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Preface

Environmental Chemistry is a relatively young science. Interest in this subject,
however, is growing very rapidly and, although no agreement has been reached
as yet about the exact content and limits of this interdisciplinary discipline, there
appears to be increasing interest in seeing environmental topics which are based
on chemistry embodied in this subject. One of the first objectives of Environ-
mental Chemistry must be the study of the environment and of natural chemical
processes which occur in the environment. A major purpose of this series on
Environmental Chemistry, therefore, is to present a reasonably uniform view of
various aspects of the chemistry of the environment and chemical reactions
occurring in the environment.

The industrial activities of man have given a new dimension to Environ-
mental Chemistry. We have now synthesized and described over five million
chemical compounds and chemical industry produces about hundred and fifty
million tons of synthetic chemicals annually. We ship billions of tons of oil per
year and through mining operations and other geophysical modifications, large
quantities of inorganic and organic materials are released from their natural
deposits. Cities and metropolitan areas of up to 15 million inhabitants produce
large quantities of waste in relatively small and confined areas. Much of the
chemical products and waste products of modern society are released into the
environment either during production, storage, transport, use or ultimate
disposal. These released materials participate in natural cycles and reactions
and frequently lead to interference and disturbance of natural systems.

Environmental Chemistry is concerned with reactions in the environment. It
is about distribution and equilibria between environmental compartments.
It is about reactions, pathways, thermodynamics and kinetics. An important
purpose of this Handbook, is to aid understanding of the basic distribution and
chemical reaction processes which occur in the environment.

Laws regulating toxic substances in various contries are designed to assess
and control risk of chemicals to man and his environment. Science can con-
tribute in two areas to this assessment; firstly in the area of toxicology and
secondly in the area of chemical exposure. The available concentration
(“environmental exposure concentration”) depends on the fate of chemical
compounds in the environment and thus their distribution and reaction be-
haviour in the environment. One very important contribution of Environmental
Chemistry to the above mentioned toxie substances laws is to develop laboratory
test methods, or mathematical correlations and models that predict the environ-
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mental fate of new chemical compounds. The third purpose of this Handbook is
to help in the basic understanding and development of such test methods and
models.

The last explicit purpose of the Handbook is to present, in concise form, the
most important properties relating to environmental chemistry and hazard
assessment for the most important series of chemical compounds.

At the moment three volumes of the Handbook are planned. Volume 1 deals
with the natural environment and the biogeochemical cycles therein, including
some background information such as energetics and ecology. Volume 2 is con-
cerned with reactions and processes in the environment and deals with physical
factors such as transport and adsorption, and chemical, photochemical and
biochemical reactions in the environment, as well as some aspects of pharma-
cokinetics and metabolism within organisms. Volume 3 deals with anthropogenic
compounds, their chemical backgrounds, production methods and information
about their use, their environmental behaviour, analytical methodology and
some important aspects of their toxic effects. The material for volume 1,2 and 3
was each more than could easily be fitted into a single volume, and for this
reason, as well as for the purpose of rapid publication of available manuscripts,
all three volumes were divided in the parts A and B. Part A of all three volumes is
now being published and the second part of each of these volumes should appear
about six months thereafter. Publisher and editor hope to keep materials of the
volumes one to three up to date and to extend coverage in the subject areas by
publishing further parts in the future. Plans also exist for volumes dealing with
different subject matter such as analysis, chemical technology and toxicology,
and readers are encouraged to offer suggestions and advice as to future editions
of “The Handbook of Environmental Chemistry”.

Most chapters in the Handbook are written to a fairly advanced level and
should be of interest to the graduate student and practising scientist. I also hope
that the subject matter treated will be of interest to people outside chemistry and
to scientists in industry as well as government and regulatory bodies. It would
be very satisfying for me to see the books used as a basis for developing graduate
courses in Environmental Chemistry.

Due to the breadth of the subject matter, it was not easy to edit this Hand-
book. Specialists had to be found in quite different areas of science who were
willing to contribute a chapter within the prescribed schedule. It is with great
satisfaction that I thank all 52 authors from 8 contries for their understanding
and for devoting their time to this effort. Special thanks are due to Dr. F. Boschke
of Springer for his advice and discussions throughout all stages of preparation
of the Handbook. Mrs. A. Heinrich of Springer has significantly contributed to
the technical development of the book through her conscientious and efficient
work. Finally I like to thank my family, students and colleagues for being so
patient with me during several critical phases of preparation for the Handbook,
and to some colleagues and the secretaries for technical help.

I consider it a privilege to see my chosen subject grow. My interest in Environ-
mental Chemistry dates back to my early college days in Vienna. I received
significant impulses during my postdoctoral period at the University of California
and my interest slowly developed during my time with the National Research
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Council of Canada, before I could devote my full time of Environmental
Chemistry, here in Amsterdam. I hope this Handbook may help deepen the
interest of other scientists in this subject.

Amsterdam, May 1980 O. Hutzinger

Seventeen years have now passed since the appearance of the first volumes of the
Handbook. Although the basic concept has remained the same some changes
and adjustments were necessary.

Some years ago publishers and editor agreed to expand the Handbook by two
new open-ended volume series: Air Pollution and Water Pollution. These broad
topics could not be fitted easily into the headings of the first three volumes. All
five volumes series are integrated through the choice of topics and by a system
of cross referencing.

The outline of the Handbook is thus as follows:

. The Natural Environment and the Biochemical Cycles,
. Reactions and Processes,

. Anthropogenic Compounds,

. Air Pollution,

. Water Pollution.

U WO N e

Rapid developments in Environmental Chemistry and the increasing breadth of
the subject matter covered made it necessary to establish volume-editors. Each
subject is not supervised by specialists in their respective fields.

A recent development is the ‘Super Index’, a subject index covering chapters
of all published volumes, which will soon be available via the Springer Home-
page http://www.springer.de or http://www.springer-ny.com or http://Link.
springer.de.

With books in press and in preparation we have now published well over
30 volumes. Authors, volume-editors and editor-in-chief are rewarded by the
broad acceptance of the ‘Handbook’ in the scientific community.

May 1997 Otto Hutzinger
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Introduction

All respiring organisms need oxygen for the generation of energy, and thus their
lives are supported by molecular oxygen (O,). If the concentration of oxygen is
greater than that normally occurring in the atmosphere, the living organisms
are exposed to oxygen toxicity. Molecular oxygen is not extremely reactive,
although it contains unpaired electrons, i.e. it possesses a radical nature. The
electronic structure of molecular oxygen means that it can form more reactive
species by univalent reduction. Such reactive oxygen species arising play an
important physiological function and can also cause damage to cell constituents.

“Life” in an oxygen environment involves a composite balance between endo-
genous generation of toxic oxygen species and the ability of organisms to pro-
tect themselves against them. Toxicity due to the oxygen species occurs in un-
balanced conditions, i.e. inordinate generation of the oxygen species or defense
mechanisms insufficient to neutralize their production.

The term “toxic oxygen species” is restricted in this book to a number of oxy-
gen free radicals': superoxide anion radical (03), hydroxyl radical (HO'), peroxy
radical (RO,) alkoxy radical (RO’) hydrogen peroxide (H,0,) as well as the
oxygen molecule in the electronically excited state called singlet oxygen (10,).

However, suggestions that toxic oxygen species are important intermediates
in chemistry and biology have been made for at least half a century, and interest
in their generation in a cell has increased enormously in the last three decades.
The reasons for this are as follows:

e the oxygen species were identified spectroscopically and were shown to
survive long enough to be reactive chemically;

e they were shown to be responsible for a wide variety of damage effects to cell
constituents like nucleic acids, amino acids, proteins, lipids, carbohydrates;

e many endogeneous processes generating highly reactive oxygen species have
been recognized (e.g. respiration, phagocytosis, autoxidation of catecholam-
ines, carboxylation or hydroxylation reactions);

o the oxygen species are formed by exogenous sources like ionizing radiation,
cigarette smoke, cytostatic drug therapy, redox reactions of herbicides and
pesticides;

! A free radical is any species actually existing, that possesses one or more unpaired electrones
occupying outer orbitals.
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o the participation of oxygen radicals in several human diseases has been
postulated;

o effective defense mechanisms preventing oxygen species damage to cell con-
stituents are recognized and research is in progress for new compounds play-
ing the role of oxygen species scavengers;

o sufficient information on the presence of !0, in high concentrations in pollu-
ted environments is available.

This book describes the chemical structure of toxic oxygen species, their sour-
ces and formation, their chemical reactivity with some biological compounds,
methods of identification, biochemical, clinical and environment aspects of
their formation, and finally cell protection against such oxygen species cellular
toxicity. This information provides the basis for understanding the oxygen
species role in environmental pollution and health hazards.
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1 Properties of Activated Oxygen Species

1.1
A Brief Survey of the Quantum Notation of Atoms and Molecules

1141
The Hydrogen Atom and the Schridinger Equation

The electronic structure of atoms and molecules, their interactions, spectra and
the nature of the chemical bond are explained in a modern way by quantum
mechanics. The behaviour of the electron in the atom is described by Schrédin-
ger’s equation, formulated in 1926 (Fig. 1).

Let us consider the simplest atom which is the hydrogen atom. For this atom,
the Schrodinger equation may be written as follows:

2

-— VY4 VY =EY
2m

where % = h/2 7, and h is Planck’s constant;
m is the mass of the electron;

2

* &
2] 2= 44— |
V2 is the Laplace operator (V =52t3 7 + az2) ;

V is the potential energy;
E is the total energy.

The equation must be solved for ¥, which assumes many values and is called
the wave function. The solutions of Schrédinger’s equation involve the
existence of various levels of energy and states described by the wave func-
tions.

The wave function ¥ depends on the space coordinates of the electron,
Y=Y (x,5,2).

The exact position of the electron in an element of the volume (dV = dx dy dz)
containing point (X,, ¥, Z,) is related to the square of the absolute value of the
wave function describing the stationary state

dP = |¥(x,, Yo, Z,)[2dV
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According to this interpretation, the normalization condition is fulfilled, i.e.

P&, y2)|Mdv=1

The |¥}? value in some small element of a space has exactly the sense of pro-
bability density of finding the electron in this space. In this sense, the electron
may be considered as a diffuse cloud, contrary to the Bohr theory, where the
electron in the hydrogen atom is treated as a negatively charged particule
moving along defined circular orbits.

The ¥ functions describing only one electron, i.e. one-electron wave func-
tions, are called orbitals.
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The solutions of the Schrodinger equation involve the existence of three
characteristic quantum numbers of an atomic orbital: the principal quantum num-
ber n, the azimuthal quantum number ¢, and the magnetic quantum number m.

The n number may assume the values 1,2,3,4.... This number determines the
energy of the electron in the atom and the radius of the orbitals. The next
quantum number, € determines the orbital momentum of an electron in its
motion around the nucleus. The azimuthal quantum number may assume the
values 0,1,2,3,...,n-1 for a given value of n. The £ number also defines the shape
and symmetry of the orbital.

The magnetic quantum number m defines the orientation of the angular
momentum of an electron about a specified direction (e.g. z-axis, external
magnetic or electric fields). The components of the angular momentum of an
electron may take only the following values:

m, =mh
For a given value of number ¢, the m number may take on the 2€ + 1 values:
0,+1,£2,+3,...,+ 4.

Orbitals having different values of number € are conventionally marked as
follows:

€=0, 1, 2, 3, 4,...
orbitas s p d f g...

All orbitals with £ = 0 are called “s - orbitals”, and they have spherical symmetry
(Fig. 2). If € = 1, the orbital is called a “p-orbital”. There exist three kinds of p
orbitals: p,, p, p,, for a given n, since for € = 1 there are three different values of
the magnetic quantum number m (-1, 0,+1). The p orbitals resemble
“dumbbells” in shape and they have a cylindrical symmetry with respect to a
given axis. They differ only in orientation.

From the above discussion thus far we can conclude that for a given value of
n, there can be one s orbital, three p orbitals, five d orbitals and seven f orbitals.
For example, if n = 3, the € values associated with this n are:

=0 €=1 £=2
(m=0) (m=-1,0,+1) (m=-2,-1,0,+1,+2)
one s orbital  three p orbitals five d orbitals

The full description of the electron state in the atom requires an additional
quantum number called the spin quantum number, s. The spin quantum num-
ber determines the orientation of the electron spin, e.g. in an external magnetic
field. There are two possible orientations of the electron spin (s = +1/2) and
(s = -1/2). The orientation may be graphically marked by arrows 7 (s = +1/2)
and | (s = -1/2). According to the Pauli exclusion principle each orbital can be
occupied by at most two electrons under the condition that these spins are not

parallel (1]).
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Let us consider the ground-state electronic configuration of the nitrogen

atom:
e B O OO
2py 2p,

152 282 2p,

The 1s and 2 s orbitals are already filled with the electron pairs, and they will
not take part in bond formation. The remaining orbitals only contain one electron.
Such description is in accordance with the Hund’s rule, which says that for a gro-
und state, electrons prefer to occupy separate orbitals (the number of electrons
in the atom having parallel spins is maximum). All three orbitals
2p,, 2py, 2p, have the same values of energy.

For a given n, the proper values of energy E, obtained from the Schrodinger
equation solution for the hydrogen atom, are described by the same relationship
as that from the Bohr theory, i.e.:

2m met
- h2n?

where m is the electron mass;

e is the magnitude of the electron charge;
n is the principal quantum number.

If n = 1, the electron occupies the 1s orbital, i.e. the electron possesses the lowest
energy. This state is called the ground state. For n > 1 the states are energetically
higher, and are called excited states. Transition of the electron from the higher
state characterized by n, to the lower state characterized by n, is accompanied
by light emission:

2met [ /1 (1Y
hV= EZ—E1= T ;l_ - —l'-l_z-
1

where n, > n;
vis the light frequency.

Transitions of the electron from higher orbitals characterized by n, = 2,3,4,5...
to the orbital having n; = 1 form the spectral series called the Lyman series.
Transitions of the electron from higher orbitals to n; = 2 gives the Balmer series;
to n, = 3 the Paschen series; to n, = 4 the Brackett series; and n, = 5 the Phund
series. For any given series n, may take all integral values greater than the n,
value.
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1.1.2
Molecular Orbitals

Atoms form molecules, and they are held together by chemical bonds. Let us
consider the simplest kind of molecule, i.e. the hydrogen molecule, H,, which
consists of two nuclei and two electrons. In this molecule two atomic orbitals of
two isolated H-atoms approach one another and a big cloud, called a molecular
orbital, is formed (Fig. 2).

In a molecule the electron shells are calculated using the molecular orbital
method in the form of the linear combination of atomic orbitals. In this method

z z z z
g; ; y E I y 9 l 6 y y
X X X X
P, P, r,

Orbitals s
A H
A bitals 1 % 0\~ 9y
' y
&=
nuclei y O+ P

Energy T, ()
CO o _
e
S P,

Fig. 2. Formation of o and n-bonds; ¢, and ¢; are the 1s orbitals of both hydrogen atoms A
and B, respectively
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molecular orbitals are considered to be linear combinations of atomic orbitals
of atoms forming a molecule as follows:

Y()=XC ¢i(7)

i=1

where 1 denotes the total number of space coordinates of the electron, ¢;
(i=1,2,3,...,n) are atomic orbitals, and C; are numerical coefficients.

The molecular orbital, like the atomic orbital, is a one-electron function, i.e.
it depends only on the space coordinates of the i-th electron. The electron wave
function of a molecule can be written as a number of molecular orbitals of
particular electrons:

We= l}’l * WZ"‘WH

and its energy is equal to the energy sum corresponding to these orbitals.

For the hydrogen molecule, the molecular orbital describing each one of both
electrons of H, in the ground state is the linear combination of the 1s orbitals of
both hydrogen atoms (denoted as A and B). Marking these orbitals by ¢, and ¢y
we describe the molecular orbitals of electrons 1 and 2 as follows:

P(1) = Caepa(1) + Cpe(1)
W(2) = Cos(2) + Cppp(2)

Finding the final form of the molecular orbitals from the Schrodinger equation
for the H, molecule is a difficult example, so we will try to approach this
question for H3. The ion consists of two nuclei and one electron. The molecular
orbital of the H3 ion is

Y=Crpr + Cpps

where @, and @j are the 1s orbitals of both hydrogen atoms, A and B, respec-
tively.

The solution of Schrédinger’s equation gives two values for the H} energy
which correspond to both molecular orbitals ¥, and ¥,:

Wg = Cg(‘pA + ‘pB)
Wu = Cu(‘PA - ‘PB)

The ¥, orbital is energetically more stable than the atomic orbitals of separate
H atoms. On the other hand, the ¥, orbital is less stable. The ¥, orbital is called
the bonding orbital, the ¥, the antibonding orbital. The relative energies of
these orbitals are shown in Fig. 2.

The values of C; and C, can easily be obtained from the normalization condi-
tions of the above-mentioned wave functions, and they are

1
& s
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The values of the S, integrals determine the so-called overlapping of the atomic
orbitals ¢, and ¢y, which is a measure of coincidence.

Thus, from each pair of atomic orbitals we can obtain two molecular orbitals:
bonding and antibonding. The bonding and antibonding properties of mole-
cular orbitals result from electron density in the regions between the atomic
nuclei given by ¥? and ¥7. Bonding orbitals have an incrased electron density
as compared to antibonding ones.

Figure 2a illustrates the overlap of two 1s orbitals with sigma (o) molecular
orbitals formation: bonding (0), and antibonding (o*). Overlap of two 2p, or-
bitals leads to the formation of bonding o(2p) and antibonding o* (2p) orbitals.
Sigma orbitals are orbitals with an axial symmetry. The o orbital has a plane
symmetry, and the rotation about a symmetry axis does not change the sign of
the wave function, ¥(1).

Figure 2b shows pi(m) molecular orbital formation from isolated 2p, orbitals.
Pi orbitals are antisymmetrical with respect to the plane of the nuclear con-
figuration. The m-orbital has one and only one nodal plane containing the
internuclear axis, the rotation about which through 180° changes the sign of the
wave function. The formation of molecular orbitals o, o*,m, n* is common in
molecules considerably larger than H, and other diatomic molecules.

It is worth noting that the bond formed by a molecular orbital is stronger if
overlapping of atomic orbitals forming the bond is greater. For example, the
overlap of 2s and 2p, orbitals (Fig. 2¢) is ineffective due to the same absolute
values of the overlap integrals and opposite signs, giving S, = 0. Similarly, the
px and p, orbitals of the A and B atoms do not overlap.

Let us consider the electronic configuration of the nitrogen molecule, N,.
From the electronic configuration of the ground state of the nitrogen atom we
notice that the 1s and 2s orbitals are filled with paired electrons and they will not
be involved in formation of molecular orbitals. If we assume that the two 2p,
orbitals are pointed at one another then their overlap gives rise to a o bond
accommodated by two 2p, electrons, which may be denoted as o(2p,). Overlap
of the 2p, and 2p, orbitals, 7(2p,, 2p,), forms two 7 bonds each of which will
hold two electrons. The molecular-orbital calculation for the nitrogen molecule
leads to the following structure of the nitrogen molecule:

N,:KK (0,(2s)* (0 25)* (m,2p)* (0,2p)*

where KK indicates the (1s) electrons of the nitrogen atoms (1s0)%(1so*)?.

The 0,(2p) orbital has higher energy than the twice-degenerated orbital
m,(2p) (i.e. containing four electrons). Thus, the N, molecule possesses one o
bond and two mbonds (N =N).

The dimensional structure of molecules indicates that their bonds have ex-
actly determined directions in space. This is attainable by hybridization of the
atomic orbitals. The hybridized orbitals are linear combinations of orbitals due
to the same atom and have similar values of energy. Hybridized orbitals have
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directional character and therefore they are suitable for being overlapped by the
atomic orbitals of other atoms showing similar symmetry. Details can be ob-
tained from quantum chemistry literature.

1.2
Oxygen

The oxygen atom possesses eight electrons and forms the diatomic oxygen
molecule which has a biradical nature, becuase two last electrons are located in
different molecular orbitals. These two unpaired electrons have parallel spin
and occupy the highest antibonding 7*(2p,) and n*(2p,) orbitals (circles
designate atomic orbitals in the case of the oxygen atom and molecular orbitals
for the oxygen molecule):

A
P
Energy m:(zpy,zpz) ®O®
x(29, 29,) ®
o2p,) )
QOO = &

%, 2, 2p, of2s) (])

2 ﬂ’ (1s) ﬁ’
1s ﬂ’ o(18) @

Oxygen atom Oxygen molecule
in the ground state (*3;)

The electronic structure of the ground state of the oxygen molecule can be writ-
ten as follows [1]:

0,[KK] (250)*(2s0*)*(2p,0)*(2p,m)*(2p,m)*(2p,m*)! (2p,*)!

where KK means the (1s) electrons of the oxygen atoms (1s0)?(1s0*)? and fully
occupied K shells, whereas stars refer to antibonding orbitals.

The state is known as the triplet sigma state (°X;). This means that O, exists
as a triplet molecule and can act like a biradical since the highest occupied or-
bitals according to Hund’s rule of maximum multiplicity are a pair of doubly
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degenerated antibonding orbitals with two electrons having parallel spins. The
parallel spins (s = +1/2 or s = - 1/2) give rise to three possible states corres-
ponding to the components of spin angular momentum (+ 1, 0, - 1) in the pre-
sence of a strong magnetic field. The oxygen molecule therefore shows para-
magnetic properties in the ground state. The X notation indicates a state having
a molecular electron cloud of rotational symmetry?.

The triplet multiplicity distinguishes O, from the nonradical biological
molecules of singlet multiplicity. The oxygen molecule in its ground state is
rather a weak oxidant because the parallel electron spin arrangement prevents
the direct addition of the electron pair to a molecule. In order to form a bond,
a spin inversion should occur which is slow in comparison to the lifetime of
collisional complexes. Simultaneous two-electron reactions with organic
molecules which are in the singlet state require a spin conversion. As a con-
sequence most of the reactions involving the oxygen molecule in the ground
state are one-electron reactions. Therefore, if energetically possible, the one-
electron reduction of the O, molecule predominates over the two-electron
reduction [2]. The protective mechanisms are responsible for survival of life
and control of oxygen concentration, and they cause its complete reduction to
H,0 [3]. The reduction of the oxygen molecule involves the successive steps
illustrated by Scheme 1.

Scheme 1. Reductive detoxication of oxygen molecule

As can be seen, the initial step is a reduction of O, by the univalent pathway
resulting in the formation of O3, and the next step is a reduction of O3 to H,0,.
The addition of three electrons to each O, molecule results in the formation of
the HO radical and the final step of the O, molecule reduction involves
generation of the H,O molecule. There are several reports dealing with the
values of the reduction potentials of the oxygen molecule. The scheme con-

% The ¥ state corresponding to the symmetric function is denoted by minus (-), and to the
nonsymmetric function by plus (+). The states denoted by g are even (gerade), whereas
those denoted by u are odd (ungerade).
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tains the values for which there is the greatest consensus in the literature data

[4].
Electronic structures of the oxygen radicals and the singlet states of the
oxygen molecule differ only by the configuration of (7*2p) orbitals.

1.3
Superoxide Radical

We saw in Scheme 1 that the superoxide anion radical is the product of one-elec-
tron reduction of O,, the additional electron entering one of the m antibonding
orbitals of the molecular oxygen in the ground state. The electronic configura-
tion of the highest occupied orbitals of O3 may be presented as follows:

o'2p,) O
“ax) D )

In aqueous solution the superoxide anion radical (O3) exists in the equilibrum
state with the hydroperoxy radical (HOO'):

Energy

HO; = H*+0; Kj=16-10"mol - ¢!

The O3 and its conjugate acid, HOO, absorb in the UV region in aqueous solu-
tion at wavelengths A, =225 nm (= 1440 £ 80 € - mol! - cm™!) and A, =
245 nm (£=2350 = 120 € - mol! - cm™), respectively [5]. The hydroperoxy radi-
cal is a weak acid whose pK* is 4.69 + 0.08 [6]. The stability of the O3 species
strongly depends on the solvent. For example in nonaqueous, aprotic® solvent O3

3 Ky, is the dissociation constant, i.e. the equilibrium constant governed by the law of mass
action. The equilibrium constant for dilute solutions is equal to the ratio of the product of
concentrations of the final reaction products to the product of the concentrations of the
reactants. Each concentration must be raised to the power equal to the number of moles of
given substances in the reaction equation. This is true for reversible reactions in a dynamic
equilibrium set at constant temperature. For O; dissociation, the equilibrium constant may
be expressed as follows:

[H*][03]
Kdiss =

[HO3]
where brackets denote the concentration in moles per litre (mol - €-!). If numbers of
moles of products and reactants are the same, the dissociation constant is a dimensionless
quantity.
* pK = - Ig Kyq.
5 Aprotic substances are those which are unable to yield or to accept a proton.
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has a lifetime of the order of minutes, whereas in highly alkaline aqueous solu-
tion it is no more than seconds.

In aqueous solution, both in acid and neutral pH ranges, O; and HOO' species
undergo the dismutation reaction

HOO + HOO' —» H,0,+ 0, (1)
HOO + 0; - HOO + 0, (2)

The rate constants® of the disproportionation reaction are rather high
(0.2-1.04) - 105 € - mol™! - s7! in the pH range (0.0-7.7) [7]. On the other hand,
the rate constant of O3 recombination

0;+0; - 03 +0, 3)
is small, k < 100 € - mol™! - s [8].

§ The rate of the first-order reaction A > B can be expressed as the derivative of the concen-
tration of the substance that has reacted in time t

v-d[A]/dt =Kk[A].

The rate of disappearance of the substance A is proportional to its concentration, where k
is the proportionality coefficient called the first-order rate constant of reaction. The rate
constant can be calculated by integration of the equation

-d[A]/[A]l=kdt
between the limits [A,] at time t;, and [A,] at time t,:
bl
= n—-—-
(t-t)  [A]
Thus, the first-order rate constant is expresed in seconds raised to the power minus one
(s-1). The rate of a bimolecular reaction, e.g. A + B — products, is proportional to the squa-

re of the reagent concentration or the product of concentration of two reagents to the power
one:

d[A] _
V—T—k[A] [B]

[s7]

and for [A] = [B] the latter part of the equation can be written

- dlal =k[A]?
dt
of after transformation
- dlAl =k dt.
[A]2

Integration of this equation between the limits [A;] at t = t, and [A,] at t = t, yields an
expression

1 1 1
k= ————) [£-mol" s
(tz—tl)([All [All) (€ mol™: 571

which is expressed in litres per mole and per secound [€ - mol™! - 57]
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As can be seen from Scheme 1, O3 can be produced either by the univalent
reduction of the O, molecule or by the univalent oxidation of hydrogen
peroxide.

The Oj sources which have been reported may be divided into two main
groups 1. physico-chemical sources and 2. biological sources.

The variety of the reactions and biological systems able to generate O3
species, and the rapid expansion of new methods for their discovery may mean
that this review is incomplete.

1.3.1
Physico-Chemical Processes for Superoxide Radical Generation

Several physico-chemical methods have been shown to produce Oj3.
(a) Cathodic reduction of molecular oxygen in aprotic solvents [9, 10] or in
water [11, 12] in a reversible one-electron way:

0,+e = 0j (4)

(b) Dissolving KO, in aprotic solvent using crown ethers [13].

(c) Synthesis of tetramethylammonium superoxide [14, 15].

(d) Irradiation of air-saturated aqueous solutions by y-rays, X-rays or elec-
tron beams from accelerators [16]:

X
H,0 —— e, HOH, Hy, H,0,, H* and HO- (5)

Solvated electrons (e;,) and H-atoms react with oxygen molecules to form O3
(Eq. 4) as follows:

HO-

The HO radical produced in the reaction at Eq.(5),in the presence of formate ion
or H,0,,is converted into HO', and O3 by the following reactions:

HO + HCOO- — CO3;+H,0 7
CO3+ 0, - 0;+CO, (8)
HO + H,0, - HO;+H,0 9)

(e) Electrolysis of O, in alkaline solutions containing quinoline or triphenyl-
phosphine oxide [17, 18].

(f) Ultrasonification of water [19, 20].

(g) Oxidation of H,0, in the presence of cations or anions such as Co?*, Cu*,
Ce**, 107 [21], e.8.

Ce** + H,0, — Ce** + H* + HO; (10)
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(h) Formation of metal (Me) - O, molecular complexes [22, 23]. The change
in the redox behaviour of the transition metal ions’ is due to their interaction
with the O, molecule. Especially important in biochemistry is the fact that com-
plexes of Fe and also of Cu, Mn, Mo or V, according to their order of abundance
in nature, form oxy-complexes and release the O3 radicals:

Me™ + 0, — MeO, < Me®*+V* 4+ 03 (11)

(i) Reduction of oxygen molecules during autoxidation of some organic com-
pounds like thiols [24], polyphenols [25-27], antibiotics [28-30], pesticides [31,
32] and semiquinones [25]. As an example, a theoretical reaction sequence for-
ming O; during autoxidation of biogenic catecholamines may be written [25,27]:

OH Hiil

)

—C—N 9% -

1L — o, +H" 12
H H CH '@7 H H; 2t H (12)

+ (13)

I—0—0
Z—T

Ir I
o

O—

I
I

l :
I—CI7—O
I—(l)—I
O—-Z—I
I
5
b
3
o .
I—0O—0
z—-
0O—2—T
wI
+
(@]
+
I

where AH denotes the catechoalmine molecule, SQ is the semiquinone free
radical, and Q is the quinone of AH.

During autoxidation of thiols, the thiol anion undergoes oxidation in the
presence of a transition ion to yield thiyl radical which can react with the O,
molecule to give O3 [24]:

HS-R-S- + Me™ — HS-R-S + Me({-D+ (14)
HS-RRM S +0, — s\-;, +H*+ 05 (15)

(j) Deactivation of the triplet state of some dyes and pigments [33, 34]. All
dye and pigment molecules are excited to singlet states by the absorption of
light and then transformed to triplet states. Several compounds are
sensitizers (S) when irradiated with visible light and thus they can produce O3
via the electron transfer process:

h
15, —5 15, 20 35, (16)

38,+0,> 8" + 03 (17)

7 Me™ + e~ — Me®V* (reduction: gain of electron)
Mett - e« - Me®+D+ (oxidation: loss of electron)
n denotes valency of metal.
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The reaction involves the electronic excitation of the sensitizer to the singlet
state ('S,) which can undergo intersystem crossing (ISC) to form the meta-
stable triplet state (3S,) of the sensitizer. The excited triplet state interacts
with an O, molecule by electron transfer to form an Oj radical. The deacti-
vation of the long-lived triplet states is essentially important for sensitized
photoxidation of many organic stubstances and the above photo-redox reac-
tion involving radical species is classified as a type I photosensitized reaction
[33].

It is worth mentioning that ultraviolet radiation of melanins, dark-coloured
pigments of high molecular weight formed by the enzymatic oxidation of phe-
nols, mainly tyrosine, dopa, tyramine, etc, wide spread in the animal and plant
Kingdom, also generates Oj in this way [35].

Apart from the above-mentioned physical factors initiating generation of O
radicals, a new factor - temperature - is suggested. It has been shown [36] that
the concentration of Oj species increases with increase in temperature. The
observed increase may be explained by an increase of the oxygen concentration
in a cell as a result of the restraining respiratory chain and oxygen utilization via
hyperthermia [37].

1.3.2
Biological Sources of Superoxide Radical

The superoxide anion radical is formed in all aerobic organisms. O3 is not a
main product of the biological reduction of molecular oxygen because rules of
quantum mechanics lead to a spin restriction that favours its divalent reduction
[38].In living systems the redox reaction proceeds either under enzymatic con-
trol or the radicals are formed radomly in the presence of the potential electron
donors. A number of enzyme systems are known to catalyze the transfer of elec-
trons in a one-electron way.

Although the majority of the biological sources of O; remain otherwise
unknown, the essential sources producing substantial amounts of O3 radicals
may be specified.

(a) Enzymes including xanthine oxidase [39], aldehyde oxidase [40], and
dihydroorotic dehydrogenase [41] have been shown to produce the O3 radical.
A number of flavoprotein hydroxylases, oxidases and dehydrogenases show
the ability for O; production [42] as well as galactose oxidase [43], indo-
leamine dioxygenase [44] and other enzymes [45, 46], which act via formation
of this radical as an intermediate. It is interesting to mention that flavoprotein
oxidase can catalyze direct reduction of O, even in the absence of cytochrome or
cytochrome oxidase. It is possibly due to the presence of riboflavin, i.e. the
prosthetic group of flavoproteins which are stable in their semiquinone form
or at one-electron reduced forms. The O3 generation can occur by the reaction
at Eq. (13).

(b) Mitochondrial and microsomal electron chains. Subcellular organelles
such as mitochondria [47, 48] and chloroplasts generate O3 [49, 50]. Intra-
mitochondrial O} concentration is about 8 pmol - € ! [51]. About 75% of all
the O3 production in a cell originates just from the mitochondrial membrane.
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(¢) Transport of molecular oxygen by hemoglobin (Hb) catalyzed by protein
also leads to Oj formation during oxidation of hemoglobin to methemoglobin
[52]

Hb-Fe 2* = Hb-Fe**-03 (18)

(d) Continous generation of O; radicals by members of the respiratory chain
in the reduced form such as ubiquinone, cytochrome b and the iron-sulfur centres
of the succinate dehydrogenase-cytochrome b system [53]. Especially large
amounts of O3 are liberated during the respiratory burst accompanying
phagocytosis by human polymorphonuclear leucocytes or granulocytes [54].
During phagocytosis oxygen consumption by polymorphonuclear leucocytes
increases about 80 times, and the consumed oxygen is converted into the oxygen
species. For example, human neutrophils stimulated by a chemotactic factor can
release at least 1.35 nmol of O3 per million cells per min at 300 K [55].

(e) Autoxidation and oxidation of biogenic catecholamines (dopamine,
noradrenaline and adrenaline) by ceruloplasmin and/or in the presence of trace
amounts of transition metal ions [56-59], melanins [60] as well as by a wide
variety of normal and malignant cell types stimulated by cytokine-growth
factor or tumour cells [61].

(f) Synthesis of prostaglandins and tromboxans [62]. The O; generation
involves a variety of radical redox reactions yielding other oxidants such as
H,0,,H0",'0,,R0’,RO0'".

14
Hydrogen Peroxide

Hydrogen peroxide may be formed as a result of two types of reactions:

(a) Univalent reduction of molecular oxygen to O3 relates to the catalytic and
non-catalytic dismutation of Oj. For this reason H,0, is always present in all
systems producing O3, e.g. according to the reaction at Eq. (1) [63]. However
this reaction is rather slow (k = 4.5 - 10° € - mol™! - s!) [64] to have important
biological meaning, but is strongly catalyzed by transition metal ions [65],
especially iron ion:

2H*
Me(n+ 1)+ + O; E— Men+ + H202 (19)

Trace amounts of iron are present in most biological systems. It has been found
that the iron concentration in liver cytosol may reach even 130 mmol - €-! with
average values of 55 mmol - €-! [66]. It is well documented that H,0, is con-
tinuously generated in vivo during phagocytosis and by endothelial cells
[67-69]. Oxidation of thiols such as cysteine or glutathione with O3 can also
yield H,0, [70]:

HS-CH,-CH-COOH + HO; ——» 'S-CH,~CH-COOH + H,0, (20)

NH, NH,
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Likewise, oxidation, both spontaneous as well as enzyme and metal ion catal-
yzed, of catecholamines, melanins and other biologically important polyphenols
is accompanied by H,0, generation. The reactions predicted by theory in which
H,0, can be generated during oxidation of biogenic catecholamines (dopamine,
noradrenaline, adrenaline) are as follows [25]:

i : !
H C—R H —R
1 - 1 ; 21
H #Hz + HO—> _ I'_|2 + HO (21)
*F, R,
H H
AH AH™
H . )
..g:O_EH Ty Me("+1)+—>__ |_R1 +Me™ (22)
I 2 ?Hz
']‘_Rz lil—R2
H H
sQ
W H
!
o C—R —R
1 Ol +
_0©+H2 +0, —> g | | EHZ 1405 +H (23)
] |
'il Ry ']"—Rz
H H
Q
R,=H R,=H Dopamine
R;,=0H R,=H Noradrenaline
Rl = OH Rz = CH3 Adrenaline
AH- + 03 +2H* — SQ + H,0, (24)
Q+0; +H* - SQ + H,0, (25)

where AH is the catecholamine molecule, SQ' denotes the semiquinone free
radical of AH and Q is the quinone of catecholamine.

Catecholamines undergo ring closure forming 5,6-dihydroxyindole com-
pounds as well as the corresponding semiquinone radical and quinones of these
compounds. Thus, the similar reactions generating both O; and H,0, molecules
can be repeated for the above-mentioned intermediates [58, 59]:

.
H N - g =
I
R2 R,
5,6-Dihydroxyindole Quinone
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(b) Divalent reduction of O,, which is carried out by numerous oxidases like
xanthine oxidase, uricase, and p-amino acid oxidase [48, 63]. The enzymes
generating H,0, by divalent reduction are usually localized within peroxisomes.

It is widely documented that H,0, generation occurs in microsome [71],
tissue homogenates [72], illuminated chloroplasts [73], and mitochondria iso-
lated from different sources [48]. It was demonstrated that H,0, could be gene-
rated at concentrations ranging from 10~ to 10”7 mol - €-! in perfused rat liver
[74]. Submitochondrial particles containing either NADH® or succinate are also
known to be efficient sources of H,0, [48]. The rate of H,0, generation in mi-
tochondria depends on metabolic states [75], which may suggest that H,0, is
produced by components of the respiratory chain such as ubiquinone,
cytochrome b and the transition metal-containing centre of the succinate
dehydrogenase cytochrome b complex [48].

It is worthwhile to note that under pathophysiological conditions such as
radiotoxemia, carcinogenesis, and strong mental stress, the yield of endogenous
H,0, production is increased. Among all oxygen species resulting from reduction
of molecular oxygen, H,0, in the most stable and readily determined.

1.5
Hydroxyl Radical

Superoxide radical and H,0, are relatively non-toxic per se but they are pre-
cursors of the most powerful oxidant occurring in biological systems, i.e. the HO
radical. The hydroxyl radical has not been detected directly in vivo. Its detection
is generally inferred from its strong oxidative properties since it reacts with
many cell components with rate constants of the order of 10°-10"! € - mol*- s,
and from the presence of HO' -scavengers in cell components.

However some controversy arises concerning what are the sources of HO
radicals in biological systems, and there exist several reactions by which HO
may be producted in a cell, which are generally accepted. A number of the
physicochemical reactions involved in environment can be specified.

(a) Photolysis of hydrogen perocide [21]

H,0, % HO" + HO' (26)

(b) Irradiation of oxygenated aqueous solution by y-rays, X-rays or electron
beams from accelerators (reaction at Eq. (5)) [6].
(c) One-electron transfer to ozone [76, 77].

O;+e — O03PdO,+ 0" (27)
O-+H,0 = HO +HO (28)
05;+H,0 = HO,+HO- (29)
HO, - HO +0, (30)

8 Nicotinamide adenine dinucleotide, reduced form.
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These reactions may play a crucial role in ozone toxicity [78].
(d) The Haber-Weiss and Fenton reactions [79-82]:

0; +H,0, — HO +HO-+10, (31)

The reaction of O3 with H,0, is slow:k=3.0 £ 0.6 £ - mol™! - s7! [83] and has only
historical meaning under the name of the Haber-Weiss reaction. This reaction is
accelerated by the presence of many transition metal ions of varing redox potential
(Fe?*, Cu*, Cr?*, Co?*, etc.) or their complexes, as H,0, reacts rapidly with them:

H,0,+ Me™ —> HO +HO" + Me®+D+ (32)

The latter reaction when Fe?* was used is known as the classic Fenton reaction,
and the mixture of Fe?* salts and H,0, is called Fenton reagent. The Me* * ions
can return to the Me™ form in the presence of O3 or H,0,,according to the reac-
tions at Egs. (19) and (10), respectively. Additionally, the O3 radical may form a
complex with some transition metal compounds, to become more stable and lon-
ger-lived than free O3 . Such a complex may also react with H,0, to yield HO'".

The Haber-Weiss reaction modified by Fenton is believed to be the most
important source of HO' in biological systems. The conditions for such a type of
reaction to occur exist in a cell because various forms of complexed iron are pre-
sent in it, for example in heme or ADP? [84, 85]:

ADP
ADP-Fe** +0;  — ADP-Fe?* +10, (33)
ADP-Fe?* + H,0, — ADP-Fe** + HO + HO" (34)

Cytotoxic action of bleomycin (BLM), an antibiotic showing antitumour activ-
ity, is also assumed to lead to the HO" formation in a similar way [86]:

® Adenosine 5’-diphosphate.
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Similarly, Cu?* jons readily form complexes with amino groups of proteins and
other biomolecules and they undergo reductions to Cu* ions which are able to
generate HO" by a Fenton-type reaction in the presence of H,0, [87].

(e) Reactions of organic radicals, e.g. of semiquinone, thiyl and even simple
ones such as those of ethanol or propanol, with H,0, [21, 24, 25, 27]:

CH,0H + H,0, —— CH,0 + H,0 + HO’ (39)
Mitochondrial ubisemiquinone (UQH") is an important catalyst in HO radical
production [88]:

UQH'+H,0, —— UQ+HO +HO- (40)
The same compound is responsible for the generation of O; by mitochondria.

Ubihydroquinone (koenzyme Q) CoQg occurs in certain microorganisms, and
CoQ is present in mitochondria of the majority of mammals.

0
HQCO CHs n=6 Cer
H,CO (CH-CH=C—CH,) H
CH n=10 COQ10
(¢]
Coenzyme Q — oxidized form
OH
n=6 CoQ,
H,CO Hy
H,CO (CH;-CH=C—CH,) H n=10 CoQ,,
CH
OH

Coenzyme Q- reduced form

Similarly, the thiyl radical generated during autoxidation of thiols (reaction at
Eq. (14)) can react with H,0, to give HO" as follows [24]:

HS-R-§ + H,0, —> S\—/S + HO™ + HO (41)
R

(f) Decomposition of peroxynitrite in the presence of protons [89]. Peroxyni-
trite is formed during the interaction of the nitric oxide radical (NO’) with
03 [90]:

NO' + 03 — ONOO- (42)
ONOO-+H* — NO;+HO (43)

Both NO and Oj; radicals are generated by vascular endothelial cells [91].

(g) Finally, the generation of HO radicals and also O3 has been observed
from photoexcited powdery semiconductors such as TiO,, WO;, CdS and Fe,0,
in aqueous hydrogen peroxide solution [92].
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1.6
Singlet Oxygen

Superoxide anion radicals, hydrogen peroxide and hydroxyl radicals are formed in
normal biochemical processes as well as on exposure of biological systems to light
or irradiation. These oxygen species are known to be precursors of an energetically
richer form of molecular oxygen called singlet oxygen.

Singlet oxygen was discovered in 1924, but an explosive development of study
of its physico-chemical and expecially biological properties has been recorded
since 1963, and more than one hundred papers are published annually [93].

1.6.1
Spectroscopic Properties

Absorption of a suitable portion of energy by the oxygen molecule, e.g. by ex-
posure, irradiation or by its mode of formation, may change the electronic
structure such that new states are formed. Molecular oxygen has two low-lying
singlet states, lower, 'A,, and higher, 'X%. Electronic configurations of these
states differ from the ground state configuration only by structure of the anti-

bonding mr-orbitals, and may be depicted as follows:

Energy o) O Q
n"@2p,2p,) @ O @ @

Singlet oxygeninthe A gstata Singlet oxygen in the 12; state

The 'A, state is not a radical, because the electrons in the highest occupied or-
bitals occupy the same 7*(2p,) orbital and their spins must be antiparallel,
according to the Pauli principle. It has the following configuration of molecular
orbitals [94]:
0, [KK (250)*(250*)*(2p,0) (2p,m)*(2p,m)* (2p,m*)* |.

In the second excited state, '%.%, the electronic configuration of the oxygen mole-
cule is identical to that of the ground state, but in this state the last two electrons
have antiparallel spins. Since the transition from the 'A, state to the *3; state is
spin-forbidden, 'A, is a relatively long-lived species. On the contrary, the 'S}
state is sufficiently short-lived due to a spin-allowed transition to the A, state.
Radiative lifetimes of Oz(lAg) and 02(12’;) in the gas phase, estimated by in-
tegrated absorption measurements, are 45 min and 7-12 s, respectively [95].
The 'A, state of the O, molecule is much more stable as ascertained by the deter-
mined lifetime and will be mainly referred to in this book.

Collisions of singlet oxygen with other molecules shorten the lifetimes
drastically. For example, for O,- 0, molecular pair singlet excited states (also cal-
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led '0,-dimoles or 'O,-dimers) such as 2 O,('A;, 'Ay), 2 0,('A;, 'S%) and
2 0,('Z}, 'E}), formed during collision of the single molecules of oxygen in
excited state 1Ag, 12+g, the following radiative lifetimes have been calculated:
1.5,1.7 and 0.3 s, respectively [95].

In solution the lifetimes are decreased drastically and vary from 106 to 10~* s
for the 'A, state and from 107! to 10~ s for the X} state [96, 97]. They are strongly
dependent upon the type of solvent. The shortest lifetime of 'A,, about 2 ms, is
observed in water, the longest in Freon-11 (about 1000 ms) [98]. The lifetime is
usually increased by a factor of 10 in deuterated solvents [99]. The solvent effec-
ts on the lifetime of 'O, are discussed in some detail by Kearns [98] and are
beyond the scope of this book as they are not concerned with biological con-
ditions.

The 'A; and '3}, states have energies of 95 and 158 k] - mol™! above the triplet
ground state, respectively [100]. A greater number of papers have appeared
which describe a light emission accompanying radiative deactivation of elec-
tronically excited oxygen as well as spectroscopic comparison with its absorp-
tion bands observed in the gaseous state at high presure [95-97, 101 -104].

Although the 'Y} «» % transitions in the single oxygen molecule, observed
at 762.1 nm, are highly electric dipole forbidden on the basis of both spin and
symmetry, and the 'A; <> °X; transitions at 1268.7 nm, in addition, orbitally
forbidden, these transitions are observed in the absorption and emission
spectra due to the extraordinary metastability of the 'A, and '3} states. The for-
bidden transitions in the single molecules became spin-allowed for the stimul-
taneous transitions in the collision pairs. The emission from single molecule
oxygen excited states and from O,- O, molecular pair excited states is observed
with gaseous oxygen as well as in solution. In the latter case, the emission comes
from metastable singlet oxygen trapped in gas bubbles. The transitions are
shown in Fig. 3.

The emission observed at 1070 nm corresponds to the vibrational levels
(1 > 0) of the 02[1Ag — 3%;] transition. The remaining transitions presented in
Fig. 3 correspond to the simultaneous transition of two excited oxygen mole-
cules to the ground state in a two molecule-one photon process. For example,
the 2['A,] — 2[’X;] transitions with the vibrational quantum numbers of
(1, 0), (0, 0) and (0,1) are observed at 580, 640 and 700 nm, respectively
[104]. The emission at 381 nm is the (0, 0) transition in the 2['E3] — [*X;]
system.

For exhaustive detail related to spectral properties of !0,, the reader is re-
ferred to the excellent review of Khan and Kasha [105].

1.6.2
Generation of Singlet Oxygen

There exists several sources generating '0,. These sources fall into five groups:

e chemical
e physical
o photosensitized reactions
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Fig. 3. Emission transitions of molecular oxygen observed for single molecule states and
simultaneous transition O,- 0, molecular pair states with vibronic components

e biological
e pharmaceutical origin

1.6.2.1
Chemical Sources

(1) The reaction hypochloride ion (OCl") with hydrogen peroxide in aqueous
solution generates both 'A, and 134 states of 10, [105]:

OCl" + H,0, — HOCI + HO; (44)
HO,+HOCI — HOOCl+ HO- (45)
HOOCl+HO- — H,0 + CloO- (46)
CloO- - 10,+CI (47)

A similar mechanism of '0, generation is proposed for the decomposition of
H,0, by bromine or chlorine in alkaline solution {106, 107]:

H,0, + Br, — H*+Br + HOOBr (48)
HOOBr + HO- — H,0, + BrOO- (49)
The bromoperoxy anion undergoes decomposition to !0, and bromate anion

according to the reaction at Eq. (47). It is worth noting that the emission is inten-
sive and can even be observed visually in a darkened room.
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(2) Hydrogen peroxide disproportionation catalyzed by molybdate ions
(MoO?%) in moderately alkaline solution [108]. The MoO% reacts catalytically
with H,0, to form '0,,and MoO?%" anion is formed as an intermediate:

MoO?% +2H,0, — MoO2 + 2H,0 (50)

MoO?- - Mo0% +10, (51)
The !0, formation has also been reported during base catalyzed dispropor-
tionation [109]:

H,0,+HO- = HOO +H,0 (52)

H,0,+ HOO- — H,0+HO +'0, (53)

(3) Decomposition of organic peracids in alkaline solution, e.g. peracetic acid
[107]

+ '?—OH + %o, (54)
CH

(4) The Trautz-Schorigin reaction: the oxidation of formaldehyde by H,0, in
the presence of pyrogallol, known as the Trautz-Schérigin reaction [110,
111], is a very efficient source of '0,. This species may also be generated
during peroxidation of formaldehyde in the presence of several biologically
important polyphenols and quinones, and the following reactions sequence
is proposed [111-114]:

HO H. . ,OHHO H__OH HO, H_ _OH (55)
=0 —2-» 23 e 2.2 "IN~
H,C=0 H~ " oH HCo—oH ~ H ~o—0
CH,O0 + H,0, — CH,(OH)00- (56)
CH,(OH)OO +SQ — CH,(OH)OO (57)
2CH,(OH)0O — CH,(OH)OOCH,OH + !0, (58)

The yield of the 'O, generation was strongly enhanced in the presence of
semiquinones (SQ’) compared to that found during peroxidation of CH,O alone
[113,114].

(5) Autoxidation or peroxidation of a number of biologically important phenols
and polyphenols [58, 115-120] such as gallic acid, pyrocatechol,
dopa, biogenic catecholamines, and tetracyclines.

Singlet oxygen generated during oxidation of the compounds mentioned
above is believed to be a product of the interaction between the reduced oxygen
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intermediates such as O3, HO" and H,0,, (see reactions at Egs. (1), (3), (31),and
(33)). Additionally, it has been shown [105] that the oxidation of O3 produces
singlet oxygen:

0; — 0,+e (59)
as well as the reduction of HO radical by O3 [121]:

0; +HO* —» HO +!'0, (60)
(6) The electron transfer from O3 to radical cations (X*) [122]:

X*+0; - X+!0, (61)

(7) The decomposition of the oxygen complexes of the transition metals, for
example potassium peroxochromate (K;CrO;) in aqueous solution [123]:

4CrO} +2H,0 — 4CrO% +4HO + 70, (62)
The decomposition of this ion in basic solution also liberates O3.

(8) The base-catalyzed decomposition of peroxyacetyl nitrate, a compound
generated by sunlight in polluted atmospheres containing hydrocarbons
and nitrogen oxides [124]:

% 1 . (63)
Hac—é—O—O—N02+ 2HO™ —» Hac—g—o— + NO; + O2

(9) The dismutation of two secondary butylperoxy radicals (so called Russel
termination mechanism) [125-127]:

OO | é
2 3¢l —> —C—0-0-0-0—C—H —»
/7 H I |
|
— >c=o + —G—OH 4 ‘o, (64)

H

and the self reaction of hydroperoxy radicals [128]:
2HOO —» H,0,+!0, (65)

(10) Photolysis of ozone by ultra-violet light [129]

h
0; —— 10,+0('D)™ (66)
A<260 nm

19 Electronically excited oxygen atom with an energy of about 2 eV above the ground
state, O(°P).
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(11) Spontaneous decomposition of the adducts formed between phosphite

esters and ozone [130]. In the reaction of triphenyl phosphite with ozone at
203 K in a methylene chloride solution the adduct is formed, which is stable
at low temperatures. When the adduct is allowed to warm it decomposes to
phosphate and !0, is evolved:

0
7N
(CgH5O);P + O3——=(CyH;0), P O 228K, (C(H,0)P=0 + 'O, (67)
o

Ethers and alcohols also react with O, to yield 10, [131].

(12) Oxidation of nitric oxide by ozone [132]

NO+0, — NO,+!'0, (68)

(13) Decomposition of endoperoxides [133]; aromatic hydrocarbons such as

anthracene, rubrene and tetracene, cyclohexandiene derivatives, furans,
and sulfides form endoperoxides during photosensitized autoxidation.
These peroxides undergo decomposition on heating to release '0, and the
parent substrate:

(m heating (I):) + 102 (69)

1.6.2.2
Physical Methods

(1) Electric discharge [134,135]; in this method molecular oxygen of high puri-

ty (99.999%) is passed through a discharge zone (the quartz tube), es-
pecially constructed in order to obtain maximum absorption by oxygen,
with linear flow at a pressure 1-10 torr. Microwaves are generated by
magnetron, e.g.type 12 T 202 Bosch (Germany) operating at 2450 MHz with
a power up to 200 W. The atomic oxygen also generated during the electric
discharge is removed with mercury vapour passed through the discharge
zone by formation of a mercuric oxide ring.

(2) Laser irradiation [135, 136]; the next method of the direct generation of

singlet oxygen requires high oxygen pressures, up to 140 atm, since the ab-
sorption intensity is proportional to the square of the oxygen concentration.
Therefore the reaction vessel must be a high pressure cell which withstands
such high pressure. The 1.065 pm beam from the Nd-YAG laser (multimode
C.W. at a power of 4-6 W) can be used, for example, in order to obtain the
'A, state.
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1.6.2.3
Type Il Photosensitized Reactions

Sensitizers which may react by the Type II mechanism are organic dyes. The
process of 'O, production via photosensitized reactions, a basic method for
generating '0, in a biological system, has been shown to occur according to the
following equation [137, 138]:

IsC 0,
ISO + hV - ISI —_—> 381 el ISO + 102 (70)
k=10°€¢-M1.s!

where 'S, is the dye molecule in the ground state, 'S, and 3S, are the dye mole-
cule in electronically excited singlet and triplet states, respectively, and ISC
denotes intersystem crossing.

The photosensitized reaction proceeds by the energy transfer from the triplet
state of the sensitizer to the oxygen molecule producing 'O,. The most effective
sensitizers are, therefore, those which give a long-lived triplet state. Dyes such as
rose bengal, eosin, methylene blue and pigments (flavins, porphyrins, chloro-
phylls) and aromatic hydrocarbons (anthracenes) are very effective sensitizers.

Rose bengal, eosin and methylene blue are sensitizers very often used in labo-
ratories for 'O, generation.

Rose Bengal

Br
O

Br
O. 0
90¢
O,N NO,
l coO”

EosinB

L
N

Methylene Biue
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Flavins such as riboflavin (vitamin B,), present in lean meat, liver, kidney, cereal
germ and milk is a prosthetic group in a large number of systems carrying out
cellular oxidation. Riboflavin is the basic structural unit of coenzyme FMN!!

and FAD 12,
0
y N CH,
XX
(0] lil ° CH3
CH;-CHOH—CHOH—CHOH—CH,OH

Riboflavin (vitamin B,)
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Porphyrins are porphins with hydrocarbon substituents in the pyrrole and
pyrrolenine rings. Porphin is the main constituent part of blood heme and
chlorophylls a and b. Heme is the prosthetic group known as ferroprotoporphy-
rin IX bound to a protein globin through a coordinate bond. Heme contain
ferrous ion (Fe?*) in the centre of the molecule with four nitrogen ligands pro-

11 Flavin mononucleotide.
2 Flavin adenine dinucleotide.
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vided by the protoporphyrin and another from a histidine in the protein and the
sixth coordination position may be occupied, e.g. by O,. In this case Fe** is oxi-
dized to the ferric ion (Fe**) and methemoglobin is formed.

—c
= CH—CH
no—d Ve HC\%:(
N
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,

| N N N
Y \
N H,C \
. "OOCH,CH,C H CH, CH coo”
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It has been shown that several endogeneous as well as exogeneous com-
pounds can sensitize the !0, formation both in the gas and liquid phase [139,
140]. The rate of the 'O, formation depends mainly on the oxygen concentration
and on the type of sensitizer.

Some olefins and aromatic compounds from automobile exhausts can also
act as sensitizers [130, 131].

1.6.2.4
Biological Systems

The !0, formation in biological systems has been described in several excellent
reviews [141-143]. Special attention has been paid to the formation of 'O, with
the participation of a number of enzyme systems like myeloperoxidase, micro-
somal lipid oxidase, chloroperoxidase, xanthine oxidase, lactoperoxidase, lipo-
xidase, prostaglandin oxygenase, cyclooxygenase, and lipooxygenase.

The enzyme system consisting of a peroxidase (myeloperoxidase, chloro-
peroxidase, lactoperoxidase), H,0, and a halide ion such as bromide, chloride or
iodide (X-) has been reported to produce !0, by the following mechanism
[144-149]:

peroxidase
H,0,+ H"+X- —— H,0+ HOX (71)
H,0,+HOX — H,0+H'+X +10, (72)

The halide ion plays the role of a cofactor and is oxidized by H,0, and per-
oxidase, producing '0,. This method of !0, generation is similar to that of the
chemical reaction of the OCl- plus H,0, interaction, the reactions at
Eqgs. (45)-(47).

Singlet oxygen generation by xanthine oxidase when incubated with one of its
substrates has been reported in several review [150-153]. Most authors postu-
late the !0, generation by a metal catalyzed Haber-Weiss reaction (Egs. (31) and
(32), since the xanthine oxidase system generates O3 and H,0,, and/or via the
dismutation of O3 formed through an electron transfer.

Very compelling evidence has shown that 'O, is produced by the microsomal
lipid oxidase in the presence of NADPH® through the self-reaction of lipid
peroxy radicals according to the Russel mechanism reaction at Eq. (64)
[154-157]. However, several investigators have obtained divergent results
dealing with the identification of '0,, but these discrepancies may be mainly
attributed to technical differences in experiments.

The Russel mechanism has also been postulated to be responsible for the 'O,
generation when prostaglandin-endoperoxide synthethase acts on arachidonic
acid [158, 159].

13 Nicotinamide adenine dinucleotide phosphate, reduced form.
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1.6.2.5
Pharmaceutical Substances

Drugs used in the treatment of cancer or various infectious disease, e. g. bleomy-
cin, rubidazone, daunorubicin, adriamycin, armorubicin (the structura analog
of adriamycin) or mitomycin C can be responsible for 'O, generation [160-164].

CH 0
o OH [ I

C=N—NH—C—C oHs

i Il
CHZO—C—NH2
N OC H,
o) NH

HO

Adriamycin Mitomycin C
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For example, the mechanism of DNA ™ degradation by bleomycins, a group of
glycopeptide antibiotics showing antineoplastic activity, has been found to be
related to its ability to generate reactive oxygen species as well as !0,, according
to the reactions at Egs. (35-(38), (60), (65).

It is worth noting that psoralen and derivatives, compounds used in therapy
of certain skin diseases, are good sensitisers.

H
| I
O O °
Psoralen

Although there exist many more reactions generating toxic oxygen species
and '0,, their discussion is limited by space in this book. This chapter has
attempted to select from available literature the particularly significant reac-
tions from the environmental and health point of view, at the present state of
knowledge in this field.

14 Deoxyribonucleic acid.



2 Role of Transition Metal lons in Generation
of Oxygen Species and Their Interconversion

Of the oxygen free radicals which could potentially be involved in the generation
of singlet oxygen, HO', 03 and ROO' (i.e the three which are involved in excess
in biological systems) seem to be the most likely candidates. Many of the oxygen
species such as 03, HO', O, 0, and !0, are always present in a cell since they are
involved by exposure to sunlight, the earth’s natural background of high energy
radiation and by a normal physiological mechanism. The autoxidation of in-
dustrially important chemicals and the oxidation of several compounds in the
atmosphere are also efficient sources of these species.

The oxygen species easily undergo interconversion into each other under
physiological conditions (Fig. 4). For a description and discussion of the known
interconversion reactions of !0, and other oxygen species, the reader is referred
to compilations by Singh [165] and Bielski et al. [5]. The compilations also con-
tain free energies and rate constants for oxygen species conversion in aqueous
solution.

Most transition metals play an important role in the generation and decom-
position of active oxygen species due to their ability to participate in oxidation-
reduction reactions. Their variable valency allows them to take part in radical
reactions, and they can act as donors and acceptors of electrons. Especially
important for living organisms are, according to their order of abundance in
nature, iron, copper, manganese, molybdenum and vanadium ions. Activation or

0,

H,0, HO'

ROO' 0,

102

Fig. 4. Interconversion of oxygen species
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deactivation of the oxygen molecule by the metal ions may also result from the
ability of the ions to form reversible complexes or to change the conformation
of a biomolecule. Formation of the oxy complex, which is a diamagnetic mole-
cule, removes the restrictions for the oxygen reactions with molecules in the
singlet state. It causes an increase in the oxidation properties of the oxygen com-
plexes compared to the oxygen molecule alone. The variation in the redox be-
haviour of the metal ion and its spin state results from the type of ligands and its
field geometry.

The variation of the metal ion redox properties by its coordination sphere is
responsible for the broad spectrum of the transition metal ions interaction with
the oxygen molecule. All of the transition metal properties are important in a
normal physiological mechanism as well as in pathological conditions associa-
ted with the deregulation of the oxygen molecule activation.

In humans 70% of the iron is present in hemoglobin and about 25% as stor-
age iron (myoglobin, various enzymes and transferrin). In aqueous solution,
iron occurs in two oxidation states — divalent as ferrous (Fe?*) and trivalent as
ferric (Fe**). The physiologically stable form of iron is trivalent, and biological
systems are able to transport iron in its stable triplet state. Activation of the oxy-
gen molecule by iron ions is a normal physiological reaction, as iron is involved
in the transport of O, by hemoglobin (reaction at Eq. (18)). Hemoglobin for-
mulates with the oxygen molecule a superoxo-Fe** complex [22, 166, 167].

Transferrin, the transport glycoprotein, can bind at most two moles of iron
per mole at physiological pH [168]. The next protein, similar to transferrin,
released by phagocytic cells, lactoferrin, is present in several body fluids and in
milk. It also binds 2 moles of iron per mole of protein [169].

Iron transferred within a cell is stored as ferritin and hemosiderin. Ferritin
consists of a protein shell surrounding an iron core which can contain as many
as 4500 atoms of iron per molecule of protein. Ferritin is present in all mamma-
lian cells, with the greatest concentration in the liver. Iron enters ferritin as Fe?*
and is converted into the oxyhydroxide form of Fe?* in the presence of the pro-
tein as an oxidant. Iron can be released from ferritin as the divalent ferrous ion
(Fe?*). Several models have been proposed for the formation of ferritin and iron
release from it [170, 171].

In lysosomes, ferritin can be transformed into an insoluble compound known
as hemosiderin.

Iron is also a component of the terminal oxidase of the mitochondrial elec-
tron-transfer pathway, cytochrome oxidase and several other enzymes such as
microsomal cytochrome P450, both heme and non-heme containing di-
oxygenases, hydroxylases of phenylalanine, tyrosine and tryptophan, and xan-
thine oxidase [172].

Enzymes which are involved in defence mechanism against O3 and H,0, like
SOD!, catalase and peroxidase also contain iron atoms.

! Superoxide dismutase.
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Apart from the above-mentioned complexes of iron ions with high-mole-
cular-weight compounds, iron also chelates with low-molecular-weight chela-
ting substances such as ADP, ATP? organic acids, membrane lipids or DNA?
[173].

The stability of the oxy-complexes [MeO,]** strongly depends on the pH. In
the presence of proton donors they undergo decomposition to yield H,O,
(Fig. 5). Furthermore it is generally accepted that H,0, yields HO radicals when
it reacts with Me™" jons through the Haber-Weiss reaction. According to this
mechanism the oxy-complex of the metal being bound to a cell compound
would produce HO radicals almost at the point where it was bound [174-176].

The figure explains the increase of the toxicity of H,0, by metal ions through
the formation of either HO' or a metal peroxocomplex or a higher valency state
of the metal ion (Me™+2* = O) which is also a highly oxidizing species [22]. Both
species may have great reactivities towards most biological molecules. They can
initiate lipid peroxidation and alcohol oxidation, which will, in turn, lead to the
formation of the organic oxy radicals such as peroxy radicals (RO;), alkoxy
radicals (RO’), hydroperoxides, and peroxides (ROOR). Recently, there has been
growing awareness of the participation of oxy radicals in metabolism, pathol-
ogy, stress physiology, ageing, carcinogenesis and in neuro and brain biochem-
istry [169].

The enhancement of the toxicity of O caused by transition metal ions is
observed in many biological processes, such as eschemia [177-179], the action
of drugs like bleomycin, adriamycin [96, 180, 181], and toxins [169], phago-
cytosis [54, 168], and other human diseases. It has been observed that bleomy-
cin damages DNA only in the presence of iron salts, oxygen and reducing agents
[182].

HOO,

+H

H0,

+ HO' + HO" [Me0]®™) + H0

Fig. 5. Role of the transition metal in activation of molecular oxygen

2 Adenosine triphosphate.
? Deoxyribonucleic acid.
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Iron and copper complexes are the best known compounds for reactions with
03. It is interesting to note that many iron, copper and manganese compounds
catalyze the dismutation of O3 with high efficiency.

There are several conflicting reports dealing with the activity of trans-
ferrin - and lactotransferrin bound - iron in generating HO radicals under
physiological conditions [183-189]. Some authors found the activity as good
[183-185], and others very poor, even equal to zero [186-188]. But the authors
are in agreement with the activity of these complexes in iron-overload con-
ditions [189]. Ferritin and hemosiderin are also able to stimulate HO" formation
[190, 191], although hemosiderin is less active in this respect.

The mechanism of the metal-catalyzed dismutation of O3 and enormous
importance of the metal ion as a component of many enzymes in the protection
of a cell against oxygen toxic species will be discussed in Chap. 8.

It is worthwhile to mention that oxidation with participation of Fe** ions is
selective and can be very fast (k = 10® € - mol™ - s™!), although ligands decrease
the rate constant to a value of < 10* € - mol™! - s [80, 192]. Radical reduction by
Fe?* is also very fast.

Copper ion is a weaker oxidizing agent. Oxidation by Cu?* is slower than the
ones observed with Fe** [192]. Copper is absorbed from the diet as complexes
with amino acids and peptides [193, 194]. The main protein of human plasma
containing copper is a ceruloplasmin. It contains six or seven copper ions atoms
per molecule. Copper linked to amino acids or small peptides is able to interact
with O3 and H,0, and to produce HO" and 0, according to Fig. 5. In contrast,
copper incorporated into ceruloplasmin is only released at low pH in the
presence of a reducing agent, and therefore binding copper plays an important
role as an extracellular antioxidant [195, 196].

Chelating agents can play a double role in some in vivo systems. Some of them
can degrade certain cell constituents by generating the toxic oxygen species. On
the other hand the chelating agents protect a cell against oxidative damage by
pulling the metal ions away from its sensitive sides.

For this reason the metal chelates are widely used in pharmacology [169]. For
example desferrioxamine, the most effective chelating agent, is used in therapy
for patients suffering from thalasaemia or to prevent iron-overload occurring,
e.g. during repeated blood transfusion. An iron-overload also occurs during
increased dietary absorption, or transfusion when increased accumulation of
iron is not compensated by an increase in its excretion. In iron-balance the adult
human being absorbs and excretes about 1 mg of iron per day. Disturbances in
the iron metabolism will lead to either iron-overload or to its deficiency.



3 Reactions of Oxygen Free Radicals
and Singlet Oxygen

3.1
General Consideration

Oxidation is a general process but the oxygen molecule in the triplet state reacts
with low rate constant. This process is strongly accelerated because oxygen in
most oxidation reactions takes part as “activated species”, i.e. as 03, HO', RO,
'0,, H,0,. There is no doubt that these oxygen species are involved in the
development of various pathological states in situations when the balance
between prooxidant factors and antioxidants gets out of a control.

In order to consider a number of important complications caused by these
species in biological systems, in the autoxidation of industrially important com-
pounds and compounds occurring in the atmosphere, elucidation of basic
mechanisms of chemical reactions, especially those of oxidation and reduction,
created by these radicals and other oxygen species will be examined.

A free radical is a chemical species possessing one or more unpaired electrons
occupying an outer orbital. Upon acceptance of an electron a free radical is con-
verted into an anion, while on giving an electron up a free radical becomes a
cation. Molecular oxygen (°X ;) is a species containing two unpaired electrons in
mr* antibonding orbitals. The definition of a free radical also embraces the
hydrogen atom and most transition metal ions. Before considering the chemical
reactivity of O3, the formation of free radicals and their reactions are briefly
summarized.

Any free-radical chain reaction involves three steps: initiation, propagation,
and termination.

3.11
Initiation

Free radicals are formed in several types of processes [197].
(a) The homolysis' of molecules containing weak bonds (C-C, 0-0, C-N=N,
C-Me®).

! During homolysis two electrons constituting a bond are separated (cleavage of the bond)
and two free radicals are generated.



42 3 Reactions of Oxygen Free Radicals and Singlet Oxygen

Several factors may influence the homolysis of bonds, e.g. the presence of
other molecules (alcohols, acids, etc.). For example, olefins accelerate the
decomposition of hydroperoxides by either a hydrogen atom transfer or an
attack on an oxygen atom:

N =+ ROOH—> -—C—é-—H + ROO’ (73)
/ \ | ]
./ . .

c=c. +ROOH —»—C—C— + RO 74
/ \ | (74)

OH

The homolysis of bonds may be exerted by the following factors:

e radiolysis (homolysis effected by ionizing radiation)
¢ photolysis (homolysis caused by light)
e pyrolysis (thermal homolysis).

(b) Reactions with the participation of redox systems involving one-electron
transfer by a molecule with paired electrons to an oxidizing agent (e.g. to the
cation of a transition metal):

ROOH + Co** — ROO" + Co?* + H*, (75)
or from transition metal ion to organic molecule:
ROOH + Fe** — RO +HO™ + Fe** (76)

(c) Interactions with compounds known as pollutants, i.e. O3, NO,,10,.

(d) Enzymic processes playing an important role in the production of
radicals in vivo. Possible mechanisms for the initiation of oxygen radical
reactions in vitro and in vivo have been discussed in Chap. 5.

3.1.2
Propagation

Free radicals may enter into propagation reactions of five main types [197,198].

3.1.21
Atom or Group Transfers

In these reactions most frequently the free radical (X') abstracts either a hydro-
gen from aliphatic compounds (RH), or a halogen atom from the molecule to
give secondary radicals. The following examples illustrate common processes:

X+RH - R +XH (77)
X +CCl, — CCl3+XCl (78)
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Hydrogen atoms being univalent are very easily attacked by free radicals and
they are abstracted most often because of their abundance in all biomolecules.

Of considerable biological importance also are reactions involving sulfur
atoms:

X +RSSR — RS +XSR (79)
X' +RHS — RS +XH (80)

The abstraction of hydrogen atoms occurs as the first step of the propagation
process during autoxidation reactions. Autoxidation may be defined as chained
processes of oxidation by molecular oxygen. They start as a result of the for-
mation of free radicals due to the action of a so-called initiator. The role of the
initiator can be played by foreign radicals, singlet oxygen, ions of variable valency
and even oxygen molecules at higher temperature. For example, the autoxidation
of saturated hydrocarbons (RH) proceeds as follows:

initiator (X', '0,,30,, Me®) - R, HOO

R +0, — ROO . (81)
RH+ROO° — ROOH+R etc. (82)
ROO'+R° — ROOR (chain termination) (83)
HOO - HO+O (84)
HOO - H*+0; (chain branching) (85)

The formation of the peroxy radical (ROO") may occur with participation of
both %0, and '0,. Considering the kinetics of the autoxidation process, we must
remember that the total reactivity of a substrate depends on the rate constants
of the initiation, propagation and termination processes.

However, oxidation is,a general process, and while oxygen in the triplet state
is a “poor” oxidant, it is involved in most oxidation reactions in the form of
“activated species”, e.g. 03,HO",'0,,H,0,,RO". All of these are oxidants relative
to H,0. There is no doubt that these species are involved in the development of
various pathological states in situations where the balance between prooxidant
and antioxidant factors gets out of a control.

3.1.2.2
Radical Addition to Double Bonds

The radical addition occurs according to the scheme
X +CH,=CH, — X-CH,-CH; (86)

The addition reactions to aromatic rings play an important role in many bio-
logical systems, e. g. the addition of the ketyl radical of isopropanol to DNA bases
[199] or in the disproportionation reactions of bilirubin [200].

Basically all free radicals are expected to add to aromatic rings.
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3.1.23
Electron Transfer Reactions

Organic free radicals and both their cationic and anionic forms create pairs of
thermodynamically reversible oxidation-reduction systems:

R = Rt+e, R +e = R-

This type of reaction plays a crucial role in biomolecule damage caused by
ionizing radiation. For example, the NAD? free radical (NAD') can be generated
by reduction of (NAD*)?. Reaction of NAD" with O, occurs through one-
electron transfer leading to formation of O3, and the rate is very fast (k=2 10° € -
mol™! - s1) [201]:

NAD + 0, — NAD*+O0; (87)

Reduction of NAD* by hydrated electrons or CO, regenerates NAD" by intra-
molecular electron transfer:

NAD* +e (H,0), — NAD +nH,0 (88)

Similarly, internal electron transfer occurs in cytochrome c (cyt c), a heme
protein, [202]

Fe* - cytc ——> [Fe*cytc]” — Fe** - cytc (89)

During oxidation ferrocytochrome c forms ferrocytochrome c - cation radical
with the odd electron placed in the porphyrin ring as a intermediate, with sub-
sequent occurrence of a rapid internal electron transfer.

3.1.24
B-Scission

This process is the reverse of radical addition. A stable radical is then eliminated
as a result of the unpairing of electrons of the bond in the B-position to the odd
electron [197]

R

o . i

R;—¢—0 —» R{+ Ry—C—R, (90)
Ry

The radical with an odd electron on the oxygen atom is converted into a radical

with an odd electron on carbon.

2 Nicotinamide adenine dinucleotide.
3 The oxidized form of nicotinamide adenine dinucleotide.
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3.1.25
Rearrangements

The oxidation of saturated hydrocarbons at high temperature is a classic ex-
ample of this type of reaction. The mechanism reaction proceeds by trans-
formation of the hydrocarbon peroxides followed by their decomposition to
olefines.

3.1.3
Termination

The chain termination step can be presented in a simplified way as
2R - R-R

The process involves conversion of the free radicals into stable molecules or the
formation of only slightly active radicals which are incapable of propagating the
chain reactions. According to the products obtained two types of the radical
chain termination are known.

3.1.3.1
Recombination (the Union of two Radicals)

3.1.3.2
Disproportionation

This process leads to disproportionation - the formation of two products, one
saturated and one unsaturated

C,H; + CH; — CH,=CH, + CH, - CH, (92)

The latter two reactions represent homotermination processes where termi-
nating radicals share the same origin, whereas, for example, the reaction at
Eq. (2) is an example of a cross-termination reaction.

3.2
Reactions of the Superoxide Radical

The superoxide radical, also known as the superoxide anion, is a free radical with
negative charge. O3 is the anion of an acid HO; in an equilibrium depending
on pH.

H*+0; = HO, (pK =4.69) (93)

Since the pK of HOj is 4.69, the Oj; radical is the main form present at physio-
logical pH values. In aqueous and aprotic solvents HOj; reacts similarly to the
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RO, radical and its reactivity will be discussed latter, whereas the O3 species can
be involved in three types of reactions - as an oxidant, as a reducing agent, and
as a nucleophile.

The lifetime of the O3 radical is in the millisecond range and, in the absence
of other compounds able to react with the radical, it reacts with itself giving
H,0, and singlet oxygen (reaction at Eq. (65)).

3.2.1
Superoxide Radical as an Oxidant

Superoxide radical as a weak base reacts with water at a high rate (k=2.5-10% ¢
-mol! - s1) [203]

20;+H,0 = 0O,+HO;+HO" (94)

The species can promote proton transfer from much weaker acids than water,
e.g. weakly acidic organic compounds (HB), especially when these compounds
are solvents or are involved at high concentration {204, 205]

205 + HB — O, +HO; +B- (95)

One of the best known reactions characterizing O3 as an oxidant is the oxidation
of catecholamines and other diphenols to semiquinone radicals [206-208]
(reaction at Eq. (96)). The first step is the proton transfer from phenol to O3
followed by HO; formation or hydrogen atom transfer with HO; generation.
These reactions constitute a reaction chain in which H,0, is produced.

HO, + H®R
e Guidl e

—_— B R
. + H202

The superoxide radical oxidizes alcohols, aldehydes and unsaturated ketones
[207,208]. In a general form, this reaction may be formulated as

RCHO+0; — O,+ HO +RCO; (97)

Effective basicity of O3 is especially important for biological systems since the
species reacts with some biological compounds, e.g. with ascorbic acid (k = 1.6
-10* € - mol™! - s71) [209], ascorbate radical anion (k =5 - 10°€ - mol™! - s 1),
bilirubin and biliverdin (k = 2.3 - 10*and 7 - 10° € - mol™! - s~ respectively) [210],
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a-tocopherol (k =1.7 - 10* € - mol™ - s7!), compounds containing the thiol group
(-SH), e.g.cysteine [211], ceruloplasmin (k = 1.8 - 10° € - mol ™' - s™!) [5]. The reac-
tion of O3 with thiols may be illustrated as

-
0; +RSH —— RS +H,0, (98)

It has been recognized that O3 also reacts with some enzymes such as dehydro-
genases, e. g. the lactate dehydrogenase-NADH complex (k =1-10° € - mol™ - s7)
[204]:

(lactate dehydrogenase)-NADH + 0; —
—  (lactate dehydrogenase)-NAD" + H,0,, (99)

or superoxide dismutase (SOD) (k = 2.4 - 10° € - mol™! - s7) [212]. In the presence
of these enzymes the dismutation of O3 to H,0, is accelerated. Also, O; shows a
high reactivity towards oxidases (k = 105~ 107 € - mol! - s7) [5]. It is worthwhile
to mention the relatively high reactivity of O3 towards collagen, a main protein
of connective tissue (k=9 - 105 € - mol™! - s%, pH 7).

The superoxide radical reacts with hydroperoxides by a process involving
reduction and cleavage of the O-O bond

0; + HOOH — HO-+HO + 0O, (100)

An analogous reaction has been postulated for tetrabutyl hydroperoxide in
acetonitrile [213]. The rate of the latter reaction is too low to be important. All
these reactions are strongly catalyzed by metal ions with variable valencies [5].

In the case of linoleic acid hydroperoxide (LOOH) the reaction at Eq. (100)
occurs with the same mechanism and the LO' is formed atk =7 - 10> € - mol™! - 5!
[214]. For diacetyl peroxide and ethyl hydroperoxide the rates are higher and
they reach values of 2 - 107 and 3 - 10* € - mol™ - s}, respectively [214].

Finally, O3 is the weak oxidizing species, although in the presence of proton
donors it dismutates rapidly to HO3; and O, (reaction at Eq. (94)).

The oxidizing properties of O3 result from the formation of the proton in-
duced dismutation of this species to '0,, HO3 , HO3, HO" and H,0,. Thus, pro-
tons or metal cations are necessary to catalyze the oxidation process in aprotic
solvents. In contrast, in aqueous solutions O3 easly oxidizes transition metal ions
such as Mn?* and Cu* through the following scheme (k =1.3 - 10’ € - mol! - s71,
pH=7.3,k=8.1-10°€- mol!- s, pH = 7, respectively) [5,215]:

Me(n+ D+ + O; - [Me(n+2)+ (Clzz')] (101)
[Me+2+ (037)] + O3 2, Met it 0, + H,0, (102)

3.2.2
Superoxide Radical as a Nucleophile

The superoxide radical shows a high nucleophilicity towards typical Sy2 sub-
strates comparable to the best known nucleophiles such as thiocyanate or
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thiophenoxide [203]. Both electrochemical data and a study using radical traps
have shown that such substrates are alkyl halides (RX) and tosylates [203, 216,
217]. The nucleophilic attack of O3 on the alkyl halides in benzene, pyridine or
dimethylformamidine occurs with the formation of dialkyl peroxide and eli-
mination of products even in excited states, such as !0, (reaction at Eq. (64)), by
the following reactions [216]:

RX+0; — RO;+X (103)
RO;+0; — RO;+!0, (104)
RO;+RX — ROOR+X" (105)

Nucleophility of O3 towards carbonyl systems have also been observed [203,
204]. The superoxide radical reacts with esters yielding carboxylic acids and
alcohols [218, 219], as well as with acyl halides, yielding diacylperoxides [220].
The sequence of reactions for ester hydrolysis with the participation of O3 is
proposed by Sawyer and Gibian [203] as follows:

0 0
| - - _

R1J:0R2 + 0, —> R1(l:oo + RO (106)
| i

R,CO0 + 0, —> R,CO0” + O, (107)
i i T 10

R,COO™ + R,COR, —» R,COOCR, + R,0 (108)
T 1 0

R,COOCR, + 26" —» 2R.CO (109)
i1 I

R,COOCR, +20, — 2R,CO” + 20, (110)

The oxidation of ascorbic acid, mentioned above as a radical process, may also
occur as a result of the nucleophilic attack of O3 on the lactone and subsequent
oxidation.

Another example of the Oj reaction as a nucleophile via the Sy2 mechanism
is its reaction with CO, in aprotic solution [221]:

0 o? O—

- . rd - Ve
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3.2.3
Superoxide Radical as a Reducing Agent

The superoxide anion radical is able to act as a one-electron reducing agent in
aprotic solution. The species reacts rapidly with para-benzoquinone (k = 9 -
102 € - mol! - s77) to form the semiquinone [222]:

0 o
0, + Q —_— Q +0, (112)
0 o

and with nitrobenzenes to form the anion radical [204]

NO, NO,
O, + @——— + NO, (113)

The superoxide radical can reduce sulfur dioxide to dithionite in dimethyl-
formamide [203]

0;+S0, — 0,+80; (114)
2505 - $,0% (115)
Cations such as Fe**, Mn?** and Cu?* efficiently catalyze the dismutation of O3 to
10, and H,0,. The first step of the catalysis is the reduction of the metal ion

(reaction at Eq. (19)). Analogous reactions occur with chelated iron [223] and
manganese, as, for example

Mn*)+ 035 — (Mn?**)+0,, (116)

and with many metalloenzymes containing copper, zinc, manganese, iron
[224-227] such as superoxide dismutases (SOD):

SOD-Cu?* +0; — SOD-Cu*+0, (117)
SOD-Cu* + 0; 225 SOD-Cu?* + H,0, (118)

The next characteristic reaction for O3 in aqueous solution is an electron trans-
fer to organic halides, e. g. bromouridine (BrU) [228]:

0;+BrU —» O,+Br+U (119)

Another interesting reaction of O3 as a reducing agent is its ability to react
rapidly (k = 1.60 - 10° € - mol™' - s~!) with singlet oxygen [229]:

0;+0, —» 30,+0;3 (120)
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Such a high rate of reaction means that the O; radical is an effective quencher of
10,. Similarly, the superoxide radical reacts with the hydroxyl radical:

0;+HO — 0,+HO (121)

The second-order rate constant for the reaction of O3 with HO" is also high
(k=1-10°¢€¢-mol!-s1)[5].

The superoxide radical as the anion of an acid HO; acts as an electron-pair
donor to protons, ions of alkali metals and alkaline earth ions in aprotic media
[230,231].In a general form the formation of the coordination complexes with
metals may occur as follows:

Zn**+20; — Zn(:0;), (122)
Zn(:0;), — O,+Zn0, (123)

The complexes are transiently stable and decompose to yield O, and the metal
peroxide. Formation of the analogous complexes have been observed in the case
of several metal ions, i.e. Ca?*, Cd?*, Mn?*, Fe?*, Co?*,Y**, Cr** and Li* [232]. The
latter lithium ion forms a stable Li(:O;) complex with O3.

33
Reactions of Organic Oxygen Radicals

There is no doubt that organic oxy radicals, besides their participation in food
chemistry, degradation of polymers, etc., can be involved in neuro- and brain
chemistry in the development of various pathological states, stress physiology,
radiation biology or in drug metabolism [169].

The oxy radicals can be divided into three major types:

e peroxy radicals (ROO’)
o alkoxy radicals (RO’)
o aryloxy radicals (ArO’)

where R denotes an alkyl radical, and Ar an aromatic ring.

The organic free radicals (R') formed by abstraction of a hydrogen atom from
the parent compounds during, for instance, homolysis or redox reaction, can
react with an oxygen molecule to form the peroxy radical (reaction at Eq. (81)).
As is easy to see, oxygen prevents the regeneration of the original compound.
Formation of the organic radicals by abstraction of a hydrogen atom from alkyl
compounds are much more favourable, due to their lower bond energies
(~ 403.7 kJ - mol™') in a comparison to abstraction reactions from an aromatic
ring (~ 469.3 k] - mol™!) [233].

There are several types of aryloxy radicals, e.g. phenoxy derived from the
hydroxy and polyhydroxy derivatives of the benzene molecule and substituted
benzenes, naphthoxy derived from the hydroxy derivatives of naphthalene, etc.
Organic oxygen radicals undergo most types of free radical reaction [234, 235].
This aspect of free radical chemistry is beyond the scope of this book. In this
chapter a brief discussion of the most characteristic reactions of the RO, and RO
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radicals will be given. Peroxy radicals undergo such reactions as HO radicals or
as O3 depending on the pH value, whereas RO’ reacts similarly to the HO radi-
cals, which will be discussed below.

Let us consider the three general types of reactions caused by RO, radicals.

3.3.1
Electron Transfer

Peroxy radicals show high acceptance of an electron when they react with O; or
metal cations undergoing a reduction [80, 235]

RO; + Me** — RO; + Me** (124)

The reaction at Eq. (104) also illustrates this process.

3.3.2
Recombination of Peroxy Radicals

Peroxy radicals are able to undergo decomposition on different pathways de-
pending on whether they are primary, secondary or tertiary [80]:

2RO0" — 2RO +0, (125)
2RO0O" — R-0-0-R+0, (126)

The reaction at Eq. (126) proceeds by a tetroxide, ROOOOR, which decomposes
to give two alkoxy radicals, or ROOR and oxygen molecules. The balance
between the existence of the alkoxy radicals as a potential toxic species whose
diffusion causes further oxidation, and their termination to ROOR, depends on
the medium viscosity.

If the peroxide radical possesses an a-hydrogen atom, another reaction of the
decomposition becomes possible:

2R,CH-0-0" — R,C = O* + R,CHOH + O, (127)
or
2R,CH-0-0' — R,C =0 + R,CHOH + 0, (128)

The latter reactions are very important in the oxidation of unsaturated fatty
acids in mammalian membranes containing phospholipids. The recombination
of peroxy radicals, known under the name of the Russel reaction, releases about
400 k] - mol™* of energy which is distributed between the products and excited
carbonyl compounds in the triplet or singlet states and/or singlet oxygen is
formed [236, 237]. The reactions are very important from the point of view of
singlet oxygen generation.
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333
Hydrogen Abstraction

Peroxy radicals abstract hydrogen atoms from such molecules as aldehydes,
phenols, thiophenols, sulfhydryl compounds, aromatic amines or benzylic and
allylic hydrocarbons, giving rise to a new free radical, e.g.

RO; + CH,0 —» ROOH + CHO (129)
RO; +RSH — ROOH +RS (130)

The reaction at Eq. (129) is especially important in both the autoxidation and the
lipid peroxidation. In the autoxidation process the hydrogen abstraction occurs
as a step of the sequence of the propagation phase.

34
Reactions of the Hydroxyl Radical

The hydroxyl radical is the most reactive unstable oxidizing species among the
oxygen species and therefore reacts with a large variety of organic compounds
as well as with several inorganic ions ([238] and references therein). The high
reactivity (rate constants usually exceed 10° € - mol™ - s™') means that HO" may
react with the first encountered molecule.

Three basic types of reaction of HO radicals may be distinguished, depending
on the substance present in solution: addition, hydrogen abstraction and elec-
tron transfer.

3441
Addition to Double Bonds

In these reactions HO" adds to a double bond giving a secondary radical. The
reaction with pyrimidine bases, for example with thymine, occurs as follows

[239]:
0 o} 0
HN HN HN 3
+ R, —_— |
o)\ Ho 0)\| OH o OH (13D
H N

H

and leads to destruction of the thymine molecule, since the thymine radical
undergoes further reactions in which a stable product with changed structure is
generated.

The addition of HO radical to the benzene molecule can transform benzene
to phenol [240]. If the oxygen molecule and organic molecule (RH) are present
in the reaction medium the radical product converts into dialdehyde:
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o 7
H
0 *Ho ——@:H 1 (132)
w;oz ) C=0
RO c=0
|

H

The benzene toxicity can result from dialdehyde formation which is a com-
pound known as a mutagenic agent. Furthermore, the organic free radicals
formed in the reaction can also react with O, to form a peroxy radical.

3.4.2
Hydrogen Abstraction

Reactions with hydrogen-containing molecules are an important special case of
reactions giving rise to a new free radical [241]. Such reactions very often
constitute a main step in chain reactions, i.e. in oxidation reactions effected by
oxygen. Rate constants for both types of HO" reaction, e.g. hydrogen addition as
well as hydrogen abstraction, are of the same order of magnitude and exceed
10° € - mol™! - s7! in the case of many biomolecules ([198] and references there-
in, [242]). Hydroxyl radicals react with a majority of enzymes with rate constant
values about 10" € - mol™ - sI. The abstraction of hydrogen atoms by HO*
from alcohols may lead to the generation of other radicals having their unpaired
electrons located on carbon atoms situated at different distances from the HO
group depending on the chain length. The following reactions are typical ex-
amples:

CH,OH + HO' — ‘CH,OH + H,0 (133)
CH,CH,CH,0H + HO' — ‘CH,CH,CH,OH + H,0 (134)

In the latter reaction, an unpaired electron may be located on the other carbon
atoms and also on the oxygen atom. This radical is resistant to oxidation, in
contrast to the radical formation in the reaction at Eq. (133), which is readily
oxidized [241]:

CH,0H 25 0,CH,0H ', CH,0 + O; (135)
The high reactivity and low selectivity of HO' means that the radical formed in

a cell may react with the first encountered biomolecules like enzymes, nucleic
acids and bases, amino acids, proteins, carbohydrates and lipids [242]:

o
DNA + HO' —— DNA' + H,0 —— degradation products  (136)
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Of particular importance to biological systems is the fact that HO" reacts
with sulfhydryl compounds, SH-containing molecules, with a rate constant near
1019 € - mol™ - 57! [243]:

R-SH + HO' — R-§ + H,0, (137)

343
Electron Transfer

Hydroxyl radicals react rapidly with easily-oxidizable inorganic and organic
ions such as CO%-, Cl, I and CNS-, and an electron transfer occurs from the
ion to HO" [238]:
I+ HO — I'+HO- (138)
C0}+HO' — CO;+HO (139)
As the HO radical is a strong oxidizing agent, the intermediates formed by reac-

tion of HO" with various of various biological substrates have been widely stu-
died ([84] and references therein).

3.5
Reactions of Singlet Oxygen

The high reactivity of !0, to both organic and inorganic compounds has
been pointed out by several authors [241, 244-259], and five main types of
mechanism of its interaction are to be considered.

3.5.1
1,4-Addition to Dienes and Conjugated cis-Dienes

The 1,4-addition of !0, to conjugated double bonds occurs giving their endo-
peroxides. This type of reaction is similar to the well known Diels- Alder reaction:

1

1
2 2
o
3< + o, — 3(:6 (140)
4

4

An example is the oxidation of 1.3-diphenylisobenzofuran (known as a quench-
er of 10,) to dibenzoyl benzene [244]:

|°|

——in —CBHS
11 -—CG H5
o}

(141)
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3.5.2
“Ene” Reactions with Olefins having Two or More Allylic Substituents

During this reaction the double bond is shifted to a neighbouring position and
allylic hydroperoxides are formed:

1 1
2 2
( + ‘o, — 3(\2 (142)
H/

3

Of particular importance to biological systems is the chemical trapping of '0,
by tryptophan or histidine [241]:

) (143)
0—OH

H H—COOH

_—

as well as the formation of lipid peroxides from unsaturated fatty acids [244]:

R\ 1 RW:
1 R, © % OOH (144)

2

3.5.3
1,2-Cycloaddition Reactions

Cycloaddition of the electrophilic 'O, to m-electron rich or sterically hindered
olefins leads to 1,2-dioxetanes. Dioxetanes are stable at low temperatures, but
at room temperature they usually undergo decomposition forming two car-
bonyl groups. Due to the efforts of numerous research teams, it is now well
established that dioxetane decomposition proceeds along two pathways. In
one of these, breaking of C-C and O-O bonds takes place with the production
of electronically excited carbonyl groups in a fraction of the resulting car-
bonyl-containing compounds [245, 246]. These reactions are accompanied by
chemiluminescence [247]. The other leads to C-C and C-heteroatom cleveage
[248,249], such as
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R R2 R2
2 . 0o —1 0
I + 19 —» { — —_—
2 -0 ——t—0"
R1
R R

R>=0. + 0='< (143)

where R, and R, denote, for example, H and OH, SH, NH,, respectively.

354
Oxidation Reactions

Owing to its strong electrophilic affinity, 10, reacts with substituted phenols,
sulfides and amines. Phenols, an important class of both biological and
synthetic antioxidants, undergo oxidation to hydroperoxides of the corre-
sponding quinones [250]. One of the most popular biological protective anti-
oxidants is a-tocopherol (vitamin E), inhibitor of lipid peroxidation [251,
252]:

H H.C

3 3 —OH
H.C o CH,; . HC o_ CH,
3 oz 3
CieHyy —> CoeHas (146)
HO' O
CH, l

other
products

This singlet oxygen mechanism of oxidation of sulfides and disulfides is well
known. Sulfides are oxidized to sulfoxides, disulfides give thiolsulfinates [253].
The overall chemical change in dialkyl sulfides is as follows:

R R
\ '!‘ - \ 0
15, —» 5—0—0 —» 147
RS + 'O, R/s R/s(lo (147)

An example is the oxidation of methionine, a natural amino acid containing a
sulfide linkage:
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COOH
— — —Q 1
H2N ? CH2 CH2 S CH3 + O2 E—

—gt
E— H2N—ﬁ3-—CH2-—CH2 S CH,

Amines with low ionization potentials undergo oxidation with !0, through the
formation of a charge-transfer (C-T) intermediate [254, 255]:

H
L
—C':—'N— + 102-=—-‘ C—T compiex — »
H
>C=0 + N +H,0, (149)
oot —C—N— + HO

0

According to this mechanism the quenching of '0, by biogenic catechol-
amines was observed when high concentrations of the amines were used
(2102 mol - €) [256].

3.5.5
Electron Transfer

It should be noted that most of the singlet oxygen reactions may proceed by
electron transfer from the electron rich compound (C) to !0,, giving a radical
cation and superoxide ion or a charge-transfer complex [255]:

C+10, — (C*03) —» CO, (150)

For example, phenols react with '0, with electron transfer rather than hydrogen
abstraction [257]:

O™ « o (1s)
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A biradical mechanism has been postulated for the formation and decomposi-
tion (reaction at Eq. (145)) of dioxetanes [258]:

o) :}j
j + 102 —>:|7(|) —_— o (152)

Ranby and Rabek have postulaed that the initial stage of the photo-oxidative
degradation of polystyrene involving !0, may also occur by the radical mecha-
nism [259]:

——CH,‘,—(!:—OOH

. / (153)
% N —cH—

+ HO2

The intermediary of the biradical mechanism has also been postulated in the '0,
oxidation of 1.3-diphenylisobenzofuran (reaction at Eq. (141)).
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4.1
Introduction

Many oxygen free radicals, as electrophilic agents, show a high reactivity when
reacting with themselves or with most organic compounds at almost diffusion-
controlled rates: they therefore never reach a high concentration, especially in
biological systems. The radicals generally absorb in the UV region and their
observation is very complicated. The above-mentioned properties explain why
the detection and identification are usually difficult tasks. In the last two
decades this problem has become the subject of extensive studies [260-376].
Two basic methods for the detection of oxygen species are conveniently
used:
first physical methods (including conductimetry, ultra-violet and visible
spectrophotometry as well as electron spin resonance spectroscopy (ESR)), and
then chemical methods (application of scavengers and product analysis).

(1) Physical methods without modification are not applicable to detect the
oxygen species in a cell, because they would require concentration of the species
which are unachievable in living systems. Thus, the direct detection of the
species remains almost imposible in biological media. The sensitivity of free
radical detection in biological systems in these techniques can be improved, for
example, by lyophilization (microwave absorption is decreased by the presence
of water), a way of slowing down the rate of radical disappearance by rapidly
freezing a sample, or using a compound which forms a stable long-lived free
radical as a result of covalently bonding with an unstable oxygen species. This
compound is called a spin trap and the method spin trapping. As mentioned in
Chap. 1, both oxygen radicals (03, HO') as well as !0, are short-lived and there-
fore spin trapping is suitable for these oxygen species detection. For detecting
the oxygen species in aqueous solutions, nitrones (R = N* - O") or nitroso
(R - N =0) compounds are the spin traps most often used. Oxygen species form
with the trap adduct (a nitroxide-free radical) which is “long-lived” and has an
ESR spectrum characteristic of the oxygen species.

(2) Chemical methods are used for identification of oxygen species in both
chemical and biological systems. Oxygen species, being very reactive, are
involved in oxidation and reduction reactions with a number of compounds,
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and they are removed from a medium by specific substances called scavengers.
Analysis of products formed allows for individual determination of particular
oxygen species.

Both types of detection methods, physical and chemical, are discussed below
for particular oxygen species, i.e. the O3, HO radicals and '0,.

4.2
Detection of the Superoxide Anion Radical

Both O3 and its conjugate acid, HO3, show distinct absorption spectra in the low
UV region. The superoxide anion has its absorbance maximum at wavelength
245 nm (= 2350 € - mol! - cm™, pH 10.5). For HOj these values are 225 nm and
€= 1400 € - mol™! - cm™, (pH 1.5) [5]. The reduction potential of the pair 0,/03
at pH 7 is - 0.33 V,and -0.46 V for the pair O,/HO3 [260].

Methods used for identification of superoxide radical include

e oxidation reactions,

e reduction reactions,

o inhibition by specific scavengers (enzymes), and

o Electron Spin Resonane spectroscopy and spin trapping.

Not all the methods mentioned are specific for O; determination.

4.2.1
Oxidation Reactions

The superoxide radical reacts with many organic compounds to give products
that can be detected directly or after separation by gas-liquid chromatography
or high performance liquid chromatography, using, for example, spectrophoto-
metric methods!, fluorescence and chemiluminescence detection, or a polaro-
graphic method 2.

! Spectrophotometry is useful for monitoring of compounds absorbing any wavelength of
400-750 nm (visible light) or 200400 nm (ultraviolet region). Appropriate wavelengths are
selected from the spectrum by passing light through a prism or a diffraction grating. If a
sample absorbs light then the reaction can be monitored by the changes in optical density
(absorbance) at the wavelength absorbed. The absorbane is determined by the formula

A =log (I/T)

where I, is the intensity of the incident light and I is the intensity of the light transmitted
through the sample. The absorbance depends on the concentration of the light-absorbing
substance according to the Beer-Lambert law:

A=¢ecl
where ¢is the molar extinction coefficient,

¢ is the molar concentration of a substance, and
£ is the length of the light-path through the sample.

Spectrophotometry can be used satisfactorily only at low absorbance to avoid interactions
between absorbing molecules.



4.2 Detection of the Superoxide Anion Radical 61

A number of compounds have been shown to be oxidized by O3 in solution,
but we shall cite only the most typical reactions:

o adrenaline and other substituted phenols,
e 1,2-dihydroxy benzene-3,5-disulfonic acid (commercial name tiron),
¢ hydroxylamine,
e para-phenylenediamine,
o sulfite,
e NADH
. Ho* H CHOH
HO GHOH _0;ho-  H onl
H CHZ H CH2
e HN
I
H
CH, _Hzol CH,
: HOH
Adrenaline |
semiquinone CH,
HN/
l (154)
o CHOH o CHOH
- P -— ]
ﬁ o CH,
/ 2
! HN
GH, Adrenaline |
Loo——» Melanins quinone CH3

(a) Aqueous solutions of adrenaline saturated with air or molecular oxygen
undergo oxidation to adrenochrome [261]. The process may be initiated by both
HO and O; radicals and a common intermediate, adrenaline semiquinone, is
formed.

In both cases identical intermediates and products are obtained apart from
the initial formation of the HO -adrenaline adduct. Formation of adrenochrome

2 Polarography (or voltametry) is based on the application of an increasing voltage between
two electrodes immersed in the test solution, whose composition determines the current
flowing at each instant. If a fixed voltage is applied between the electrodes, then the current
intensity depends on the electrical conductance of the solution. The electrical conductance
of the solution is the sum of the contribution of all ions present, and is the reciprocal of the
electrical resistance between the electrodes. The course of the reaction may be followed by
measuring the change of electrical conductance with time. This method is termed conduc-
tiometry. If an uncharged molecule is converted into ions during the reaction we can obtain
(at low concentration of diluted compound) a linear response between current flow and
sample concentration.
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can easily be detected spectrophotometrically by following the increase in
absorbance at 310 nm (¢ =2170 £ - mol™! - cm™!) or at 485 nm (&= 4470 € - mol™!
- cm™), at pH 7.6 [206]. It is worthy mentioning that HO' reacts with adrenaline
faster than O3 [261]. Moreover, adrenaline generates O3 , H,0, and '0, [119]
during autoxidation, and these active products can react with adrenochrome
causing its further transformation.

The simultaneous interaction of O; and HO" with adrenaline and generation
of other oxygen species leads to complexities in measuring O even in simple
systems, and should be considered during interpretation of results obtained.
Furthermore, in cells, the quinoidal products of the adrenaline oxidation can be
reduced by reducing agents, such as ascorbate, to semiquinone free radicals.
These radicals may also enter into reactions with O3 and HO'. The structural
analogues of adrenaline, noradrenaline and dopamine are also oxidized by O3 to
the corresponding quinones [262]. Thus, these compounds may be used for the
detection of the superoxide radical. In addition, specificity of the method is
often provided by using other effective O3 scavengers, for instance SOD, which
inhibits oxidation of adrenaline.

(b) Oxidation of Tiron by O; occurs with a rate constant of about 108 £ - mol™!
- §7! [263] giving a stable semiquinone form easily detectable by ESR. The
application of Tiron to the O3 detection is comparable to the method using
adrenaline. The oxidation of Tiron by HO" must also be taken into consideration
since the HO radical reacts with Tiron in a similar fast manner as in the case of
adrenaline [264].

(c) Oxidation of hydroxylamine by O3 occurs in a wide range of pH values
(1.1-10.5) and may be followed by pulse radiolysis, stopped flow and spectro-
photometric methods. The generation of nitrite radicals (NO3 ) is detected in the
form of diazo compounds in the presence of sulfanilic acid and 2-naphthylamine
[265]. The reaction of hydroxylamine with O; or HO; in the presence of formate
and chelating agent (EDTA)? can easily be measured by decay of radical ab-
sorption and bleaching of hydroxylamine at 250-270 nm [266]. Hydroxylamine
also reacts with HO radicals with a rate constant about 10° times higher than
that for O radical [261].

(d) Oxidation of p-phenylenediamine by O3 is monitored as an increase in
absorption at 490 nm.

(e) Oxidation of sulfite to sulfate can be detected by the decrease in the ab-
sorbance at 235 nm [267], as well as by a polarographic method [268].

(f) Oxidation of NADH* catalyzed by lactate dehydrogenase [269] may be
observed by the disappearance of the absorbance at 340 nm and an increase at
260 nm in air-saturated solution containing EDTA and formate in the pH range
of 4.5-9.0. The reaction shows a high sensitivity and specificity for O3 detec-
tion.

3 Ethylendiaminetetraacetic acid.
4 The reduced form of nicotinamide adenine dinucleotide.
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The oxidized form of coenzymes have only a single absorbance maximum at
260 nm, due to the adenine and nicotinamide rings, the reduced form has two
maxima, one at 260 nm and the second, also strong, at 340 nm. Additionally the
reduced form exhibits fluorescence with a maximum at 450 nm, whereas the
oxidized form is non-fluorescent.
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4.2.2
Reduction Reactions

Reduction reactions include mainly:

e cytochrome c,
e tetranitromethane,
o nitroblue tetrazolium salts.

(a) Ferricytochrome c is reduced by O3 to ferrocytochrome c with a rate
constant of 1.1 - 105 € - mol™! - s™! at neutral pH [270]. (For details dealing with
cytochromes see Chap. 7): '

Fe3* - cytochrome ¢ + O — Fe?* - cytochrome c + O, (155)

The rate of the reaction decreases with increasing pH.
The reduction of cytochrome c can easily be followed spectrophotometrically
at 550 nm, the absorbance maximum of ferrocytochrome c in the visible region.
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However ferricytochrome c also reacts with other reductants such as e, HO" or
CO;,and the yield of ferrocytochrome c formation is very high (82 -104 %) with
respect to the amount of O3 generated [270]. The specificity of the O3 deter-
mination and usefulness of the reaction for the detection of the radical in bio-
logical systems containing proteins can be increased when acetylated cyto-
chrome c is substituted for cytochrome c [271]. It should be mentioned that the
measurement of O3 using cytochrome c cannot be carried out in the presence of
other strongly reducing substances, e.g. cytochrome P-450 reductase.
(b) Tetranitromethane undergoes conversion to the nitro anion form:

NO,

0,N-C-NO, + 05 —— C(NO,); + NO, + O, (156)

NO,

The rate constant for the reaction with O at pH 5.6-6.2 is the highest among
those obtained for organic compounds (2 - 10° € - mol™ - s7!) [272]. The reaction
can be followed spectrophotometrically at 350 nm. The weak point of the method
is that the gas is toxic and reacts with cell components, generating O3 radical.

(c) p-Nitro-blue tetrazolium salts are reduced by O3 to form a slowly pre-
cipitating product, insoluble in water, called formazan. The most popular, and
used in histology, is nitroblue tetrazolium chloride (NBT)Cl, of which cation
(NBT?*) is reduced by O3 to form diformazan (reaction at Eq. (157))

e "”@ T M@
Q Q O N\CQ (157)

H,CO Ve
R fl
SO Lot
NBT2* Tetrazolinyl radical (NBT)

The reaction mechanism is complex and the second-order rate constant for this
reaction has been quoted as 5.88 - 10* € - mol™! - s™! at the pH range 7-11 [273].

The diformazan formation can be measured spectrophotometrically at
560 nm. However, the method is very simple to use, but is unspecific because the
hydroxyl radicals can also form diformazan [228].
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O O\ (157 continued)

4.2.3
Inhibition by Specific Scavengers

The next most popular methods for O3 detection are reactions involving
radical scavengers such as the enzymes SOD and peroxidases.

4.2.3.1
Superoxide Dismutase

SOD catalyzes the dismutation of O3 with formation of H,0, (see reactions at
Egs. (117) and (118) [224-227]. The rate constants for the interaction of super-
oxide dismutases with O3 are 1.9 - 108 - 5.3 - 10° £ - mol™ - s~! depending on
the pH value and the kind of metal present in the enzyme molecule [274]. The
decay of O3 radical can be measured spectrophotometrically by following the
decrease in absorbance at 250 nm. For detection of O3 in complicated biological
systems, SOD is used very often as the competitive scavenger, together with
p-nitro-blue tetrazolium as detecting agents.

4.2.3.2
Peroxidases

Peroxidases show high sensitivity and specificity in the reaction with O3 , giving
the so-called compound III of peroxidase as a product, which can be detected
spectrophotometrically. The a-band of the complex shows a maximal absor-
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bance at 598 and 630 nm for lacto-peroxidase and myelo-peroxidase, respec-
tively [276-277].

424
Chemiluminescent Probes

Chemiluminescence is defined as the generation of electromagnetic radiation
(ultraviolet, visible and infrared) by chemical reactions. The process often refer-
red to as “cold light”, involves the generation of chemically excited species and
their decay to a ground state with light emission:

Substrates + Oxidant — P¥+P,+... (chemiexcitation)

PY - P+hv (luminescence)

where P* and P, denote products formed in the electronically excited state and
the ground state, respectively.

The chemiluminescence yield of the above reactions is considered to be the pro-
duct of the efficiency for generation of P* and the efficiency of its radiative decay to
the ground state. The yield is equal to the ratio of the number of photons emitted
during a reaction divided by the number of molecules which reacted. To be che-
miluminescent the reaction must fulfil three essential features: it must be exo-
thermic; at least one product must be able to transfer itself into the electronically
exited state; and the excited product must lose its energy by light emission or trans-
fer it to a fluorophore. Some details dealing with chemiluminescence are discussed
below. The most popular chemiluminescent probes are luminol and lucigenin.

4.24.1
Luminol (5-amino-2,3-dihydro-1,4-phthalazine-dione)

There are several experimental data showing that O3 can participate in
chemiluminescence reactions of luminol as an oxidant ([278,279 and references
therein]). The chemical basis for the chemiluminescent analysis of O3 is
existence of redox reactions involving O3 and luminol, in which energy is relea-
sed as visible light. The following reaction scheme has been reported for the
formation of the light emitter [278]:

Luminol (I) at alkaline pH undergoes deprotonation yielding monoanion (II).
The luminol monoanion forms a luminol radical (III) by one-electron trans-
fer. The radical reacts with O3, and an endoperoxide (IV) is formed which
then decomposes, giving an electronically excited 3-aminophthalate dianion
(V).

The latter compound emits light when it returns to its ground state. Oxidation
of luminol is characterized by a high quantum yield of chemiluminescence
achieving a value of 0.012 [280], and by blue (Ay,, ~425nm) emission in
aqueous solution. However, the chemiluminescence of luminol has been postu-
lated as one of the first simple assays for O; determination, but the method
always requires a check for the absence of HO radical, since this species under-
goes a univalent reduction by the luminol monoanion (II) yielding the luminol
radical (III).
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4,242
Lucigenin (10,10’ -dimethyl-9,9 -biacridinium dinitrate)

Chemiluminescence arising during oxidation of lucigenin has been the most
extensively studied and is well recognized. It has been established that the
emission is observed during oxidation of lucigenin with O3, H,0, or !0,, and
formation of the dioxetane intermediate is a common step of the chemilumines-
cence ([281 and references therein]):

1

N+

l -
e.O;

N3+

|

CH3

I (159)
o0—0. /—

—> HC—N N—CHa —

III
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5 e

(159 continued)

The scheme involves one-electron reduction of lucigenin (I) to its radical (II)
which reacts quickly with Oj to give the dioxetane (III). Decomposition of the
dioxetane ring gives two molecules of N-methylacridone (IV); one of those has
an electronically excited carbonyl group, which then emits light during its
return to the ground state. The quantum yield, ¢, of chemiluminescence from
lucigenin is also high like that of luminol (0.01-0.02) [281], and the respective
colour is blue-green (A, =440 nm). Since the dioxetane formation from
lucigenin has also been observed during oxidation of its alkaline solution by
H,0, as well as by oxidation of diene compounds formed from lucigenin by two-
electron reduction, the determination of O3 always requires a test for the ab-
sence of H,0, and '0,.

4.2.5
Electron Spin Resonance Spectroscopy and Spin Trapping

Electon spin resonance is a technique that detects the presence of unpaired elec-
trons in a sample. The method can be applied to two important classes of
samples, i.e. free radicals and some transition metal ions, since both contain
unpaired electrons. Sensitivity of the method is high as it allows one to detect
radicals at concentration 10°mol - €-!. An unpaired electron possesses a
magnetic moment resulting from its spin (s = 1/2).In the presence of an external
strong magnetic field, B, the magnetic moment can orientate itself either parallel
or antiparallel to field B. These two orientations of the spin define two energy
states, which differ in energy of the electron. If a sample containing a free radi-
cal is subjected to the electromagnetic radiation of the appropriate frequency v,
perpendicular to the external field, an energy is absorbed by the electron in the
lower energy state and its transition to a higher state is induced (Fig. 6). The
absorbed energy is equal to the energy gap between these two energy states,and
is given by the equation

hv=gpB

where h is the Planck constant; g denotes the effective value of the g-factor
equal to 2.0023 for a free electron and for some free radicals; B is the value
of the magnetic field at the resonance and f is the Bohr magneton (g = 0.92731
- 1037 - T). The above equation constitutes the basic condition in ESR spec-
troscopy, and the absorbed energy usually comes from the microwave region of
the electromagnetic radiation spectrum, corresponding to a frequency of about
9 GHz (X-band).
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a

hv = gfiB,

Energy

Fig. 6. a Energy-level splitting of an electron in an applied magnetic field. b Absorption curve.
c Its first derivative.

The ESR signals are usually presented as the first derivative of the absorption
signal. The absorption spectrum presented in the shape of a single “peak” is due
to a free electron if the free radical contains atomic nuclei having a magnetic
moment equal to zero.

A number of atomic nuclei such as hydrogen and nitrogen possess their own
spin (I) (nuclear spins H = 1/2, N = 1), and the spin generates a local magnetic
field at the electron. Moreover, in a external magnetic field, the nuclear spin can
have (2 - I + 1) orientations which differ in energy. The electron spins interact
with the nuclear spins, these interactions lead to the hyperfine structure of a
spectrum, and thus the spectrum is split into (2 - I + 1) lines. The magnitude of
the splitting between lines is called the hyperfine splitting constant (A). If a
number of equivalent nuclei in the radical molecule is n, the ESR spectrum
consists of 2nI + 1 lines. For example, the ESR spectrum of the 2,2,6,6-tetra-
methyl-piperidine-N-oxyl (TEMPO) consists of a triplet line, as for N the nuclear
spinI =1 (Fig. 7).

The basic ESR spectrum can be characterized by four main parameters:
signal intensity, linewidth (AB), g-value, and multiplet structure, characterized
by hyperfine splitting constant A.

The g-values can easily be obtained from the equation

hv v(GHz)
=0.0714475
BB, B(T)

g:

where B, is the applied or external magnetic field at resonance and T denotes
tesla [1T = 10* Gauss (Gs)].
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Fig. 7. The ESR spectrum of the TEMPO spin trap

The ESR signal intensity is proportional to (AB)2. The g and A values are
usually anisotropic, i. e. they often depend on the direction of the molecular axes
relative to the applied magnetic field.

However, a number of free radicals can be detected directly using the ESR
method, but there exist several factors, such as the high reactivity, too low
concentration of free radicals, or the spectral line broadening (e.g. HO radicals
react with various compounds at rates controlled by diffusion) making it im-
possible to register. These difficulties can be removed by using the spin-trapping
technique.

The basic reaction for the spin-trapping technique is the addition reaction of
a“short-lived” radical (R’) to nitrone as a trap as follows [282-286]:

R

|
+ -
R1__'|\I=c|:_R2 + R —» R1'—N —?—Rz (160)
O H * H

where R may be O3, HO', etc.

The trapped radical (R’) is bonded to the a-carbon of the trap and a “long-
lived” nitroxide radical is generated. The radical can easily be detected by elec-
tron spin resonance spectroscopy. Both the B-proton and the nitrogen hyper-
fine splitting of the nitroxide radical are sensitive to the type of R'. In most
cases, traps used for identification of O3 are also suitable for detection of HO
radicals. To identify the trapped radical, in principle two parameters of the
ESR spectrum of the nitroxide radical are needed: g-factors and hyperfine
splittings.

A few nitrone spin traps have been used for Oj detection as follows [282-295]:
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4.2.5.1
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)

DMPO is able to trap O3 and HO' species and to form spin adducts with these
radicals [284]:

H

— > Hc N\ OoH
0

P — o
HC |
7 o= . H
074-—>H0'2 Hac
2 OOH

HC
3 o

Both spectra are distinguishable by hyperfine splitting constants. The
DMPO-OH adduct shows an ESR spectrum consisting of a quartet with inten-
sity ratio 1:2:2:1. The spectrum is rather stable and shows hyperfine splittings:
Ay = 14.9 Gs, Ay = 14.9 Gs, and g-factor = 2.0060 [284] with additional small
hyperfine splitting observed under high resolution. In contrast, the
DMPO-OOH adduct is highly unstable and is converted into the DMPO-OH
adduct. The ESR DMPO-OOH adduct spectrum exhibits hyperfine splittings
Ay=14.3 Gs; A = 11.7 Gs and A, = 1.25 Gs, g = 2.0061 [283]. These data deal
with Oj generated by photolysis of H,0,. Neither g-factor nor hyperfine split-
tings varied with a change in the pH value. The half-lifetimes of the DMPO-OH
and DMPO-OOH adducts were reported to be about 2.5 h and 1.5 min (pH 5) or
27 s (pH 9), respectively [286]. The rate constants for HO, HO,, and O; radicals
trapping were found to be 3.4 - 10% 6.6 - 10> and 10 € - mol™' - 57}, respectively.

4,2.5.2
2,5,5-Trimethyl-1-pyrroline-N-oxide (TMPO)

TMPO is a spin trap structurally similar to DMPO, but without S-hydrogen. The
superoxide radical reacts with TMPO to form the nitroxide radical [286]:

H,C v H,C OOH
3 >[ ;L ! > s >[ Nl (162)
H,C CH, H,C 1 CH,

Z+

o_.

Unlike DMPO, since the TMPO trap does not contain f-hydrogen, it is less
susceptible to hydrogen abstraction, and therefore the DMPO-OOH adduct is
stable. Unfortunately, the identification of the trapped species is limited, since
one hyperfine split, i.e. Ay = 15.6 Gs is obtained [286].

TMPO is much better at detecting the HO radical as the trap reacts with this
radical with a rate constant of 3.8 - 10° € - mol™! - s™! [284]. The ESR signal is
characterized by Ay = 15.7 Gs. The hyperfine splittings for TMPO-OH and
TMPO-OOH adducts are weakly distinguishable.
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4253
o-Phenyl-N-tert-butyl nitrone (PBN)

PBN can act as a trap for O3 and HO" and forms very stable spin adducts.

I\
C—N—C(CH,),

OCH N—C(CH) / 0, OH Cg 163
3’3 163
- o )5
N (CH.)
|_ 3’3

The ESR spectrum consists of a triplet of doublets with a g-factor of 2.0057
[287]. For HO; and HO" species adducts the spectra show hyperfine splittings
Ay =148 Gs, AP = 2.75 Gs and Ay = 15.3 Gs, AP = 2.75 Gs, respectively [285].
The use of PBN is convenient for determination of both oxygen radicals generat-
ed in aqueous solution.

4.2.54
o-(4-Pyridyl-N-oxide)-N-tert-butyl nitrone (4-POBN)

4-POBN is known as a poor spin trap for O3 and a very efficient one for HO radi-
cals. It reacts with HO' with a rate constant 1.9 - 10° € - mol™! - s7! [286] at
physiological pH ranges. Both ESR spectra formed by reaction of O3 as well as
HO' with 4-POBN consist of a triplet of doublets assigned to the 4-POBN-OOH
and 4-POBN-OH adducts [286-288, 290].

Y /
~0—N —N—C(CH,) (164)

The spectra differ with splitting constants and therefore can easily be distin-
guished. The 4-POBN-OOH nitroxide gives a spectrum with Ay=14.16 Gs and
Ag = 1.75 Gs, whereas the spectrum ascribed to the 4-POBN-OH adduct shows,
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apart from the hyperfine splitting from nitroxide nitrogen and S-type hydrogen,
additional splitting from y-type hydrogen: Ay = 14.97 Gs, A% = 1.68 Gs, and
AY = 0.34 Gs [286,290].

The review of spin traps in this book is limited to those which are most widely
used. There exist several others and some of them will be discussed below.
Although the spin trapping method is a very useful one, considerable experi-
mental caution is required because nitrones are very reactive compounds, and
they can easily be oxidized and reduced to hydroxylamines giving other radical
products without the oxygen radical trapping. This problem is especially sig-
nificant when somebody wants to detect oxygen radical generation by biological
systems, where the nitrones can be reduced by enzymes and other biomolecules.

Therefore, additional evidence is needed during an application of spin traps.
A simple method for verifying that the oxygen radicals have been trapped is to
perform a study of the effects of oxygen free radical inhibitors on the ESR spec-
tra. For example, if the generation of the spin trap-OOH adduct is due to the
trapping of O3, the addition of SOD should prevent the adduct formation and a
decrease in the ESR signal amplitude would then be observed.

It becomes evident, from the above review of O detection methods, that
reaction of O3 with acetylated cytochrome ¢ and the oxidation of NADH in the
presence of lactate dehydrogenase seem to be the most specific methods for O3
radical detection.

43
Detection of the Hydroxyl Radical

Besides the above-mentioned chemiluminescent and ESR spin trapping
methods used for HO" detection, the other main methods for detecting these
radicals are as follows:

(1) Detection of ethylene (H,C=CH,) formation during reaction of hydroxyl
radical with:
(a) methional (f-methyl-mercapto-propanal) [261]:

0
z
CH;—S—CH;CH-CZ )

The rate constant of the reaction is high (8.2 - 10° € - mol™! - s™!), and the reaction
is specific, since it occurs without participation of Oj3.
(b) methionine in the presence of pyridoxal phosphate [296]:

CHa—'S—-CH,‘,—CH,‘,—?H=COO—
NH
+ 3

(c) keto-mercapto-butanoic acid [297]:

0
o
CHy—S—CH;CHC—CZ
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(2) p-Nitroso-dimethyl aniline (NDA) bleaching:

_CH
st
3
The bleaching of the strong absorption of NDA at 440 nm (¢=3.4 - 10* € - mol™!
- cm™) [298] can easily be followed spectrophotometrically. The method is
sensitive and specific as the interaction of HO" with NDA occurs with high
efficiency,k = 1.2 - 10'° € - mol™! - s7! [299], and other oxygen species such as
10, and O3 do not bleach NDA. However, it has been reported that the bleaching
of NDA was also observed in the presence of other reactive intermediates
formed during oxidation of 6-HO-dopamine and dihydroxyfumaric acid
[261].
(3) Oxidation of 2,2’azino-di-(3-ethylbenzenthiazoline-6-sulfonate) (ABTS) to
a long-lived radical-cation [85], as follows:

ABTS + HO' — ABTS*+ HO- (165)

The rate constant of the above reaction is estimated to be k = 1.2 - 101° € - mol™!
- s”1. The absorption band of the radical-cation can easily be measured at
415 nm.

(4) Oxidation of thymine or thymidine [300, 301], for example:

thymine + HO' — N-formylpyruvylurea,

CH
HN 3

|
P
;

Thymine

detected by high pressure liquid chromatography.
Terephthalic acid (THA) (C¢H,(COOH),)

—OH

O=C—OH
THA

is also reported to be a very sensitive detector of HO radicals.
THA is a non-fluorescent compound which, after the reaction with HO', gives
a product showing fluorescence with a maximum at 426 nm (A, = 312 nm).
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(5) Degradation of the sugar deoxyribose into a thiobarbituric acid reactive
compound malonaldehyde. This compound forms with thiobarbituric acid the
coloured (2:1) thiobarbituric acid-malonaldehyde adduct which in acid solution
absorbs at 532 nm. The resulting adduct can be detected spectrophotometrically
or spectrofluorometrically as it emits at 553 nm [169].

H—C=0 Hs? | OH
I
& N
H—C=0
OH
Malonaidehyde Thiobarbituric acid
)
N NG
s=|/ OH HO—# §H
N CH—CH=CH N
OH OH

(2:1) Thiobarbituric acid —malonaidehyde adduct

(6) Formation of *CO, from benzoic acid [302]

0=C—OH

labelled with 'C in the carboxyl group.

(7) Dimethylsulfoxide (DMSO) method; in this method HO' adds to DMSO
giving a radical adduct which decomposes into a few products, among
them being methane gas which may easily be detected by gas-liquid chromato-

graphy.

i T
H,C—S—CH, Hsc—?—CH3
OH
DMSO
Adduct

(8) Scavenging of hydroxyl radical, highly electrophilic species, and one of the
strongest oxidizing agents. The radical reacts with several inorganic and organic
compounds, the so-called HO scavengers, with nearly diffusion-controlled rate
(108-10% € - mol™! - s™!). Among them are alcohols (methanol, ethanol, propanol,
isopropanol, i-butanol, t-butanol, glycerol, mannitol), formate, urea, sodium
benzoate, benzoquinone, hydroquinone, ascorbate, amino acids (cysteine,
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histidine, methionine, tryptophan), glutathione red, HCO3, N ions or phenols
[295, 302-304]. The addition of one of these scavengers should remove the
radical from the system. The rate constants for the reactions of HO and O3
radicals with the biologically important compounds, mentioned above, are given
in [5, 302, 303].

Recently, a hydroxyl radical optic-fiber sensor has been reported [304] which
shows good stability and linearity during detection of HO" with nitrophenol.
Nitrocatechol exhibits a strong absorption with A.,,, = 510 nm. As nitrophenol
is immobilized in XAD-7 methacrylate beads, reflectance spectroscopy must be
used to detect the decrease in the band intensity.

(9) Infrared absorption spectrum detection. Hydroxyl radical trapped in solid
argon at 12K shows the characteristic infrared absorption line at
3548.2 cm™! [305].

(10) Electron Spin Resonance method. The identification of HO" by ESR de-
scribed in this chapter should be completed with the other nitrone spin traps
such as 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO). The method is based on
the fact that a decrease in the concentration of stable-N-oxyl radicals after the
reaction with HO" is observed [306]. The interaction of HO radical with TEMPO
occurs with high yield (k =4 - 10° € - mol™! - s7!) [307], as follows:

Hsc(j(CHs + HO — HSCQCH:; (166)
N

N
H.C | CH, H,C | CH,

(o} O—OH

A typical ESR spectrum of this trap has been shown in Fig. 7. The ESR spectrum
consists of a triplet line with a g-value of 2.0068 and hyperfine splitting
constants Ay = 1.6 £ 0.02 mT. The decrease in the signal amplitude was ob-
served, e.g. for autoxidation of tetracycline antibiotic in the presence of Co?* as
the hydroxyl radicals source [308].

The next group of spin traps which allows one to detect secondary radical
products resulting from the reaction of HO" with methyl ethyl, methyl n-propyl
sulfoxides or sulfones [309, 310], are nitroso-tert-butane (NtB) known as
scavengers for alkoxy, acyl, alkyl or aryl radicals [311,312]. For example, reaction
of HO" with aliphatic sulfoxides gives alkyl radical [309]:

o|
®=0

—OH (167)

+n—

R—S—R + HO —» R + R—

which, trapped by NtB, gives a strong ESR signal due to the spin adduct. The spin
trapping technique has been succesfully used to demonstrate HO" generation in
several studies, e.g. anthracycline antibiotics [293].
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Similarly, secondary radical resulting from the reaction of HO radical with
alcohols (methanol or ethanol) as follows [313]:

HO + CH;0H — H,0 + CH,0H (168)
HO + CH,CH,0H — H,0 + CH,CHOH (169)

can be trapped, for example, by NtB or DMPO spin traps [314]:

o
. I
CH,0H + (CH);—CN=0 —» HOCHN—C(CH,), (170)
CHCHOH + DMPO — ”ac>l:—/|—CH—CH3 (171)
Hco N
A Y

4.4
Detection of Singlet Oxygen

Several techniques have been used to identify the generation of '0, in chemical
and biological systems. They can be divided into four man groups:

. quenching of '0, by specific compounds called scavengers;

. analysis of products of chemical reactions with '0, participation;
. solvent and deuterium isotope effect on lifetime of 10,;

. spectroscopic evidence.

W N

441
Quenching of Singlet Oxygen

Two kinds of quenching may be distinguished - physical and chemical. During
physical quenching 'O, undergoes deactivation to the ground state (*T;)
without chemically reacting with a quencher:

k,
10,+Q — 30,+Q (172)

The chemical quenching involves reaction of !0, with a quencher leading to the
formation of a new product:

k,
10,+Q — QO, (173)

Both processes very often occur simultaneously, and the quenching is their sum:
kq =kq +k,. To be practically effective,a quencher should deactivate '0, at a rate
constant of at least 107-10% € - mol™ - s~ order of magnitude [250].
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Methodology and techniques used for measuring of the rate constant of the
total quenching as well as k, and kg are outside the scope of this book (see, for
example, [315]).

The energy transfer and charge transfer mechanisms have been established
during physical quenching of 'O,. The energy transfer mechanism involves
deactivation of !0, to the ground state (*X;) and excitation of a quencher to the
triplet state [306]:

0,('A) +'Q = 0,(Zp) +°Q (174)

The maximal rate of the process has been reported to be about 2 - 10'° £ - mol™
-s71[315].

The next mechanism responsible for !0, quenching, e.g. the charge transfer
process, involves interaction between an electrophilic singlet oxygen molecule
with electron donors, A:

A+'0, = [A*O;]! = [AT03]* = A+30, (175)

The rate constants for the charge transfer quenching are lower than that for
energy transfer (k; < 10°€ - mol™ - s7') [315]. Several types of compounds
known as '0, quenchers, such as amines, phenols, thiols and other electron-rich
substances, quench !0, by the charge transfer mechanism.

One of the earliest recognized classes of compounds showing 'O, quenching
abilities are carotenoid pigments. These compounds quench 'O, physically
[316]. The quenching abilities of carotenoids result from the length of the con-
jugated polyene chain. Carotenes containing 11 or more conjugated C=C bonds
quench '0, nearly at a diffusion-controlled rate. The most popular 'O, quencher,
B-carotene, destroys singlet oxygen with a high efficiency. Thus, one molecule of
B-carotene quenches about 250 molecules of 'O, . Several values of quenching
rate constants have been reported for S-carotene starting from 1.4 - 10°to 3 - 10*
€ - mol! - s! depending on the kind of a solvent [317, 318]. This quencher is very
often used as a test for involvement of '0, in chemical and biological systems. A
list of carotenoids known to quench '0,, with their rate constants and chemical
formulae, is given in [250, 319, 320] and their chemical formulae are presented
in Chap. 7.

The next important group of !0, quenchers, less effective than carotenoids,
involves compounds containing a nitrogen atom, such as both aliphatic and
aromatic amines [321-323], nitroxides [324], nitrones [325], nitroso com-
pounds [326], azomethine dyes [327], amino acids and proteins [328-330],
bilirubin and biliverdin [331-333]. It is worth mentioning that chlorophyll a as
well as bacteriochlorophylls ¢ and d (pigments of the chlorosome antenn as
green photosynthetic bacteria) are strong physical quenchers of 'O, with rate
constants 8.0 - 107-11.2 - 10° £ - mol™' - s! [334, 335].

Phenols, a group of compounds widespread in the plant and animal king-
doms, scavenge 'O, by a combination of chemical reactions and physical
quenching with the rate constants achieving 6 - 10° € - mol™ - s ([315,324 and
references therein]). An interesting observation made by Foote et al. [336]
during a study of the rate constant of 'O, quenching by 2,4,6-trisubstituted
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phenols, showed that the logarithm of the total quenching rate constants is a
linear function of the phenol half-wave oxidation potential. Similar observa-
tions were made for certain phenol methyl ethers and amines [337].

Sulfides and disulfides have also been found to quench !0, and again both
quenching and oxidation reaction occur during persulfoxide formation as a
common intermediate [338, 339]:

R,S+10, - [R,S*-00"] (176)

Metal complexes are the next group of compounds recognized as 'O, quenchers.
They are widespread in nature and some chelates are extremely reactive. For
example, it has been reported that SOD, a natural metal chelate, exhibits a high
quenching rate towards '0, (k, = 1.6 - 10° € - mol™ - s7! [340]). However, the
experiments carried by other authors [315] indicated a scavenging of the pre-
cursor of '0,, i.e. O, radical rather than '0,. The detailed mechanism of '0,
quenching by metal complexes is not well known. Among the synthetic metal
complexes, quenching ability increases in the order Zn, Pd, Pt, Cu, Co(II), Ni(II)
[315]. Some of the Ni(II) chelates exhibit '0, quenching ability comparable with
B-carotene [341].

Singlet oxygen quenching is also observed by inorganic anions such as N3,
Br-,I5,5,0%,NCSe~ or O3. Inorganic anions quench 'O, at rates which vary from
about 1.2 - 105-7 - 10° € - mol™! - s! [342-344). The superoxide radical anion
shows extraordinary high '0, quenching efficiency (k,=7-10° € - mol™* - s™) by
an electron transfer, as follows [343]:

10,+ 03 — 03 +30, + heat (177)

Both physical and chemical quenching ability towards 'O, is shown by NADH
and its analogues [345] undergoing one-electron oxidation:

10,+ NADH — O; + NAD +H* (178)

Besides the substances described above, a large number of other compounds
showing !0, quenching ability have been reported. The details of the interaction
between '0, and its quenchers as well as the quenching rates are outside the
scope of this review. They are compiled in [315, 324, 339, 345-347]. However, a
few quenchers among those most often used by investigators have been ex-
amined in some detail, and their rate constants are given in Table 1.

Table 1. The total rate constants for 0, quenching

Compound Solvent Reference
[€-mol-s7)

Carotens

B-Carotene 1.3 - 1010 CeH, [346]

Crocin 1.8-10° H,0 [320]

Amines

1,4-Diazabicyclo[2.2.2]octane 7.3 - 10¢ CH,0H [3371

(DABCO) 1.5- 107 CH,0H [315]
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Table 1 (continued)

Compound Solvent Reference
[€ - mol™! - s71]

Diethylamine 1.88 - 108 CH,0OH [337]
Diphenylamine 6.1-10° CH,OH [337]
Phenols
a-Tocopherol (vitamin E) 6.2- 108 CH,0H [336]
Hydroquinone 7.0 - 107 C¢H,;-CH,0H (4:1) [337]
Amino acids and proteins
Tryptophan 3.6-107 H,0-CH,0H (1:1) [328]
Methionine 2.5-107 H,0-CH,0H (1:1) [328]
Histidine 3.2-107 H,0-CH,OH (1:1) [328]
Superoxide Dismutase (SOD) 8.2-108 D,0 [340]
Sulfides
Cysteine 8.9 - 10° D,0 [339]
Glutathione 2.9-10¢ D,0 [339]
Bilirubin 2.5-108 CHC, [331]
Biliverdin 8.0-10° freon 113 [333]
Chlorophyll a (1.5-6) - 100 D,0 [333]
<10° CeH, [334]
8-107 acetone [335]
NADH 7.5-107 CH,CN-CH,0H(1:4) [345]
L-Ascorbic acid (vitamin C) 8.3-10°¢ H,0 [348]
2.5.108 D,0 [348]
5.8- 108 H,0 [349]
6.28 - 10° D,0 [349]
5,5-Dimethylcyclohexane-
dione-1.3 3.0-107 H,0 [349]
Nickelocene 2.8-10° chloroform [350]
4.4.2

Analysis of Products

During reaction with !0, some of the reviewed scavengers yield specific pro-
ducts which can easily be analyzed by spectrophotometric or chromatographic
techniques. For example, 1,3-diphenylisobenzofuran (DPBF) is widely used as
10, scavenger as it reacts rapidly with 0,, giving o-dibenzylbenzone:

CsH5 eHs
o + 'o (o] (179)

2 o

CeHs CsHs

Its usage is based on the decrease of absorbance [157, 351] as well as fluorescence
[352] due to removing DPBF from the reaction system after the reaction with
10,. The rate of disappearance of DPBF can be followed by monitoring the
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absorbance at 415 nm and fluorescence intensity at 458 nm when excitation is
405 nm.

Cholesterol, like other olefins with alkyl substitutents, undergoes “ene” reac-
tion with '0,, forming the allylic hydroperoxide 3-B-hydroxy-5a-cholest-6-ene-
5-hydroperoxide [353]:

CH
H3C\CH ’CHZ"CH; 2 _CH

HO

HSC\ CH L Hz\ _C H3 (180)

OOH

When cholesterol is oxidized on a radical pathway several other hydroperoxides
are produced [303]. The next compound, tryptophan, reacts with 'O, and forms
several products including kynurenine, N-formyl kynurenine and 2-carboxy-
3a-hydroxy-1,2,3,3a,8,8 a-hexahydropyrrolo-(2,3b)-indole [241].

There is also evidence that B-carotene, the cis isomer, inhibits 'O, converting
itself into the trans isomer [354].

443
Solvent and Deuterium Isotope Effect

As was mentioned in Chap. 1, the lifetime of '0, in solution is very sensitive both
to the kind of the solvent and to the solvent deuteration [96, 98]. Both 'O, pro-
perties have been used to demonstrate !0, generation [98 and references
therein]. The effect of both factors on the lifetime of !0, for chosen solvents are
given in Table 2. The details dealing with solvent and solvent deuterium effects
on the 'O, lifetime, methods of measurement, and values of lifetime, have been
compiled, e.g. in [98, 355].

The solvent deuteration 'O, lifetime dependence, also known as the heavy-
water effect, is a very simple and popular method for evaluating the participa-
tion of '0, in several chemical and biological processes.
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Table 2. Solvent influence on the lifetime of singlet oxygen

Solvent 7[ps] References Solvent, Medium 7[ps] References
H,0 2 [96] D,0 67 [356]
CH,0H 7 [96] D,0 20 [98]
C,H,0H 12 [98] H,O/CH,OH (1:1) 3.5 [98]
CeH, 24 [96] D,0/CH,0OD (1:1) 35 [98]
CHC, 60 [96] cDCl, 300 [98]
CCl, 700 [96] polymer matrice 10-50ms  [357]
444

Spectroscopic Evidence

Spectroscopic evidence can be classified according to the apparatus used as:

e spectrophotometric determination;
o ESR spin trapping;
e chemiluminescence.

4441
Spectrophotometric Determination

The spectrophotometric method developed by Kralji¢ and Mohsni [358] is
based on bleaching of p-nitrosodimethylaniline (RNO) caused by the inter-
mediate product formed during interaction of '0, with imidazole (A) or histi-
dine being a transannular peroxide (AO,):

10,+A - AQ, (181)
AO, + RNO — -RNO + products (182)

The bleaching of RNO can simply be followed by monitoring the decrease in
optical density of RNO at 440 nm. The method is sensitive and selective for
detection of '0, in aqueous systems, and has been used to identify the genera-
tion of '0, during autoxidation of catecholamines [118] and some tetracycline
antibiotics [92, 359] as well as during photoxidation of some dyes [358].

4.4.4.2
ESR Spin Trapping

The ESR spin trapping method for the detection of 'O, was originally set up by
Lion and Van de Vorst [360] and has been successfully applied to study its gener-
ation in several chemical systems, initiated by the light as well as in the dark
[361-363]. This method involves the formation of stable nitroxide radical of
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) from the sterically hindered
amine: 2,2,6,6-tetramethylpiperidine (TEMP):
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“3°>Ej<°”a +lo, — “aCQ"”S —
N
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Hac | CH3 H3C /N CH3
H H\ /O
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— HaCQCHa + HO' (183)

N
H3C I CHa
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Figure 8a shows as an example the formation of TEMPO detected during auto-
xidation of methacycline. The spectrum consists of a triplet line and can be ana-
lyzed in terms of three parameters: g = 2.0064, hyperfine splitting Ay = 16.0 Gs,
and linewidth AB = 0.38° Gs [120]. The splitting is typical for the hyperfine inter-
action between the unpaired electron and the nitrogen nucleus (I = 1). All para-
meters obtained are the same, within error limits, as those reported for TEMPO
[360].

When !0, quencher was added to the reaction mixture, a large decrease in the
ESR signal amplitude was observed (Fig. 8b). Figure 8¢ presents a very weak
ESR signal characteristic for the nitroxide radicals induced by autoxidation of
TEMP in the absence of methacycline.

It was reported that TEMP is a very specific '0, spin trap since neither O}
nor HO' and H,0, were able to generate TEMPO [364].

In order to detect 'O, in neutral solution using the heterocyclic amine it
should be remembered that the amine must show a pK value below 8 as does the
2,2, 6, 6-tetramethyl-4-piperidone (pK = 7.6) trap [363].

The N-substituted 2,2,4,4-tetramethylpiperidines can also be used for the
detection of other oxygen species. For example, a chloroamine (Cl substituted for
H atom) was reported to exhibit specific spin-trap property for O3 detection [364].

ESR signal
o

e || e

Cc

Al e

Magnetic field

Fig. 8. a ESR spectrum of the 0.25 mol - £-! TEMP + 0.5 mmol - £-! CoCl, + 1 mmol - £~! me-
thacycline system. b The same as a but in the presence of !0, scavenger (1 mmol - £-! sodium
azide). c The same as a but in the absence of methacycline. Temperature 295 K
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It is important to remember that sterically hindered piperidine derivatives
can be used for detection of the oxygen species in aqueous solution, where their
concentration is quite low owing to short lifetime of 'O, or very fast dismutation
of O3 (reaction at Eq. (94)).

The next nitroxide ESR group of traps for the 'O, detection are anthracenyl
tert-butyl nitroxides (I) [365] which, after reaction with '0,, give corresponding
endoperoxides (II), and characteristic changes in their ESR spectrum can easily
be observed. For example, compound I showing a six-line ESR spectrum upon
reaction with !0, converts into endoperoxide nitroxide (II):

(184)

OCH, Hy,
I

of which the ESR spectrum consists of three groups of lines. The groups are due
to N-splitting, and each group shows nearly equivalent coupling to H(1) and
H(3) and smaller coupling to H(4) [365].

The ESR spin-trapping technique used for detection of oxygen species, how-
ever indirect, provides sensitive and very popular spectroscopic evidence. New
compounds showing trapping properties are steadily being synthetized and new
applications are currently being reported [366 -369].

4443
Chemiluminescence

Chemiluminescent emission occurs in liquid, gas and solid phases and finds
application in clinical, toxicological, chemical and environmental analysis
[370-376]. The emission can be characterized by several parameters, among
which the chemiluminescence emission intensity (I) and spectral distribution
I, = f(A) show great impact on the application of this method. Chemilumines-
cence kinetics, I=£(t), give information about the rate of formation and
deactivation of excited products, whereas the chemiluminescence spectrum
reflects the energy released during the reaction and the kind of emitters.

For the detection of !0,, the measurement of the light emission from the
single and paired excited oxygen molecules is of significance. As has been
presented in Chap. 1, singlet oxygen gives characteristic emission spectra
during radiative deactivation to the ground state. If the quantum yield of the
emission is high, conventional equipment can be used to obtain the spectra. The
apparatus consists, in its simplest form, of a sample cuvette, a reagent addition
device, monochromator and light measuring device (photomultiplier, silicon
photodiodes). When the quantum yield is low a set of cut-off filters consisting of
coloured glass, according to the method of Vasiliev [377], and a single-photon
counting technique are usually used to record the spectra. A typical spectrum
recorded using this method is shown in Fig. 9.
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Fig. 9. Spectral distribution of chemiluminescence measured during the decomposition of
0.3 mol - £-! hydrogen peroxide in phosphate buffer pH 11, temperature 310 K
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Fig. 10. a The influence of 'O, quencher (bilirubin) on the chemiluminescence from pyrogallol
(numbers indicate the bilirubin concentration in mol - €-!). b The Stern-Volmer plot for sever-
al concentrations of the quencher. Concentration of substrates after mixing: 0.34 mmol - £-!
pyrogallol, 2 mmol - €-'). KOH, 295 K

The most specific and direct method for measurement of !0, is the obser-
vation of the fundamental luminescence at 1268 nm (“monomol emission”)
corresponding to the 0.0 band of the ['A,], -, — [*Z;], -, transition [376,
378-393].

Also, the 'A, emission, resulting from the ['A], -, = [*Z;], -, transition at
1588 nm can be observed in solution [378 - 394].

These emissions in the infra-red region can be directly measured using a
germanium diode as the photodetector or indirectly after the energy transfer
from 'O, to a thin polymer film. The blue shifted emission is then measured
[395].

In the last few years new high-sensitivity spectrometer systems for time- and
spectral-resolved near infrared detection of 'O, in photobiological and photo-
chemical systems have been developed [396-400].
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Another criterion used for examination of !0, generation is finding the
quenching constants of !0, by specific quenchers. The Stern-Volmer plot [401]
for the ratio of chemiluminescence intensity from 02[1Ag], when the quencher is
added to the reaction system (I) and without the quencher (1), is used to find
the quenching constant k:

Ig

where [Q] is the concentration of the quencher and 7 is 0,['A,] lifetime in a
given solvent. The plot of (Iy/Iy) vs quencher concentration of the O,['A;] —
0,[°%;] emission gives a straight line in a wide range of quencher concentra-
tions. While the chemiluminescence results from the radiative deactivation of
the pairs of the oxygen molecule O,['A;, 'A;] = 20,[*X;], the emission inten-
sity at 634 nm is proportional to the square of the O,['A,] concentration and
therefore the ratio (Iy/Iy) must be replaced by JI/1, q (Fig. 10)
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5 Biological Damages Caused by Reactive
Oxygen Species

Within the past three decades accumulating evidence has pointed out the inter-
mediancy of oxygen species in the chemical modification of natural and xeno-
biotic compounds present in cells and tissues. A great number of international
conferences as well as published papers, and books, all devoted to the reactive
oxygen species and their role in the environment, indicate the importance and
immediate interest of the problem. This chapter is not an exhaustive review, but
presents the chemical mechanisms which have been shown to operate during
damage to compounds of biological and industrial interest as well as in living
systems. The possible medical implications of these species, chemical reactivity
are also discussed.

The intention of the author was to gather together the experimental data
which implicate the active oxygen radicals and singlet molecular oxygen in the
oxidative degradation of cell constituents such as

proteins (especially amino acid residues)
lipids (mainly polyunsaturated)
carbohydrates (e. g. hyaluronic acid, collagen)
nucleic acids (e.g. DNA)

and assess their pathogenic properties.

Discussing the types of reactions in which the reactive oxygen species are
involved, we are aware of the extreme reactivity and eventually the destructive
power which they can show under unbalanced conditions. An imbalance results
from excessive generation of activated oxygen species or when protective
mechanisms are exceeded or put out of order. Normal metabolism involves the
ordered production of reactive oxygen species playing an important physio-
logical function since free radical reactions are a basic part of the homeostasis
in cellular processes. Moreover, the radical biochemistry plays a key role in the
origin of aerobic forms of life.

Reactive oxygen species, besides playing an important physiological func-
tion, can also cause extensive damage. There is no doubt that oxygen species,
especially HO' and '0,, are involved in a majority of human diseases, although
very high reactivity of the species makes it impossible to measure directly their
cytotoxic action in vivo. The enormous volume of literature on the participation
of both oxygen free radicals and 'O, in pathological states consider these species
as very dangerous agents. Many toxic effects may result from the species reaction
towards enzymes, membranes, nucleic acids or polysaccharides (Fig. 11). The
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damage may be a result of the direct action of the species with biomolecules, or
from the action of toxic products of reactions initiated by these species. Figure 11
also covers endogenous and exogenous processes and factors which can increase
the rate of radical production in vivo under unbalanced conditions. They include
three basic processes: radiation, photolysis and oxidation-reduction reactions.

The last process is accelerated by an increase in the amount of metal ions (Fe,
Cu, Zn, etc.) so-called “iron-overload”, discussed in Chap. 2 as well as oxidation
of the cell reductants such as ascorbate, thiols, nucleotides or monosaccharides,
accumulation of very reactive quinones, for example, products of the catechol-
amines oxidation or xenobiotics reduction by enzymes.

It has been reported that the oxygen species generation occurs mainly in the
intracellular site, for example, in lysosomes and the endoplasmic reticulum

thiols, nucleotides,
catecholamines ete.

Mitochondrial and Autoxidation of endogenaous
s eloctron compounds,

Airmlluﬁono,'No NO
” ’ > 2

Chemical carcinogens
Redox reactions of xenobiotics
and cytostatic drugs

Metal catalyzed Y Oxidative burst,

radical reactions |\ CELLUAR SOURCES
OF ACTIVATED OXYGEN

( 03, HO', H;0,}0,, RO’, ROO')
Tschemic /« Activation of

Fig. 11. Schematic representation of cellular sources of oxygen species and these species
damage to cell constituents
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[402]. The degradation of extracellular space components including, for
instance, hyaluronic acid and collagen can also be possible, since it has been
reported that a large group of the compounds generating O3 and HO" in various
model systems degrade these compounds [403 -405].

5.1
Reactivity of Hydroxyl Radicals with some Biologically Important
Compounds

Lets us consider the above-mentioned four main groups of cell constituents
susceptible to damage caused by oxygen radicals.

5.1.1
Proteins

It is generally stated that proteins are polypeptides of molecular weights more
than a few thousands, although there is no sharp distinction between peptides
and proteins. Linear peptides have one a-NH, and a-COOH group which are
not involved in peptide bond formation, so-called terminal amino or carboxyl.
Formation of peptide bonds, i.e. amide links between the a-carboxyl of one
amino acid and the a-amino of another is accompanied by the elimination of
water.

H2N—CEH—COOH + H2N—(|3H—COOH -H_20>
R1 R2
(185)
—_— H,N—GH—C—NH—CH—COOH
R, O R

1 2

Polypeptides are built up according to the same amide link formation of
several amino acids.

Proteins are present in cells and outside them in very high concentrations and
they must be critical targets for both oxygen free radicals and !0, . Proteins may
be damaged by reactions of amino acid residues with oxygen species and/or by
interaction of aldehydes with -SH and -NH, groups of the protein molecule [406,
407]. The damage to amino acids residues may lead to changes, for example, in
enzyme activity. Aldehydes are formed during lipid peroxidation of fatty acids
and they are considered to be “toxic second messengers” for the primary gen-
erated free radicals [408]. Dean and Pollak [409] have shown in vitro that HO®
generated during steady-state gamma radiolysis degrades proteins under aerobic
conditions. A similar effect was reported when proteins were exposed to the
H,0, + Cu/histidinyl system generating HO radicals [410].

Degradation of proteins results in the formation of a large number of
products depending on the kind of a protein, its concentration, the number of
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amino groups contained in the protein molecule and the rate constant of the
radical reaction with the amino acid residues [406, 411].

Several hypothetical reaction schemes have been proposed for protein
fragmentation. For example, the scheme proposed by Garrison [412] for the
model polypeptides (I) involves H-atom abstraction at the a-carbon position.
The next stages are peroxy radical formation (II) and its elimination followed by
the iminopeptide (III) formation:

R

| H,0,

M?—N—c— — 2y ~C—N—C— —>
H

H o 0~0 H o
(186)

The latter compound decomposes easily under mild hydrolysis, giving a few
compounds such as dicarbonyl derivative acids or ammonia.

The next mechanism worth mentioning for protein fragmentation, given by
Wolff et al. [406], postulates protein cleavage of proline residues:

| ]?7 7K
— HO® —N—|
C—N—R, H0',0, o’J\T/LC N—R,

|
?=0 H i
R N (187)
|
/ R,—g:o n
0
ol HN R
O_U_ﬁ |2
0 H
Y,

The reaction scheme involves hydroxylation of proline following the formation
of 2-pyrrolidone intermediate as a result of hydrogen atom abstraction by HO
radical at the gamma carbon. Under physiological conditions the latter products
undergo spontaneous hydrolysis at the peptide-bond giving product II and acid
III. Product II undergoes degradation during a mild hydrolysis giving new
N-terminal glutamate residues (IV).

Special attention has been paid to oxygen active species reactions with -SH con-
taining molecules and complicated biological polymers, for example enzymes
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(see [212, 269, 303, 413 -415]). Many compounds react with HO radicals at high
rates, but for interactions with O3 these rate constants are usually lower. The rate
constants for reactions of the O3 and HO radicals with several compounds of
biologically interest are listed in Tables 3 and 4.

The mechanism of oxygen free radicals reactions with compounds con-
taining the -SH groups was discussed in Chap. 3. Enzyme molecules as large
molecules contain several amino acid residues: thus oxygen free radicals can
interact with all possible residues, destroying them.

In order to determine damage of an enzyme, measurements of its catalytic
activity before and after reaction with a mediator of cytotoxicity were carried
out [243]. If the reaction is catalyzed by an enzyme:

K, Kea
enzyme + substrate <——> enzyme-substrate complex —

LN enzyme + products
its Michaelian rate is given by the equation
v = ke [E],[SI/(K,, + [S]) (188)

where [S] and [E], denote the concentration of substrate and the initial (i.e.
total) concentration of an enzyme, respectively. When the amino acids residue
of the enzyme is damaged or its conformation changed, for instance by oxygen
radicals, the value of k_,, becomes nearly equal to zero for the enzyme considered.

Table 3. Rate constants for reaction of O3 with some biologically important compounds

Substrate k[€ - mol!-s!] pH References
Cysteine >5.0-10* 7.0 [416]
Histidine 1.0 7.0 [303)
Methionine 0.33 7.0 [303]
Tryptophan 24 7.0 [303]
Papain <6.0-10° 6.0 [417)
Riboflavin semiquinone 7.1- 108 7.0 [418]
NADH-Lactate dehydrogenase 1.0-10° 7.5-9 [269]
complex
Peroxidase Compound I 1.6 - 106 7.2-8.8 [413]
Adenosine triphosphate-iron (II) 1.1-10¢ 7.0 [419]
Ascorbate radical anion <2.3-108 7.4 [420]
Ascorbic acid 2.7-10° 7.4 [232]
Flavin adenine dinucleotide 2.2-108 7.0 [418]
semiquinone
Gluthatione red 6.7 - 10° 3.6,8.7 [421]
Methemoglobin (enzyme from bovine 1.4-10° 7.0 [422]
blood)
Adrenaline 5.4-10* 8.8 [423]
Cytochrome ¢ 5.8-10° 7.3 [424]
Ceruloplasmin 1.8 108 7.8 [425]

Superoxide dismutase 2.4-10° 7.4 [212]
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Table 4. Rate constants for reaction of HO" with some biologically important compounds

Substrate k[€ - mol!-s71] pH Reference
Ascorbate 1.0 - 100 7 [303]
Ethanol 1.0 - 10° 7 [302]
Cysteine 8.0-10° 7 [426]
Histidine 5.0-10° 7 [303]
Tryptophan 1.9-10" 7 [303]
Methionine 8.5-10° 7 [303]
Glutathione red 8.0-10° 7 [427]
Mannitol 2.1-10° 7 [428]
Imidazole 8.7-10° 6.8 [429]
Alcohol dehydrogenase 2.2- 101 7 [414]
Lactate dehydrogenase 2.1-10! 7 [212]
Papain 4.7 - 101 6.4 [415]
Superoxide dismutase 5.3- 10" 7 [303]
Guanidine derivative (1.7-9.0) - 10° 74 [430]
H,-receptor antagonists like 1.48 - 1010 7.4 [430]
cimetidine
Green tea polyphenols 1.7 - 100 7 [431]
Quercitin 1.5-101° 7 [431]
Caffeic acid 7.4-10° 7 [431]

In this case the initial amount of the active enzyme molecules can be calculated
from the ratio of v,/v, where v, denotes the rate of catalysis for the same quantity
of enzyme solution after exposure to radicals.

The decrease in the enzyme concentration (6) is then given by the equation

_ [Elo(v - vq)
Ty

6 (189)
The loss of a number of enzyme molecules per energy of 100 eV is called
G(-activity) [243]. The G-value for enzymes containing n active residues
showing independent activity in the enzyme molecule must be expressed as
“molecular units of active site” lost per energy of 100 eV, and is given by the
expression

n- [E]o (V - vd)
v

(190)

This value shows how dangerous the radical reaction is that occurred to the
enzyme and allows one to compare sensitivities of the enzyme for its interaction
with various radicals. An important parameter characterizing a degree of dam-
age caused by active species is inactivation probability, f(i), of the compound
per a single radical of a given active species, i. If one radical species is presented
in a medium, f(i) is equal to G (-activity)/G;, whereas for several radical species
values of f(i) must be calculated from the equation

G(-activity) = £.(G; - £(i)) (191)
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Table 5. The inactivation probabilities f(i) for some enzymes during their interaction with O3
and HO radicals

Enzyme f(HO') £(03) Reference
Papain 0.20! 0.33 [417]

0.06 - [414]
Trypsin 0.05 0.03 [427]
Lactate dehydrogenase from beef heart 0.18 0.02 [212]
Alcohol dehydrogenase from yeast 0.12 0.12 [432]

! This value was measured in aerated solution, while the other were obtained in oxygen free
solutions. Values of pH were in the range of 5.8 to 7.5

where G; are values obtained during exposure to particular species reacting. For
example for Gro- ; Goj, we obtain f;(HO), f,(03), respectively.

Table 5 shows, as an example, the inactivation probabilities exerted by O3 and
HO' radicals for chosen enzymes. As can be seen from the table only a small pro-
portion of the reacting radicals damages the biologically active residues or
exerts conformational changes, having influence on the catalytic activity of the
enzyme.

Moreover, the presence of molecular oxygen in solution can significantly
increase the inactivation coefficient as is observed in the case of papain. This
increase may result from the participation of oxygen as a radical trap in the radi-
cal chain reactions initiated by the damaging radical:

enzyme - H + HO" — enzyme’ + H,0,
enzyme + O, — enzyme - O; — loss of enzyme activity (192)

The similar increase in the inactivation probability has been observed in the
reaction of glyceraldehyde-3-phosphate dehydrogenase with HO" in aerated
solution [433]. The loss of activity of both enzymes caused by HO correlates
with loss of -SH groups [417, 433].

The role of Oj in inactivation of trypsin and lactate dehydrogenase is very
small, practically insignificant, in contrast with alcohol dehydrogenase. The
large value of f(O3) observed in the case of papain is explained by observations
that ~SH groups are easily accessible for binding acyl groups of the enzyme
[417].

5.1.2
Polyunsaturated Fatty Acid Peroxidation

The most frequently reported toxic effect of oxygen species, and at the same
time well documented, deals with the oxidative breakdown of polyunsaturated
fatty acids. This process is commonly known as “lipid peroxidation”.

The term“lipid” deals with a very heterogenous group of biomolecules that are
insoluble in water, but which dissolve in non-polar solvents. The most important
lipids in humans are fats, oils, steroids (cholesterol, steroid hormones), fat soluble
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vitamins (A, D, E, K) and fatty acids derivatives (prostaglandins, prostacyclins,
thromboxanes). Fatty acids occurring in higher animals have usually chain
lengths of 16, 18 or 20 carbon atoms. Saturated fatty acids are rather unreactive
compounds, unlike unsaturated fatty acids, especially those having conjugated
bonds, e.g. linoleic acid, vitamin A.

However, lipid peroxidation is a chain reaction which may be initiated by
several oxygen species: I' = HO", O, (diradical), '0,, RO’, RO;, ferryl ion (Fe0?*),
perferryl compound (FeO?%) or atomic oxygen [434]. It is widely belived that the
most important initiator with respect to the production of lipid peroxidative
tissue damage is the hydroxyl radical [435]. The detailed nature of an initiator
has not been established yet. Three main steps may again be distinguished
during the lipid peroxidation: initiation, propagation and termination [179, 436,
437].

Let us consider the peroxidation of the part of a fatty acid molecule with two
unsaturated bonds (Fig. 12), for example, linoleic acid with a chemical formula:

0

CH,(CH,),~CH=CH-CH,-CH=CH~(CH,),-C-OH (193)

Identical mechanisms may be written for fatty acids containing one or three
unsaturated bonds as well as for the cholesterol molecule.

The scheme involves hydrogen atom abstraction from a fatty acid (LH) by
initiating species (I') following by the formation of lipid radical, (L), (an alkyl
radical), with an electron situated on the carbon atom adding onto carbon
atoms connected with double bonds. The electron may be shifted to other carbon
atoms followed by the double bonds moving closer together with arising iso-
meric forms, (b). This step is followed by the oxygen molecule adding onto the
free radical and the formation of a lipid peroxy radical (LOO’), (c). The lipid
peroxy radical is unstable and undergoes reaction abstraction with a hydrogen
atom from neighbouring molecules or a variety of compounds including other
lipid molecules, nucleic acids, antioxidants, denoted as RH, to form lipid hydro-
peroxide (LOOH) and an alkyl radical (R’), (d). The diene conjugated hydro-
peroxides show the characteristic absorption at 232-235 nm. The hydroper-
oxide generates a number of new free radicals which are the products of its
spontaneous or metal catalyzed decomposition, such as alkoxy radical (LO’) and
hydroxy radical, (HO'), (e). Both radicals, HO' and LO", may terminate by
abstraction of hydrogen atoms from neighbouring molecules, RH, forming
LOH, H,0 and the next radicals from the RH molecules, (f). The newly formed
radicals propagate the chain reaction whereby more and more unsaturated fatty
acids oxidize into hydroperoxides and other products.

Also, the other carbon atoms occurring in the fragment of the lipid peroxide,
LO' connected with carbon atoms with double bonds can be attacked by free
radicals, forming unstable products of the bis-hydroperoxide type, decomposi-
tion of which leads to the formation of an aldehyde and another alkyl radical,
(g). All these radicals can cause polymerization at the dienic bonds and at iso-
lated-C=C-bonds. Apart from the polymerization, the cross-linking of the alkyl
radicals also occurs by mechanisms shown in reactions (h) and (i).
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Fig. 12. Schematic sequence of lipid peroxidation

As is known, compounds containing a carbonyl group, e.g. aldehydes, react
with the side-chain amino groups of proteins, free amino acids or nucleic acids
either by intramolecular bridging or intermolecular cross-linking forming new

compounds called Schiff bases:
H

(194)

H
- RI-C=N-R2

RI—C=O + RZ_NHZ
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For example, malonaldehyde, known to be a very reactive and toxic compound,
can react with two molecules containing -NH, groups forming aminoimino-
propene Schiff base [438, 439]:

H H

O=C‘_CH2—C=O + RI—NHZ b d (195)

HHH HHHH

N R1N=(|J—(|I=CI)—OH il p.lN:(l:—(l::c-Ilsm.2

The latter compound shows a characteristic fluorescence with a maximum at
430 nm, when A,,. = 360 nm [440]. This spectroscopic property gives another
technique for monitoring the lipid peroxidation products generated even in
vivo. For example, products of lipid oxidation have been found in plasma as well
as in lung tissue extracts after intraveneous injection of cobra venon factor
causing lung injury resulting from damage to their vascular endothelial cells
[441].

Moreover, products of the lipid peroxidation showing fluorescent properties
may be usuful as very sensitive markers for peroxidative damage to lipids in-
duced by the active oxygen species, e.g. during ischemic injury of myocardium
and bowel or acute respiratory distress syndrome [442, 443].

The next property of aldehydes worth mentioning is their ability to react
with —-SH groups on protein molecules, resulting in damage to proteins.

Lipids are naturally occurring substance in the tissues of animals. They
include mainly fats and waxes, i. e. esters of glycerol and phospholipids. Almost
all mammalian membranes contain phospholipids, many of which are un-
saturated fatty acids.

Single phospholipids are all derivatives of glycerol, and they contain two acyl
groups and a phosphodiester group on the third hydroxyl.

The probability of interaction of proteins with peroxidizing lipids has long
been recognized. Biochemical changes in proteins exposed to lipid peroxidation
have been observed to be similar to those induced by ionizing radiation, i.e.loss
of enzyme activity, destruction of amino acids, polymerization, crosslinking or
scission.

Apart from the above-mentioned malonaldehyde, all kinds of aldehydes can
be formed during lipid peroxidation. Among them, 4-hydroxy-2,3-trans-non-
enal, considered as “a toxicological second messenger” [407], is able to migrate
rather far from the place of its creation, even to other cells.

Not all oxidative toxicity exerted by oxygen radicals can be ascribed to the
fragmentation of lipids. The next very important consequence is the generation
of a new propagatory agent, '0, which might contribute to the chain reaction,
causing more initiation, by the breakdown of the lipid hydroperoxides [379]:

LOOH + 0; —» LO" + !0, + HO" (196)

2LOOH — LHOH + 10" + !0, (197)
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It has been reported that decomposition of hydroperoxides, alkoxy and peroxy
radicals is strongly catalyzed by iron ions [436]. In muscle tissue the iron-con-
taining compounds are mainly heme pigments, ferritin and transferrin. They act
as catalysts in the presence of H,0, (see for example reactions at Egs. (34) and
(38), or when the iron ions are released [444]:

LOOH + Me™ — LO + Me®+ D+ + HO- (198)
LOOH + Me®@*V+ — LOO + Me™* + H* (199)

The proof of involvement of this strong oxidant includes observation of the
infrared emission (1268° nm) which is due to singlet oxygen and the quenching
effect exerted by !0,-scavengers. Moreover, this catalytic effect of Fe-containing
biologically important compounds has also been reported for cytochromes and
methemoglobin. The decomposition of hydroperoxide lipids is also accelerated
by copper ions ([426 and papers cited therein]). A compilation of biologically
important iron complexes exerting effect on decomposition of lipid peroxides
has been given by Halliwell and Gutteridge [437]. This paper also includes the
effect of Fe-ions on fragmentation of some fatty acids and lipids in microsomal
fractions and on compounds containing a carbonyl group. For example, the
catalytic effect of iron chelators on the lipid peroxidation of raw turkey meat has
been well documented [445].

It should be mentioned that a magnetic field exerts an effect on lipid peroxi-
dation. The observations carried out during non-enzymatic peroxidation of
lipids in the liposomes model system have shown that lipid peroxidation is ac-
celerated even by a weak steady magnetic field [446]. This property of magnetic
fields is important since magnetic fields are used therapeutically, for example
in magnetic resonance imaging high-frequency hypothermia of tumours or
magnetocontrolled transport of drugs [447].

However, unsaturated acids with the divinylmethane bond system

~CH=CHCH,-CH=CH-

for which the mechanism of oxidative degradation has been discussed above, are
not synthesized by the human organism, but they must be supplied to the
organism with food, usually as vitamins. They are constituents of cell wall lipids
and are responsible for a semipermeability of the walls (e.g. regulation of the
Ca?* influx).

513
Carbohydrate Degradation

Carbohydrates are the simple sugars (monosaccharides) widely distributed in
living nature, e. g. grape sugar-glucose, fruit sugar-fructose, mannose, ribose.

Plants contain polysaccharides - high-molecular-weight polymers built up
by repeated condensations of simple sugars with releasing H,0. For example, a
disaccharide molecule contains two monosaccharide residues united by a glyco-
sidic linkage (with elimination of a water molecule).
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The properties of polysaccharides depend on the nature of the sugar unit, the
type of linkage and the length and degree of branching of the chain. Poly-
saccharides containing a few monosaccharide units are called oligosaccharides.
Usually they are the anhydrite forms of two to four molecules of the basic struc-
tural units. Polysaccharides may be divided into two categories: straight-chain
polysaccharides (e.g. cellulose) and branch-chain polymers (e.g. starch).
Cellulose, glycogen are examples of homopolysaccharides containing the same
carbohydrate units.

H,OH CH,OH

o)

o OH OH

OH OH
Glycogen
Starch and glycogen play important roles in biological processes. Starch is the
principal food reserve carbohydrate in plants, whereas glycogen is the animal

starch present in liver tissue (it may contain up to 20% by weight of glycogen).
Cellulose is the chief constituent of the cell walls of all plants.
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Of interest are heteropolysaccharides (they contain two or more carbohydrate
units), sugars which contain amino sugars such as glucosamine, galactosamine.
They are present in blood, nervous tissue and connective tissue.

A very important group of sugars is glycosaminoglycans, known as the muco-
polysaccharides. They are linear polymers of repeated disaccharides, usually
hexosamines. Hyaluronic acid and heparin are the most important among the
glycosoaminoglycans. Hyaluronic acid contain 400-25000 repeating units and
is the basis of joint gel.

Heparin is a powerful inhibitor of blood clotting in the human body and also
participates in concentrating the signal substances regulating cell growth.

Oxidative destruction of polysaccharides may result in their depolymeriza-
tion, and in hyaluronic acid and collagen degradation [448]. Hyaluronic acid, a
glycosoaminoglycan is an integral structural component of the intercellular
milieu as well as of vitreous and synovial fluids. The degradation of this acid has
important implications in the function of the interstitial space, and in the
alteration of the chemical properties of synovial and vitreous fluids [448 and
references therein].
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Units of heparin

It has been suggested that the hydroxyl radical is a main radical species respon-
sible for hyaluronic acid degradation. They cause breaking the glycosidic
(acetal) linkages between monomers, resulting in decrease of solution viscosity.
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514
Nucleic Acid Damage

Nucleic acids are high molecular weight polymers (polynucleotides) of smaller
units called nucleotides. Nucleic acids occur in the nucleus of each cell and in the
plasma, being rather weakly bound to protein. Nucleotides are the phosphoric
esters (phosphates) of nucleosides.

Nucleotides as the structural units of nucleic acid are joined through the ester
linkage of the phosphoric acid residue to the hydroxyl group of the sugar mole-
cule of the next nucleotide. Examples are adenosine monophosphate (AMP),
adenosine diphosphate (ADP) and adenosine triphosphate (ATP).
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OH OH OH OH
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HOCH, o
OH
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Successively, the nucleosides are N-glycosides pyrimidine and purine hetero-
cyclic bases with pentoses, ribose and deoxyribose. The C-N bond between the
sugar and the base involves the carbon atom (C-1) on the part of the sugar. Two
purine bases - adenine and guanine and three pyrimidine bases - uracil, thymine
and cytosine occur mainly in nucleosides.

Purine Bases
NH,
Z N HN N
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N H 2 H
Adenine Guanine
Pyrimidine Bases
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CH3
HN | N* | HN |
H H H

Uracil Cytosine Thymine



104 5 Biological Damages Caused by Reactive Oxygen Species

The nucleic acids of the cell nucleus contain deoxyribonucleic acid (DNA),
whereas the nucleic acids of the cell plasma contain ribonucleic acid (RNA).
Both nucleic acids are polymers containing one mole of sugar and one phos-
phoric acid residue per one mole of the heterocyclic base. RNA contains phos-
phoric acid, p-ribose, adenine, guanine, cytosine and uracil; DNA contains
phosphoric acid, D-2-deoxyribose and mixture of two purine bases — adenine
and guanine and two pyrimidine bases - thymine and cytosine.

Information on the cell damage caused by oxygen active species has been
compiled by the observation of their direct and indirect effects and the study of
oxidative stresses that have been exerted by the relevant species. Among the cell
constituents, DNA, although deeply embedded inside the cells, is susceptible to
the oxygen radicals attack as well as to !0,. Oxygen radicals can attack the DNA
components (sugar, phosphate backbone or bases), causing several modifica-
tions. The base loss or its damage, sugar fragmentation and a strand break with
terminal fragments of sugar residue have been well documented [449-452]. The
main role in DNA cleavage has been described for the HO radical [453].

lH o. Base ("JH 0 Base

2
H EH ?d
? H | OH
-O__||:=o ‘O_T=O
0 (o]
éH o Base (J:H o Base
H H
H
o H ¢ OH
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The cytotoxicity of several antineoplastic antibiotics in clinical use against
cancer cells, such as bleomycin,adriamycin or neocarcinostatin have been found
to be related to their ability to induce intracellular DNA strand breaks (see for
example [454] and recent reviews [455, 456]). Due to the effort of numerous
research groups, it is now well established that DNA degradation, for example
that catalyzed by bleomycin, proceeds along two pathways; in one of these, an
oxygen-dependent, partially reduced oxygen species generated by bleomycin is
responsible for the damage [457]. The studies carried out in vitro have shown
that degradation of DNA by bleomycin occurs in the presence of Fe?* ions and
molecular oxygen and is enhanced in the presence of H,0, and reducing agents
such as thiols or ascorbate [452, 457 -459].

The mechanism of DNA degradation by drugs has been the subject of exten-
sive studies, (see for example [45, 460, 461]). Giloni et al. [460] proposed a hypo-
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thetical mechanism of DNA cleavage by the bleomycin + Fe(II) + O, system
(Scheme 2). It seems likely that the mechanism presented in the scheme may be
obligatory in the case of other compounds generating active oxygen species
(HO, 03, '0,). The generation of the above species during bleomycin treatment
by the Fe(II) + O, or Fe(III) + H,0, system has been well documented [120,
462-467]. The mechanism shown in Scheme 2 suggests abstraction of a hydro-
gen atom from the C(4’) position of deoxyribose moiety by an oxygen radical
followed by the formation of radical II. The detailed mechanism of radical II
formation is given in [468]. The newly formed radical reacts with molecular
oxygen to give the peroxy radical, II1.

fo

(]:—OH
?H

H—c—]B] <|)'
2

H-C—C—H + HO—C—CH—0—P=0" — = 0—R) +
| 1 °
° v IX —t o

Scheme 2. Hypothetical mechanism of DNA cleavage by bleomycin - Fe (II) - O,; B means the
heterocyclic base
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The next stages are the formation of the hydroperoxy compound IV (in the
presence of reducing agent) and its decomposition by cleavage of the
C(3")-C(4’) bond to hemiaminacetal, V, with elimination of water. The base-
catalyzed hydrolysis of the phosphodiester bonds of compound V gives free
phosphate ester, VI, and compound VII. The latter compound is further decom-
posed to afford the base-propenal, VIII, and the phosphate ester of glycolic acid,
IX. After alkali treatment a free base release is possible [462].

All main bases, both pyrimidine and purine, may be damaged by oxygen
species. Recent studies by Catterall et al. [468] dealing with the reaction of HO’
with main pyrimidine nucleobases (uracil, thymine and cytosine), nucleo-
sides and nucleotides, polynucleotides and RNA!, carried out using the spin-
trapping technique, have confirmed that HO' radicals attack the C(5)-C(6)
double bond in the pyrimidine ring. The attack occurs at the rate constant about
5-10° € - mol™! - s! mainly at the C(5) and to a lesser extent at the C(6) position
[429]. For example, uracil reacts with HO" radical to form two adducts:

(o]
2 o
N

HN — " (200)
)\ |  + wo
HN N :
0)\'? OH
H

Such initial damage to the nucleobases can be transferred to neighbouring
sugar molecule [468] following release of the base (Scheme 3). Thymine and
cytosine as well as their derivatives show similar behaviour like uracil when
reacting with HO" [469 and references cited therein]. It has been reported [452]
that the thymine damage during DNA treatment with H,0, results in formation
of four of its derivatives: thymine glycol, methyltartronylurea, urea and
5-hydroxymethyluracil.

The reactions of HO" with purine bases adenine, guanine and their deriva-
tives have been intensively studied during the past decades but the exact mecha-
nism of these complicated processes is not yet well known (see [469, 470]).

It has been proved that guanine in the DNA molecule undergoes hydroxyla-
tion when treated with oxygen radicals under physiological conditions in vitro
[471]. The hydroxylation of deoxyguanosine by the hydroxyl radical gives
8-hydroxydeoxyguanosine (reaction at Eq. (201)).

1 Ribonucleic acids.
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The 8-hydroxy-2’-deoxyguanosine formation is an indicator of in vivo DNA
damage in mammals [472, 473] and may be regarded as evidence of the involve-
ment of the HO radical in DNA degradation.

For 6-substituted purine bases and purine-9-riboxides, three intermediates of
their reactions with HO" have been distinguished: C(4), C(5) and C(8) sites
adducts [474, 475], radicals II, III and IV, respectively (Scheme 4).

The purine-8-OH radical shows strongly reducing properties and can undergo
oxidation, giving product V, or spontaneous imidazole ring-opening reaction
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Scheme 4. Degradation of purine derivatives by hydroxyl radicals

following reduction and protonation with a formamidopyrimidine derivative
compound of type VI being formed. The purine-4-OH and purine-5-OH radi-
cals undergo a dehydration process to form radical products easily removed by
antioxidants. Thus the purine-8-OH radical is considered to be more toxic than
these two remaining radicals.

The toxicity of HO" towards DNA has been used in an experimental approach
providing information on how protein binds to the DNA molecule to make foot-
prints of protein-DNA complexes [476].

However the major damage to biological systems, for example by radiation, is
started by HO' as a product of the radiolysis of water present in living tissues.
Other oxidizing species (*0,, ROO', H,0,, 0, O3, cosmic rays) can also initiate
reactions leading to similar damage.

5.2
Photodynamic Effect

The photodynamic effect may be defined as the damaging effect of the combi-
nation of sensitizing compounds (exogenenous or endogenous), light, and
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oxygen exerted on all classes of organisms. A great variety of compounds
showing sensitizing properties have been studied [477 - 480].

Photosensitized oxidation usually involves light absorption by the sensitizer
molecule in the ground state ('S,) and its electronic excitation to the singlet sta-
te (1S;). The excited singlet state is short-lived (~ 10-8 s) and the sensitizer mole-
cule undergoes an internal conversion process to give the long-lived (~ 10! to
10 s) triplet state (*S,). Two major classes of photo-oxidation reactions sen-
sitized by organic compound exist. They are classified as Type I and Type II
mechanisms [478, 481].

In the Type I mechanism, sensitizer in the excited state reacts with the sub-
strate RH directly, by hydrogen abstraction or electron transfer:

36, +RH —» SH+R (202)

The substrate radical (R’) produced undergoes a radical-chain autoxidation to
give oxidized substrate ~ hydroperoxide (ROOH), peroxide (ROOR) or a radical
dimer (R-R) [482]. The Type II mechanism (Fig. 13) involves 'O, formation
in 'A; and 'Y; states as the result of energy transfer from the excited triplet or

8
singlet level of the sensitizer to the molecular oxygen:

3, +0,[°Z;] - 1S, +10,['A or 3] (203)
181+ 0,25l — 'S+ '0,['Agor 'EF] (204)

This reaction is very fast for almost all sensitizers (k ~1-3 - 10° € - mol™! - s7!)
[479]. The '3; state is much shorter-lived than the 'A, state and is belived to under-
go internal conversion to the !A, state. The electron transfer from the excited sen-
sitizer (°S;) to the oxygen molecule can also occur, generating the O3 ion and an
oxidized form of the sensitizer, but with less efficiency (k = 107 € - mol™! - s1):

381+ 0,[’Zg] —» $*+0;3 (205)

The reactive oxygen states ('A,, 'Y;}) either show a decay, regenerating oxygen in
the ground state (322;), or react with acceptor (A) giving peroxide (AO,). As
reported in Chap. 3, three main kinds of substrates (A) are subject to this pro-
cess: compounds containing an isolated double bond with a g-hydrogen atom;
cyclic conjugated hexadienes; polycyclic aromatic hydrocarbons with con-
densed rings, e.g. anthracene or heterocyclic compounds such as furans. The
quantum yield of the AO, peroxide formation strongly depends on the kind of
sensitizer and the medium of 'O, formation with regard to its lifetime.

Photosensitized oxidation occurring by the Type II mechanism is enhanced
in D,0 and other solvents with prolonged '0,-lifetime and inhibited by addition
of 10,-quenchers, allowing one to distinguish the photoreaction types.

The competition between Type I and Type II reactions depends on the natue
of the sensitizer and oxidizable substrate, pH, concentration of molecular
oxygen and state of the medium in which the photoxidation is carried out
(liquid or solid) [483].

A compound possesses the property of being an effective sensitizer if it forms
a long-lived triplet state with a high quantum yield. Many pigments, such as
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Fig. 13. Schematic illustration of the photodynamic effect

xanthene dyes (eosine, fluorescein, rose bengal); thiazine dyes (thionine,
methylene blue); the chromophores of the photosystem II reaction centres e.g.
P 680, chlorophyll, flavins, hematoporphyrin; the polycyclic aromatic hydro-
carbons with condensed rings, e.g. anthracenes; benzophenone; rubrene,
heterocyclic compounds such as furans or some drugs e.g. tetracyclines and
even nucleic bases, show photosenitizing properties (see for example [477,
484-487]).

For a substance to be a sensitizer, the energy difference between the excited
triplet and singlet ground states must reach at least 94.3 k] - mol}, i.e.at least the
energy difference between the 0, (°Z;) and O, ('A,) states. Figure 14 shows
values of triplet energy of some sensitizers and oxygen [477]. As can be seen
from Fig. 14, the triplet energies of sensitizers vary over a wide range of values
(142-287 kJ - mol™?). During absorption of light, the aromatic hydrocarbons and
the dyes give (7, m*) triplets, whereas the compounds containing the carbonyl
group usually generate (n, 7*) triplets.

Singlet oxygen in the 'A, state having the excitation energy of 94.3 kJ - mol™!
may be generated by all sensitizers for which the triplet energy is higher than
this value, whereas the 'S} state may be produced only by the sensitizers
having triplet energy above 157.1 kJ - mol-'. All sensitizers shown in Fig. 14
fulfil this condition, except the methylene blue which can produce only ‘A,
state.
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Fig. 14. Diagram of energy transfer from the excited singlet (!S,) and triplet (3S,) states of a
sensitizer to molecular oxygen observed in methanol (m) or water (w). Numbers in round
brackets mean the excitation energy of a sensitizer molecule in kJ - mol™!

5.2.1
Kinetic Characterization

Determination of the quantum yield of '0, formation (¢'0,) is very important
in consideration of its strong oxidative properties as an oxidant in vitro and in
vivo. Since the generation of '0, during photosensitized oxidation of the sub-
strate is a rather complicated process [488], the simplest general scheme will be
analyzed. In order to define ¢'O, let us consider oxidation of compound A
(acceptor) in the presence of sensitizer (S) in aerated solution. Because the
quantum yield of the peroxide AO, formation increases with its concentration
and is independent of absorbed light intensity, the scheme which leads to the
photostationary expression for the overall quantum yield of AO, formation is as
follows (Scheme 5) [488]:
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Scheme 5. Schematic presentation of the photostationary expression for determination of the
quantum yield of the substrate (A) oxidation

It is seen from Scheme 5 that after excitation by light absorption, the dye is
converted to the triplet state by intersystem crossing (ISC). In this state the dye
reacts with oxygen >0, forming O, or undergoes collisional deactivation to the
ground state !S,. This reaction, like the reactions of '0, with substrate A, leads
to different processes in competition, depending upon the conditions, such as
formation of AO, or 'O, deactivation, spontaneous or caused by presence of the
10, quencher (Q).

Scheme 5 does not cover all possible processes, e.g. fluorescence or phos-
phorescence (!S; — 'S,,3S, — !S, transitions, respectively) or the reaction of the
excited dye with substrates other than A.

The quantum yield of substrate oxidation ¢ is given by

[A]
2 B+[A]

kilA] 610, (A]

2 . =
kg +k[A] £+[A]
ki

¢=9¢'0 =¢'0 (206)

where ¢'0, is the quantum yield of 'O, formation;

kg s the rate of '0, decay (k4 = 7ip, for the appropiate solvent);
ki is the rate constant for reaction of substrate A with !0, [488].

The constant f, defined as ky/kj = 1/kj - 1, is the relative reactivity index of the
acceptor (A). Its value represents the concentration of the acceptor at which half
the reactive species generate product AO,. If the concentration of the acceptor is
high, then

ki - [A] > kq

and the limiting quantum yield of the acceptor oxidation is the quantum yield
of the triplet state of the sensitizer formation ¢ S,
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kilAl 11 <1+£>
D+ kE[ATe 9%s | [A]

A plot of 1/¢ or 1/¢" vs 1/[A] should be a straight line and may be used for the
value determination. If the § value is independently determined, the latter equa-
tion may be used for ¢ 3S, determination. Similarly, knowledge of the § value
leads to determination of the quantum yield of 0, formation.

Let us analyse factors having an influence on the quantum yield of 'O,
formation. If we assume that the triplet state of the sensitizer is completely
quenched, and that the quenching of the !S; state by oxygen is also significant,
the following kinetic scheme in which oxygen quenching of the dye singlet and
triplet states may be given (Scheme 6) [488]:

=9 (207)
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Scheme 6. Quenching of the singlet and triplet states of a dye by molecular oxygen

The overall quantum yield of 'O, formation is described by

9'0,=ap(0)+y-¢ (208)

where

o is the fraction of the quenching which leads to 'O, ('A,) formation;

p(0,) is the quenching probability of the 'S, state by oxygen in the ground
state. For sensitizers showing fluorescence this value is easily found, by
the detection of fluorescence decrease since the emission is strongly

quenched by *0,;

e is the probability of !0, generation during interaction of 3S, with
oxygen molecule;

Y is the overall quantum yield of the 3S, formation.

The y parameter is the sum of the spontaneous intersystem crossing yield (y)
and yield of the oxygen induced ('S, — S,) transition (&):

y=x+¢
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where

X = tisc[l1-p(0y)]
§=6p(0y)

and ¢y is the quantum yield of the intersystem crossing process;
& means the fraction of the quenching which leads to the 3S, generation.

Thus y= ¢sc[1-p(0,)] + 6p(0,).
Substituting the latter expression for “y” in Eq. (208) we obtain

910, =[a+ o(8- ¢rsc)Ip(0,) + @ Prsc (209)

When the excited singlet state of sensitizer (!S,) is effectively quenched by
oxygen, i.e. p(0,) = 1, 'O, may be approximately extrapolated to unity. Then
a+ 6=1and ¢ = 1. This means that '0, is generated by interaction of oxygen
in the state 32; and the sensitizer molecule in the 3S, state.

The ¢'0, value may be obtained from Eq. (206). If deactivation of 'O, by sub-
strate A is negligible (k} and k$ small), extrapolation of @ (Eq. (206)) to the initial
concentration of the acceptor (A) gives values of ¢'0,.

If deactivation of 'O, by acceptor (A) is taken into account [488], then Eq.
(206) becomes

ki[A] [A]

= ¢'0 =¢'0, ———M— 210
PP ekl i ek 210
ki ki
In this case the reactivity indexﬂ=—k-1-—=£,where k, =kj + k4.
ki+kd Kk,

The rate constand kg may also be easily determined from Eq. (206) using an
effective 10, quencher, having the quenching rate (ko) equal to the diffusion
controlled rate constant (~ 10° € - mol™! - s~!) [489]. As can be seen from Scheme
5,in the presence of quencher Q, Eq. (206) takes the following form:

9=9¢'0, lA) (211)
kg +kol[Q] +kj[A]
or
1 1 kolQ]  ky4 1
;—¢102(1+|: kf\ +k,§]m) (212)

The plot of 1/¢ vs 1/[A] at given concentration of the quencher [Q] gives a
straight line. Since the inclination of the line is the linear function of the
quencher concentration, and the value of kg is assumed to be known, the value
of ky may be obtained.
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The rate constants ky and k} are often determined by monitoring the decrease
of 1,3-diphenylisobenzofuran (DPBF), a compound known as a good 'O,
quencher, by detecting the decrease of its absorption band with maximum at
415 nm or fluorescence intensity at 458 nm (A.,. = 405 nm) due to '0,. The
technique has been proposed by Young et al. [490] and is also useful for deter-
mining the f-value and rate constant k, of 'O, quenching by another compound
competing with the oxidation of DPBF by '0,.

We have applied this technique to the determination of 8 values of catechol-
amines (CAT) during rose bengal sensitized photooxidation of DPBF [256].

The photooxidation of DPBF by a '0, mechanism in the presence of CAT
occurs according to Scheme 7.

The kinetic equation of this process may be written

_ d[oPBR] ( ko [DPBF] )

dt Ko [DPBE] + ks [CAT] + Ky (213)

where K is the rate of formation of '0,,and is dependant upon light intensity, dye
concentration, etc.; ky is the rate of decay of !0, to the ground state; and k,, kg
are the rate constants for reactions of CAT and DBPF with !0,, respectively.
At very low concentration of DPBF (about 10-° mol - €-!), using a fluorescence
technique, a first-order disappearance of DPBF is observed:

d[DPBF DPBF
_dIDPBE] _ ( KoIDPBF] o
dt k, [CAT] + kq
where the slope of the first order plot
M vs [DPBF] (215)
dt
k
=K——2%—— (216)
k,[CAT] + kq
[DPBF]
K DPBFO,
Q
1 [CAT] -
0, K > CATO,
3
\——> (o)
kg 2

Scheme 7. Photoxidation of 1,3-diphenylisobenzofuran (DPBF) in the presence of catechol-
amines (CAT)
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and

5, =K (217)
kg
in the absence of CAT.
The ratio of the slope without and with the catecholamine is given by:

So kA Io
Do_14-4 =2 21
S 1+kd[CAT] I (218)

where I, I are the fluorescence intensity of DBPF in the absence and presence of
CAT, respectively. A plot of I,/I against [CAT] should yield a straight line with a
ky, 1
ke B
Table 6 presents rate constant (k,) and reactivity indexes () for catecholamines
and other chosen compounds. The data indicate that for effective '0, quenchers
we obtain very small B-values, such as for B-carotene, which means that this
compound reacts with 'O, with almost a diffusional controlled rate constant.

The values of quantum yield of singlet oxygen formation have been deter-
mined for several sensitizers including those biologically important (see for
instance [477, 486, 487]). For example, the quantum yields of !0, formation
determined during photosensitized oxidation of 2,5-dimethylfuran in methanol
solution at 293 K using rose bengal, benzaldehyde and fluorenone as sensitizers,
have been reported to be 83, 64 and 7% respectively [477]. Rose bengal, me-
thylene blue and hematoporphyrins are very good sensitizers, whereas the dyes
having a high triplet energy such as benzophenone or flavins show rather high
ability to undergo the Type I processes.

Later studies [486] have shown that the triplet excited states of adenine and
the pyridine bases (uracil, thymine and cytosine) also produce !0, via the Type
IT photodynamic mechanism. The quantum yield of singlet oxygen formation
found for these bases are 3,13, 1 and 2%, respectively.

All DNA bases, nucleotides and dinucleosides have high-energetic triplets,
usually higher than 300 k] - mol~! [487]. This means that they should be capable

slope

Table 6. Rate constants k, and reactivity indexes  for chosen compounds in methanol

Acceptor (ki +k9) B Reference
[€ - mol!-s71] [mol - €-1]

Sodium azide 2.2-108 41-107 [489]

1,3-Diphenylisobenzofuran 1.4-10° 6.7 - 10-6 [489]

B-Carotene 1.5- 10 6.1-107 [490]

Catecholamines (1.0-2.3) - 10¢ (4.0-9.2) - 102 [256]

Histidine 5.0- 107 3.0-1073 [317]

Methionine 3.0-107 5.0-105 [317]
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of producing !0, during photosensitization, but the observed effect is rather
poor. The yields of 'O, generation observed for the guanine base and guanine-
containing residues (e.g. DNA, thymidyl (3"—5)-2’-deoxyguanosine) were
almost undetectable. These observations may result from a high susceptibility of
the guanine base and its derivatives on oxidation by !0,, in contrast to other
bases being at least two orders of magnitude less susceptible [491, 492].
Although the Type II photosensitized oxidation occurs mainly in solution, it can
also occur in a gas phase using naphthalene as the sensitizer, in a gas-solid
phase when both sensitizer and substrate are adsorbed, e.g. on silica gel [493],
and in a solid-liquid phase when the sensitizer is on polymers, e.g. polystyrene
[494] or an ion-exchange resin [495].

5.2.2
Biochemical Implications of the Photodynamic Effect

Although much progress in research work in this field has already been made, the
complexity of photosensitized reactions and the number of intermediates make
the identification of these intermediates very difficult and only the end degrada-
tion products have been isolated and characterized. In view of the potentiality for
photodynamic damage by photooxidation of certain amino acids, peptides,
phenols, nucleotides, indoles and lipids, these compounds have been of great
interest to photochemists and photobiologists, and will be discussed in turn.

5.2.2.1
Amino Acids and Their Derivatives

Amino acids such as methionine, histidine, cysteine, tryptophan and their
derivatives are susceptible to the 'O, attack, and therefore they are affected
during the sensitized photooxidation (see for example [496]). For example,
methionine undergoes oxidation to the sulfoxide (reaction at Eq. (148)), whereas
cysteine is oxidized to cysteic acid [497]. During the photooxidation of histidine,
10, mechanism cleavage of the imidazole ring is observed [479]:

0 H N 0 H
[ / ) 1 N |
HO—C—G—CH— / *+ 0, —* HO—C—(—CH;—COOH (219)
NH | NH
2 H

whereas the photooxidation of tryptophan occurs by cleavage of the enamine
double bond and mixtures of different products, among which N-formyl-
kynurenine, has been reported [498]:

NH,
H;-CH—COOH (’:H,‘,—CH—COOH
NH, =0
+ 10, —> (220)
rlq 2 rlq—CHo
H H

N-formylkynurenine
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In the case of tyrosine, the attack of '0, has been reported to occur at the
phenolic ring site [499]. Amino acids present in peptides and proteins undergo
a similar reaction as those given above.

5.2.2.2
Phenols

Phenols are also susceptible to photooxidation by singlet oxygen. For example,
photooxidation of phenols sensitized by methylene blue in CH,Cl, leads to
production of hydroperoxide [250]:

OH

o}
X X X X
+ 102 — (221)

e, H,c” "OOH

Similarly tocopherols, among which a-tocopherol (vitamin E), a biological
protective phenolic compound in hydrophilic phase, is oxidized by !0, with very
high rate (~ 108 € - mol™! - s7!) according to the following mechanism [500]:

& CH:E)OH
H,C 0/t 1, HC 0 CHs
CH, -5 CH, —>
HO R 0 R
CH, CH,

OCH

3
—_— R + | +
o o CH, (222)
OH
+ + cl:H
o) 0 2
(0] (0] OH

g g iy
R=CH,~CH,-CH-CH,-CH,~CH,-CH-CH,-CH,-CH,-CH-CH,

-0

where
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5.2.2.3
Nucleic Acid Components

It has been reported [491, 501, 502] that 'O, can cause the oxidation of major cell
components such as DNA or RNA. The study carried out on model systems has
shown that heterocyclic dienes and enamine double bonds are targets for !0,
attack (see [503]). For example tetramethyluric acid (ketonic form) reacts with
10, as follows [504]:

2 \ (223)
0 CH

In vitro study performed by Cadet et al. [505]on 3’,5’-di-O-acetyl-2’-deoxy-
guanosine oxidized by 'O, showed formation of the degradation products, e.g.
deoxy-ribosyl-cyanuric acid and deoxyribosyl-4,8-dihydro-4-hydroxy-8-oxo-
guanine from this purine derivative.

Another example of interaction of 'O, with nucleic acid components was
reported by Foote [480]. It has been observed in this study that photooxidation
of uracil derivatives gives carbonyl compounds via the enamine double bond
cleavage:

0
HN Cefts HNJkﬂ’ Cos

| + o, —» (224)
O)\ﬁ\l C.H ? O)\N/H\

65 I OCSHS
H H

Similarly, the photosensitized oxidation of guanine and guanosine occurs with
aring cleavage leading to the generation of several compounds such as guanidine,
carbon dioxide, derivatives of urea and parabanic acid (reaction at Eq. (225))
[506, 507]:
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0 H
I i
)\ | N\> + 10, —» | N>=o + COp +
N N |
LooH H
NH, (225)

H.N
* >=O * HN)\NHQ

H,N

If we compare the ability of the HO radical and 'O, to oxidize nucleic acid
components, we will find experimental data showing that HO" reacts with both
pyrimidine and purine components, whereas '0, shows the most activity
towards guanine and related purines. Several reports dealing with photo-
dynamic oxidation of nucleotides and nucleic acids have proved that the
guanine residue in nucleic acid is the most readily and selectively damaged
[506]. Compounds identified during oxidation of guanosine and its derivatives
as well as other nucleic acid bases by 'O, generated by other methods than the
Type II reaction were found to be different from those discussed above (see for
example [508]).

5.2.2.4
Indoles

Dye-sensitized photooxidation of the next biologically important compounds
such as electron-rich N-alkylated indole derivatives has been shown to give end
products containing carbonyl and amide groups by way of dioxetane stage
formation and 2,3-bond cleavage (reaction at Eq. (226)) [509, 510], whereas
2,3-disubstituted indoles give mainly ene reaction products, i.e. 3-hydroperoxy-
indolenines (reaction at Eq. (227)) [511,512]:

GH, HC
\
(o -5 — CLe —
N N CH,
O=é-——CH3 0=C—CH,
CH, (226)
L
—_—
N~
| CH,
O—C—CH,
R R
2 2 OOH
R, + 'o, — )R, (227)

I—-Z
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5.2.2.5
Lipids

Fatty acids and lipids are photosensitized by singlet oxygen to allylic hydro-
peroxides with the double bond shifted to the allylic position ([480, 513 and
references therein]):

R,~CH=CH-CH,-R, + !0, - R,~CH-CH=CH-R, (228)

|
OOH

For example, cholesterol is photooxidized via the singlet oxygen way to
3B-hydroxy-cholest-6-ene-5a-hydroperoxide, whereas this sterol oxidized by
oxygen free radicals gives the 7-hydroperoxides, (reaction at Eq. (229)) [353].

(I:H3 HC CeHiz
H—C—CHa
| CH
CH HO &
| — 2
CH,
| HO OOH
CH,
2 229
H\J;/C”a (229)
HC — CH
HC [8 17
¢ 3
c
10z
———
HO
HO OOH

Hydroperoxides generated during oxidation by !0,, in turn, can decompose to
give several types of secondary free radicals. These lipid radicals can participate
in the propagation reactions of lipid peroxidation (see Fig. 12), and neighbour-
ing cell constituents can be further targets.

Coming to the end of this review of the chemical basis of damaging reactions
observed during the photodynamic effect, it is worth mentioning that there are
several important factors controlling the Type II photosensitized oxidation such
as ionization or half-wave oxidation potentials of the acceptor, hindering effect
of the interaction between singlet oxygen and the acceptor, solvent dependence
of the singlet oxygen lifetime, temperature effect determining the stability of the
peroxide type intermediates, kind of sensitizer conditioning the Type II oxida-
tion, and the singlet oxygen generation in the 'A; state having relative longer
lifetime than the 'Y} state, or presence of '0, quenchers (antioxidants). Thus,
biological and medical consequences of the photodynamic effect are condi-
tioned by these factors as well as the protective level of the biological systems
against the '0, action.
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5.23
Biological and Medical Aspects of the Photodynamic Effect

Problems connected with photodynamic action have aroused considerable
interest during the last few years. However research on this problem has been
going on since 1903, and Kautsky (1939) [514] was the first researcher who pro-
posed the mechanism of dye-sensitized photooxidation reaction in the presence
of molecular oxygen as an energy transfer from the sensitizer to molecular
oxygen following 'O, generation and its reaction with an oxygen acceptor.

The discovery of the red chemiluminescence bands at 638 and 700 nm of 'O,
by Khan and Kasha in 1963 [105], the solvent effect on '0, lifetime, especially its
prolongation in D,0 (deuterium effect), and development of a novel method for
direct measurement of the lifetime in solution by Merkel et al. in 1971 [99, 317]
as well as observation of quenching effect exerted by certain specific scavengers,
reported in a number of papers (1968-1974) [316-318, 322], turned the attention
of photobiologists onto 'O, as the responsible agent for the dye-sensitized in-
activation of aqueous solutions of enzymes [328, 514]. There is considerable
evidence of the importance of the role of 'O, in the photooxidation of biomole-
cules. Photodynamic action shown by !0, in vivo is very complex on the whole
nevertheless several different techniques were used for demonstrating the inter-
mediacy of this species in this process [480, 515].In 1974 Ito and Kobayashi first
demonstrated the participation of 'O, in vivo systems such as acridine orange
sensitized photooxidation of yeast cells using a combination of two criteria for
10, participation: !0,-quencher (NaN,) and D,0 as a solvent [516].

The photodamaging effects have been observed in all classes of organisms
starting from multicellular plants and ending in humans. This effect can operate
in membrane damage, carcinogenesis, mutagenesis, disturbance in metabolism
or reproduction and in numerous other biological effects. All the above-men-
tioned medical and biological disorders have a source in 'O, reactions with
molecules of biological interest such as amino acids, proteins and peptides,
nucleosides, nucleotides, lipids and other cell constituents.

The model studies carried out by several scientific groups (see for example
[517 and references cited therein]) on simple systems that mimic biological
membranes such as micelles, reverse micelles, liposomes and vesicles as well as
biological membranes, organelles and cells have shown that the '0, damaging
activity strongly depends on the locus of its production. The damage is nearly
site-specific with regard to !0, lifetime, e.g. about 1.03 ps in human plasma
[518],and the presence of reactive compounds showing 'O, quenching property.
A longer lifetime allows 'O, to diffuse far from the place of its generation.
Kanofsky has reported that !0, may diffuse in the membrane core for a distance
of about 0.16 micrometers [518]. This value is about 2.5 times higher than the
mean diffusion distance for !0, in aqueous solution. This unique feature of '0,
(generation and reaction sites can be different) differentiates 'O, behaviour
from the oxygen radical reactions.

The toxicity of 'O, to the cell in photosensitized reactions depends on the
localization of the sensitizers, on whether the sensitizer is free or bound to the
cell constituents, as well as on the value of the excited triplet state energy and the
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value of the environmental pH [516]. For example, acridine dyes are bound to
the mitochondria as well as to yeast cells [519], eosines are distributed more in
cytoplasm and protoporphyrin in liposome [516].

The distribution of sensitizer in a cell may be an important determinant of
the photodynamic biological activities. An excellent overview dealing with
photomodification of biological membranes and the role of !0, in this process
in in vitro research is given in [520 and several references cited therein]. A
survey of in vivo studies is reported by Ito [516].

The above-mentioned ability of the nucleic bases for photosensitized genera-
tion of !0, might have significant biological consequences. Singlet oxygen as a
relatively long half-life species (10-50 us) can travel for a long distance and cause
strand breaks of DNA chain with the damage being located at neighbouring
sugar sites. This oxidant reacts with DNA causing single-strand breaks and bio-
logical consequences similar to those caused by HO radicals [521]. It is generaly
accepted that '0, is generated under various pathophysiological conditions in
mammalian tissues. Studies carried out in recent years [522, 523] have shown
that 'O, damaging DNA bases causes misreading of the DNA template and
results in mutagenicity and carcinogenicity. The mutagenicity exerted by 'O, has
been reported, for example, in bacteria and mammalian shuttle vectors [524, 525].

Singlet oxygen is known as a genotoxic agent. This species exerts influence on
the genetic information and on DNA replication [524]. A review of the genotoxic
properties of 'O, has recently been published [501].

In vitro study has shown that E. coli DNA polymerase I is stopped when copy-
ing single-strand DNA possessing guanine oxidized by '0, [526].If such a block-
ade in replication occurs in vivo, the lesions in DNA will lead to death of a cell.
The toxicity of 'O, in E. coli in terms of growth and survival is well documented
in Nakano et al. [527]. Moreover, it is suspected that DNA damage is a main step
in gene induction [528, 529], and recently it has been suggested that !0, gener-
ated interacellularly is able to induce human immunodeficiency virus type 1
(HIV-1) reactivation from latently injected lymphocytes and monocytes [530].
The mutagenic consequences of DNA damages has been well documented by
Decuyper-Debergh et al. [524].

Ito [516] has classified the inactivation of the cell into three modes: (1) the
sensitizer is localized outside the cell and !0, attacks the cell from outside; (2)
the sensitizer occurs in the cytoplasm and !0, reacts with the cell constituents
from inside; (3) the sensitizer is bound to DNA and !0, also attacks from inside.

Singlet oxygen generated during the photodynamic effect is capable of in-
juring and even Kkilling cells [142]. The possible involvement of 'O, in tissue
damage in different disease conditions has attracted great attention in recent
years and we will discuss only a small fraction of this important field of research.
The evidence obtained has established that singlet oxygen generated intra-
cellularly, i.e. in the cytoplasmic region, reacts mainly with enzymes, DNA, tRNA
and other subcellular structures causing a mutagenic effect, whereas produced
outside a cell it attacks the cell surface and thus the cellular membrane lipids. Ito
and Kobayashi [531] have collected good evidence for the induced membrane
damage of yeast cells by !0, generated outside the cell during the photodynamic
effect.
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Of particular interest to all biologist and biochemist research groups has
been the localization of oxygen species generation intracellularly and the site
of damage caused in biological systems. Up till now, investigation of the ability
of localization of these reactive species generated in vivo has met with limited
success. As described in Chap. 4, the ESR spin trapping technique, one of the
most frequently applied methods for detecting both oxygen free radicals and
10,, does not allow for the simultaneous observation of their generation and
reaction sites with cell constituents. Recently the research has been focused
primarily on the use of fluorescence microscopy techniques in combination
with linked nitroxide traps for fluorophores. The method has been successfully
used to differentiate the various types of biological damage caused by singlet
oxygen and oxygen radicals [532] in cells. For example, this method allows one
to detect oxygen radical generation by stimulated human neutrophils.

A few diseases have been postulated to involve the photodynamic effect. For
example, porphyrias, which are defects in the blood porphyrin metabolism, have
several different syndromes [533]. One of the disease, erythropoietic proto-
porphyria, is mediated by generation of !0, during the photosensitization of
porphyrins occurring in the skin, and patients suffer with edema and erythremia.
Because blood from these patients contains increased concentration of proto-
porphyrin in the red cells [534] acting as sensitizers in the photodynamic effect,
activation of the lipid peroxidation by !0, is observed which leads to increase in
red cell membrane permeability [535]. There are many examples of red blood
cells being damaged during photooxidation in the presence of endogeneous or
exogeneous sensitizers. Denaturation of hemoglobin and damage of the
erythrocyte membrane have been proposed as a reason for oxidative hemolytic
diseases. Hemolysis of erythrocytes has been observed for a number of photo-
sensitizers [536, 537].

Lamola et al. [538] observed hydroperoxide cholesterol formation during proto-
porphyrin sensitization in normal and ghost red blood cells in patients suffering
from erythropoietic protoporphyria. These patients are subject to swelling, ery-
thema and lesion on exposure to light. Their red blood cells contain a large amount
of free protoporphyrin which is a very good sensitizer for the Type Il reaction.

The increased permeability of lysosomes and cell membranes towards liquids
and inorganic ions as a reason of accumulation of fluid in a cell during edema
has been postulated by Allison et al. [539].

From the medical point of view the next important consequence of the
photodynamic effect is an induction of collagenase expression in human skin
fibroblasts. Collagenase, synthesized under unbalanced conditions, cleaves the
a-chain of interestitial collagenases I and III causing damage to the connective
tissue in human fibroblasts under in vitro and in vivo conditions [540]. The next
report worth mentioning [541] deals with induction of human heme oxygenase
gene, the rate-limiting enzyme in the heme degradation pathway, via the Type II
mechanism. Similarly, Keyse et al. [542] have reported transcriptional activation
of the human heme oxygenase gene in cultured skin fibroblasts induced by
oxidative stress.

Nye et al. [543] using the ESR spectroscopy have reported that epithelial cells,
a cell type known to undergo oxidant stress, are photodynamically inactivated
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in the presence of methylene blue, causing changes in respiratory epithelial cell
morphology and function.

Photosensitized inactivation of lysozyme and dysfunction of ATP-ases occurs
probably via tryptophan destruction [544], whereas a loss of lipoamide and
alcohol dehydrogenase activity is related to histidine oxidation [545].

Another potential consequence of photosensitized generation of singlet
oxygen involves carcinogenesis. The evidence is convincing that '0,, as a power-
ful oxidant able to induce a cellular pro-oxidant state, can act as a promotor of
carcinogenesis [546].

It has been observed that many carcinogenic polycyclic hydrocarbons are
good sensitizers showing photodynamic properties [547], for example 3,4-
benzopyrene [548]. It has been shown that illumination of mice after injection
of sensitizers produced skin tumours, although single treatment of mice with
either sensitizer or illumination does not give the tumour formation. One of the
hypothetical theories of carcinogenicity involving 'O, postulates generation of
this species by the polynuclear hydrocarbon bound to the cell constituents
during exposure to light [548]. Singlet oxygen reacts with acceptors giving
hydroperoxides. In vivo, such hydroperoxides or products of their decomposi-
tion, e.g. oxides, epoxides or hydroxylated compounds, are electrophilic carcino-
genic species capable of reacting with nucleophils within the cell to stimulate
metabolic activation leading to tumour growth [549].

According to the above-mentioned mechanism the DNA strand breakage in-
duced by '0, can elicit secondary metabolic reactions, particularly polyadenosine
diphosphate ribose (ADP)-ribosylation of chromosonal proteins [550]. Because
concentration of !0, generated during the dye-sensitized photooxidation can
reach a relatively high level, this oxidant may result not only in changing chro-
matin conformation but also in excessive poly ADP-ribosylation, which causes
depletion of ATP, NAD, inhibition of DNA synthesis or even cell death [551-553].

There also exists good evidence that some drugs are phototoxic because of
their ability to act as photosensitizers. One example showing this property is
tetracycline which can cause a number of phototoxic effects in patients when
they are exposed to sunlight. Clinical symptoms are edema, papules, erythema
or photo-oncholysis [484]. Another member of the tetracycline antibiotics
group, doxocycline, damages neutrophils [554].

Finally, there are several reports considering singlet oxygen as a causative
factor leading to plant senescence [555].

53
Cytotoxicity of Oxygen Free Radicals and Their Possible Role

in Human Diseases

5.3.1
Oxygen Radical Induced Cytotoxicity

As has been shown in Chap. 1 there are two possibilities for reactive oxygen free
radical generation: enzymatic and random (in the presence of electron donors).
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The enzymatic generation of oxygen free radicals includes a number of bio-
logical redox reactions, both enzymatic and spontaneous, which generate O3.
Several oxidative enzymes have been shown to catalyze the univalent reduction
of 0, to O3, e.g. xanthine oxidase, flavin oxidase or aldehyde oxidase. The
superoxide anion radical dismutates spontaneously or catalytically in the pre-
sence of a family of enzymes called SODs, forming H,0,. The spontaneous
dismutation is a slow process, of second order with respect to O3 concentration,
while the enzymatic process is rapid, of first order in this radical concentration.
Superoxide anion radical can, in turn, react with H,0, to produce HO' (reaction
at Eq. (31)).

The random generation of oxygen species includes one-electron reduction of
molecular oxygen by a low spin transition metal (Cu, Fe, Co, Mn, Cr, Ti, Ni),
irradiation of H,0 which constitutes the main tissue component, the redox
reactions of quinones, semiquinones or the transfer of electron from com-
pounds containing a lone pair of electrons (-N-, -§-, -P-, -Se-) to the oxygen
molecule.

However, not all cellular sources of O3 are identified, although several im-
portant have been well recognized (see [39-52, 556]. It has been shown that
whole cells and subcellular organelles are involved in oxygen free radical pro-
duction (see Chap. 1).

Oxygen free radicals have been postulated to be involved in development of
various pathological states. Interest in oxygen free radicals as potential toxic
intermediates dates to the early 1940s and an enormous amount of literature has
been published on this subject. It is impossible to discuss the wide range of
pathological states and diseases in which they have been reported to be involved,
and we will therefore concentrate our discussion only on those which are well
documented and are considered to be connected with the presence of physical
and chemical pollutants in the environment. Oxygen free radicals can be toxic
and very dangerous when the balance between prooxidation conditions and
antioxidants counteraction gets out of the cells, control. Besides being toxic, they
play an important role in the physiological processes for the maintenance of
homeostasis in tissues.

Del Maestro [557] has proposed two categories of disease states — increased
generation of free radicals and decreased generation of free radicals. Both pro-
cesses may occur intracellularly and extracellularly. In the case of increased
generation both intracellular and extracellular generation of free radicals may
occur simultaneously. Several disease states have been reported to result from
intracellular injury of organelles such as mitochondria, lysosomes or peroxisomes
exerted by oxygen free radicals generated under pathological conditions. The
main reason for the disease state is an alteration of protective and control mecha-
nisms acting in a cell that can lead to uncontrolled radical reaction of oxidation.

Chemicals, drugs, irradiation, toxins, deficiency of antioxidants, e.g. vita-
mins, and ageing are considered to operate as sources of increased intracellular
generation of free radicals. Human beings are exposed to a great number of phy-
sical and chemical pollutants present in the environment (see Fig. 11). Long-
lasting or chronic exposure to these pollutants may lead to damage of cell con-
stituents or even cell death. Ultraviolet radiation, therapeutic radiation and
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chemical carcinogens present in air pollution (O,, NO, NO,) or smoking generate
an increased radical flux in the intracellular and extracellular space of a cell.

The increased extracellular production of oxygen free radicals occurs during
acute inflammatory (burns, infections) and chronic inflammatory (rheumatoid
arthritis, connective tissue disorders, vasculitis) conditions. Oxygen free radi-
cals are then released mainly in the extracellular space, for example by poly-
morphonuclear leucocytes, monocytes and macrophages.

It is widely believed that, among oxygen free radicals and general oxygen
species, the most important free radical species with respect to the cell damage
is the HO radical. Hydroxyl radical is a short-lived species, with half-life times in
the range of nanoseconds, but this radical reacts rapidly with almost every mole-
cule met in a cell. The O3 radical and H,0, are rather low reactivity species and
are not expected to be highly toxic, but they can be converted to HO" through the
Fenton reaction catalyzed by endogenous stores of transition metal ions. In the
healthy cell the catalytic activity of metal ions is well controlled because the
metal ions are compartmentalized by incorporation into macromolecular struc-
tures such as cytochromes, ferritin and hemoglobin, or are bound to enzymes.

Hydrogen peroxide is a stable enough compound and can diffuse for a long
distance to a vulnerable part of the cell, generating HO radicals by the reaction
with ferrous ion often bound to the phosphates of the DNA backbone and to
protein associated with chromatin. This hypothesis for H,0, toxicity has re-
ceived widespread acceptance and has been supported indirectly by a number of
model studies [437, 558, 559]. In healthy cells of different types, iron is stored as
bound to ferritin. Cells also contain insoluble iron chelates, e.g. hemosiderin and
also low molecular weight iron chelates or a number of cytosolic iron-con-
taining enzymes. Each iron form can potentially by involved in the Fenton
reaction,

Hydroxyl radicals generated by activated phagocytes near endothelial sur-
faces may cause changes in intravascular granulocyte behaviour. Besides
possible bacterial killing activity they can oxidize lipids of the intracellular orga-
nelles, and also cause alteration of other macromolecules, e.g. lipids, DNA, RNA
according to reactions described in Chap. 5 and therefore increase microvas-
cular permeability. The increased generation of HO radicals, e.g. during the
splitting of water molecules, may result in alteration of components of the extra-
cellular space and plasmalemmal peroxidation [558].

The importance of metal ions in the generation of oxygen species has been
discussed in Chaps. 1 and 2 (see reactions at Eqgs. (10), (11), (18), (19), (33), (34),
(37), (38)). The metal ions, especially iron, play an important role in lipid peroxi-
dation as shown in Chap. 5, causing fission of an O-O bond transferring lipid
peroxide into alkoxy and peroxy radicals (reactions at Egs. (198), (199)). Peroxy
and alkoxy radicals, like HO', may cause DNA damage. Finally, a number of toxic
products is generated during the reaction of metal complexes with lipid per-
oxides (aldehydes, epoxides). Peroxidation of the cellular membrane bound
lipids has been considered as important in the development of ischemic brain
damage [560]. Lastly, the direct demonstration of the occurrence and time
course of increased HO radicals production in the injured brain has been
demonstrated by Hall et al. [561].
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53.2
The Role of Oxygen Radicals in Human Diseases

Decreased generation of oxygen radicals in a cell also leads to disease states. For
example, people suffering from psychiatric diseases (schizophrenia, paranoid
psychosis and other mental aberrations) have increased intracellular levels of
SOD (an enzyme which eliminates O3, see reactions at Egs. (117), (118)).
Michelson [562] suggested that some psychiatric diseases may result from
increased elimination of O3 by SOD giving, as an example, children suffering
from mongolism. It was found that these children had 50% higher intracellular
concentration of SOD [563]. Similarly, the decreased ability of O, reduction to O3
by inflammatory cells causes increased susceptibility of humans to some kinds
of infections. Babior [564] has reported the occurrence of this defect in chronic
granulomatous diseases and myeloperoxidase deficiency.

Halliwel and Gutteridge [565] have suggested that oxygen free radicals may
be involved in at least 100 sorts of disease and that enhanced production of the
radicals occurs in most human diseases [566]. A big role in oxygen radical pro-
duction during disease states has been postulated for catalytic activity of metal
ions. In healthy cells this activity is well controlled by incorporation into macro-
molecular structures, but during diseases a structural disorder or the action of
chemicals or viruses causes a metal ion to be released and become involved in
abnormal redox reactions. If the redox reactions release strongly electrophilic
oxygen species such as HO radicals or '0, near targets, namely DNA, RNA and
proteins, then damaging oxidation may occur. But there is little direct evidence
supporting oxygen radical etiology of diseases because of the short life of HO
radicals, which strongly hinders their detection in vivo. However, a few examples
of successful detection of HO radicals using the ESR spin-trapping method has
recently been reported [567, 568]. Additionally, the ESR spin-trapping method
combined with microdialysis has been satisfactorily used for the HO radical
detection in the processes of brain ischemia and reperfusion damage [569].

The presence of HO' in the mitochondrial fraction during reperfusion after
ischaemia has been measured using salicylic acid as a chemical trap. Salicylic
acid reacts with HO" forming hydroxylated benzoic acid [570].

Recently, Liu [571] has reported the double microdialysis fibre technique for
both generation and detection of HO radicals in vivo as a method of overcoming
difficulties in studying damage to cells caused by HO radicals. In vivo HO radi-
cal mediation of the toxicity of paraquat and copper using the ESR technique
has also been reported [572].

Let us now consider several of the most common human diseases in which
there is experimental support for oxygen free radical involvement, such as

carcinogenesis

anticancer action
atherosclerosis
immunopathologies
oxidative stress diseases
ageing and related diseases
emotional distress
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5.3.2.1
Carcinogenesis

This mechanism may be defined as the multi-stage process of normal cell trans-
formation to the malignant states dependent on two factors - inherited and
environmental [565]. The hypothesis that oxygen free radicals are involved in
carcinogenesis finds support in the fact that in living systems redox reactions
proceed under enzymatic control, otherwise radicals are generated randomly in
the presence of electron donors. Many carcinogenic factors (ionizing radiation,
ultraviolet waves, drugs and other chemicals, metal ions) stimulate the genera-
tion of free radicals. For example, the involvement of free radicals in melanomas
may result from their involvement with melanins because these biopolymers
take up oxygen forming O3 and H,0, [573, 574]. Two possible pathways of
cytotoxicity are possible: (1) conversion of a potent carcinogen to free radical
form in vivo or (2) its indirect participation in radical formation. Many
carcinogenic compounds are therefore free radicals. Moreover, it has been ex-
perimentally found that many scavengers of oxygen free radicals inhibit various
stages of carcinogenesis, whereas studies performed on animals have shown that
polyunsaturated fatty acids increase the carcinogenic properties of some
chemicals (see for example [565,573]). The free radical theory of carcinogenesis
and other human diseases is based on evidence of the increased formation of
oxidants in the course of some diseases and on greater than average evidence
that antioxidants are beneficial in some diseases.

Although the role of free radicals in some types of cancers such as bronchial
cancer, leukaemia, cervical cancer or melanoma is now well established as a result
of almost 50 years of research, up till now it remains difficult to fit gathered data
into a unified scheme of carcinogenesis.

It is generally accepted that oxygen free radicals may play an important role in
the two major stages of carcinogenesis, initiation and promotion, since carcino-
genic substances are known to act as electron donors and/or electron acceptors.
Therefore they may adversely affect the pathway or the kinetic equilibrium of
the electron transport as well as change the concentrations of normally occur-
ring free radicals of the cell, or introduce some new ones. The first example
probably occurs with DNA damage (modification of purine and pyrimidine
bases) mediated by oxygen free radical and a carcinogen [575]:

DNA

+  [0,Me™/Me™"* G, H,0, RORO,] —>
carcinogen
_< DNA —» strand breaks (230)
carcinogen’
DNA' + carcinogen’ — DNA - carcinogen adduct (231)

The carcinogen molecule may be covalently bound to the DNA molecule with
the participation of oxygen free radicals. The critical step for tumour initiation
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is considered to be the formation of the DNA-carcinogen adduct in the
endoplasmic reticulum, and its distribution within the chromatin.

Hydrogen peroxide, shown in reaction at Eq. (230) as an inductor of DNA
damage and therefore as a carcinogen initiator, is able to carry out these func-
tions by site-specific HO' formation. It has been reported that cancer may result
from the excess of H,0, in peroxisomes when this oxidant cannot be fully
decomposed by catalase and may reach a nucleus [565]. The role of metal ions in
DNA radical formation and following its damage by O3 and probably, in
turn, the HO' formation, has been observed by Shires [576] in isolated rat liver
nuclei.

Ionizing radiation and ultraviolet light are potent carcinogens which
generate oxygen free radicals in tissues. Hydroxylated derivatives of many
polycyclic hydrocarbons and aromatic amines are recognized to be very
active carcinogens in vivo. It is also worth mentioning that about one-third of
all cancers can be related to the presence of carcinogens in tobacco products.
The role of carcinogenic factors in damage to the unsaturated fatty acids of
membrane phospholipids and to membrane cholesterol has been well docu-
mented [577, 578]. Coon reported that endoplasmic reticulum plays very
important role in activating carcinogens by normally controlled free
radical reactions such as formation of hydroperoxides and oxygen species
[579].

Many promotors react with membranes causing inflammation, enhance
mitotic activity and accelerate tumour production. Membranes, besides their
architectural role in delimiting the cell and its organelles, exert an effect on the
structure and activity of the regulatory enzymes, fitting and maintaining them
in phospholipid bilayers as well as controlling transport electrons, ions and
other nutrients. Cell regulation occurs with participation of DNA, nucleotides
and prostaglandins [580]. These messengers are made from phospholipid-
dependent enzymes [577] and influence whether DNA is going to be replicated,
or whether the cell is going to divide. If DNA is damaged by a carcinogen, the cell
is divided several times, and therefore the controlled synthesis of macromole-
cules and membrane proteins is very important in the carcinogenesis process.
Dempoulos et al. have reported [577] that over 30 phospholipid-dependent
enzymes and enzymatic systems are present in plasma membranes, endo-
plasmic reticulum and mitochondria. If free radical reactions damage phos-
pholipid fatty acids, the functions of membrane enzymes will be changed, and
alterations may occur in cell division regulation.

Phorbol-12-myristate-13-acetate, a compound known as a strong promoter
of carcinogenesis, stimulates generation of O3 by polymorphonuclear leucocytes
[581]. Zucker et al. [582] have reported powerful platelet aggregation abilities of
this ester in the oxygen free radical path. Platelets are involved in hemostasis,
preventing blood loss from injured vessels. When endothelial cells are damaged,
platelets adhere to collagen and membranes, and they also adhere together. The
aggregation and adhesion of platelets depend on releasing platelet activation
factors, e.g. thromboxanes.

Figure 15 presents a possible way of cellular injury and increased granulocyte
rolling by O3. Phorbol ester, by stimulation of the O generation on platelet



5.3 Cytotoxicity of Oxygen Free Radicals and Their Possible Role in Human Diseases 131

surface, may form HO radicals via the Haber-We