochemical alterations occurring in the host organism
have been studied by EPR spectroscopy. Using DMPO as a spin trap, plasma
superoxide dismutase like activity was measured in 48 surgical patients
(ranged from 10 to 74 years in age), who underwent various elective surgery.
There was a marked reduction in plasma SOD like activity during surgery
independently of either anesthetic agents used or the extent of surgery. Sur-
gical duration over two hours was the most contributing factor to reduce the
SOD like activity. There is no correlation between plasma SOD like activity
and age or serum total protein [519,520].
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3.23 PATHOLOGIC STATES CAUSED BY
INTOXICATION

Throughout the lifetime one often or constantly comes up against poi-
soning substances present in the environment and in food products. Heavy
metals and compounds thereofrank among toxic substances ofthis type.

The influence ofheavy metal ions on human erythrocyte membranes has
been studied by EPR spectroscopy using spin labels methyl 5-doxylpalmitate
or methyl 12-doxylsterate. It has been found that copper and mercury ions
increase the rigidity of membrane lipid bilayers. The use of 4-maleimido-
2,2,6,6-tetramethylpiperidine-1-oxy1 as a spin label has revealed thatthe two
metals also induce conformational changes of membrane proteins and
modify cell internal peptides and proteins. Thus, it is concluded that copper
and mercury ions decrease the internal viscosity oferythrocyte membranes
[521].

Free radicals are involved in the mechanism of toxic effect of many
chemicals. In some cases, the organic radicals are involved, but often oxygen
radicals. Free radicals are usually very reactive, which makes them difficult
to detect. The EPR techniques are frequently used to fix free radicals in a
more stable form [522, 523].

To clarify the toxicological mechanism ofaction of paraquat and diquat,
the level of ascorbate radical was examined using the ESR method. The
ascorbate radical level in serum from humans acutely intoxicated witha 1:1
mixture of paraquat and diquat was increased to twice the normal level. The
ascorbate radical in both intoxicated human serum and rat plasma decays
much faster than that in normal samples [524].

Methoxyacetic acid, a teratogenic toxin, is the major metabolite of 2-
methoxyethanol, 2-ME) which causes a wide range oftoxic effects. In order
to gain insight into the mechanism of methoxyacetic acid toxicity the use
was made ofthe EPR technique in conjunction with spin labels specific for
cytoskeletal proteins, bilayer lipids, cell-surface sialic acid, or cell-surface
galactose and N-acetylgalactosamine residues of human erythrocyte mem-
branes. The results show that methoxyacetic acid significantly increases the
protein-protein interactions ofskeletal proteins in a dose-dependent manner,
while 2-ME has no effect at even a 2.5-fold higher concentration. Addition
ofmethoxyacetic acid leads to a significant increase in the rotational motion
of'spin labeled terminal galactose and N-acetylgalactos-amine residues (2.0
mM ofmethoxyacetic acid brings about a 38% decrease in the apparent ro-
tational correlation time). The rotational motion of spin labeled sialic acid,
70% of which is on the major transmembrane sialo-glycoprotein (gly-
cophorin A or PAS 1), is not affected by methoxyacetic acid treatment.
Methoxyacetic acid has no effect on the lipid bilayer fluidity, since no
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change in the motion of a lipid bilayer specific spin label (5-NS) in the
erythrocyte membrane was observed. These results suggest that methoxy-
acetic acid may lead to teratologic toxicity by interacting not with lipid
components but with specific protein components, such as transport proteins,
cytoskeletal proteins orneurotransmitterreceptors [525].

The azo initiator of peroxyl radicals 2,2'-azobis (2-amidinopropane) di-
hydrochloride (AAPH) induces oxidative hemolysis in human erythrocytes
and subsequent hemoglobin oxidation. Basing on the degree of hemolysis
versus time as an indication ofthe oxidative damage, it has been found that
erythrocytes are protected against oxidative hemolysis by: (i) both reduced
and oxidized a-lipoic acid; (ii) simultaneous treatment with ascorbate and
dihydrolipoate or a-lipoate; (iii) glutathione in combination with dihydro-
lipoic acid ora.-lipoic acid.

As shown by the EPR method, the spin trapping reagent DMPO forms an
adduct with the peroxyl/alkoxyl radicals produced by thermal decomposition
of2,2'-azobis (2-amidinopropane) dihydrochloride in the presence of oxy-
gen. The formation ofthis adduct is prevented by reduced or oxidized lipoic
acid, reduced glutathione or ascorbate. This means that 2,2'-azobis (2-midi-
nopropane) dihydrochloride peroxyl radicals progressively damage the
erythrocytes and that the released hemoglobin is subsequently oxidized to
methemoglobin which might further enhance the oxidative damage. The
protective effect ofantioxidants is exerted outside the cells by directly scav-
engingA APH-alkoxylradicals[526].

Free radicals are formed during xenobiotics metabolism by enzymes such
as cytochrome P,s, or peroxidases. In some cases, this occurs in the redox
cycle using cytochrome P.s, reductase, which can catalyze one-electron re-
duction. As shown by the EPR technique, molecular oxygen can be reduced
in a one electron pathway to generate anion radicals O, against which
superoxide dismutase is protective. However, in the presence of iron,
superoxide anion radical can generate a very reactive hydroxyl radical. Iron
is therefore normally tightly controlled by transport and storage proteins.
Chemicals that can release iron from these proteins can be very toxic,
causing lipid, protein, and nucleic acid oxidation. The oxidation of these
species is generally protected by a complex antioxidant system involving
glutathione and glutathione peroxidase, vitamin E and ascorbic acid [527].

Oxidative stress 1s thought to be involved in the pathophysiology of
several diseases and aging. Therefore reliable methods of measuring
oxidative stress present one ofthe greatest needs in clinical diagnosis. How-
ever, standardized methods for measuring oxidative stress in humans are not
yet established. The EPR technique seems to be most promising in this re-
spect[528,529].
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Using EPR spectroscopy blood and blood components in patients with
opium intoxication were examined. After hemosorption an increase in both
erythrocyte free radical level ceruloplasmin/transferrin - ratio is observed.
This seems to be defense mechanism against opium toxic effect [530].

3.24 SEPSIS-INDUCED STATES

Sepsis is a general non-specific infectious disease of acyclic type,
developed as a result of disturbed reactivity of the host organism. In the
sepsis-induced state, various microorganism and toxins are brought into the
blood flow from the local infectious focus.

Xanthine oxidase activity, free radical concentrations, and lipid peroxi-
dation were examined in patients with sepsis syndrome compared with 10
non-infected critically ill patients. Xanthine oxidase activity and lipid per-
oxidation were increased in septic patients compared with both volunteers
and non-infected patients. The highest values were in the six survived septic
patients. Ascorbyl radical concentration determined by EPR spectroscopy
using spin trapping was increased in septic patients compared with volun-
teers. Xanthine oxidase activity was lower in patients with lethal
termination. The increased ascorbyl radical concentrations may be due to an
increasedradical generation[531].

Peculiar reactivity ofthe host organism, first of all, disorders in the im-
munic system and non-specific defense factors, are most essential in sepsis
development. In this case, the initial stages of immunic reaction: leukocyte
chemotaxis, opsonization, phagocytosis, leukocyte and blood serum bacteri-
cidal activity, are affected.

Endothelial oxidant generation and subsequent leukocyte chemotaxis and
activation are important mechanisms oftissue damage in ischemic organs. It
is still not known, if oxidant generation may be involved in triggering the
subsequent leukocyte-mediated injury. Questions remain whether particular
oxidants and oxygen free radicals are capable of modulating the expression
of leukocyte adhesion molecules and effecting leukocyte endothelial adhe-
sion. EPR studies were performed to determine the effect of different
oxidant molecules and oxygen free radicals such as O,*, HO', and H,O, on
the expression ofintegrin and selectin adhesion molecules on the surface of
human polymorphonuclear leukocytes, and the effect ofthese alterations on
polymorphonuclear adhesiontothe endothelium. Adhesion molecule expres-
sion on the surface of human polymorphonuclear leukocytes was measured
by the immunofluorescence flow cytometry. EPR spectroscopy was applied
to establish exogenous free radical generation as well as that from activated
polymorphonuclear leukocytes. It is found that oxygen free radicals rather



202 Chapter 3

than non-radical oxidants can directly trigger polymorpho-nuclear activation
and adhesionto vascularendothelium [532].

3.25 PERITONITIS

Peritonitis is peritoneum inflammation, the morbidity and death rate of
which remain very high. In surgery, there is no consensus of opinion on the
mechanism ofpathologic reactions and the cause ofendogenous intoxication
inperitonitis.

The EPR method was used to study paramagnetic centers in blood, urine,
peritoneal exudate, intestinal contents of 61 patients with general purulent
peritonitis. The vast majority of these was represented by men (71%). In
these patients, peritonitis was caused by surgical invasion and traumas of
peritoneal cavity organs. In 16% ofthe patients an intermediate, severe and
extremely severe course ofperitonitis was observed [533].

For EPR examination, the patients' blood was taken from the subclavian
vein and centrifuged (2000 rev/min, +4°C). Peritoneal exudate was with-
drawn from drainages installed during surgery in the subdiaphragmatic and
subhepatic spaces and in small pelvis. The intestinal content was taken by
means of stable vasointestinal probe of Miller-Ebbot type. Blood, peritoneal
exudate, gastrointestinal tract contents were taken three times every 48
hours. Blood and urine nitrate levels were determined by the photoelectro-
colorimetry technique [534]. In postoperational peritonic patients the
samples of blood, peritoneal exudate and intestinal contents were taken
every 24, 48 and 72 hours. It was found, on average: E. coli (26%), Ps.
aerugenosa (23%), Acinetobacter (12%), Enterococcus faecium (14%),
Proteus mirabilis (12%). Simultaneously, the nitrate-reducing capability of
peritoneal and intestinal microorganisms was investigated by EPR spectros-
copy. Most gastro-intestinal microflora are able to reduce nitrates to nitrites.
This process is initiated by a nitrate reductase enzyme inhabiting these mi-
croorganisms. Nitrites, in turn, react with blood hemoglobin to form
methemoglobin. The study of9 species ofthe above bacteria has shown 7 of
these (80%) to exhibit nitrate-reducing capability [533,535,536].

As shown by EPR spectroscopy, erythrocyte methemoglobin content in
peritonic patients depends on the duration and severity ofdisease. 20 volun-
teers served as donors (methemoglobin concentration is 0.6 == 0.1 g/I). The
highest methemoglobin concentration is observed on the tenth to eleventh
day after the onset of disease. In peritonic patients with extremely severe
course of disease the methemoglobin level is increased with the very first
days and furtherreaches the highest values (table 3-37) [533].
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Table 3-37. Erythrocyte methemoglobin content in peritonic patients depending on the
duration and severity ofdisease

State Days
2-3 4-5 6-7 8-9 10-11 >12
Intermediate 1.28+£0.06 1.54+0.08 1.15+0.13 0.83+0.09
n 4 7 4 3
Severe 1.64+0.12 1.75£0.14 1.51+0.12 1.18+0.08
n 5 4 7 4
Extrem. 1.70£0.08  1.92+0.14 2.10+0.18 2.18+0.08 2.23+0.14 2.13+0.13
severe
n 5 7 7 8 7 8

The blood and urine endogenous nitrate content in peritonic patients was
determined by the EPR method and compared with that of patients under-
gone abdominal surgery not related to peritonitis. Since patients in the two
groups were given neither water nor food, exogenous nitrate supply is ex-
cluded, so only endogenous nitrates are the case. The blood and urine nitrate
content (73.9 £ 11.4 mg/l and 103.0 &= 15.2 mg/1, respectively) of peritonic
patients is reliably higher compared to that in the control group (40.0 &= 5.5
mg/l u 52.8 + 7.6 mg/l, respectively). The high nitrate level in peritonitis can
be explained by amplified protein catabolism, enzymatic system activation,
necrotic changes in cells. Blood methemoglobin formation is conditioned by
respiratory insufficiency and endogenous nitrates [533,537].

In donor plasma no methemoglobin is fixed. In blood plasma ofperitonic
patients the methemoglobin level depends on the severity of state. The
presence of methemoglobin in patients plasma may be due to its absorption
from the abdominal cavity by lymphatic vias. A linear correlation (r=+0.4)
between methemoglobin levels in plasma and peritoneal exudate is observed
[538].

The highest plasma methemoglobin concentration in peritonic patients
appears on the second to fifth day and later it is decreased. This may be ex-
plained by the fact that during this time purulent exudate character, its
biochemical composition, concentration and microflora virulence point out
toaclearly-expressedperitonitis.

Methemoglobin and Hem-NO have been detected in peritoneal exudate
by the EPR method. In the course oftreatment and abdominal cavity assana-
tion, MetHb inestinal content is decreasing independently ofthe severity and
duration of peritonitis. The highest peritoneal exudate MetHb level is ob-
served in peritonic patients in extremely severe state. This is explained by
exudate characterand contamination degree.

A Hem-NO signal, detectable in the peritoneal exudate and intestinal
content EPR spectrum, corresponds to the Hb/NO complex. Hemoglobin
oxidation to Hem-NO occurs in the following manner. Interacting with
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blood, nitrites find access into erythrocytes and get involved in the reaction
with hemoglobin. In the results redox reactions desoxihemoglobin is oxi-
dized to methemoglobin, the nitrite ions being reduced to nitric oxide.

Hb>*+NO, +2H — MtHb +NO + H,O

Nitric oxide reacts with the reduced hemoglobin to form stable Hem-NO
complexes [533]. The Hem-NO signal was detected in peritoneal exudate
EPR spectrum in 20% ofpatients. In 75% ofthe patients the hem-NO signal
was detected in the exudate displaying a clearly-expressed hemorrhagic
component. In patients with extremely severe peritonitis the Hem-NO signal
appears inthe spectrum late in the disease [539].

On the second to third day after the onset of disease, the intestinal met-
hemoglobin concentration in peritonic patients does not differ much
depending on the severity ofillness and decreased by the fourth to fifth day.
This due to intestinal probe evacuation of congested intestinal contents, de-
toxication measures and correctingtherapy [540].

In patients with severe and extremely severe peritonitis the methemoglo-
bin level increases proportionally with time. This is related to intestinal
trophic and motor changes, which amplify fermentation, ammonia forma-
tion, intestine mucus necrotic changes accompanied by hemorrhage, growth
ofmicroflora showing nitrate reductase capability.

In peritonitis the Hem-NO signal detected in the intestinal EPR spectrum
does not change significantly inthe first 3 days independently ofthe severity
ofillness. On the fourth to fifth day the Hem-NO level decreases in patients
with intermediate and severe peritonitis and increases in patients in the ex-
tremely heavy state. On the sixth or seventh days the patients with severe
peritonitis show atendency towards decreasing the intestinal Hem-NO level.
The same is observed for next second to third days. In patients with ex-
tremely severe peritonitis, the intestinal Hem-NO concentration is increasing
in the period from sixth to eleventh days since the onset of disease and the
tendency towards decreasing is observed only on the twelfth day (table 3-38)
[533538-5401.

Comparison oftime-dependent peritoneal exudate methemoglobin level
to the intestinal one allows a conclusion that the former exhibits a tendency
to decrease, whereas the latter is increasing. These suggests that the pareti-
cally affected intestine and its contents, and not the peritoneal exudate, for a
long time remains the main source ofintoxication [540].

In peritonic patients the paretically affected intestine provides favorable
conditions for extensive growth ofmicroorganisms and alteration ofnecrotic
cells due to harmful agents and disorder in blood circulation.
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Table 3-38. Intestinal Hem-NO concentration (10°M) in peritonic patients depen-ding on the
duration and severity of disease

State Days

2-3 4-5 6-7 8-9 10-11 >12
Intermediate  1.54+0.44 1.36+0.5
n 5 5
Severe 1.62+0.45 1.54+0.67 1.35+0.41 1.25+0.29
n 4 5 6 4
Extrem. 1.62+0.93 2.02+0.46 2.30+0.61 2.50+0.62 2.56+0.76 249+
severe 0.85
n 5 11 13 13 8 9

The formation of methemoglobin enhances tissue hypoxia. The iron-
containing enzymes present in tissues are bound to nitric oxide and become
switched out of the respiratory system. This intensifies disorder in intra-
cellular metabolism and may lead to the formation of new low molecular
nitrogen compounds, including nitric oxide. Nitric oxide contributes to
microcirculation disorders and thrombosis followed by trophic alterations in
tissues. Nitric oxide acts as a secondary mediator in intracellular signaling
system owing to its effect on Ca-mobilizing cell system. This property of
subcellular structures may be of special value in the development of patho-
logic processes occurring on the background ofischemia and tissue hypoxia.
This also results in increased NO binding by heme and non-heme iron with
the formation of methemoglobin and Hem-NO. In nitrite methemoglobin-
emia-induced tissue hypoxia, not only globulin transport functions are
broken, butcellulariron-containing enzymes are blocked.

According to modern concepts, lipopolysaccharides of bacterial origin
interact with neutrophils and macrophagues thus inducing accumulation of
free radical oxygen forms. Free radical-mediated oxidative processes facili-
tate the formation of nitric oxide and ammonia conversion to nitrites and
nitrates. Nitric oxide is the intermediate ofthese processes.

Microflora ofthe host organism plays an important role in nitrate me-
tabolism. This is mainly due to nitrate reductase activity and the ability to
synthesize nitrites and nitrates from ammonia.

326 ACQUIRED IMMUNODEFICIENCY SYNDROME
(AIDS)

AIDS is a viral disease characterized by heavy damage ofthe immunic
system. AIDS results from a contact ofthe blood system with blood or saliva
ofan infected person and is practically incurable [541, 542]. The interactions
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between the amino-terminal peptide (FP-I; 23 residues 519-541) ofthe gly-
coprotein41.000 (gp41) ofHuman Immunodeficiency Virus Type-1 (HIV-1)
and human erythrocyte membranes has been assessed by the EPR technique
using spinlabel.

Polypeptide aggregation with erythrocyte membranes induces hemolysis.
The glycoprotein N-terminal residue is suggested to be involved in HIV-
induced fusion and cytolysis [543]. The interaction between this polypeptide
and human serum albumin was studied by circular dichroism spectroscopy.
The results show that the peptide binds to albumin with dominant a-helical
character. EPR spectra of spin labeled (glycoproteins FP-I and FP-II (N-
terminal-alanine, residue 519) and FP-III (methionine, residue 537) provide
evidence forpeptide binding to human serum albumin.

EPR spectra of FP-II bound to HSA at 38°C indicate that the spin label at
the amino-terminal residue (Ala-519) is motionally restricted. The EPR
spectrum of 12-nitroxide stearate (12-NS)-labeled HSA and that obtained
with FP-II are identical. This shows that the 12-NS and FP-II probes are
similarly bound to albumin. Contrarily, ESR spectra of HSA labeled with
FP-III indicate high mobility for the group (Met-537) at the aqueous-protein
interface. This suggests that the N-terminal gp41 peptide binds as an a-helix
(residues 519-536) to fatty acid sites on human serum albumin, such that
Ala-519 ofthe peptide residues in the interior ofthe protein while Met-537
lies outside the protein in aqueous solution. The addition of human serum
albumin to human red blood cells dramatically reduces the ability of FP-I to
induce hemolysis, presumably through peptide-albumin binding that inhibits
FP-I interactions with erythrocyte membranes. These results the following
three conclusions to be dawn:

1. High serum levels of albumin may limit the efficacy of anti-HIV
therapies using peptides based on the N-terminal gp41 domain.

2. Mechanisms of FP-1 and HSA interactions with physical techniques
may provide clues on the molecular features underlying viral FP-I combina-
tion with receptors on the target cell surface.

3. The affinity of albumin for the N-terminal gp41 peptide may play a
subordinate role in the blocking of HIV infection in vitro [544].
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Chapter4

OTHER ASPECTS OF EPRINVESTIGATION
OF BIOLOGICAL SPECIMENS

The development of new techniques, particularly with the use of spin
probes and spin labels, has extended the capabilities of studying the biologi-
cal specimens using EPR. This resulted in the increase in the number of
investigations ofboth the materials obtained from humans in various patho-
logical states, and food products, medicines and other biological objects.

4.1 FOODPRODUCTS

Phenolics in red wine inhibit lipid oxidation [1]. By using EPR spectro-
scopy red (Brown Bros., 12L, cask) and white (Tisdall, 12L, cask) wines
have been studied. EPR signals are not detected in the spectra of regular
wines. But after the wines are evaporated in vacuum in the cold down to one
tenth ofthe initial volume, an Mn?* ion signal is detected in the spectrum of
the syrup. Beside this signal, the ESR spectrum ofthe evaporated red wine
(but not white wine) shows a free radical signal (halfwidth of0.2 = 0.01mT
and g = 2.0038 £ 0.0001). This was thought to be due to the fact, that red
wine had been fermented on oak, and the white wine had not. Nevertheless,
in the spectrum ofthe "Cab Mac" red wine, not subjected to oak-fermenta-
tion, both the Mn?* and free radical signals were detected. These two signals
were observed in the spectrum of the oak-fermented Semillon (Yaldara)
white wine. These data suggest that all the wines contain Mn?* playing an
important role in the grape physiology. EPR spectroscopy was also used to
study the concentrated extracts and juices of red (shiraz) and white (semil-
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lon) grapes. Free radicals were detected in the extracts ofred grapes, but not
in the extracts of white grapes. Thus, free radicals are present in the natural
red grapejuice and absent in the white grape juice. These radicals are asso-
ciated with phenols, because the intensity of EPR signal corresponding to the
red wine extracts treated with polyvinylpyrrolidone is reduced by approxi-
mately 80%. That is why the red wine in vitro inhibits lipid oxidation [2].

Carbohydrates (sugars) are identified as the source of free radicals in
beers, stouts, coffees and ersatz coffees, a number of other food flavoring
agents, efc. These radicals are not derived from phenolic constituents, in
contrastto those in wine [3].

The effect of 8 different flavonoids on erythrocyte deformability, osmotic
stability and aggregation capability has been shown by EPR spectroscopy

4].

[ ]A number of food products are able to trap active radicals, which pre-
vents tissue degradation. The green tea contains a lot of catechins-epi-
catechin, picatechingallate, epigallocatechin and epigallocatechingallate,
which possess an antioxidant effect [5,6]. The EPR technique was applied to
study free radical "scavengers" such as green tea extract, sunflower seeds.
Vitamins A, C and E, fruit and vegetable flavonoids [7-10]. A 0.05% solu-
tion of medicine "P-catechine" completely scavenges 1,1,-diphenyl-2-
picrylhydrazyl (6.1 x 10% sp/ml). A 10% solution of kcatechin completely
scavenged superoxide radicals (4.2 x 105 spins/ml) generated by the
hypoxanthine-xanthine oxidase system, and an undiluted solution of this
preparation scavenged about 90% ofhydroxyl radicals (3.5 x 105 spins/ml)
generated by the Fenton reaction. "[fj-catechin" is recommended as an
oxidant having a prophylactic effect against aging and neurological diseases
related to free radical mechanisms [8-10],

The free radical scavenging activity of the Japanese herbal medicine,
Toki-Shakuyaku-San (TJ-23; TSUMURA & Co., Tokyo, Japan), was
examinedusing EPR spectrometry. This medicine scavenges 1,1-diphenyl-2-
picrylhydrazyl radicals (DPPH), superoxide, and hydroxyl radicals in a dose-
dependentmanner|[13.

BG-104, a compound of Chinese herbs, inactivates superoxide ion-
radical in cell free systems. The EPR technique was used to study the effect
of BG-104 treatment in patients with Behcet's disease, Sjogren's syndrome
or hematological malignancy, and compared with that of vitamin E. The
plasma superoxide scavenging activity was significantly lower in these pa-
tients as compared to that in healthy controls. The treatment with BG-104
and/or vitamin E significantly enhanced the plasma superoxide scavenging
activity and lowered the erythrocyte sedimentation rates, the absolute num-
ber ofneutrophils, as well as C-reactive protein levels. These results indicate
thatthe BG-104 has an anti-inflammatory effect [12].
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EPR spectroscopy provides a very convenient precision instrument to
determine stable freeradical concentrations onradiation-exposed food (meat
and fish bones, marine products, fruits, vegetables [13].

4.2 DRUGS

EPR spectroscopy and fluorescence polarization of fluorescence quen-
ching of membrane tryptophan residues have been used to investigate the
interaction of bee venom (melittin) with erythrocyte membrane ghosts.
Melittin induces disorders in the lipid-protein matrix both in the hydrophobic
core of bilayer and at the polar/non-polar interface of melittin complexes
with erythrocyte membranes. The peptide acts most efficiently at a concen-
tration ofthe order of 10-° mol/mg of membrane protein. The effect of crude
honey bee venom is of similar magnitude as the effect ofpure melittin at the
same concentration. The EPR data using two lipophilic spin labels (methyl
5-doxylpalmitate and 16-doxylstearic acid) show that melittin at an increas-
ing concentration induces a well marked rigidization in the deeper regions of
lipid bilayer. The effect of rigidization near the membrane surface maxi-
mizes at melittin concentration of 10-* mol/mg (10+ M ofmelittin per mole
ofmembrane phospholipid). Melittin also effectively immobilizes membrane
proteins. Thus, melittin induces rigidization of the lipid bilayer and the
rearrangements in membrane protein pattern and, consequently, alters the
lipid-proteininteractions[14].

The scavenging effect ofberbamine on active oxygen radicals was stud-
ied using EPR spectroscopy (with the use ofa spin trapping technique) and
chemiluminescence methods in phorbol myristate acetate stimulated poly-
morphonuclear leukocytes and in cell-free superoxide or hydroxyl radical
generating systems. Berbamine (0.1 to 0.3 mM) effectively reduces active
oxygen radicals in PMA-stimulated polymorphonuclear leukocytes. EPR
oxymetry shows the absence of obvious effect on oxygen consumption
during the respiratory burst ofthese cells. Berbamine (0.3 mM) quenched
O,". in xanthine/xanthine oxidase and irradiation riboflavin systems, and
radicals HO' in the Fenton reaction. Radicals HO® were trapped as Vitamin
E. Berbamine scavenging action was stronger than that of Vitamin E in the
xanthine/xanthine oxidase system but weaker than that of Vitamin E in the
riboflavinsystem [15].

EPR showed that natural Kampo medicines possess HO® radical
scavenging activity [16] whereas 1-O-hexyl-2.3.5-trimethylhydroquinone
quenches superoxide anion radical, hydroxyl and tert-butyl peroxyl radicals
and singletoxygen [17].
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Using EPR spin trapping technique, it has been found that baicalin (B)
can scavenge hydroxyl radicals generated from Fenton reaction, as well as
superoxide radicals generated from the reaction system containing xanthine
and xanthine oxidase. Kinetic studies on the competition between baicalin
and a spin trap (DMPO) in trapping HO showed that baicalin had a kinetic
reactive rate constant of the order of 7.7 x 10" M-'s. The studies on the
competition between baicalin and ferricytochrome C in trapping O,* gave a
kinetic reactive rate constant of 3.2 x 10¢ M-'s-'. The baicalin could prevent
hydrogen peroxide-induced erythrocyte hemolysis and protect the confor-
mation of sulthydryl groups (SH) on membrane proteins. It also reduced the
membrane fluidity of erythrocytes incubated with hydrogen peroxide. The
baicalin could protect the membranes oferythrocytes from free radical inju-
ries more effectivelythan a.-tocopherol [18].

The effect of different flavonoids on the lifetime ofascorbic acid radicals
has studied by EPR spectroscopy. The results show that the introduction of
flavonoids into the ascorbic acid/ascorbate oxidase leads to in increase in
both the initial concentration and lifetime ofascorbate acid free radicals [19]

EPR and fluorescence techniques were used to study the effects of L-
carnitine [(CH;);N+CH,CH(OH)CH,COO, Vitamin B,] and its short-chain
esters (acetyl-L-carnitine and propionyl-L-carnitine) on the natural fluidity
gradient and molecular packing of phospholipid headgroups of erythrocyte
membrane in intact cells. For this purpose, the purified erythrocyte suspen-
sions (labeled with different stearic acid derivatives containing a stable
doxyl radical ring at the C-5, C-7, C-12 and C-16) atoms were incubated
with 0.5-5 mM of L-carnitine and its esters for 60 min at 37°C. A decrease in
the order parameter, calculated from the ESR spectra ofthe 5-doxylstearic
acid derivative was observed at all the concentrations of propionyl-L-
carnitine. The extent ofthe decrease depends on the dose and temperature.
An increase ofthe chain length between the doxyl ring and the carboxylic
group of the spin label, results in a much lower efficacy of propionyl-L-
carnitine in decreasing the order parameter. Acetyl-L-carnitine also shows a
significant effect on the molecular order but only at lower temperatures and
higher concentration ofthe drug. L-Carnitine does not modify the molecular
dynamics atthe temperatures and concentrations used. [20].

The EPR technique using a spin label (16PC) was employed to investi-
gate the effect of gramicidin A aggregation on the phase structure of
dipalmitoylphosphatidylcholine (DPPC) lamillarvesicles [21], An analogous
dataare obtained by 2D EPR spectroscopy [22].

The EPR spin trapping technique data show that, during the autoxidation
oftetracycline antibiotics, cytotoxic oxygen radicals such as HO, O2-¢, H202
and 102areformed[23].
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The reduction of the colony-forming ability, induced by DNA strand
breaks is detected in human fibroblasts after treatment with tetracycline in
the presence of light. The strand break formation is suppressed by adding
catalase. This is due to the formation of EPR-detectable tetracycline-derived
radicals[24].

Streptonigrin displays a clearly defined antitumoral activity. Its mecha-
nism of action is based on DNA synthesis inhibition. The EPR spectra of
zinc(I1)- and cadmium(II)-streptonigrin semiquinone complexes have been
examined. The spectral data show that metal binding significantly affects
density ofunpaired electron located in the quinolinesemiquinone fragment of
the above complex. This is proved by superfine structure constants in the
EPR spectra ofthe complexes [25].

An EPR monitoring of etoposide (VP-16) cytotoxicity against human
leukemic cells K562 has been carried out. It is found that the toxicity can be
decreased on addition ofreduced glutathione [26].

Using EPR spectroscopy, the interaction of anti-inflammatory prepara-
tion, indomethacin with PGH synthase and hydroperoxides was studied [27].

EPR, NMR and W spectroscopic techniques were used in investigation
ofthe Cu?*-diisopropylsalicilate complex, which attracts much attention due
to its wide spectrum ofpharmacological activity. The data obtained provide
evidence for the presence of more than one Cu-binding sites on human
serumalbumine [28].

The EPR technique was used to study an antimicrobial preparation,
sulfacetamide (N-[4-(amino(phenyl)sulfonyl]acetamide) and Co?*, Ni*, and
Cu?* complexes with sulfacetamide. Their structure and antimicrobial
activity have been evaluated [29].

The interaction between heptacaine (local anesthetic agent) homologs
and phosphatidyl was studied by the EPR method using spin labels [30].

EPR spectroscopy was used to study pharmacokinetics of recombinant
human superoxide dismutase, NK341, upon intravenous administration to
healthy male volunteers at doses of 1750-35000 U/kg, and to prove the SOD
safety (good tolerance). The values of maximal plasma SOD concentration
linearly increases with the doses given. The superoxide dismutase concen-
tration in the urine also correlates with its plasma concentration. It is
suggested that the recombinant human superoxide dismutase NK341 is
presentin blood as the active form ofsuperoxide dismutase [313.

Using EPR spectroscopy the cardioprotective effects ofhuman recombi-
nant extracellular superoxide dismutase type C (SOD-C) were compared
with those of bovine Cu,Zn-superoxide dismutase in isolated working rat
heart subjected to 35-min global normothermic ischemia followed by 55-min
reperfusion. Human superoxide dismutase C or bovine Cu,Zn-superoxide
dismutase (3 x 104 and 6 x 10 IU/L, respectively) was added to a cardiople-
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gic solution infused 5 min before and 10 min after the ischemic period.
Intact hearts were treated with St. Thomas' Hospital cardioplegic solution
without superoxide dismutase. By the end of reperfusion, superoxide dis-
mutase C-treated hearts recovered the left ventricular systolic pressure,
aortic flow and cardiac outputto (95 £4) %, (60 £ 4) %, (69 = 6)% ofprei-
schemic value, respectively, and as compared with (86 £ 3) % (44 = 5) %
and (52 £ 6)% in the control. Cardioplegia with superoxide dismutase C sig-
nificantly reduces lactate dehydrogenase release into myocardial effluent
during reperfusion and increases ATP, AMP, and total creatine contents in
reperfused hearts by (21 =+ 3) % (42 = 4) %, and (34 + 3)%, respectively.
The effects of bovine superoxide dismutase are similar but not statistically
proven. Treatment with human recombinant superoxide dismutase C, but not
with bovine superoxide dismutase, reduces the EPR-assessed hydroxyl radi-
cal formation in coronary effluent at early reperfusion. The results suggest
that myocardial protection against ischemia/reperfusion injury by superoxide
dismutase C isrelated to scavenging ofoxygen-derived free radicals [32].

As shown by EPR spectroscopy, the antipsychotic drug JL-13 (closapine
analog) is less sensitive to oxidation phenomenon compared to closapine
abdloxarine. JL- 16 is scavenges oxygen radicals and efficiently inhibits lipid
peroxidation[33].

The EPR technique was used to investigate the effect ofneuroleptics (tri-
fluoperazine, alimemazine tartrate, chloropromazine), tricyclic antide-
pressants (imipramine, desipramine), an anticholinergic agent (trihexyl-
phenidyl hydrochloride), sedative agents and lithium carbonate on the
rotational correlation frequency (V+) of the spin label 16NS (fatty acid
nitroxide probe) in whole human erythrocytes. It turned out, that V+ was
about 40% increased by the three psychotropic agents (0.2 mM). By con-
trast, lithium carbonate did not induce any change in V+ at the me
concentrations. It is suggested that the increase in "membrane fluidity", ob-
served with these variety of drugs, is a non specific effect. It is unrelated to
their psychotropic action, and can be ascribed to their amphiphilic properties

34].

[ "][he effect of vinblastin on HeLLa K and HeLLa CA membrane fluidity has
been studied by EPR spectroscopy. At concentrations below the cytotoxic
level, vinblastin enhances HelLa K membrane fluidity and does not affect
much that of HeLa CA cells. [35].

Using radiolysis and EPR spectroscopy the oxidative denitration of an
antitumoral drug hydroxyguanidine (HG) has been investigated. Azide radi-
cal (N3°) reacts with HG to form a carbon-centered guanidine radical, which
rapidly decomposes to NO and urea. Further HG reacts with molecular
oxygen to form peroxyl radical (HGOO") [36].
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The interaction between 5,6-benzyliden-L-sodium ascorbate (BSA) and
dopamine was studied taking into account three different parameters: radical
intensity, prooxidant and cytotoxic activities. Inthe EPR spectra under alka-
line conditions BSA and dopamine give rise to a doublet and a quartet,
respectively. When taken separately, these two compounds stimulate
methionine oxidation in the culture medium. In combination, however, their
joint stimulating effect is much lower. The two compounds dose depen-
dently decrease the viability ofhuman promyelocytic leukemic HL-60 cells,
whereas combined cytotoxic effect is lowered [37].

During the last time drug sterilization by exposure to y-irradiation has
been widely accepted. In the solution ofthis problem much attention is given
to EPR spectroscopy, distinguished among other analytical approaches as a
highly sensitive, non-invasive, simple in use and precision method. In this
way the sterilization data on dopamine and norepinephrine [38], cefotaxime
[39], salbutamol [40], cefoperazone [41] and vitamins (riboflavin, biotin,
thiamine mononitrate, thiamine hydrochloride, folic acid and pyridoxine)
[42]have beenexamined.

4.3 FORENSIC MEDICAL EXAMINATION

EPR spectroscopy has been used in forensic medical examination. The
constant of spin probe recovery by the myocardium determined by EPR is
used to identify the time ofdeath. These studies were performed 1, 3, 6, 9,
12, 15, 18, and 21 days postmortem in subjects ofboth sexes who died from
craniocerebral injury. The rate constant of spin probe recovery by the myo-
cardium did not change during the first six days postmortem. On the seventh
day certain changes ofthe myocardial EPR spectra were observed, which
may be used in the diagnosis ofthe time of death up to day 21 postmortem
143].

"1]"he rate of the spin probe reduction by tongue homogenates was
measured on postmortem days (15, 30,45, 60, 75, 105, 135, 150, 165, 180,
195, 210, 225, and 240) in order to determine much earlier time of death.
The rate constant ofthis reaction was used as the diagnostic sign ofthe time
ofdeath within the period from 4 to 8 months postmortem [44].

44 ARCHAEOLOGY

EPR find use in determination ofthe archaeological age of human bone
remnants [45]. These remnants are able to trap electronic charges as a results
of bombardment by radioactive radiation from the surrounding sediment.
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Free radicals produced in this case can be detected by EPR. The intensity of
the EPR signal is a measure ofthe accumulated radiation dose and, thus, of
the age. Tooth remnants are frequently found in archaeological sites and
tooth enamel is well suited for EPR dating, with a precision of about 10-
20%. The EPR data for sites in Israel and Africa show the existence of
anatomically modern humans more than 100 ka ago [46]. Even earlier mate-
rials were found in China [47].

Tooth enamel EPR examination has found much use for dating the bio-
logical and cultural evolution ofmodern man [48-57].

The EPR spectra of fossil tooth enamel found in human and animal rem-
nants show a singlet radiation sensitive signal at g = 2.0018, absent in the
spectrum of anatomically modern teeth [58, 59]. That is why this signal is
used for dating the human remnants [59-62].
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CONCLUSION

The influence ofhyperthermia on human cells was investigated by means
of EPR spectroscopy using nitroxyl radicals. The heat effect enhances the
intracellular microviscosity thus damaging the erythrocytes. A noticeable
increase in the Over 50 years have gone since the discovery of electron
paramagnetic resonance by E.K. Zavoisky. During this time the EPR
spectroscopy has provided a widely accepted method in both clinical prac-
tice and laboratory investigations. The above discussed literature data and
the present authors’ results indicate much promise for EPR spectroscopy in
biochemistry, biology and medicine. The use of this method has not only
provided valuable information concerning the presence and origin of free
radicals in the organism of human and animals, but allowed deep under-
standing ofthe role oftransition metal microelements in enzymatic systems
(cytochrome P, cytochrome-c oxidase, etc.), changes of their valence in
the process of enzymatic catalysis (superoxidedismutase. ceruloplasmin,
etc), the character oftheir bonds with biological substrates, and the structure
of close surrounding of metabolically active paramagnetic ion (nitrosyl com-
plexes ofhem- and non-hem iron).

In spite ofthe fact that EPR spectroscopy allows a clearer understanding
of the nature and role of paramagnetic centers and, consequently, of transi-
tion elements in biological objects, the potential of this method increases
greatly when used in enzymology in combination with spectrophotometry,
multinuclear NMR, chemiluminescence and other physico-chemical
methods.

The use of spin labels and probes extended considerably the capabilities
of EPR spectroscopy in studying membranes and the structure of macro- and
micromolecules. In this way, in particular, pH-sensitive spin-labeled proteins
were examined. Spin pH-probes can be of help for measuring local pH
values within a range of 1.8 + 6.2. In clinical practice EPR spectroscopy is of
special value in events oforal administration of pH-sensitive nitroxides. This
enables intragastric acidity monitoring. The results thus obtained suggest
that EPR spectroscopy provides a valuable non-invasive tool to determine in
vivo pH ofbiological fluids.

251
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EPR spectroscopy should occupy an important place in clinical practice.
It will enable refinement of some aspects of pathogenesis of many diseases.
Thus, for example, according to EPR data, treatment of heart diseases with
prolonged nitrates often gives rise to side effects. As a result erythrocyte
MetHb concentration increases which adds to hypoxia of tissues. Steno-
cardia attack results in an increase in the level of blood plasma free radicals
due to ejection of catecholamines, which provides a differential criterion in
cardialgia. An important mechanism of ischemic tissue injury involves
generation of endothelial oxidant, subsequent hemotaxis and leukocyte
activation.

EPR spectroscopy is of help in determining the effect of oxidant mole-
cules and free oxygen radicals such as O,”, HO" and H,0O, on integration
rate as well as the effect of both selected adhesion of molecules on the
surface of human polymorphonuclear leukocytes and changes in adhesion on
endothelium. From EPR data in patients with progressive stenocardia the
erythrocyte MetHb level and blood plasma free radical content increase with
the severity of state, whereas in patients with hypertensive disease the blood
lipid a.-tfq concentration decreases.

Using EPR spectroscopy a Hem-NO signal characterizing the relation-
ship between the organism and microflora in the gastric contents was
revealed. Besides, this method provides a valuable information concerning
the Hem-NO role in functioning the gastric-intestinal tract.

EPR spectroscopy using spin-trapping allowed elucidation ofthe role of
hydroxy radicals in coal pneumoconiosis pathogenesis. The catalytic effect
of coal dust on the generation ofradicals from hydrogen peroxide has been
studied. By this method it was shown that the activity ofkidney copper-zinc
superoxidedismutase in patients with Berge's disease and glomerulonephritis
decreased with deteriorating the kidneys function. As a result the level of
scrambling the superoxide anion radicals decreased and this made the kidney
tissue more sensitive to oxidation stress.

EPR spectroscopy has found the proper place in clinical and experimental
neurology. It was established, for example, that free radicals played an es-
sential role in nervous root inflammation, whereas the cerebrospinal fluid
superoxidedismutase activity is reduced in patients with unilateral radicu-
lopathy caused by discal hernia. FR formation in cerebral lobe homogenates
in Alzheimer patients has been studied. It turned out that free radicals of NO
type participated actively in Parkinson's disease pathogenesis.

In ophthalmology the EPR method found much use for the examination
of alterations in human lenses. Investigations in this field are mainly related
with the problem of cataract development and the ways ofits treatment. Spe-
cial attention is given to free radicals responsible for the formation of
cataract. Hypoxanthine-xanthine oxidase producing anion-radicals O, and
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the Fenton reaction generating HO" radicals and their influence on cataract
formation were studied using EPR. It is also used in stomatology for eluci-
dating the mechanism of development of diseases ofteeth and mouth cavity.
The EPR method provides a tool for operative diagnosis of iron-deficient
states in human. This method was of help in establishing this pathology in
many diseases of internal organs. According to EPR data iron is localized
not only in transferrin, but in albumin as well. This changes the existing con-
cepts concerning Fe* ions transportation and localization in blood plasma.

EPR signal intensity of' blood free radicals was observed in studying the
effect ofhyperbaric oxygenation ofhuman organism.

Narcotic-induced biochemical changes in human were studied by EPR.
The results show a decrease in plasma superoxidedismutase-like activity
under surgery independently of the type of anesthesia, the anesthetic agent
used and the degree of surgical invasion.

The spin-labeled method used for examination of the effect of heavy
metals on human erythrocyte membranes showed the copper and mercury
ions to increase the membrane lipid bilayer rigidity.

EPR spectroscopy turned out to be a valuable method for assessment of
the severity of clinical course of many diseases. Thus, it was possible to
establish a decrease in the level of Fe’* ions in blood plasma and of Mn2*
ions 1in saliva as well as a decrease in the fecal concentration of Fe** ions in
patients with iron-deficient anemia as the disease was developing.

The EPR method was used in the pharmakinetic and pharmadynamic
studies of medicines of both natural (bee venom - melittin, berbamine, bai-
kalin, L.carnitin, etc.) and synthetic origin (captopryl - an angyotension-
transforming enzyme inhibitor, nifidipid, anti tumoral drugs, etc.). The role
of B -catechol, a "scavenger" of oxygen radicals, consisting of green tea
extract, sun flower seeds, vitamins A, C and E, was studied by EPR
spectroscopy. A solution of this substance produces a strong scavenging
action on DPPG radicals, superoxide radical-anions generated by
hypoxanthine-xanthine oxidase and system, and hydroxyl radicals generated
in the Fenton reaction. A compound of Chinese herbs, BG-104 also inacti-
vates superoxide ion-radical in cell free systems.

Using EPR spectroscopy cytotoxic oxygen radicals HO", O," and etc.
formed during auto-oxidation ofantibiotic tetracycline were studied.

EPR spectroscopy enabled investigation ofthe pharmakinetics of recom-
binant human superoxidedismutase and showed its safety and tolerance upon
intravenous administration. Using this method the mechanism of effect of
omeprosol, amedicine reducing the gastric acid-forming function, a "proton"
pump blocker, on the K/[H*] value of ascorbic acid was studied. With the
use of EPR method it was found that rebamipide, a new antiulcerous drug,
exhibits an antioxidant effect. It acts as an HO' radical scanvenger and
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inhibits the formation of superoxide anion radicals in neurophiles.
Rebamipide also inhibits the generation of active oxygen with neuriphiles
stimulated with extracts from Helicobacter pylori. This indicates rebamipide
to exert anti-inflammatory protection of gastric mucosa. EPR spectroscopy is
also of help in revealing side effects of treatment with some drugs such as
organic nitrates, vitamins C and E, symptomimetics, etc.

The use ofthis method also showed that in chronic diseases ofupper res-
piratory tracts the nasal secretion Fe’* content is noticeably reduced. In cases
of sub- and atrophic alteration in the nasal cavity the Cu?* content in the na-
sal mucous membrane is increased. Vasomotor rhinitis is accompanied with
areduced Fe* level in the nasal secretion.

The increased content of desquamative cells in the nasal secretion in
events of pathological processes in respiratory tracts is accompanied by ac-
cumulation of intracellular enzymes and agrees well with an increased level
of free radicals.

The EPR data extend the present knowledge of absorptive and excretory
functions ofthe nasal mucous membrane to the notion of thino-hematic bar-
rier. The changes in Fe** and Cu?* concentration and, consequently, in
Cu?/Fe’ ratio which is a factor ofnasal secretion antioxidant properties, are
in some way related to the rhino-hematic barrier functional state and to the
dynamics ofmetallo-proteid supply from the blood flow.

Examination ofparamagnetic centers in the blood, duodenal contents and
bile of patients with cholecystitis suggests that the EPR method will find
much use in diagnosis of chronic cholecystitis and will be of help in eluci-
dating some aspects ofits pathogenesis.

Investigation of methemoglobin and Hem-NO in biological fluids of
patients with peritonitis reveals wide possibilities ofthis method in clearing
up pathogenic aspects in the course ofthe disease at a molecular level.

This forms the basis for pathophysiological analysis of the reaction of
nitrates and nitrites with hemoglobin and for assessment of the role of the
resultant products in pathogenesis of toxemia and polyorganic deficiency in
events ofperitonitis.

These results suggest the study of paramagnetic centers using EPR spec-
troscopy to be of value as supplementary diagnostic tests as well as criteria
in assessment ofthe severity of clinical course ofmany diseases and the effi-
ciency oftreatment.

By the present time, EPR investigation has been used with relatively
readily accessible substrates such as blood, saliva, nasal secretion, gastric
and duodenal contents, feces, some tissues taken in the process of surgical
invasion (teeth, bones, skin, uterus, placenta, synovial fluid).

This method is ofhelp for the determination of occasional radioactive ir-
radiation basing on the signal of free radicals in bones, dentine and,
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especially, in tooth enamel. Therefore, the determination of doses accumu-
lated in human as a result of y— and X-ray irradiation, basing on teeth enamel
EPR spectra is widely accepted now.

Along with other methods, EPR spectroscopy is employed in studying
AIDS and in forensic medical examination (to identify the time of death).

The EPR method has found much use in determination of archeological
age of human osseous remains. From EPR data it was established the exis-
tence ofanatomically contemporary man over 100 ka years ago in Israel and
Africa. Remains ofeven earlier age were revealed in China. The method has
also found widespread application in dating the biological and cultural evo-
lution of man.

Summing up the above said the EPR method is suggested to extend our
knowledge ofthe role of transition microelements in vital activities of man,
to provide an understanding ofthin mechanisms of pathogenic processes of
various diseases and to offers a great promise for new therapeutic and pro-
phylactic measures. This provides evidence on the limitless possibilities of
EPR spectroscopy for use in biochemistry and medicine.

We hope that the goal ofthis monograph will be accomplished by con-
vincing biochemists and clinicians ofthe necessity of using spectroscopy in
clinical practice and research.

The authors would consider their task fulfilled if the present book
enhances the interest in clinical aspects ofthe use of EPR spectroscopy and
initiates new research and developments supplementing and illustrating the
role ofparamagnetic centers in the organism.



ABBREVIATIONS

AIDS acquired immunodeficiency syndrome
ATP adenosinetriphosphate

CO carbon monoxide

CP ceruloplasmin

CRF chronic renal failure

CSF cerebrospinal fluid

DBNBS 3,5-dibromo-4-nitrosobenzenesulfonate
DEDTC diethyldithiocarbamate
DETAPAC diethylenetriaminepentaacetic acid
DMPO 2,2-dimethyl- 1 -pyrroline N-oxide
DMSO dimethylsulfoxides

DOA deforming osteoarthrosis

DPPH 1,1 -diphenyl-2-picrylhydrazyl
EDRF endothelial-derived relaxing factor
EPR electron paramagnetic resonance
FALS familial amyotrophic lateral sclerosis
FR free radicals

GR glutathione reductase

GRS glutathione reductase system
GSSG oxidized glutathione

GSH reduced form of glutathione

Hb hemoglobin

HbM mutant hemoglobin

Hb-NO hemoglobin-NO

HbO2 oxyhemoglobin

HDL high-density lipoproteides
Hem-NO complex heme with NO

HF high frequency

HFS hyperfine structure

HMP-S hexosomonophosphate shunt
HO* hydroxyl radicals

H,0, peroxide hydrogen
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HSA human serum albumin

IDA iron-deficient iron-deficient anemia
[HD ischemic heart disease

I-1-B8 interluekin-1-3

LDL low-density lipoproteides

LOOH lipid hydroperoxides

LPO lipid peroxidation

LPS lipopolysaccharide

Mb-NO myoglobin-NO

MDA malonic dialdehyde

MetHb methemoglobin

MI myocardial infarction

NMMA N-monomethyl-L-arginine

MNP 2-methyl-2-nitrosopropane
NADP.H reduced nicatinamidedinucleotidephosphate
NO nitric oxide

NOS NO-synthtase

o,* superoxide anion radical

PBN o -phenyI-tert-buty Initrone

PEG polyethyleneglycol

PMA 4 B-phorbol 12 B-myristate 13 a-acetate
PMC paramagnetic centers

PMT phenylmethy Ithiolate

Q10 ubiquinone-10

r correlation coefficient

RA rheumatoid arthritis

SDS sodium dodecyl sulfate

SF synovial fluid

SFS superfine structure

SHF super high frequence

SOD superoxide dismutase

TEMPO 2,2,6,6-tetramethyl-4-oxypiperidin- 1 -oxyl
TF transferrin

a-T o -tocopherol

a-Tq a -tocopherylquinone

o -Tpr o -tocopheroxyl radical

UE unpaired electron

URT upper respiratory tract

VLDL very low density lipoproteins

DH line half-width
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2-(4-Carboxyphenyl)-4,4,5,5-
tetramethylimidazoline- 1-oxy1 3-oxide
(Carboxy-PTIO), 157

2,2’-Az0-bis(2,4-dimethylvaleronitrile),
82

2,3-Diphosphoglycerate, 90

3-(2-Hydroxy- 1 -methylethyl-2-
nitrosohydrazin0)-N-methyl- 1 -
propanamine, 157

3,5-Dibromo-4-nitrosobenzenesulfonate,
107

4 B -Phorbol 12 b-myristate 13 a-acetate,
84, 170

Adenosinetriphosphate (ATP), 21,23,24,
33,97, 117, 118,244

Adhesion, 118, 201

Alanine, 177, 192

Alcohol metabolism, 129

Amyloid, 154

Angiotensin-converting enzyme (ACE),
109

Antibodies, 29, 121, 128, 129

Antioxidant activity, 83, 134, 153, 168,
184,186

Aortic declamping, 89

Aortic endothelial cells, 88

Apoprotein, 80

Arachidonic acid, 22, 120, 151

Archaeology, 245

Ascorbate, 22, 82, 88, 90, 98, 127, 132,
133, 140, 143, 171, 176, 180, 197,
199,200,242,245

Ascorbic acid, 6, 38, 50, 127, 128, 133,
136, 153, 173, 178, 179, 185, 197,
200,242

Assisted circulation, 28,29

Autopsy, 144, 154, 155, 187, 190

Bathophenantholine method, 35,36

Benzyl alcohol, 23,24

Bile
PMC of, 56,57, 114

preparation of, 55
Bile cyst, 55
Biliary tract, 132
Bilirubin, 132
Bilirubin-IX o, 132
Blood
PMC of, 12,24,28, 35, 36, 38, 75, 76,
78,87, 105, 106, 135-137, 142,
147, 162,202

preparation of, 6, 14,26,28,29, 78,
93,202

Blood plasma, 11, 34-37, 39,40, 47,48,
60, 75, 76, 81, 87, 91, 99, 107, 110,
124, 134, 135, 137, 143, 161, 182,

184,197,203

Bone, 164, 187, 190-192,245

Brain
basis pedunculi, 157
globus pallidus, 157
locus coeruleus, 156
pale globe, 160
putamen, 156

pyramid tract, 158
substantianigra, 156, 157, 160
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Bronchoalveolar lavage, 140
Calcium, 21, 22, 33, 84, 109, 117, 118,
122
Calcium channel blocker, 109
Carbon monoxide (CO), 108
Cardioplegia, 88
Catechin, 240
Catecholamine, 134
Cell
aggregation of, 80, 117-120, 122, 124,
142, 159,169, 179,240,242
death of, 88,108,159
fibroblast of, 115, 131, 173,243
granulocyte of, 115,192
leukocyte of, 6, 113-1 16, 119,123,
124, 139, 140,158, 170,201,241
lymphocyte of, 115,128,131,189,
192
lymphopblastic of, 131
monocytes of, 81,82,84,114,120
neutrophils of, 114-1 16,120,127,
139, 163,205,240
phagocytes of, 114, 115, 128
polymorphonuclear leukocyte of, 1 15,
116, 123, 124, 139, 140, 158, 201,
241
thrombocyte of, 117-121, 123, 124,
142, 153
Cell endothelial, 84, 88, 117, 118, 120
Central nervous system, 152,198
Cerebrospinal fluid (CSF), 153
Cerulline, 89
Ceruloplasmin, 14, 34, 56, 57, 60,75, 76,
87,88,91, 105, 110, 134, 135, 137,
143, 168, 183, 186,201
Ceruloplasmin activity
of ascorbatoxidase, 34,50, 135
of catecholaminoxidase, 34, 133, 135
of ferroxidase, 50,62,91, 135, 197
Cervical secretions, 167
Chernobyl Atomic Power Station, 190
Cholesterol, 22, 81-83, 88,90, 103, 117,
137, 150, 195
Cholesterol ether-transporting protein, 82
Choroid plexus, 153
Chromosome aberration frequency, 189
Cigarette tar, 140
Citric acid cycle, 21
Coal dusts, 138
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Collagen, 119, 120, 122
Conjunctiva, 160
Connective tissue, 34, 161, 165
Coproporphyrinogen III, 132
Coronary artery bypass grafting, 89
Coronary sinus
free radicals of, 88
Crocidolite, 139
Cryoprotector, 32
Cytochrome, 22, 52, 107, 124, 129-131,
145, 146, 165, 176,200
Cytokine, 151
Dehydroascorbate, 82, 180
Dentin, 187,190,191
Desferrioxamine, 88, 120, 171, 174, 176,
197
Desoxycholic acids, 32
Diene conjugates, 90
Diethyldithiocarbamate, 17, 48,95, 152
Diethylenetriaminepentaacetic acid, 140
Dihydrolipoic acid, 22,90, 140, 180, 200
Dimethylnitrosourea derivatives, 52
Dimethylsulfoxide, 114, 151
Diradylglycerol, 115
Disease
acquired immunodeficiency syndrome
(AIDS), 205
adenohypophysis hypoplasia, 160
alkaptonuria, 146
amyotrophic lateral sclerosis, 159
anorexia nervosa, 137
asbestos, 139
asphyxia, 168
ataxia-telangiectasia, 160
atherosclerosis, 82-84, 90, 99, 107
breathing muscle fatigue syndrome,
141
bronchial asthma, 137,181
bronchiectases, 160
cancer
adenocarcinoma, 178
cervical carcinoma, 153
chronic lympholeukosis, 170
colorectal carcinoma, 145
Ehrlich ascites carcinoma, 147
endometrium, 153
glioblastoma, 176
hemoblastosis, 190
larynx tumor, 181
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leiomyoma, 153, 168
lymphoblastic leukosis, 153
melanoma, 172
neuroblastoma, 173
neuroleukemia, 190
of gastro-intestinal tract, 72,79,
83,124,125
ofpleura, 139
of respiratory system, 170, 176
of stomach, 124, 128
of uterus, 168, 192, 193
rectal carcinoma, 153
sarcoma, 173
cataract, 178,179
catarrhal rhinitis, 181-184
Charcot-Kozhevnikov’s, 158, 159
cholecystectomy, 55,133,135,136
cholecystitis
acute calculous cholecystitis, 133,
134
chronic calculous, 55, 136
cholelithiasis, 132
chromosome disease, 158
chronic alcoholic cirrhosis, 129
chronic drunkards, 129
chronic gastritis, 110, 124, 125, 126,
127
chronic inflammation, 107, 116, 128
chronic pharyngitis, 181
chronic pyelonephritis, 144
chronic renal failure, 143-145
chronic subtrophic, 181
chronic tonsillitis, 186
coal pneumoconiosis, 138
complete renal failure, 147
cor pulmonale, 141,221
deforming osteoarthrosis (DOA), 60,
62,257
diabetes mellitus
insulin-dependent, 149,15 1
diarrhea, 66
diffusive cerebral atrophy, 153
disbacteriosis, 100-104
Duchenne-Aran amyotrophy, 159
dyskinesia of biliary tract, 132
emphysema, 139
endometriosis, 168

familial amyotrophic lateral sclerosis
(FALS), 159

261

gallbladder diseases, 55, 132-136
gastric and duodenal ulcer, 110,124
glomerulonephritis
chronic, 142, 143
membranous, 143
mesangial proliferative
glomerulonephritis, 142
heart failure (HFIII), 94
heat shock, 195
hepatitis B, 130
hepatocyrrhosis, 150
herniated disc, 153
hypertensive disease, 85, 105, 106,
109, 126
hyperthermia, 195, 196
hypertriglyceridemia, 84
hypoceruloplasminemia, 137
hypocholesterolemia, 83
hypoxia, 34,91,94,106,108, 124,
134, 145, 177,205
IgA-glomerulopathy (Berger disease),
142,143
inguinal hernia, 153
iron-deficient anemia (IDA), 85, 92,
110-113, 126, 127
iron-deficient state, 76
ischemia, 88, 89,93, 106, 109, 134,
142, 161,205,243
ischemic heart disease (IHD)
high-density lipoproteides, 80
low-density lipoproteides, 80
liver glycogen storage (GSD), 129
migraine, 155
multi-infarct dementia (MID), 154
myocardial infarction (MI), 83, 85, 86,
88,91, 93, 94, 96, 99, 101, 103
myotonic dystrophy, 160
nephrectomy, 143
nephrotic syndrome (NS), 142
neural atrophy, 159
neurocirculatory dystonia (NCD), 86
non-specific chronic lung diseases,
137
non-specific ulcerative colitis, 128
obstructive lung diseases, 137
oligophrenia, 158
osseous abnormalities, 164

osteoarthrosis, 60, 61, 110, 161
osteoarticular tuberculosis, 141
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ovarian cyst, 153

peritonitis, 202-204

presenile dementia, 153

rheumatoid arthritis (RA), 60-62, 109,

110, 161, 162

sepsis, 201

stenocardia, 83, 85, 87, 91, 94, 96, 99,
101

thalassemia, 113
thymus aplasia, 160
uremia, 143
vasomotor neuro-vegetative rhinitis,
181
vertebrogenic scapulohumeral
periarthritis, 161
viral infections, 107
Dithionite, 31, 69, 106
Dodecylsulfate, 51
Dosimetry, 177,187-193
Drug
4-hydroxyanisole, 172
4-hydroxytamoxifen, 170
S-nitrofuran, 52
6-( 1 H-indol-3-ylmethy1)5-methoxy-
3-(2-methylpropyl)-2-(1 H)-
pyrazinone-4-oxide (OPC-15 161),
146
acetyl-5-amino-salicylic acid (AC-5-
ASA), 128
acetyl-sulfapyridine (Ac-SP), 128
adrenalin, 87, 117, 134
albumin, 14, 15,36-38,44,48, 60, 81,
91,100,107,113,126,135, 137,
144,183
albumin bovine serum, 44,9 1,176
albumin human serum, 14,36,37,44,
91, 126,243
alimemazine tartrate, 244
allopurinol, 89
antibiotics
clindamycin, 115
daunomycin, 175
gramicidin A, 242
neomycin, 120
roxithromycin, 116
staurosporin, 120
streptonigrin, 243
tetracycline, 242,243
trimethoprim, 115

Index

troleandomycin, 131
atropine, 181
baicalin, 242
berbamine, 241
bezafibrate, 90
bromocriptine, 157
calphostin C, 130
captopril, 109
Chinese herbs, 240
chloropromazine, 176,244
chorionic gonadotropin, 168
clofibric acid, 90
clopheline, 181
closapine, 244
desipramine, 1 15,244
dexamethasone, 131
dipyridamole (curantyl), 122
doxorubicin (adriamycin), 173-175
D -penicillamine, 159
eubiotic, 102
fetasnol, 181
fibrinogen, 107,121,122
flutamide, 131
fotemustine, 172
fucoidan, 163
furazolidone (N-[5-nitro-2-
furfurylidene]-3-amino-2-
oxazolidinone), 146
glucose, 21,26,27
heparin, 6,14,80,122
heptacaine, 243
hirudin, 122,217
hydroxyguanidine (HG), 244
hypochlorite (NaOCI), 83
imipramine, 244
indomethacin, 131,163,243
insulin, 148-152
interferon
interferon-a, 131
interferon-b, 131
interferon-g, 131, 151
isosorbide-5-mononitrate, 142
Japanese herbal medicine, 240
Kampo medicines, 241
L-carnitine, 242
lithium carbonate, 244
lysozyme, 44, 113
melittin, 24 1
mitomycin, 175
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mucin, 163
nifedipine, 109
nitrofuran, 146
norepinephrine, 245
omeprazole, 127
opium, 201
pentoxifylline, 123, 131
pergolide, 157
phenylhydrazine, 32, 181
pilacorpine, 181
probucol, 90
proton pump blocker, 127
rebamipide, 127
salicylate, 51, 123
sulfacetamide, 243
sulfapyridine (SP), 128
sulfasalazine (SASP), 128
surfactant
(polyoxyethylenenonylphenol, 30,
166
surfactant
(polyoxyethylenenonylphenol), 30
thiopental, 198
trifluoperazine, 244
trihexyphenidyl hydrochloride, 244
vinblastin, 244
vitamin E, 22,82,83,91-93, 143, 147,
160,180,200,240
Duodenal
contents of, 15, 55-58, 72, 79, 80, 132,
133,136
PMC of, 124, 132, 133, 135, 136
ulcer of, 85, 92, 110-112, 124, 126,
127
Duodenal-gastric reflux, 54,72
Echinocyte, 21,24
Endarterectomy, 161
Endothelial-derived relaxing factor
(EDRF), 119
Endothelin-1, 155
Eosinophil, 2 15
Eosinyl-5-maleimide, 30, 69
Epidermal growth factor, 121
Erythrocyte
ghosts, 30, 123, 150, 241
membrane of, 22-24,28-33, 68, 69,
77, 110, 123, 129,132, 137, 148-
150, 159, 160, 176, 195, 199, 241,
242
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PMC
Cu-SOD, 14, 78, 85
Fes* (TF), 24, 38
free radical, 11, 12,22,24-30,34,
85, 87,96, 105, 110, 124, 133,
134, 161,196,201,242
of MetHb, 14,62,76-78, 85,91,
99, 108, 134, 162
preparation of, 3 1
resistance of, 30
Erythrocyte cytosole microviscosity, 3 1
Estrogen receptor, 175
Ethanol, 77,90, 129, 155
Ethylenediamine tetraacetic acid, 38
Etoposide, 243
Eye, 178,180, 181
Fallopian tubal fluids, 167
Feces
PMC of, 66,79,80,99, 100, 103
preparation of, 8, 17, 66
Feces microorganisms
Bacteroides, 64, 79
Citobacter, 64
E.coli, 64
Fenton reaction, 84, 178,240-242
Ferment
5-lipoxygenase, 57, 72
alcohol-dehydrogenase, 130
aldehyde oxidase, 145, 146
ascorbatoxidase, 34, 50, 133, 135
catalase, 22, 52, 104, 119, 120, 138,
139, 147, 165, 167, 171, 174-177,
197,243
catecholaminoxidase, 34, 133, 135
coproporphyrinogen oxidase, 132
creatine kinase, 89
cytochrome bs, 22,68
cytochrome P.s, 52, 107, 129-131,
145, 146, 165, 176,200
cytochrome Puso reductase, 107, 145,
146,200
cytochrome P4s02E1, 130
DNA-ase, 46,060, 136
ferrochelatase, 65, 73, 111
ferroxidase, 34,50,62,91, 133, 135,
197
glutathione disulfide (GSSG)-
reductase, 174
glutathione reductase (GR), 25
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glutathione S-transferase, 175
GSH-transferase, 169
guanylate cyclase, 108, 124
heme oxygenase- 1,66
heme oxygenase-2,66,73
hydrogenase, 147
laccase, 34
lactoperoxidase, 163
lecithin-cholesterol-acetyl transferase,
82
lipoxygenase, 22,82
liver heme oxygenase, 130
myeloperoxidase, 113, 147
NADP.H-oxidoreductases, 174
nitrate reductase, 100, 133,202,204,
205
NO-synthtases (NOSs), 89
ornithine decarbocylase, 175
oxyreductase, 178
peroxidase, 22, 130, 159, 163, 165,
170,173,175,181,200
phosphatase, 46,60,71,136
phosphohydrolase, 115
phospholipase A2,81,120
prostaglandin-H-synthase, 84,108
protein kinase C, 120, 130
sphingomyelinase, 81,83
sulfite oxidase, 115, 158
superoxide dismutase (SOD), 14
translocase, 23, 33,68, 117
tyrosine kinase, 149
xanthine oxidase, 88, 137,167,241,
242
Ferritin, 111,172
Ferrocyanide, 32
Fibrin-monomer, 121
Fibronectin, 122
food
barley, 128
beers, 240
coffees, 240
ersatz coffees, 240
grape, 239
green tea, 240
honeybee, 241
Jjuice, 240
oats, 128
red wine, 239
rye, 128

Index

stouts, 240
sugar, 193
wheat, 128
white wine, 239
Forensic medical examination, 245
Frontal cortex, 155
Fusinite, 178
Gallbladder, 55, 132-136
gastric
Jjuice of, 52-55, 124
ulcer of, 85,92, 110-112, 124-127
g-Factor, 4,29,47,96, 114, 182, 183
Glutathione peroxidase, 22,173,175,200
Glycation, 149, 151, 180
Glycosylation, 149
Hair, 137, 192
HbsAg, 130
Heart conserved with a goal, 94
Heinz bodies, 32
Hematocrit, 168
Hematoporphyrin, 91
Hem-NO
in blood, 51
in human liver, 51
in intestinal content, 99,102
in large intestine, 5 1
in peritoneal exudate, 203
in stomach, 5 1-54,79
in tumor cells, 51
Hemoglobin
hemoglobin-NO (Hb-NO), 51,52,90,
94,103,106,107,109
mutant (HbM), 77
oxyhemoglobin (HbO,), 14,77
Hemolysis, 27-32,68,69,78,97, 142,
200,242
Hemoprotein, 52,129
Hemostasis, 116-119, 122
Hepatic duct, 55
Hepatotoxicity, 129
Hexosomonophosphate shunt, 21,2628
Hippuric acid, 144
Hiroshima, 189
Histidine, 72,73,77, 108, 164,177
Homogentisic acid, 146
Human Immunodeficiency Virus Type-1,
206
Hyaluronic acid, 60,122,162
Hyaluronidase of bovine testis, 44



Index

Hydrogen peroxide, 23,66, 77, 90, 97,
114, 116, 119, 120, 130, 138, 139,
145, 165, 166, 171, 176, 207, 209,
210, 215,224,227, 229, 242, 243,
247,252,258

Hydroxyapatite, 187, 191, 192

Hydroxylamine, 34,162,166

Hyperbaric oxygenation, 196, 197

Hyperfine structure, 5, 13,40,43, 108

Hypochlorous acid, 109,152

Hypotaurine, 114

Hypoxanthine, 88

Immunoglobulin, 13 1, 163
IgA, 142, 184
IgG, 107, 163

India ink, 177

Induced emission, 3

Inositolhexaphosphate, 5 1

Insulin receptors, 149, 150

Integral intensity, 3

Interactions
dipole-dipole, 4
spin-lattice, 4
spin-spin, 4

Interluekin-1-  (I-1- B), 82

Intestinal contents, 202,204

Intestinal juice
PMC of, 55
preparation of, 55

Intoxication
by diquat, 199
by heavy metal ions, 199
by methoxyacetic acid, 199
by paraquat, 199
Ionizing radiation, 173, 190, 192
Ionizing radiation:, 173, 190, 192
Irradiation
by y -rays, 187
by heavy ions, 32
by X-rays, 32, 121, 156, 187, 191
of ampicillin, 194
of cefoperazone, 245
of cefotaxime, 245
of ceftazidime, 194
of dopamine, 157,245
of food
dried fruits, 193
fish bones, 241
fresh fruits, 193
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grain, 193
kernels, 193
marine products, 241
meat, 241
pips, 193
seeds, 194
stones, 193
vegetables, 24 1
of norepinephrine, 245
of salbutamol, 245
of vitamins
biotin, 245
folic acid, 245
pyridoxine, 245
riboflavin, 241,245
thiamine hydrochloride, 245
thiamine mononitrate, 245
Isomerases, 46
Keloid, 165
Kidney, 96, 141-144, 147, 148
Lactoferrin, 38,60,79, 100, 113, 186
L-Arginine, 106,119, 151
Lens, 178,179,181
Leukotriene B4, 115
Line width, 3,9,38,39,166,191
Linolenic acid, 82
Lipid
bilayer, 30,33, 121, 123, 131, 142,
149, 150, 155, 169, 199,241
docosahexaenoic acid, 120
hydroperoxides, 90
linoleic acid, 120
monolayer, 22,23, 31,33, 82
peroxidation, 2 1,23,8 1-83,89,90,
106, 129, 134, 138, 147, 151, 155,
160, 162, 163, 168, 179, 181, 186,
201,244
Lipofuscin, 180
Lipopolysaccharide, 95,205
Lipoproteins
high-density, 80-83
low-density, 80-83, 117
very low density, 80,83,90, 179
Lithocholic acids, 137
Lumbosacral radiculopathy, ,153
Lung, 107, 137-141, 170
Lymphokine, 128
Macrophage, 114, 115, 131,139, 156
Maleimide, 80, 81, 160, 179
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Malonic dialdehyde, 23, 81, 89, 141
Medium 7b, 26,28
Melanin, 129, 156, 157,165,180
Membrane fluidity, 30,69, 110, 115, 118,
121, 123, 137, 149, 153,160,242,244
Methemoglobin (MetHb), 14,21,24,34,
57, 62, 76-78, 84-86, 91-94,97-99,
107-110, 119, 134, 135, 143, 162,
200,202,203,204,205
Microflora in stomach, 52, 125
Microorganisms
Bacteroides fragilis, 54
Bacteroides species, 54
Bifidobacteria, 54
Citrobacter, 54, 100
Clostridium species, 54
Cortinarius genus, 148
Crotalus adamanteus, 81
Enterobacter, 54
Helicobacter pylori, 127, 128
Lactobacilli, 54
Proteus mirabilis, 54, 202
Proteus vulgaris, 54
Staphylococcus aureus, 8 1
Streptococcus anhaemoliticus, 54
Streptococcus viridans, 54
Trichomonas vaginalis, 147
Yeasts, 54
Microsome, 52, 130
Miner, 138
Mitochondria, 18,21,70,84,145,176
Myocardium tissue, 196
Myoglobin, 34,52, 104, 164, 165
Myoglobin-NO (Mb-NO), 51
Nagasaki citizens, 189
Nails, 192
Narcosis, 198
Nasal mucous membrane, 7,8,47,78,
181-186
Nasal secretion
PMC of, 47,50,78, 185, 186
preparation of, 7
Nervous roots, 158
N-Ethylmaleimide, 24, 176
Neuromelanin, 156,157
Newborns, 168
N-Formyl-methionyl-leucyl-
phenylalanine, 115, 120
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Nicatinamidedinucleotidephosphate
reduced, 21,22,26, 116, 120, 129-
131, 174, 176,178

Nitrate, 52,66,73,91-93,95-99, 104,
105, 107, 136, 162, 202-205

Nitric oxide, 15, 90,95,97-99, 106, 119,
136, 142, 151,155,158,164,204,205

Nitrite, 51, 52,66,73, 89,96-99, 103-
107, 114, 133, 136, 151, 162, 202,
204,205

Nitrosamine, 80, 104

Nitrosyl complexe, 52

Nitrotyrosine, 107

N-methyl-D-glucamine dithiocarbamate-
ferrous iron, [(MGD),/Fe-NO], 95

N-Monomethyl-L-arginine, 95, 141,151

Nonpregnant women, 168

Nucleic acids, 21, 145

Nutrient, 103, 169

Orellanine, 148

Osmotic lysis, 21

Otorhinolaryngology, 181

Ovotransferrin, 38

Oxidation injury, 89

Oxidative stress, 83, 88, 129, 138, 142,
152,200

Ozone, 140

Pancreas, 60, 125

Pancreatic juice, 55

para -Phenylenediamine dihydrochloride,
88

Peripheral nerves, 158, 159

Peritoneal exudate
Acinetobacter in, 202
E. coliin, 102, 202
Enterococcus faecium in, 202
Proteus mirabilis in, 54, 202

Peroxpitrite anion (ONOO), 107

pH, 14, 30, 38,39, 52,66, 89, 107, 117,
126, 148, 151, 159, 163

Phenylmethylthiolate, 152

Phospholipid
cerebroside, 22
glycerophospholipid, 81
phosphatidylcholine, 23,33, 117
phosphatidylethanolamine, 23,33
phosphatidylinositol, 33,69
phosphatidylserine, 22,23, 33, 117
sphingomyelin, 22,33, 82, 176
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Photodynamic therapy, 91, 171
pH-sensitive proteins, 126
Placenta tissue, 168
Plasma
PMC of, 10, 14, 15,28, 34,36, 38,40,
43, 47, 56, 75, 76,79, 86, 88, 91,
99, 105, 106, 110, 124, 133, 135,
137, 143, 153, 161, 170, 185
preparation of, 6, 15,40,75
Plasminogen, 121
Pleural exudate, 141
Polisaccharide, 115
Polyethyleneglycol, 80
Polyphenole, 6
Porphirin, 132
Postischemic injury, 88
Potassium chromium oxalate, 30,167
Potassium ferricyanide, 34
Pregnancy zone, 169
Programmed hemodialysis, 144
Prolamin, 128
Prostaglandin EI, 117
Prostaglandin H2, 120
Prostaglandin 12 (PGI2, prostacyclin), 84
Protein, 18,21-23, 30-33,36-39, 44, 50,
60,62, 66, 81-83, 88-91, 99, 104, 107,
111-123, 126, 128-135, 144, 145, 148-
154, 159-165, 169, 175, 179-186, 194-
200,203,240,241,242
Protoporphyrin, 22, 164
Protoporphyrinogen 1X, 132
Q Band, 189
Quinone, 6,40, 178, 195
Radical, 119,240
Radicals
1-hydroxyethyl, 129
6-O-palmitoylascorbate, 90
alkoxy, 90
ascorbyl, 70, 88, 90, 128, 151, 153,
176,201
cellulose, 193
chromanoxyl, 82
glutathionyl, 148
hydroxyl, 22, 68, 83, 84, 114, 116,
120, 124, 138-140, 145, 146, 148,
152, 153, 158, 162, 163, 173-175,
178,200,240,241,242,244
iminoxyl, 194
OCI, 109
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oxo-fenylporphyrin p-cation radical
[Por~ Fev=0], 164
oxygen, 22, 77,78, 83, 88, 90, 97,
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