
Chapter VI 
Clinical Importance of Free Radical Reactions 
and Their Role in the Pathogenesis 
of Various Human Diseases 

1 The Radical Theory of Oxygen Toxicity 

In normobaric hyperoxia, the most severe lesions are found in the lungs, 
whereas in hyperbaric hyperoxia, the damage of the central nervous system is 
even more severe and convulsions and grand mal epilepsy lead to death 
sooner than the pulmonary lesions would. In the pulmonary process, an acute 
or exudative 'phase and a subacute or chronic proliferative phase can be dis
tinguished. The acute phase is characterized by perivascular, peribronchiolar, 
interstitial and alveolar oedema and alveolar haemorrhage with more or less 
extensive necrosis and the occurrence of type I epithelial cells. The prolifera
tive phase is characterized by the progressive resorption of the exudates and 
thickening of the alveolar septa owing to hyperplasia of the interstitial cells. 
The type I alveolar cells are replaced by the relatively 02-resistant type II 
cells. Collagen and elastin deposition in the interstitium contributes to the 
thickening of pulmonary tissue involved in gas exchange, causing disturb
ances of diffusion. Oxygen toxicity on the molecular level is attributed to the 
reaction of oxygen free radicals with cellular components. The generation of 
these free radicals is accelerated in hyperoxia, and damage occurs as soon as 
the defence mechanisms become insufficient. In the lungs, the endothelium 
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Fig.25. Two-step mechanism of pulmonary endothelial damage caused by oxygen 
toxicity. 1. Intracellular 0;. production increases owing to hypoxia. 2. A 
chemotactic factor is formed from a plasma precursor under the influence of 0;. 
released from phagocytes and platelets in situ. The chemotactic factor directs further 
phagocytes to the site of the reaction and the ROIs produced aggravate the 
endothelial damage. (After Frank and Massaro [175]) 
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of the pulmonary vessel walls is the most sensitive to oxygen toxicity, since it 
is the target of attacks from two directions (Fig.25): from increased intracellu
lar O2" production in endothelial cells and from the conversion of a plasma 
factor to a chemotactic factor under the effect of O2" released by phagocytes 
and platelets in situ (see Sect. 2). The chemotactic factor attracts further pha
gocytes which release additional ROIs, while platelets attached to the da
maged endothelium generate 02"leading to even more severe damage. 

Tolerance to oxygen toxicity can be produced in experimental animals by 
exposure to sublethal hyperoxia. This induces the defence systems (SOD, GP, 
CAT), and the increased enzyme levels to fight off subsequent hyperoxia, 
which is lethal in controls. The free radical theory has been proved by the suc
cessful treatment of the symptoms of oxygen toxicity with antioxidants (vi
tamin E, SOD, D-penicillamine), e.g. in neonatal diseases caused by oxygen 
therapy (retrolental fibroplasia, bronchopulmonary dysplasia) (see Sect. 20). 
In experimental animals survival increased significantly and pathological 
changes in the lungs decreased if endotoxin had been administered before hy
peroxic exposure. The protective effect of endotoxin has been shown to be 
due to its increasing the activity of pulmonary antioxidant enzymes. The sur
vival of rats exposed to 100 % oxygen inhalation increased significantly in re
sponse to administration of CAT and SOD jointly enclosed in a liposome, as 
opposed to intravenous SOD and CAT, which were ineffective. The liposome
enclosed enzymes strongly increased the pulmonary SOD and CAT activities, 
hence their protective effect. The absence of effect upon intravenous adminis
tration of the enzymes was probably due to their short half-lives and their in
ability to enter the cells because of their high molecular weight [107, 117, 174, 
175, 529, 559]. 

1.1 Summary 

On the molecular level oxygen toxicity is due to the reaction of oxygen free radicals 
with cellular components, In hyperoxia, the intracellular generation of free radicals 
increases and cell damage occurs owing to the breakdown of the defence mechan
isms. 

2 The Role of Free Radical Reactions in Inflammation 

Part of the O2" and H20 2 generated when phagocytes are activated leave the 
cells. Antioxidant protection is weak in the extracellular space and thus the 
intermediates released may cause tissue damage [467, 478]. It has been shown 
that O2" reacts with a plasma precursor resulting in neutrophil chemotactic 
activity in the plasma. It has been suggested that the precursor is an albumin
lipid complex, which is probably released by activated phagocytes [147, 177, 
357,359,432]. In addition, PG synthesis is initiated by the activation ofmem
brane phospholipase A2 and some of the prostaglandins' also enhance inflam
mation. 5-HETE and LTB4 produced in the lipoxygenase pathway also have 
chemotactic effects (their effect corresponds in strength to that of C5a), while 
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SRS-A also increases microvascular permeability in addition to its character
istic effect on the bronchi [204, 479]. 

Free radicals have been shown to inactivate the normal serum inhibitors 
of leukocyte proteases. For instance, free radicals inactivate fX l-antiprotease, 
the inhibitor of leukocyte elastase, and this may play a role in lung damage 
caused by ROIs [60, 64, 148, 185, 278]. The chemotactic factor only delivers 
further neutrophils to the site of inflammation, thus establishing contact be
tween inactive and activated cells, but does not activate the respiratory burst 
or cause degranulation. This is important for the termination of the process, 
because if for example the superoxide-dependent plasma chemotactic factor 
activated the respiratory burst, more 0;' would be released, and the process 
could not be terminated. As long as phagocyte activating substances are found 
at the site of inflammation, the process is stimulated by ROIs released from 
the accumulated leukocytes. These ROIs attack the lymphocytes, leading to 
the production of further intermediates and lysosomal enzymes. Chemotactic 
factor is also produced, leading to further severe tissue damage. If the activat
ing substance is decomposed by the phagocytes, there is no further ROI and 
chemotactic factor production and the process is terminated. SOD has been 
found to be an effective anti-inflammatory agent in several animal models. Its 
effect has been shown to be due to inhibiton of superoxide-dependent che
motactic activity. LTB4 facilitates the adhesion of granulocytes to the endo
thelium, which is thus directly damaged by SRS-A, while its permeability in
creases [147, 204, 357, 359]. 

There is an antioxidant component in the effect of the known anti-inflam
matory agents. Nonsteroid anti-inflammatory agents act not only by inhibit
ing cyclooxygenase, but also by the 0;· dismutating effect of their copper(II) 
complex, which is comparable in strength to that of SOD. Such an effect has 
been demonstrated for penicillamine, indomethacin, piroxicam and acetyl
salicylic acid. The 0;· dismutating effect of the copper complexes is probably 
catalytic, as opposed to the stoichiometric effect of scavengers. Therefore, the 
complexes are effective in lower doses and have a more lasting effect. Com
pared with SOD, they also have the advantage of a low molecular weight, thus 
being able to enter the cells more easily than the high molecular weight SOD, 
which is probably active only in the extracellular space. Free, hydrated cupric 
(Cu2+) ions have been found to have a strong SOD-like effect comparable to 
that of the copper complexes, or even stronger [34, 319, 466, 514]. Several 
nonsteroid anti-inflammatory agents have been shown to inhibit the respira
tory burst of phagocytes. Other authors, however, described an opposite, sti
mulating effect [515, 528]. The anti-inflammatory effect of gold compounds 
has not so far been fully explained. Besides other mechanisms (inhibition of 
lysosomal release, moderate inhibition of PG synthesis), the inhibition of re
spiratory burst by gold compounds has been suggested and lately also proved 
[464, 528]. Glucocorticoids, too, inhibit the respiratory burst, which effect 
may be related to their inhibitory effect on phospholipase A2 activation [520]. 

Two kinds of reaction are distinguished in the phagocyte-target cell inter
action. One is the "innocent bystander" reaction. In this reaction toxins are 
released by the stimulated phagocytes, which attack the surrounding cells 



2 The Role of Free Radical Reactions in Inflammation 51 

nonspecifically. In the other type of reaction, the phagocytes attack their an
tibody-coated target cells specifically. This is called an antibody-dependent 
cellular cytotoxicity (ADCC) reaction. Red blood cell damage in which O2, is 
involved belongs to the fIrst type. It has been shown experimentally that O2, 
damages the cell interior, and not the outer membrane, because it enters the 
cell through anion channels and oxidizes haemoglobin to methaemo globin 

2H2 
O2 + Hb-Fe2 + ••• O2 ~ H20 2 + Hb-Fe3+ + O2 

Oxy-Hb Met-Hb 

The H20 2 produced forms a peroxide-methaemoglobin complex, which has a 
strong oxidizing potential. This eventually leads to cell lysis [147, 498, 573]. 

Of the intermediates produced by phagocytes, H20 2 has been shown to da
mage lymphocyte function and to cause changes in the cell membrane [308]. 
According to other authors, H20 2 stimulates in vitro lymphocyte mitogenesis, 
while in higher concentrations it has an inhibitory effect. Thus H20 2 is charac
terized by a lymphocyte function modulating action [466]. PG synthesis also 
plays a role in the regulation of lymphocyte function, and free radicals may 
influence lymphocytes through this mechanism [324]. In haemodialysis, com
plement, activated by the alternative pathway, causes pulmonary leukostasis, 
leading to pulmonary arterial hypertension and oedema (for the mechanism 
see Sects. 7 and 14). Toxic ROIs, which are released from the complement-ac
tivated granulocytes and damage the pulmonary endothelium, play a part in 
this process [183, 475]. ROIs also playa role in the killing of tumour cells by 
phagocytes [81, 573]. 

The role of ROIs is not clear in the second type (ADCC) phagocyte-target 
cell interaction. They probably participate in the killing of the antibody
coated target cells. This reaction is rather diffIcult to study because the antib
odies adhering to the cell membrane make it diffIcult for scavengers to reach 
th site of ROI production. The oxidative mechanism of phagocytes may be ac
tivated in the ADCC reaction, but to a lesser extent than in nonimmune pha
gocytosis. Owing to the close effector-target contact, however, oxygen radicals 
may have also a damaging effect in much lower concentrations. The increased 
phagocytosis of opsonized particles and immunoglobulin-sensitized cells is 
well known. They activate the respiratory burst by binding to the Fc and/or 
C3b receptors of phagocytes. This binding of sensitized cells is important in 
their disappearance from circulation, and it can be postulated that the ROI
induced damage of sensitized cells and particles plays an important role in 
cell and tissue damage in some autoimmune diseases [206, 573]. 

2.1 Summary 

Part of the ROIs generated in activated phagocytes leave the cell and enter the ex
tracellular space. Since antioxidant protection is weak here, the radicals may dam
age healthy cells and tissues. It has been postulated that 0-;· reacts with a plasma 



52 Chapter VI: Clinical Importance oj Free Radical Reactions 

precursor, leading to chemotactic activity in the cytoplasm. Free radical reactions 
participate in inflammatory processes by inducing chemotactic activity, by virtue of 
their relation with arachidonic acid metabolism and by inhibiting the serum inhibitor 
of leukocytic pro teases. SOD inhibits inflammation by interfering with the 
O2, -dependent chemotactic activity. ROIs are involved in both types of phagocyte
target cell interactions (bystander and ADCC), although their role in the latter type is 
not clear. Inhibition of pathological free radical reactions has been supposed to ac
count for part of the action of the known anti-inflammatory agents. Glucocorticoids 
inhibit the phospholipase Armediated activation of arachidonic acid metabolism 
and, in addition, or consequently, the respiratory burst of phagocytes. Nonsteroid 
anti-inflammatory agents probably act not only by inhibiting cyclooxygenase activ
ity, but also by the SOD-like O2, dismutating action of their copper complexes and 
by inhibiting the respiratory burst of phagocytes. The mechanism of the anti-inflam
matory effect of gold compounds is not known, they probably inhibit the respiratory 
burst of phagocytes. 

3 Relation of Free Radical Reactions to the Immune System 
and Their Role in Immunopathological Syndromes 

There seems to be an intricate set of relations between free radical reactions 
and the immune system. Various immune reactants (immunoglobulins, im
mune complexes, complement components and lymphokines) may activate 
the respiratory burst. This may occur in isolation, i.e. may not be associated 
with degranulation, cell migration and activation of phagocytes [184, 206, 
286,394]. ROls (e.g. H20 2 see Sect.2) are able to modulate lymphocyte activ
ity. Oz' inhibits T-Iymphocyte activity, therefore SOD activation is necessary 
for the normal function of T-Iymphocytes [236, 308]. ROIs have also been 
supposed to be involved in the mechanism of action of the factor inhibiting 
the migration of macrophages (MIF). MIF probably activates the respiratory 
burst of macrophages and the reversible autotoxicity of the ROls produced 
(e.g. HOC! generated in the H20 2-MPO-halide system) may be responsible 
for the inhibitory effect. A similar phenomenon has been described: ROIs 
formed at the activation of the respiratory burst of neutrophilic leukocytes in
hibit the spontaneous and chemotactic migration of the cells [277]. Modula
tion of arachidonic acid metabolism by free radical reactions is an important 
link with the immune system, since PGs, the end products of this metabolic 
chain, and the products of the lipoxygenase pathway are potent immunomo
dulators. 

The mechanism suggested by Craddock et al. to explain the transient leu
kopenia (granulocytopenia and monocytopenia) plus respiratory functional 
disturbances occurring in patients under haemodialysis care is a good example 
of the connection between the two systems. Similar mechanisms are probably 
active in a number of other diseases (Fig. 26). The cellophane membrane used 
in haemodialysis causes complement activation by an alternative pathway. 
C5a is formed, which triggers the events shown in Fig.26. C5a is also a known 
activator of the respiratory burst, and the intermediates released initiate the 
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Cellophane membrane __ Activation of alternative complement 

Pathway --Formation of the CSa-It gets into the venous circulation 

-------------~ Aggregation and sequestration Adhesiveness of 
of granulocytes in the lung granulocytes I ~""I"YtOP,";O I 

~ Granulocytes attach to Leukoemboli obliterate 
lung capillaries 

~ 
lung capillary endothelium 
and toxic ROIs are formed 

! 
Endothelial damage 

-------Interstitial oedema 
in the lung 

Fig. 26. Postulated mechanism of leukopenia and respiratory functional disturbances 
occurring during haemodialysis. (After Fiist [183]) 

formation of the superoxide-dependent chemotactic factor as described and 
the production of LTB4 and SRS-A owing to the connection with arachidonic 
acid metabolism. These substances cause a further increase in granulocyte se
questration and play a role in the adhesion of granulocytes to the vascular 
wall and in endothelial damage. A similar mechanism may play a role in 
other diseases with the difference that in those the process is initiated by 
some other factor (immune complex, endotoxin, etc.). These factors may be 
responsible for phenomena such as leukopenia in autoimmune diseases (sys
temic lupus erythematosus, Felty's syndrome, rheumatoid arthritis), for the 
transient neutropenia in donors during filtration leukopheresis, and for the 
symptoms of acute respiratory distress of adults occurring in trauma, Gram
negative sepsis or acute pancreatitis [90, 110, 183, 275, 475]. In autoimmune 
disease the circulating immune complexes activate the respiratory burst of 
granulocytes, and thus increased amounts of ROIs enter the extracellular 
space continuously. The arterial activation of the Craddock mechanism may 
occur in vivo and this may account for the pathomechanism of autoimmune 
vasculitis. These theories have been experimentally verified [183, 235, 239, 
521]. 

Chromosome instability (fragility) has been found in several autoimmune 
diseases (systemic lupus erythematosus, rheumatoid arthritis, scleroderma, 
dermatomyositis, periarteritis nodosa, ulcerative colitis, Crohn's disease). This 
sign could be detected in all of these diseases except rheumatoid arthritis 
(RA), where it occurred in only one-third of the cases. A clastogenic factor re
sponsible for chromosomal fragility was found in the serum of scleroderma, 
systemic Lupus erythematosus patients and of those RA patients who showed 
increased fragility of the chromosomes. The exact nature of this factor is not 
known, it is probably a low molecular weight substance derived from mono-
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cytes. The joint occurrence of chromosomal fragility, abnormal immune re
sponse, and increased frequency of tumours has been known for some time, 
but the connection between them was not clear. This triad has been described 
in autoimmune diseases, in some hereditary diseases with DNA repair defi
ciency (Bloom's syndrome, Werner's syndrome, Fanconi's anaemia, ataxia 
telangiectasia, Down's syndrome) [136, 393, 404]. A decreased SOD content 
of red blood cells has been found in Fanconi's anaemia [283], while in Down's 
syndrome the level of mitochondrial MnSOD decreases, while the cytoplas
mic CuZnSOD level increases owing to the gene dose effect (CuZnSOD is 
coded for by chromosome 21) [53, 399,404,407]. A decreased total SOD level 
of the granulocytes was also found in juvenile RA patients [458, 459]. In adult 
RA the total SOD level did not differ signifiqmtly from the control value, but 
the cytoplasmic MnSOD level of granulocytes was significantly lower [423]. 
The fibroblasts of Bloom's syndrome patients also produce the clastogenic 
factor spontaneously. According to Cerutti, Bloom's syndrome is a chronic 
promotion state in which carcinogenesis has been initiated [134, 135, 602]. 
The triad also occurs in New Zealand Black (NZB) mice, regarded as the ani
mal model of autoimmune disease. As a result of the decrease in suppressor 
T-cell activity, autoimmune disease develops spontaneously in these mice in 
association with Coombs-positive haemolytic anaemia, immune complex 
glomerulonephritis and increased production of antinuclear antibody [136, 
235]. 

At the same time, treatment of RA and Crohn's disease patients with D

penicillamine-copper complex has recently been shown to be able to dismu
tate 0;-·, which is a SOD-like action. SOD decreases chromosome fragility in 
the blood culture of patients with Werner's syndrome and Fanconi's anaemia 
as well as other autoimmune diseases [136, 372, 404]. 

The connection between the members of the triad may be an increased 
0;-· flux (due for example to increased 0;-· production caused by ADCC or by 
some protective enzymes; see also Sects. 10 and 11). The deficiency of DNA 
repair observeq in hereditary diseases may be secondary: the repair mechan
ism becomes insufficient in the face of gradually increasing DNA defects. 
This may be responsible also for the anti-DNA antibody production in auto
immune diseases, as evidenced by their occurrence in xeroderma pigmento
sum caused by DNA repair deficiency [136]. 

Another interesting connection has been found between connective tissue 
diseases and free radical reactions. The enzyme prolyl hydroxylase, which 
uses O2 for the conversion of some proline components of proto collagen to hy
droxyproline in the presence of iron, IX-ketoglutarate and vitamin C, probably 
uses oxygen radicals for its action. This step is needed for the formation of hy
drogen bonds between the polypeptide chains and for the development of the 
triple helix structure, which enables the molecule to leave the fibroblast. This 
is a possible mechanism of the fibrosis-inducing effect of free radical reac
tions, proved by the fact that some drugs with known oxygen radical-releasing 
effects (bleomycin, nitrofurantoin) and also irradiation cause pulmonary fi
brosis [43]. In rats chronic exposure to bleomycin caused skin changes which 
closely resembled the changes occurring in scleroderma in humans as regards 
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their clinical, histological and ultrastructural characteristics. It has been sug
gested that this rat experiment could be used for modelling human sclero
derma [383]. 

3.1 Rheumatoid Arthritis 

It is for the free radical pathomechanism of RA that the highest number of 
data are available. RA is an immune complex (IC) disease; the joints of the 
patients contain all components of a local Arthus reaction (white blood cells, 
IC, complement). ICs and complement (C) deposited in the synovium and ar
ticular cartilage activate the respiratory burst of the neutrophils present and 
cause degranulation. The process described in the chapter dealing with in
flammation is initiated and perpetuates the inflammation (there is abundant 
experimental evidence for LPO damage occurring in the joints ofRA patients) 
[24, 470, 521, 577]. 

During its redistribution, iron, being stored as ferritin in the synovium in 
addition to the usual sites, is transformed from PeCII) to Pe(III) and may gen
erate ROls by reducing molecular oxygen. As a result of iron surplus, ferritin 
becomes saturated and loses its antioxidant effect, moreover it may act as a 
prooxidant. The saturated ferritin is concentrated in the lysosomes of the syn
ovial reticuloendothelial system (RES) cells and enhances inflammation 
through the peroxidative damage of the lysosomes. Iron thus plays a part in 
the acute phase of inflammation. In addition, it also participates in the trans
port of the infiltrate composed of lymphocytes and macrophages in the acute 
phase, probably using the iron-binding proteins on the surface of these cells 
[41]. As stated, the decrease of total SOD activity has been demonstrated in 
the neutrophils of children with juvenile RA. In adults with RA the decrease 
of cytoplasmic MnSOD activity has been found which leads to the growth of 
extracellular 0;· flux [458, 459]. Direct proof has been obtained as regards the 
damaging effect of free radicals on cartilage: significant inhibition of proteo
glycan synthesis has been found in cultures of intact bovine articular cartilage 
in response to 0;' produced enzymatically in the xanthine oxidase-hypoxan
thine system. Similar changes have been observed in RA with cartilage biopsy 
made at an early stage, i.e. soon after the appearance of the symptoms [27]. 

Convincing evidence in support of the free radical pathogenesis of RA is 
provided by the excellent effect of intra-articularly administered SOD. The 
early effect of SOD is comparable to that of corticosteroids, while its late ef
fect is even better. Moreover, it has no significant side effects [202]. Partial 
success can be obtained in systemic lupus erythematosus (SLE), dermatomyo
sitis and Crohn's disease with intramuscular SOD; the treatment decreases 
chromosomal fragility and the level of antinuclear factor [136, 404]. 

3.2 Systemic Lupus Erythematodes 

As has been shown, free radical reactions most probably playa role in the de
velopment of some of the symptoms of SLE (leukopenia, vasculitis). Harman 
has provided additional evidence for the primary causative effect of these 
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reactions in the development of SLE. In NZB mice (the animal model of 
SLE) antioxidants added to the diet increased the average life span of the ani
mals. The quinoline derivative Santoquine (generic name, ethoxyquin) in
creased the mean survival by 32.1 %. Other authors described similar results in 
NZB/NZW mice, the FI hybrids of NZB mice, with the use of the disodium 
salt of the water-soluble N -(Carboxyphenyl)-4-Chloroanthranylic acid (CCA), 
an antioxidant with immune modulator effect. It is also effective in RA. In 
mice CCA inhibited the development of autoimmune nephropathy, and de
creased the serum autoantibody level, probably by increasing the activity of 
suppressor T-lymphocytes. According to Harman, the autoimmune manifesta
tions of SLE resemble the autoimmune phenomena of ageing, with the differ
ence that those of SLE appear earlier and are more pronounced. The free radi
cal reactions asociated with ageing (see Sect. 4) decrease both the humoral 
and the cellular immune response, but by inhibiting the function of suppres
sor T-cells, which actively maintain tolerance to the body's own antigens, in
crease autoimmune reactions in both animals and humans. T-cells are rela
tively radioresistant, but their precursors are radiosensitive, i.e. also sensitive 
to free radical reactions. 

These results have led to the formulation of the following hypothesis con
cerning the pathogenesis of SLE. The basic, inherited defect (or defects) in 
SLE increase antigen formation from nuclear components by free radical 
reactions, which are accelerated by some factor. The cell and tissue damage 
caused by free radical reactions may increase the antigenicity of some cell 
components. Administration of halothane and CCl4 has been found to in
crease the formation of autoantibodies and immune complexes. If this hypo
thesis is true, the exacerbations and remissions characterizing SLE must be 
strongly influenced by factors decreasing or increasing endogenous free radi
cal reactions. Several observations have substantiated this theory. 

q) 1. Exposure to sunlight has an unfavourable effect in SLE; UV light is 
known to induce free radical reactions also involving nuclear components. 

q) 2. SLE is frequent in women of reproductive age in whom the level of 
serum copper, a known catalyst of free radical reactions, is higher than in 
men. Oral contraceptives increasing the serum copper and serum lipid levels 
may cause the appearance of LE cells and the exacerbation of SLE. 

q)3. Several of the SLE-inducing agents are known to accelerate free radi
cal formation, e.g. isoniazid (lNH) and methyldopa produce free radicals dur
ing their cytochrome P-450-mediated metabolism. Hydralazine, a hydrazine 
derivate like INH, has a similar effect. 

The free radical reactions supposed to affect nuclear components may in
duce the expression of type C viruses observed in SLE. x-irradiation, methyl
cholanthrene and 7,1l-dimethylbenz(a)anthracene can activate genetically 
transmitted viral genomes and thus lead to the appearance of type C viruses. 
The cell types from which the nuclear antigens originate are absent in SLE; 
most probably the suppressor T-cell precursors sensitive to free radical reac
tions and fibroblasts playa role in this disease. Finally, of the agents causing 
remission, chloroquine and steroids inhibit the activation of the arachidonic 
acid cascade by free radical reactions. The favourable effect of Levamisole is 
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probably due to its antioxidant action (see Chap. VII Sect. 2). Chloroquine 
may inhibit free radical reactions by the abstraction of the hydrogen from the 
nitrogen bonded to its pyridine ring [19, 235, 243, 246]. 

3.3 Summary 

Free radical reactions have a complex relation with the immune system. Various im
mune reactants (immunoglobulins, immune complexes, complement, lymphokines) 
may activate the respiratory burst of phagocytes. ROIs are able to modulate the 
function of lymphocytes. Immune substances may activate the respiratory burst not 
only in experiments, but also in various human diseases, e.g. in leukopenia and dis
turbed respiratory function during haemodialysis (the "cellophane membrane acti
vates the complement system by an alternative pathway) and in leukopenia and vas
culitis occurring in autoimmune diseases (e.g. SLE, Felty's syndrome and 
rheumatoid arthritis). The triad of chromosome fragility, abnormal immune response 
and increased tumourfrequency is a common characteristic of most autoimmune dis
eases and of syndromes associated with deficient DNA repair. The common denom
inator of the members of the triad is probably an increased O2. flux. This is still a 
hypothesis, but is supported by experimental evidence. The involvement of free radi
cal reactions in the development and in the symptoms of connective tissue diseases 
(leukopenia, vasculitis, arthritis, fibrosis) has been proved, first of all in rheumatoid 
arthritis, but it has also been suggested that they playa primary role in the pathogen
esis of RA or SLE for example. This, however, still needs verification. 

4 The Free Radical Theory of Ageing 

Although ageing is a physiological process and thus it would be more approp
riate to discuss its relation with free radical reactions in the chapter dealing 
with physiological free radicals, its close association with other, pathological 
processes caused by free radicals justifies its inclusion in this chapter. Two 
factors playa major role in ageing: (a) the genetically determined ageing pro
cess, which affects all individuals of a species, independent of the environ
ment and (b) accidental ageing, which is due to damaging environmental ef
fects, e.g. diseases. 

Life expectancy at birth is the number of years an individual may reason
ably expect to live under the specific mortality conditions of the species. This 
value is a statistical average and is not identical with the highest age the indi
vidual may reach. In most of Europe, life expectancy is 68-72 years, and in 
the developed countries this value is increasing owing to the high level of 
medical care and public health. The average life expectancy around 70 years 
of the population of the developed countries is still 15 years less than the 
85 years that healthy individuals may expect to live. Potential life expectancy 
is the maximum number of years that an individual of a species can be ex
pected to live as long as the genetic characteristics of the species remain un
changed. The potential life expectancy of humans is about 100 years, but a 
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maximum of 120 years has also been suggested. The 15 years or so difference 
between the maximum life expectancy and the figure of about 85 years that 
healthy individuals may expect to live is due to age-independent accidental 
deaths and to individual differences which may be observed even in the ab
sence of disease [31, 229, 232, 233]. 

It has been shown in animal experiments that administration of antioxi
dants and LPO-decreasing diets containing little copper, little unsaturated 
fatty acids and much natural antioxidants (selenium, vitamin E) and essential 
nutrients increases the average life expectancy of the animals. These measures 
to minimize free radical reactions will, however, in most cases increase only 
the average life expectancy and will not influence the potential life expec
tancy, which was found to change in a few cases only [229, 231, 232, 233, 246, 
491]. 

The potential life expectancy of some species shows a close correlation 
with the animals' basal metabolism (02 uptake per unit body weight per day). 
In most mammals the two parameters are inversely related, i.e. their product, 
called the life span energy, is constant. Its value is 220 kcal/g in most mam
mals. In some species, e.g. in the cat and some nonhuman primates, it is 
higher, appro x, imately 558 kcal/g. It is highest in humans in lemurs and in 
the weeper monkey: around 781 kcal/g. These data show that the maximum 
life expectancy of the species depends on their oxygen uptake [102]. 

According to Harman, ageing is due to the cumulative damaging effect of 
"univalent leakage" on mitochondria. Some 90 % of the O2 uptake is used in 
the mitochondria. Probably the rate of O2 uptake is under genetic control, in 
which both nuclear and mitochondrial genetic material is involved. 0;·, small 
amounts of which are constantly produced in the respiratory metabolic chain 
in proportion to the basal metabolism, causes cumulative damage in the mito
chondria, because the efficiency of the protective systems decreases with age. 
The rate of extramitochondrial damage is also increasing. Morphological 
changes in the mitochondria and a decrease in the activity of mitochondrial 
enzymes have been demonstrated in relation to ageing. Thus the mitochon
drium may be regarded as a kind of biological clock, and death occurs when 
mitochondrial function falls below a critical level in the entire organism or in 
organs of vital importance, like the central nervous system. Antioxidants or 
diets reducing LPO to a minimum seem to decrease only extramitochondrial 
free radical reactions and thus increase only the average life expectancy, not 
the maximum life span. There are, however, methods available whereby the 
potential life expectancy can be influenced, namely severe caloric restriction 
and the lowering of the body's surface temperature. 

The free radical theory of ageing may explain the success of these mea
sures, which are suitable for influencing the basal metabolism and thus univa
lent leakage proportional to it. Restriction of caloric intake decreases the 
amount of reducing equivalents transported to the mitochondrial respiratory 
chain in the Szent-Gyorgyi-Krebs cycle and thus less oxygen is needed for 
water production, leading to a decreased basal metabolism [229, 232, 233, 
234, 442, 484, 565]. The relation between respiration and the maximum life 
span is also shown by the fact that small animals with a high respiratory rate 
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live a shorter life than large animals with low respiratory rates. In the hou
sefly, the rate of respiration depends on the animal's activity. In an experi
ment, flies kept in large containers where they had room for flying had a shor
ter maximum life span than those kept in small containers where they could 
not fly [442]. Physical activity had no significant effect on the serum SOD and 
CAT levels, but the concentration of inorganic peroxides increased, indicating 
the enhancement of free radical reactions [511]. In another study of house
flies, the antioxidant defence (SOD, CAT, total glutathione level, reduced glu
tathione, chloroform-soluble antioxidants) were found to decrease with 
ageing, whereas the level of inorganic peroxides increased. The data in the li
terature on the changes occurring in antioxidant protection with ageing are 
still rather controversial [512]. 

There is direct experimental evidence proving that free radical reactions 
are more frequent in animals having a higher basal metabolism and thus (ac
cording to the free radical theory) shorter maximum life span, than in animals 
with lower basal metabolism and longer maximum life span. Thymine oxida
tion products (thymine glycol, hydroxymethyl uracil) are formed during the 
oxidative damage of DNA. The DNA repair mechanisms remove these pro
ducts which can then be demonstrated in the urine of experimental animals 
and humans. The amount per Kilogram body weight of thymine oxidation 
products in the urine of rats having a higher basal metabolism and shorter 
maximum life span was IS-fold the amount measured in human urine [481]. 

The theory of Cutler on ageing resembles Harman's theory because he sug
gests that pathological free radical reactions resulting from univalent leakage 
which is proportional to the basal metabolism playa key role in ageing. He, 
however, maintains that these reactions do not cause the cumulative damage 
of mitochondria and! or other cell constituents, but act on the regulator genes. 
Thus, according to Cutler, ageing is, in fact, a process of dysdifferentiation. 
He thinks it probable that all mammals have identical structural genes, and 
the species differences are due to the function of regulator genes, which con
trol the expression of the structural genes. Regulator genes constitute only a 
very small part of the genome, and it might be supposed that, among other 
species-specific characters, they also control the maximum life span charac
teristic of the species. The basal metabolism is also genetically controlled, as 
is probably antioxidant production. The changed function of regulator genes 
does not lead to the death of the cells, only to changes in their differentiation 
and to the inadequate expression of some of the structural genes. Changes in 
regulator gene function may be brought about by the normal dynamic nature 
of DNA, as a result of which DNA sections are interchanged or rearranged, 
and do not necessarily result from point mutations. Such rearrangements of 
DNA may be elicited even by extremely low levels of mutagens. Oxygen me
tabolism may produce such low mutagen levels as a result of univalent lea
kage. Thus, the most important effect of the free radicals present in small 
amounts in the normal cell may be a change in cell differentiation rather than 
point mutations or other types of cell damage. The cumulative damage theory 
of Harman is contradicted by the absence of any specific cell damage which 
could be held responsible for ageing or would show accumulation with ageing. 
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The proposition that species with higher potential life expectancy are re
sistant to dysdifIerentiation caused by mutagenic agents has been supported 
by experiments in which the cells of species with a shorter life span could be 
more easily transformed with mutagens than could human cells. If it is true 
that the maximum life span is influenced by ROIs produced in the course of 
oxygen metabolism, the antioxidants providing protection against them must 
also play an important role and there must be a positive correlation between 
the tissue concentration of antioxidants and the maximum life expectancy. 
Such a correlation was, in fact, found for SOD, urate, jJ-carotene (the correla
tion was not significant for vitamin A), vitamin E, and coeruloplasmin. No 
correlation, or a negative correlation was found for ascorbic acid, glutathione, 
glutathione peroxidase, and glutathione-S-transferase. The higher level of 
some antioxidants in species with a higher maximum life expectancy may, in 
fact, be due to changes in regulator gene function. For instance, in humans 
the high level of urate is due to the absence of the enzyme uricase. Vitamin A 
is produced from jJ-carotene by the mediation of intestinal carotenase; al
though the carotenase activity has not been measured in the human intestine, 
it may be that the high carotene level in human tissues is due to a low level of 
this enzyme. 

The antioxidants showing a negative correlation seem to be unimportant 
from the point of view of maximum life expectancy. Ascorbic acid is known to 
behave as a prooxidant in the presence of Fe2+. Cytochrome P-450 and cy
tochrome P-448, which participate in the metabolization of xenobiotics and 
form ROIs in the course of their catabolic activity, show a negative correlation 
with maximum life expectancy. 

In the studies mentioned, the tissue levels of some major antioxidants 
were measured, therefore the results furnish no evidence for a higher total an
tioxidant capacity in species with a high maximum life expectancy. Therefore, 
the autooxidation of tissue homogenates was measured using thiobarbituric 
acid reactive substances, whereby data could be obtained on the total antioxi
dant capacity of the tissues. The expected negative correlation was obtained 
for the individual species. A further difficulty, which has to be overcome when 
trying to prove this theory, is the variability observed in the tissue antioxidant 
levels in individuals of the same species, although the maximum life span is 
uniform within the species. Also, diets containing antioxidants failed to pro
long'the animals' maximum life span, in most experiments only the average 
life expectancy increased. Cutler [102] eliminated this possible objection by 
maintaining that it is not the level of the individual antioxidants which is un
iform in the species, but the total antioxidant capacity. If the level of one an
tioxidant decreases, this may result in a compensatory increase in the level of 
another antioxidant. Experimental evidence has indeed been obtained for this 
compensatory mechanism. Thus, the total antioxidant capacity cannot be in
fluenced by the dietary intake of one or the other antioxidant, because this 
may lead to a decrease in the synthesis of endogenous antioxidants. There
fore, the maximum life span of animals cannot be influenced by dietary mea
sures. Antioxidant capacity is probably a constant value in all differentiated 
cells and must be sufficient for preventing dysdifferentiation. 
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Fig. 27. Guanylate cyclase-arachidonate-cyclooxygenase model for the regulation of 
the redox potential of a cell, for explanation see text. (After Cutler [102]) 

What are the mechanisms responsible for maintaining a constant species
specific antioxidant (and thus ROI) level in the tissues? According to Cutler's 
model, the cells contain substances which are sensitive to the effect of ROIs. 
These are: (a) arachidonic acid; (b) cyclooxygenase; and (c) guanylate cyclase. 
ROIs enhance the release of arachidonic acid from phospholipids by activat
ing phospholipase A2. In higher concentrations they may peroxidize arachi
donic acid. Low lipid peroxide levels activate cyclooxygenase, while high le
vels inhibit the enzyme. ROIs increase the synthesis of guanylate cyclase, 
which catalyses cGMP synthesis. The guanylate cyclase-arachidonic 
acid-cyclooxygenase (GAC) model is shown in Fig.27. The three components 
of the system, which are sensitive to the oxidation-reduction state of the en
vironment, may change the cGMP/cAMP ratio, thus affecting the endogenous 
antioxidant synthesis. Various prostaglandin derivatives may elevate the 
cAMP level in the cell (e.g. TXA2, PGI2). If ROIs are in excess in the cell, they 
peroxidize arachidonic acid, and there will be less arachidonic acid available 
for PG synthesis_ Consequently, less PG will be produced, and the intracellu
lar cAMP level will also be lower. Guanylate cyclase is activated by free radi
cal reactions and thus the cGMP level is increased. If there is oxidant excess, 
the cGMP/cAMP ratio increases. Antioxidants cause an opposite shift in the 
ratio by eliminating these effects. The ROIs produced during the 
PGG2~ PGH2 conversion during PG synthesis are responsible for an import
ant negative feedback mechanism (in case of antioxidant excess, PG synthesis 
increases, the amount of ROIs released at the PGG2 ~ PGH2 conversion in
creases, and, in tum, these decrease PG synthesis). The increase in the 
cGMP/cAMP ratio produced by oxidant excess acts in the direction of in-
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creased endogenous antioxidant synthesis, while the decreasing cGMP/cAMP 
ratio found at antioxidant excess tends to decrease antioxidant synthesis. 

The validity of this model can be tested from several aspects. If it is cor
rect, biological regulation can be cheated, e.g. by inhibiting cyclooxygenase 
with aspirin or indomethacin, and the resultant decrease in the PG level and, 
consequently, in the cAMP level simulates oxidant excess. Thus it is possible 
that nonsteroid anti-inflammatory agents act not only by inhibiting PG syn
thesis, but also by increasing endogenous antioxidant synthesis in the cells. 
Another important conclusion which may be drawn from this model is that 
large doses of antioxidants may decrease the cGMP/cAMP ratio and thereby 
cause a decrease in endogenous antioxidant synthesis. Thus the total antioxi
dant defence cannot be enhanced with exogenous antioxidants. Administra
tion of cGMP increased the maximum life spim of the nematode Caenorhabdi
tis elegans. Resistance to radiation can be increased with cAMP added to cell 
cultures or given to mice. This theory is also supported by the results of exper
iments in which anaemia and thrombocytopenia of vitamin E-deficient ani
mals could be eliminated with aspirin administration. Aspirin inhibits cyc
looxygenase and thereby reduces PG synthesis, leading to an increase in the 
synthesis of other antioxidants which are able to compensate for vitamin E de
ficiency. The number of TBA reactive substances showed a 50 % drop in the 
serum of rabbits following aspirin administration. This, however, could be due 
directly to the inhibition of PG synthesis and the consequent absence of ROI 
production [102]. 

Prior to the emergence of the free radical theory of ageing, the cross-lin
kage theory prevailed, which had been based on a large number of experimen
tal data. According to this theory, the cross-linking of macromolecules (nuc
leic acids, proteins) takes place gradually, causing functional damage in the 
cells. It has been shown that such cross-linkage of macromolecules occurs 
during pathological free radical reactions [428]. 

Centrophenoxine (Lucidryl; generic name, meclofenoxate) used in psy
chiatric practice decreases the accumulation of lipofuscin in nondividing cells 
and has been shown to increase the average life span in experimental animals. 
It has been suggested that it is able to prolong the maximum life span. Lipo
fuscin accumulates mainly in postmitotic cells (myocytes, neurones). While 
decreasing the cerebral lipofuscin level, centrophenoxine has been found to 
imprbve the le'aming ability of animals. Dirnethylaminoethanol is the active 
ingredient with ·OR scavenger activity. Dimethylaminoethanol is incorpo
rated into the membrane of cerebral cells, where it is active as phosphatidyldi
methylaminoethanol [208, 599]. 

Some of the changes and diseases associated with ageing may be ex
plained on the basis of the free radical theory, e.g. the increased frequency of 
tumours, atherosclerosis and hypertension, immune dysfunction indicated by 
the appearance of autoantibodies and a decrease in immune function (free 
radicals inhibit the suppressor T-cell function and decrease both cellular and 
humoral immunity), changes in the central nervous system, and senile amyl
oidosis (see the appropriate sections). Changes in the cyclic nucleotide ba
lance occurring with ageing may have a part in immune dysfunction: the cel-
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lular cGAMP level increases and the cAMP level decreases. Free radical 
reactions cause a similar shift in their ratio. The reverse is also true: accele
rated ageing may be observed in diseases in which extracellular free radical 
flux plays a role, e.g. SLE, Down's syndrome. In addition, the same chromo
some, 6, has been found to carry in humans the codes for mitochondrial 
MnSOD, the main histocompatibility complex (MHC) controlling immune 
response, the microsomal mixed function oxidases and cyclic nucleases [88, 
232, 233, 236, 368, 565]. 

4.1 Summary 

The increasing effect on average life span of antioxidants and of LPO-minimizing 
diets has been proved in several animal experiments. Pathological free radical reac
tions undoubtedly playa role in ageing, but this role may not be important and the 
reactions may be secondary to degradation processes elicited by the primary cause or 
causes. Nevertheless, it has been maintained by several authors that 0;-' leakage oc
curring during the function of the mitochondrial respiratory chain, the amount of 
which is proportional to the basal metabolism, may be a primary factor in ageing ow
ing to its slow, cumulative damaging effect on mitochondria, or to its effect on regu
lator gene function. This explains the observation that potential life expectancy can 
be prolonged with caloric restriction decreasing the basal metabolism or by decrea
sing the sUrface temperature of the body. The absence of the effect of antioxidants 
on potential life expectancy, while they increase the average life span, may also be 
explained. According to one theory, antioxidants cannot reduce the mitochondrial 
damaging effect of univalent leakage, but they can influence extramitochondrial da
mage. Another theory maintains that the maximum life span is determined by the to
tal antioxidant capacity, which cannot by changed by the administration of either 
one or several antioxidants, the more so, because antioxidant administration may 
lead to a decrease in endogenous antioxidant synthesis. Accelerated ageing has been 
observed in diseases in which there is an increased free radical flux, e.g. SLE or 
Down's syndrome. Although the causative role of free radical reactions in ageing has 
not been sufficiently proved, their involvement in the process must be taken into con
sideration by all modern theories proposed to explain ageing. 

5 The Role of Free Radical Reactions in the 
Pathogenesis of Some Neurological Diseases 

5.1 Chronic Organic Brain Syndrome 

In chronic organic brain syndrome (COBS) the central nervous system, or at 
least the part controlling higher nervous function, shows premature ageing, 
which is asynchronous with the process of ageing in other organs. Severe men
tal and emotional deterioration may be observed, while the function of other 
organs is still adequate. The role of free radical reactions in COBS may be 
supposed on the basis of experiments in which the maze learning ability and 
Skinner box learning of rats decreased significantly with the elevation of the 



64 Chapter VI: Clinical Importance oj Free Radical Reactions 

unsaturated fatty acid content of the diet and with the degree of unsaturation. 
Diet did not significantly influence mortality. This is in accord with the prop
osition that increased LPO damages the central nervous system, while its ef
fect on other organs is less significant. This is probably due to the fact that 
neurones are fIxed postmitotic cells having exclusive connections with other 
neurones. In addition, as opposed to parenchymal cells, neurones are supplied 
not only by the capillaries, but also by glial cells attached to the capillary wall. 
LPO in the central nervous system is also enhanced by the high PUFA con
tent of synaptic regions [230, 232, 233]. 

Eddy and Harman have demonstrated the accumulation of unsaturated 
docosahexanoic acid (22:6w3), which is incorporated in the phospholipids of 
neurones both in the perikaryon and in the synaptic region. The decosahexa
noic acid occurring in the diet either freely or in triglyceride form, and lino
leic acid, its precursor, are selectively accumulated in the brain because they 
probably have a role in the regulation of membrane permeability and mem
brane-bound enzyme activity. Being unsaturated, however, they increase the 
sensitivity to peroxidative damage, therefore the excessive intake of these sub
stances in the diet may have an untoward effect [50, 129]. Chia and co-work
ers [77] have shown that the level of MDA and conjugated dienes increases in 
the human brain with ageing, indicating increased LPO. 

5.2 Alzheimer's Disease 

The role of free radical reactions has been suggested in the pathogenesis of 
Alzheimer-type presenile dementia. The neuronal accumulation of lipofuscin 
has been demonstrated in this disease. Senile plaques also appear in normal 
senescence, but their number is higher in Alzheimer's disease. The fIrst 
changes corresponding to LPO-induced mitochondrial damage appear in the 
mitochondria of axon terminals. N eurofIbrillar degeneration in the cytoplasm 
of neurones may be observed not only in Alzheimer's disease, but also in 
other diseases associated with free radical reactions, e.g. Parkinson's disease 
and Down's syndrome. An interesting connection has been observed between 
Alzheimer's disease and Down's syndrome. After the age of 20 years, lesions 
resembling those of Alzheimer's disease appear in patients with Down's syn
drome (neurofIbrillar degeneration and senile plaques). Down's syndrome is 
more frequent in families in which Alzheimer's disease occurs. Also, Alzhei
mer's disease is a frequent cause of COBS [232, 233, 234, 312]. 

5.3 Parkinson's Disease 

In the following, a model will be described, in which manganese, neuromel
anin, catecholamines and free radical reactions have been shown to play a 
role in the pathomechanism of parkinsonism. For a better understanding of 
the model it should be known that the symptoms of manganese intoxication 
resemble those of parkinsonism, but are not entirely the same. The early 
symptoms of manganese intoxication mimic psychosis (psychomotor excita
tion, hallucination). The late phase is characterized by permanent extrapyr-



5 Free Radical Reactions in the Pathogenesis of Some Neurological Diseases 65 

amidal neurological symptoms. Chronic manganese intoxication is only suit
able for modelling postencephalitic parkinsonism, because it differs from 
idiopathic parkinsonism in several important aspects. For instance, chronic 
manganese intoxication is characterized by hyperkinesia and not by hypo
kinesia. The sites of the typical lesions are also different: in parkinsonism de
pigmentation and cell death occur in the substantia nigra, locus coeruleus and 
in the nucleus dorsalis of the vagus nerve, while the striatum and pallidum are 
less involved or intact. The nervous structures damaged in manganese intoxi
cation include the pallidum, the subthalamic and caudate nuclei, and the put
amen, although the substantia nigra may also be affected. Attempts to look for 
an increased manganes level in the basal ganglia in parkinsonism have been 
unsuccessful. Nevertheless, we cannot completely dismiss the idea of a con
nection between these two conditions. Although the high concentration of 
manganese in the striatum causes hyperkinetic extrapyramidal dyskinesia, the 
similarities are also impressive: intoxication caused by chronic exposure to 
small amounts of manganese is characterized by bradykinesia, low dopamine 
level in the striatum, and depigmentation of the substantia nigra. 

The cerebral structures affected in parkinsonism, i.e. the substantia nigra, 
locus coeruleus, and the dorsal nucleus of the vagus, are pigmented and con
tain neuromelanin under normal conditions. The cytoplasmic deposition of 
melanin is a general characteristic of catecholamine neurones. As opposed to 
eumelanin, found in the skin, neuromelanin is deposited with lipofuscin and 
in the cytoplasm, not in the melanosomes. A further difference is that neu
romelanin is formed by polymerization from the autooxidation products of 
dopamine, its precursor, while eumelanin is formed from the autooxidation 
products of L-dopa. The reason for this difference is that eumelanin produc
tion is catalysed by tyrosinase up to the dopaquinone step. This enzyme also 
has tyrosine hydroxylase and dopa oxidase activity, while the catecholamine 
neurones contain only tyrosine hydroxylase, which has no dopa oxidase activ
ity. Therefore, L-dopa is converted to dopaminase by L-dopa decarboxylase 
and neuromelanin is formed as the result of the autooxidation of dopamine. 
Despite the structural differences, neuromelanin resembles eumelanin in 
function: it is a free radical scavenger, while it is formed as a result of free rad
ical reaction, as suggested by its deposition in association with lipofuscin in 
the cytoplasm of catecholamine neurones. What is the role of neuromelanin 
which, unlike lipofuscin, has a useful function? Catecholamines (e.g. dopa, 
dopamine, noradrenaline, adrenaline) are each capable of autooxidation in 
the catecholamine neurones, in the course of which ROIs or reactive cytotoxic 
semiquinones and oxidation products (e.g. 6-0HDA) are formed. Catechola
mines are catabolized mainly by catechol-oxy-methyl-transferase (COMT) 
and monoamino-oxidase (MAO), and H20 2 is formed during MAO activity. 
Neuromelanin has the function of protecting the neurone against the damag
ing effect of these reactive products. 

As to the role of manganese, it may have a significant antioxidant or 
pro oxidant effect, depending on its valency. Mn2 + is an antioxidant, while 
Mn3+ and Mn4+ are prooxidants. In vitro the higher valency manganese in
creases dopamine autooxidation and thus the formation of ROIs, cytotoxic 
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semiquinones and oxidation products. The antioxidant effect of Mn2+ is due 
to its 0;" and H20 2 scavenger effect 

2 H+ + 0;" + Mn2+ ~ H20 2 + Mn3+ 
H20 2 + Mn2+ ~ OH + OH- + Mn3+ 

The symptoms of manganese intoxication indicate specific lesions of some 
cerebral structures and not diffuse damage. These structures have a high oxi
dative status and the neurotransmission they participate in is sensitive to the 
modulating effect of manganese. In manganese intoxication the highest man
ganese concentration is found in the hypothalamus. The level of dopamine 
p-hydroxylase (DBH) enzyme is also extremely high in the hypothalamus. As
corbic acid is the cofactor of this enzyme, it is activated by the ROIs formed 
during the autooxidation of ascorbic acid. Even under normal conditions the 
hypothalamus contains the highest Mn level of all cerebral tissues. Since 
there is hardly any CAT activity in the brain, and also the GP activity is very 
low, manganese must be one of the most important physiological scavengers 
in brain tissue. There is a delicate balance between manganese and the ROIs 
produced during the autooxidation of ascorbic acid, which are needed for the 
activation of DBH. Ascorbinic acid provides for the quantity and quality of 
ROIs needed for DBH activity, and manganese inhibits the excessive Pro9uc
tion of ROIs, which would be harmful; e.g. H20 2, which may inactivate DBH 
and ROIs that may damage the surrounding cells and tissues. This delicate 
balance may be upset by exogenous Mn2+ which, by its scavenger action may 
inhibit the production of ROIs needed for DBH activation. Alternatively, cop
per accumulation may upset the ROI -antioxidant balance leading to an 
excess of ROIs. Therfore, in acute manganese intoxication the hypothalamic 
noradrenaline level decreases if there is a drop in DBH activity. 

The striatum is another structure sensitive to manganese, which causes 
disturbances in cholinergic and dopaminergic neurotransmission (see below). 
Finally the sensitivity of the substantia nigra may be explained by the high 
MAO activity in this region, as a result of which large amounts of H20 2 are 
produced. Because of the low CAT and GP levels, H20 2 reacts with manga
nese, which is converted to its higher valency form and enhances the autooxi
dation of catecholamines and thus also the formation of ROIs, which damage 
the substantia nigra. 

Psychosis in acute manganese intoxication may thus be due to the free 
radical scavenger action of Mn2+, causing the dysfunction of the free radical 
activated enzymes which participate in the synthesis and/or modulation of 
neurotransmitters. The extrapyramidal neurological symptoms of manganese 
intoxication may be due to the conversion of Mn2+ to Mn3+ and Mn4+ stimu
lating catecholamine autooxidation and ROI formation. (This also explains 
why in chronic manganese intoxication there is no correlation between the 
tissue levels of manganese and the extrapyramidal symptoms. Following acute 
exposure there is no need for the maintenance of high tissue manganese levels 
for the development of neurological symptoms.) ROI production caused by 
high-valency manganese leads to the gradual destruction of the catechola-
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mine-containing neurones, as a result of which the dopamine level may de
crease in the striatum and depigmentation occurs in the substantia nigra. The 
drop in the dopamine level in the striatum is due to damage to the substantia 
nigra and to the dopaminergic nigrostriatal neurones. The damage is caused 
by the decrease of the free radical scavenging neuromelanin in the substantia 
nigra. Manganese, similarly to neuromelanin, may thus be regarded as an im
portant free radical scavenger of the central nervous system. It plays a major 
role in the control of neurotransmission and in the protection of the central 
nervous system. 

Depigmentation of the substantia nigra and a low striatal dopamine level 
are also found in Parkinson's disease. According to Barbeau, idiopathic par
kinsonism is triggered by increased dopamine turnover, which may be elicited 
by various events. Increased dopamine turnover leads to an increase in dopa
mine autooxidation and ROI formation, exceeding the scavenger activity of 
neuromelanin and other antioxidants and causing cell destruction. The stria
tal dopamine level decreases owing to the damage of nigrostriatal neurones. 
An increased dopamine turnover may be produced by any action blocking do
paminergic neurotransmission in the synapse or disturbing the feedback me
chanism. The blockade is compensated for by increased dopamine synthesis, 
and thus autooxidation also increases. Haloperidol for example acts postsyn
aptically: it prevents dopamine from reaching the receptors. Manganese in
creases dopamine autooxidation by being converted to a higher valency form 
or by inhibiting the synthesis of cAMP, the second messenger of neurotrans
mission. Amphetamine depletes dopamine. The reason for the increased dop
amine turnover in Parkinson's disease is not known. Familial juvenile parkin
sonism is probably caused by congenital neuromelanin deficiency in the 
substantia nigra. The death of dopamine-producing cells enhances dopamine 
synthesis in the surviving cells, in which there will be an increased dopamine 
turnover, leading to the progression of the disease [9, 21, 22, 25,84,123,209, 
404]. 

5.4 The Role of Free Radicals in Neurotransmission 

Experimental evidence has shown that lipid peroxide free radicals modulate 
neurotransmission under physiological conditions. Mn2+ was incubated with 
rat brain tissue in the presence of catecholamine autooxidation products. It 
was found to inhibit cholinergic transmission, probably by being converted to 
a higher valency form under the effect of catecholamine autooxidation, caus
ing LPO and receptor destruction and damaging the synaptic membrane. 
However, in rats Mn2+ increased the cholinergic transmission in the striatum 
in vivo owing to its scavenger action. LPO and ROIs affect dopaminergic 
transmission through their effect on the activity of the enzyme DBH, but also 
directly by acting on the synaptic membrane and on the receptors. 

The inhibitory GABA-ergic neurotransmission may be stimulated with 
lipid-soluble antioxidants. In addition, ROIs may influence the modulation of 
neurotransmission. They may further inhibit the activity of Na+K+-ATPase, 
which indirectly controls neurotransmitter uptake, storage and release, inhibit 
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acetylcholine esterase and partially also Ca2+ -ATPase. The phospholipase A2 
activating effect of ROIs and arachidonic acid released as a result also modu
late synaptic membrane permeability. 

LPO may be the neurochemical substrate of intelligence owing to its neu
rotransmission modulating effect. Intelligence is closely connected with short
term memory in which reversible, rapid changes in the permeability of the 
synaptic membrane, rich in PUF As, play a significant role. This is indicated 
by the fmding that lithium, characterized by a membrane depolarizing action, 
and ouabain, which inactivates Na+, K+-ATPase, inhibit short-term memory. 
IQ (intelligence quotient) showed a strong positive correlation with the glu
tathione peroxidase activity of red blood cells and a negative correlation with 
the cerebral lipofuscin level. A weaker positiye correlation was found with the 
serum urate level (an increased frequency of exceptional intelligence had pre
viously been observed among gout patients). The role of cholinergic trans
mission in memory has been proved. It has been known for some time that 
there is a positive correlation between learning ability of rats and mice and 
the acetylcholine esterase activity of their brains. Cholinergic transmission is 
defective in Alzheimer's disease: the cerebral levels of choline acetyltransfer
ase and acetylcholine ersterase decrease. The decrease in the level of choline 
acetyltransferase is more specific because it is only found in the cholinergic 
neurones. Compared with acetylcholine esterase, it shows a better correlation 
with the severity of the disease and with the neuropathological changes. Ace
tylcholine esterase has been proved to inhibit the activity of ROIs [124, 482, 
533, 575]. 

5.5 Psychiatric Syndromes 

Increased red cell SOD activity has been found in a number of psychiatric 
syndromes like schizophrenia, manic depressive psychosis and Korsakoffs 
disease. If SOD activity is also higher in the brain, this may explain the de
creased DBH activity described in schizophrenia, because the 0;" level 
needed for the enzyme's activity is decreased by the higher SOD activity. The 
increased activity of this enzyme may also play a role in the development of 
paranoia, hallucination, and Korsakoffs disease, by inhibiting the 0;"
dependent enzyme indophenol dioxygenase, which leads to the inhibition of 
the decomposition of dimethyltryptamine, a hallucinogenic amino acid inter
mediate [1, 112, 404]. 

These propositions are supported by the observation that the mental hand
icap is less severe in Down's syndrome patients in whom the increase in SOD 
activity is moderate and, conversely, high SOD activity is associated with se
vere debility [404]. 

5.6 Cerebrovascular Syndromes and Trauma 
of the Central Nervous System 

Free radical reactions probably also participate in the pathogenesis of regional 
ischaemia caused by cerebrovascular accident and acute trauma. In cats De-
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mopoulos and co-workers ligated the medial cerebral artery unilaterally and 
thus produced the animal model of human stroke [115]. Similarly, the model 
of acute spinal chord trauma was obtained by dropping a weight on the spine 
of cats with intact dura. Although this is a rather far-fetched model, the 
changes observed correspond to those occurring in humans following accidents. 
Free radical reactions do not playa role in the early changes, which are rever
sible in both conditions (for approximately 3 h in the model), they are only 
involved in the late stage, when changes become irreversible. The mechanism 
of free radical formation in ischaemia is discussed in Sect. 8. In acute spinal 
trauma, part of the free radicals are formed as a result of ischaemia, while 
others are due to the extravasation of blood into the grey matter (Fig. 28). The 
concentration of PUFAs is highest in the grey matter, and iron (organic and 
inorganic) and copper get into the grey matter from blood, thus creating the 
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conditions necessary for LPO. The selective inactivation of prostacyc1in syn
thetase by hydroperoxides is the most important consequence which eventu
ally leads to the irreversibility of the changes by causing microocc1usions in 
the microcirculation [115]. 

The importance of ROIs in the pathogenesis of ischaemia has been con
fIrmed by other authors [272, 568, 589]. Experimental ischaemic cerebral le
sions were produced in animals by bilateral ligation of the carotid. Polyethy
lene glycol (pEG)- or Ficoll-conjugated SOD was effective when administered 
shortly before reperfusion and after it in association with allopurinol-inacti
vating xanthine oxidase. Injection into the brain of ROI-producing xanthine 
oxidase (hypoxanthine)-ADP-Fe3+ solution increased the permeability of the 
capillary endothelium and produced cellular (neurone, glia) damage and oe
dema. Using a similar ROI-producing system, it was shown that ROIs release 
arachidonic acid from synaptic membrane samples by activating phospholi
pase A2 and cause membrane damage in which the ROIs produced during ara
chidonic acid metabolism may also playa role. Functional and morphological 
changes similar to those found in cerebral damage caused by acute hyperten
sion and cerebral trauma could be produced in animal experiments by putting 
concentrated arachidonic acid on the brain surface. This also suggests that 
ROIs produced during arachidonic acid metabolism may play a role in all 
three types of cerebral damage [28, 74, 75, 224, 568]. 

In the majority of patients with cerebral trauma posttraumatic epilepsy de
velops. LPO may also play a role in this in accordance with the mechanism 
described in connection with Demopoulos' model of spinal trauma. These 
mechanisms were modelled by injecting FeCl2 into the rat's cerebral cortex. 
An increased LPO was found in the brain. Although phenytoin stopped the 
epilectic seizures and EEG changes, it did not decrease LPO. Methylpredniso
lone, however, not only eliminated epileptic activity, but also decreased LPO 
signillcantly. In other experiments a-tocopherol and selenium pretreatment 
prevented epileptic activity and the increased LPO elicited by ferric salt injec
tion. This suggests that after cerebral trauma, in addition to phenytoin, which 
eliminates the symptoms, glucocorticoids or other antioxidant substances act
ing on the hypothetical causative factor should also be administered [552, 
583]. Lately several reports have been published on the favourable effect of 
large doses of corticosteroids and of barbiturates in central nervous system 
trauma and in cerebrovascular ischaemia. The antioxidant properties of these 
drugs may be at least partly responsible for this effect, moreover, the phos
pholipase A2 inhibiting action of corticosteroids may also be involved [116, 
506]. 

5.7 Cerebral Lipofuscinosis 

Free radical reactions playa role in this rare neurological syndrome transmit
ted as a recessive autosomal trait. It is a fatal progressive disease of the central 
nervous system belonging to the group of amaurotic idiocies. Clinically the 
disease is characterized by mental handicap, seizures and disturbances of vi
sion. These symptoms are probably connected with the accumulation of ce-
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roid in the brain and retina. Pigment also accumulates in other organs. In
reased amounts of non-protein-bound iron and decreased antioxidant 
protection have been found in the cerebrospinal fluid of these patients. Ceroid 
accumulation is a sign of LPO, and CSF changes also indicate peroxidative 
damage. The deficiency of anti-LPO enzymes could not be unequivocally 
demonstrated, although some French authors found decreased linoleic acid 
and arachidonic acid levels (signs of peroxidative damage) associated with de
creased lymphocytic SOD activity (this might account for the increased Oz' 
release and LPO). In infantile and juvenile forms of the disease decreased lin
oleic acid and docosahexanoic acid in the cerebral phospholipids have been 
founer. The symptoms could be mitigated by the joint application of selenium 
and vitamin E [126, 217, 458, 472, 497]. 

5 Summary 

The participation of free radical reactions has been found in several diseases of the 
eNS: in chronic organic brain syndrome, Alzheimer's disease, Parkinson's disease, in 
some psychiatric syndromes (schizophrenia, paranoid psychosis, Korsakoffs syn
drome), in cerebrovascular diseases, trauma of the central nervous system, and in 
cerebrallipofuscinosis. The role of free radical reactions could not be clarified in any 
of these conditions because of the small number of experimental data. Most of these 
are connected with cerebrovascular diseases, traumatic central nervous damage and 
parkinsonism. 

6 The Free Radical Pathogenesis of Atherosclerosis 

Substances irritating the arterial wall increase atherosclerosis. The reactions 
of molecular oxygen with the PUF As in serum and arterial wall are probably a 
constant source of such irritating substances [228, 229, 231, 232, 233]. In 
1952, Glavind and co-workers described the presence of lipid peroxides in the 
human atherosclerotic aorta. At first they were believed to be artefacts of the 
process of preparation, but later this has been disproved [200, 273]. The perox
ide content of the affected arteries was found to be proportional to the severity 
of atherosclerosis. LPO in the serum was demonstrated with ESR spectros
copy. The presence of ceroid in the intima of arteries might be regarded as a 
direct proof of LPO. The incidence of atherosclerosis increases with age. This 
may be due to the higher serum iron and copper levels, the increased amounts 
of unsaturated fatty acids in the lipids of the arterial wall, and their high de
gree of unsaturation found in the aged, which all favour LPO. Thus constant 
LPO in the serum, which increases with age, may initiate atherogenesis by da
maging the arterial wall, and this predisposes to atherosclerotic lesions. 

The important role of LPO in atherogenesis is shown by the epidemiologi
cal data. The average (fasting) serum copper level of white males who have 
suffered myocardial infarction is significantly increased. At the same time, 
normal men with higher serum copper concentrations are more susceptible to 
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clinical atherosclerosis. Those consuming soft drinking water (with higher 
copper content) are more prone to atherosclerosis [228, 229, 231, 232, 233]. 
Hypercholesterolaemic patients are also likely to develop atherosclerosis, 
which is, at least partly, due to a shift in the direction of PDFA esters in the 
fatty acid esters of cholesterol, which is also normally present in blood in an 
esterified form. It is not cholesterol, but its oxidation products that initiate 
and then increase the damage of the endothelium of the arterial wall, which is 
one of the most common phenomena in atherosclerosis [229, 232, 271]. Muto 
and co-workers have shown in vitro that cholesterol is converted to its oxida
tion products under the effect of LPO [388]. In patients with various types of 
hyperlipidaemia the proportion of PDF As was found to show an increase com
pared with the saturated fatty acids. An inc!eased MDA level was found in 
both the plasma and the aortic wall [331]. Hyperlipidaemia may enhance ath
erosclerosis by other mechanisms, too. Lipoproteins are deposited in the vas
cular wall through its lesions. As has been shown (Chap. III Sect. 3), p-oxida
tion of fatty acids may also be found in the peroxisomes, in addition to the 
mitochondria. Increased lipoprotein deposition elicits compensatory peroxi
some proliferation in the vessel wall, the aim of which is the decomposition of 
the lipids, H20 2 formed during the increased function of peroxisomes is insuf
ficiently eliminated by the protective CAT mechanism, it leaves the peroxi
somes, and may cause further damage of the vascular wall [87, 391]. 

LPO in the serum and in the vessel wall may also initiate the production 
of oxidation products of lipoproteins, depending on their PDF A content. This 
has been studied in the case of low-density lipoprotein (LDL) which has a 
high cholesterol content and is known to enhance atherosclerosis. The surface 
of the LDL molecule undergoes changes during its interaction with LPO pro
ducts, which is demonstrated by its greater mobility during lipid electrophore
sis. LDL which has undergone peroxidative modification is more readily pha
gocytosed by human monocytes and macrophages. This may explain the 
long-standing observation that diets with increased PDF A content decrease 
the serum cholesterol level. However, this should not be regarded as a favou
rable effect, because the decrease in the serum cholesterol level has its price: 
an increased deposition in the vessel wall of the cytotoxic, atherosclerosis-in
ducing oxidation products of LDL which have undergone excessive peroxida
tive changes. LDL incubated in vitro with smooth muscle cells of the vascular 
wall or with endothelial cells produced cytotoxic LPO products. Lipoproteins 
containing apolipoprotein B were investigated, and the presence in the arterial 
interstitium of toxic oxidative products having a higher electrophoretic mobil
ity than plasma LDL was found. Summarizing these results, during the reac
tion of LDL with LPO products, cytotoxic substances are formed which may 
directly damage the vascular wall, and the macrophages of the vessel wall may 
increasingly phagocytose the modified LDL molecule. The amount of LDL in
corporated by the macrophages may exceed the LDL degrading capacity of 
these cells and thus cytotoxic LDL products accumulate in the vessel wall 
[228, 248, 305, 378]. We found increased outflow of p-glucuronidase (lyso
somal enzyme) from the granulocytes following cholesterol and triglyceride 
administration and in hyperlipidaemic patients, in whom the serum p-glucu-
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First reaction : transformation of lysine side chain to ally sine 

Lysine Allysine 

Further reactions: the polymerization of 3 ally sine + 1 lysine to desmosine 
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Fig. 29. Structure of the cross-links of elastin. (After Banga [20]) 

Desmosine 

ronidase level also increased. These changes were regarded as the indirect 
signs of LPO [516, 561]. 

The famous Hungarian scientists J.BaI6 and LBanga maintained that ath
erosclerosis in humans is associated with the destruction of elastic fibres. 
Banga demonstrated the presence of abnormal fluorescent lipofuscin-like and 
ceroid-like substances giving a positive reaction with TBA (indicating the 
presence of MDA) in intimal plaques and in the annulus fibrosus and nucleus 
pulposus of the intel'Vertebral discs. The fluorescent substance could also be 
demonstrated in the serum of aged people in the lipoprotein fraction. It was 
TBA positive, especially in hyperlipidaemic cases. In the intimal plaque, ac
cumulation of the fluorescent substance was found in the lipoprotein, which 
was coupled to elastin with strong bonds. Similarly to the results of Partridge 
[422], these data prove that there are lipoprotein molecules bound to elastin in 
atherosclerosis. These molecules bind calcium. 

From these data, Banga proposed the following theory. Normally the poly
peptide chains of elastin are held together by the cross-links (desmosine) bet
ween three allysine molecules and one lysine molecule (Fig. 29). The elastases 
of the aortic wall disrupt the cross-links, resulting in a reaction between MDA 
and other reactive aldehydes produced constantly during LPO in the serum on 
the one hand, and one or two lysine (or allysine) side chains on the other, be-
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First reaction : 
Formation of peroxy radical and malondialdehyde from 
unsaturated fatty acids 

Unsaturated fatty acid 

/CHO 

" (COO-) ---- H2C 

'" CHO 

Further reactions: 

Peroxy 
radical 

Malondialdehyde 

Reaction of malondialdehyde with lysine and 
al ysine side chain 

Lysine + malondialdehyde + allysine- Abnormal cross-link 
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NH 
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P, CH-N=CH-CH=CH-NH-CH P2 -----" Lipofuscin. 
I I ceroid 
R CO insoluble 
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max. fluorescent 
L.50-L.70nm 

Fig. 30. Example of the cross-linking reaction of malondialdehyde with elastin. 
(Mter Banga [20]) 

cause the latter are not bound in desmosine. Their free state may result in ab
normal cross-linkages which may contain several unsaturated bonds, leading 
to autooxidation and polymerization and the production of insoluble lipofus
cin and ceroid products. Eventually a peroxidized lipid-calcium-elastin com
plex is produced (Fig. 30). Because of the abnormal cross-linkages, elastin 
loses its normal function, elasticity and water-binding capacity, and calcium 
is deposited in the vessel wall, which becomes hardened [20]. 

Since this theory was described important advances have been made in 
atherosclerosis research: the role of the PGI2-TXA2 balance has been recog
nized. By activating phospholipase A2, pathological free radical reactions sti
mulate arachidonic acid metabolism. This would lead to increased synthesis 
of both TXA2 and PGI2, but it has been proved that lipid peroxides can selec
tively inhibit PGI2 synthesis in the vessel wall. Thus pathological free radical 
reactions increase TXA2 synthesis, thereby causing a shift in the PGI2/TXA2 

balance in favour of TXA2. As a result, the aggregation of platelets and their 
adhesion to the vessel wall increase (Fig. 31). 

Indeed, in the aorta and heart of rabbits made atherosclerotic, decreased 
amounts of PGI2 were produced. Similar results were obtained in human ath
erosclerotic tissue in which no PGI2 production could be demonstrated, while 
in neighbouring normal vessels PGIi synthesis was found. PGI2 synthetase is 
probably inactivated by 'OH formed during the interaction of lipid peroxides. 
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Arachidonic acid 

ROOH<~GH' 
~~ 

P'O'IO'Y~ ~XA' 
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Atherosclerosis Thrombosis 
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Fig.31. Effect of lipid hydroperoxides 
on arachidonic acid metabolism and the 
pathophysiological consequences. PGH2 
prostaglandin H2; TXA2 thromboxane 
A2. (After Warso and Lands [566]) 

Increased adhesion of platelets to the vessel wall results in their increased 
reactivity; platelet-produced substances (growth factor, 0;·) probably playa 
role in the ensuing damage of the vessel wall. Thus it is understandable that 
even the early atherosclerotic lesions (fatty streaks) lead to a decrease of PGI2 
synthesis in the vessel wall [216, 222, 373, 374, 566, 574]. 

The protease inhibitor role of free radical reactions has been proved (see 
Sect. 14). They also inhibit the activity of the serum elastase inhibitor, as a re
sult of which the first step described in Banga's theory, i.e. the activation of 
tissue elastases, may occur. The role of lipid peroxides was substantiated by 
the experiment in which a vitamin E-deficient diet caused a decrease in PGI2 
content of isolated segments of the aorta of rabbits. The decrease could be re
versed by vitamin E administration [73]. Smoking has also been shown to in
crease platelet aggregation, which is probably due to LPO induction. This 
may, at least in part, be responsible for the vascular complications caused by 
smoking [80]. The free radical theory of atherosclerosis is especially attractive 
because it reconciles two seemingly contradictory theories, i.e. the lipid the
oryl and the thrombogenic theory2 [374] (Fig. 32). 

In severe atherosclerosis granulocytes probably also contribute to the da
mage of the vessel wall. Ulcerating plaques allow crystalline cholesterol,3 

which normally does not get into contact with plasma, to activate the comple-

1 This theory attributes primary importance to disturbances in the lipid metabolism as 
a result of which lipids are deposited in the intima of the vessels. 
2 This theory maintains that the atherosclerotic plaques are organized micro thrombi 
originating from platelets arrested by microtraumas of the intima. The vasoactive sub
stances released by the trapped platelets increase the permeability of the vessel wall 10-
cally, leading to lipid infiltration. 
3 Crystalline cholesterol is formed if the three-phase water-phospholipid-cholesterol 
system becomes saturated with cholesterol, and the precipitation of cholesterol mole
cules leads to the formation of cholesterol monohydrate crystals. 
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Fig.32. Free radical reactions in the pathogenesis of atherosclerosis, for explanation 
see text 

menf system. C5a causes aggregation of granulocytes and increases the adhe
sion of granulocytes to the vessel wall and the damage of the vessel wall by ac
tivating the respiratory burst. A similar mechanism is probably activated if 
there is haemorrhage into the plaques, another occasion when crystalline cho
lesterol gets into contact with plasma. This mechanism not only increases the 
severity of the local process, but also causes leukostasis and the formation of 
leukothrombi leading to ischaemia in the small vessels which are in the direc
tion of the flow and are still unobstructed [223]. 

It has been attempted to use antioxidants in the therapy of atherosclerosis. 
Vitamin E administration in angina pectoris produced varying results, which 
was attributed to variations among the studies in the number of patients and 
the duration of treatment [10]. Vitamin E was used with success in the treat-
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ment of intermittent claudication, it improved both the subjective and objec
tive symptoms [218, 219]. We, too, found that antioxidants have a favourable 
effect in atherosclerosis. MTDQ-DS (for structure and effect see Chap. VII 
Sect. 2), a water-soluble dihydroquinoline-type antioxidant, was effective in 
atherosclerosis produced with cholesterol in rabbits. We also have preliminary 
data indicating that this agent has a favourable effect in human hyperlipopro
teinaemia and obliterative atherosclerosis. MTDQ-DS significantly decreased 
the serum cholesterol, LDL, very low density lipoprotein (VLDL) and trigly
ceride levels and increased the high-density lipoprotein (HDL) fractions in 
animal experiments and in a patient with type IV asymptomatic hyperlipopro
teinaemia. The atherosclerosis index (LDLlHDL or LDL + VDL) also de
creased. In animal experiments treatment with cholesterol + MTDQ-DS de
creased the rate of development of aortic plaques by 90 % indicating the 
inhibitory effect of the drug on cholesterol degradation and this endothelium 
protective effect. 

In a patient suffering from symptomatic obliterative atherosclerosis com
plicated by thrombosis of the popliteal artery, in whom surgery was not neces
sary because collateral circulation was maintained, MTDQ-DS administration 
improved the results of traditional treatment (vasodilator, anticoagulant) in 
respect of the objective signs and walking distance. The treatment influenced 
the serum lipid levels and the atherosclerosis index in the same way as in the 
patient with asymptomatic hyperlipoproteinaemia. We found in animal exper
iments that MTDQ-DS decreases the elevated serum and platelet MDA levels, 
which also indicates that it decreases the oxidative degradation of cholesterol 
and inhibits the platelet TXA2 synthesis. Thus MTDQ-DS, and antioxidants 
in general, may be used as new specific drugs in the treatment of atherosclero
sis [152, 155, 156, 198, 606]. The effect of antioxidant (vitamin E) therapy on 
blood lipids has been described by several authors [23, 250, 527]. The dihydro
quinoline-type antioxidant was also suitable for preventing the damage 
caused by cholesterol in the membrane of hepatic lysosomes [546]. Prostacyc
lin therapy is another possible approach. Its favourable effect is the subject of 
several reports [326, 373, 374]. 

Dietary measures may be used with success. The incidence of acute myo
cardial infarction is lower in Eskimos, which is attributed to their being less 
prone to atherogenesis. Low levels of serum cholesterol, triglyceride, LDL and 
VLDL were found in their serum, which in men was associated with a high 
HDL level. At the same time their haemorrhagic tendency was increased. 
These changes were attributed to eicosapentaenic acid (20: 5w3, EPA), a com
ponent of the Eskimos' seafood diet. During its metabolism TXA3 is produced 
in the platelets, which, unlike the TXA2 derived from arachidonic acid, has no 
platelet aggregating effect. At the same time, PGI3 is produced in the vessel 
wall. It has an antiaggregation effect similar to that of PGI2 originating from 
arachidonic acid. Thus a high level of EPA associated with a low arachidonic 
acid level results in an antithrombotic state and is also responsible for the in
creased haemorrhagic tendency. In this light the earlier dogma, according to 
which the antiatherosclerotic diet should contain little saturated lipid and 
much unsaturated lipid, must be revised. The ideal diet has a high EPA con-
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tent, but large amounts of unsaturated lipids exceeding the body's essential 
fatty acid requirement are harmful and should be avoided because they in
crease LPO [135, 138, 265). 

6.1 Summary 

Molecular oxygen reacts with the PUFAs in the serum and aortic wall, leading to 
LPO. With advancing age this tendency increases, because the serum iron and cop
per levels increase and there is an increase in the amount and degree of saturation of 
PUF As in the lipids of the arterial wall. The atherogenic effect of hyperlipoprotein
aemia is due to an increase in the proportion of PUFAs prone to peroxidation. Un
der the effect of LPO in the serum and vessel walls, these PUF As are more easily 
converted to oxidation products which damage the vascular wall. Through the le
sions lipoproteins are deposited in the vessel wall and elicit compensatory prolifera
tion of peroxisomes. H20 2 produced during increased peroxisomal activity, when ex
ceeding the protective potential of CAT, leaves the peroxisomes and may cause 
further damage of the vessel wall. 

According to the free radical theory of atherosclerosis, free radical reactions inhi
bit the serum elastase inhibitor and prostacyclin synthetase activity, and by activat
ing phospholipase A2, enhance TXA2 formation. Because of the inhibition of the 
serum elastase inhibitor, the tissue elastases of the aortic wall are activated, the 
cross-links of elastin are broken, and the lysine and allysine side chains thus released 
interact with the reactive products of LPO in the serum and aortic wall. Then they 
undergo autooxidation and polymerization, producing insoluble lipofuscin and ce
roid products, which correspond to a peroxidized lipid-calcium-elastin complex. 
Prostacyclin synthesis decreases or is absent because the activity of prostacyclin syn
thetase is inhibited. This and the increased TXA2 production, which is due to the ac
tivation of phospholipase A 2, increase the adhesion of platelets to the vessel wall, 
and the ROls produced further increase the damage. The free radical theory recon
ciles the earlier, contradictory, lipid and thrombogenic theories. Antioxidants have 
been used with success in the treatment of atherosclerosis in animal experiments and 
in humans. The authors' own results also prove this effect. Pathological free radical 
reactions thus playa causative role in the development of atherosclerosis, as shown 
by experimental evidence. The free radical theory is currently one of the most mod
ern theories trying to explain the pathogenesis of atherosclerosis. 

7 Hypertension and Free Radical Reactions 

The increase of peripheral resistance in the small blood vessels, especially ar
terioles, is the most important factor in hypertension. The irritating effect of 
peroxidative reactions (occasionally by releasing various PG derivatives) 
causes contraction of the blood vessels. Progressive arteriocapillary fibrosis, 
developing due to fibroblast stimulation following vascular irritation (see 
Sect. 3) causes fixed, progressively higher blood pressure. Inhibition by lipid 
peroxides of the synthesis of prostacyclin, which decreases vascular tone, may 
also contribute to the development of hypertension. Essential hypertension 
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may, at least partially, be related to factors increasing atherosclerosis with the 
advance of age, i.e. with LPO. 

Dilatation of the cerebral arterioles, damage of the arterial endothelium 
and of the blood-brain barrier have been found in acute hypertension in ex
perimental animals and in cerebral trauma. In both cases the functional and 
morphological changes could be prevented by pretreatment with indometh
acin and AHR-5850 inhibiting cyclooxygenase. By applying arachidonic acid 
or the ROI-producing xanthine oxidase-xanthine system to the cerebral sur
face, lesions closely resembling the changes caused by acute hypertension and 
cerebral trauma could be produced. The same effect was achieved with PGG2 

and 15-hydroperoxyeicosatetraenic acid (15-HPETE) application, whereas 
PGH2 did not produce vascular damage, only vasodilation. The changes 
caused by acute hypertension and cerebral trauma could be prevented by pre
treatment with scavengers (SOD, nitro blue tetrazolium, mannitol), while the 
damaging effect of arachidonic acid and the xanthine oxidase-xanthine sys
tem could be prevented by SOD and/or CAT administration. These data sug
gest that arachidonic acid metabolism and the ROIs produced during it - or 
originating from other sources - may play a role in the pathogenesis of acute 
hypertension and cerebral trauma (for the latter see also Sect. 5.6). Arachid
onic acid metabolism is stimulated by activation of phospholipase A2• The 
mechanism whereby this occurs is not known, but free radicals may also serve 
as the trigger factor. Hence antioxidants may have a favourable effect in hy
pertensive encephalopathy. 

Peroxidative processes probably also playa role in the pathogenesis oftox
aemia in pregnancy. The serum copper and lipid levels increase in pregnancy, 
while that of ascorbic acid decreases. Products of free radical reactions have 
been found to accumulate during pregnancy; other authors report on the accu
mulation of the conjugated diene isomer of linoleic acid. These changes oc
curring in normal pregnancy are significantly escalated in toxaemia. In addi
tion, a decrease in the prostacyclin levels was found in the wall of the 
maternal and fetal blood vessels, which was due to the inhibitory effect of 
lipid peroxides. A correlation could be demonstrated in preeclampsia between 
the elevated serum lipid levels and the increase in blood pressure. Significant 
elevation of the level of LPO products as compared with normal pregnancy 
may make this test suitable for predicting preeclampsia [143, 214, 228, 229, 
232, 233]. 

7.1 Summary 

The atherosclerosis-inducing effect of free radical reactions, their relation with ara
chidonic acid metabolism, and their inhibitory effect on prostacyclin, which de
creases vascular tone, may playa role in essential hypertension. However, their part 
in the pathogenesis of hypertension needs further clarification, and the relevant ex
perimental data are insufficient for drawing conclusions. Preliminary data suggest 
the involvement of pathological free radical reactions in the pathogenesis of tox
aemia in pregnancy. 



80 Chapter VI: Clinical Importance oj Free Radical Reactions 

8 Free Radical Reactions in Ischaemic Damage 

If tissue blood flow decreases or ceases, the immediate result is an increase in 
the permeability of the capillaries leading to oedema. In case of severe injury, 
microscopic or gross tissue destruction may be found. This damage occurs not 
so much in the ischaemic phase as during reperfusion. Granger and co-work
ers [210] were the fIrst to prove the role of free radical reactions in an intesti
nal ischaemia model in the cat. They measured capillary permeability and 
found that intravenous SOD pretreatment, unlike diphenhydramine and ci
metidine, indomethacin or methylprednisolone, signillcanly reduced the in
crease in capillary permeability caused by ischaemia. In another experiment 
they increased the time of ischaemia and studied the effect of intravenous SOD 
and oral allopurinol pretreatment on the microscopic mucosal changes. They 
found a signillcant improvement compared with the controls. They used al
lopurinol because, on the basis of a previous experiment they postulated that 
xanthine oxidase may be the source of the 0;· produced in the ischaemic in
testines. This idea had been supported by the protective effect of allopurinol 
described in haemorrhagic shock and myocardial ischaemia. Xanthine oxi
dase was the fIrst documented biological source of 0;·. The intestines, lungs 
and liver contain especially high levels of the enzyme, aithough it has been 
proved that in vivo the enzyme is not an 0;· -producing oxidase (0 type) 

Hypoxanthine + H20 2 + 2 O2 0 type) Xanthine + 2 0;' + 2 H+ 

Xanthine + H20 2 + 2 O2 0 type) Urate + 2 0;' + 2 H+ 

but rather an NAD+ -reducing dehydrogenase (D type) 

Hypoxanthine + H20 2 + NAD+ D type) Xanthine + NADH + H+ 

Xanthine + H20 2 + NAD+ D type) Urate + NADH + H+ 

If the tissues are homogenized, the D type is converted to the 0 type 
either reversibly via sulphydryl oxidation, or irreversibly via limited proteoly
sis. But the 0 type is not only a preparative artefact. It has been shown that is
chaemia causes a rapid D ~ 0 conversion in situ. In rats this occurred irrever
sibly, i.e. by proteolyis. 

Since the energy content of hypoxic cells decreases rapidly and the main
tenance of the cation gradient is an energy-dependent process, hypoxia prob
ably leads to calcium influx, and this activates the calmodulin-regulated pro
teolytic enzymes. This is indicated by the fInding that trifluoperazine, which 
has an inhibitory effect on calmodulin, strongly decreased the D ~ 0 conver
sion, as well as by the phenomenon of calcium paradox (see later discussion). 
The appearance of xanthine oxidase in ischaemic tissue is not sufficient for 
the development of free radical damage, because substrates are also needed. 
The accumulation of the fIrst substrate, hypoxanthine, as a result of ATP ca
tabolism has been demonstrated in ischaemic tissues. In hypoxia ATP is de
phosphorylated and the cellular AMP strongly increases. Then AMP is catabo-
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lized to adenosine, inosine and fInally to hypoxanthine. For O-type activity 
another substrate, O2, is needed, most of which enters the tissue during reper
fusion and gives rise to 0;' formation. This explains why the more severe le
sions occur only after reperfusion [42, 54, 104, 210, 359, 420] (Fig. 33). 

Dalsing and co-workers proved this hypothesis from another aspect in 
model experiments with rats with intestinal ischaemia. Administration of 
aminophylline (a xanthine derivative), which may be the substrate of xan
thine oxidase and thus induce 0;· formation, increased the animals' mortal
ity signifIcantly and enhanced the morphological changes of ischaemia. Both 
mortality and morphological changes decreased signifIcantly if SOD was ad
ministered at the same time [105]. The hypothesis also explains why soybean 
trypsin inhibitor, which inhibits proteolysis, decreased the ischaemic mucosal 
lesions elicited in dogs by occlusion of the splanchnic artery and prevented 
the increase in vascular permeability caused by intestinal ischaemia in cats. 
In the same way, it accounts for the inhibitory effect of the calcium antagonist 
verapamil on damage of the cardiovascular system and small intestinal mu
cosa in dogs exposed to haemorrhagic shock [420]. Parks and co-workers have 
demonstrated, similarly to Del Maestro and other authors [111, 327], that ·OH 
formed secondarily from 0;· via the Haber-Weiss reaction may be responsi
ble for the intestinal vascular permeability changes found in ischaemia, be
cause pretreatment with the ·OH scavenger dimethylsulphoxide (DMSO) pro
vided a protection. comparable to that observed in cases of SOD pretreatment 
[421]. 

The ischaemic lesions of the large intestine cannot be attributed to the 
xanthine oxidase mechanism, because, unlike in the small intestine, xanthine 
oxidase activity is relatively low in the large intestine. However, the large in
testinal mucosa is rich in aldehyde oxidase, which can release ROIs. This may 
be the alternative free radical mechanism of ischaemic damage of the large in
testine [420]. 
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Fig. 33. Free radical mechanism of ischaemic damage, for explanation see text. 
DMSO dimethylsulphoxide; crossed arrow inhibition. (After Parks et al. [420]) 
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Based on the model, the varying sensitivity of different tissues to ischae
mia may be attributed to differences in their xanthine dehydrogenase content, 
in their level of protease, which induces the D ~ 0 conversion, and in the 
function of the individual proteases. In rats conversion to oxidase was quick
est in the ileum, followed by the heart, liver, spleen, lungs and kidneys. Xan
thine dehydrogenase was also demonstrated in skeletal muscles; this, however, 
was not converted to oxidase when perfusion was discontinued (probably ow
ing to the altered function, decreased amount or absence of protease). This 
observation correlates with the known relative resistance of skeletal muscles 
to ischaemic injury in comparison with other tissues. Tissue-dependent differ
ences have also been found in other respects: free radical scavengers and al
lopurinol can protect the small intestine only against partial ischaemia, wher
eas in the heart and skin they are effective against global ischaemia, if this is 
kept within limits. This shows that in global ischaemia other mechanisms in
dependent of the free radical reactions are dominant in the small intestines, 
while in the heart and skin global ischaemia differs from partial ischaemia 
only quantitatively up to a limit, which depends on the capacity of antioxi
dant protection. This phenomenon has not been fully explained [358]. 

The free radical mechanism lends itself to the explanation of not only the 
paradoxical deterioration of the ischaemic lesions after reperfusion (oxygen 
paradox), but also to that of the histologically similar phenomenon of calcium 
paradox occurring if the myocardium is first perfused with a calcium-free so
lution and then with a solution containing calcium. Since the histological pic
ture is similar in both cases and both processes have two similar steps (lesions 
caused by the deprivation of a substance are paradoxically aggravated by the 
reintroduction of this substance), it has been suggested that these phenomena 
represent two facets of the same problem. This has been supported by the 
finding that the perfusion of rat hearts with cumene hydroperoxide (a syn
thetic lipid hydroperoxide), which causes LPO in the heart, produced changes 
that were similar to those elicited by the calcium paradox, namely cellular 
protein release, decreased coronary flow, and myocardial contraction. The 
·OH scavenger DMSO protected against the calcium paradox injury. An ele
vated MDA level was found in the rat heart in coronary perfusate in the 
course of calcium paradox injury. The exact mechanism of the calcium para
dox is not known. One of the possibilities is the activation of membrane phos
pholipases on reintroduction of calcium. This triggers the arachidonic acid 
metabolic cascade, during which LPO-inducing ROIs are released. According 
to another hypothesis, reintroduction of calcium activates calmodulin, which 
accelerates the D~ 0 conversion and thus also ROI production. It also acti
vates the membrane phospholipases, which trigger the sequence of reactions 
discussed previously [255, 288]. 

These reactions playa part, in addition to ischaemic intestinal diseases, in 
haemorrhagic and endotoxin shock (perhaps also in other types of shock), in 
myocardial ischaemia, in cerebrovascular events associated with ischaemia, 
and in the pathogenesis of reperfusion damage following organ transplanta
tion. Finally, Oz· may also be formed owing to hypoxia in the respiratory 
chain via another mechanism (see Chap. III Sect. 3). 
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8.1 Ischaemic Cerebrovascular Disease 

Ischaemic cerebrovascular disease is discussed in Sect. 5.5. 

8.2 Myocardial Ischaemia and Infarction 

There is abundant evidence available proving the role of free radicals in myo
cardial ischaemia. Japanese authors have demonstrated the increase of LPO 
in patients with myocardial infarction; they found an increase in TBA-posi
tive substances in the blood of these patients [298]. Soviet authors used a 
more direct method (chemiluminescence) in their model experiments in rats, 
and found that the degree of myocardial damage was proportional to the in
tensity of LPO [309]. It has long been known that in global ischaemia lasting 
for a short time (e.g. during cardiac surgery) and in the early stage of myo
cardial infarction, lipofuscin accumulates in the myocardium [309]. There are 
data available on the protective effect of scavengers and antioxidants in myo
cardial infarction. In rats sodium selenite, vitamin E and also their combined 
use decreased the elevated LPO, improved the ECG changes and decreased 
myocardial damage [310]. Free radical scavengers like SOD, CAT and manni
tol (·OH scavenger) and antioxidants allowed a better restoration of left ven
tricular function after reperfusion [191, 252, 494]. Casale and co-workers 
found that the protective effect of scavengers is not weaker if they are given 
during early reperfusion as compared with administration at the beginning of 
ischaemia, indicating that the damage occurs predominantly during early rep
erfusion [191]. Structural evidence for this has been provided by Reimer and 
co-workers and by Jennings and co-workers [282, 452]. Others added systems 
producing ROls directly (xanthine oxidase-purine) to perfused intraventricu
lar septum of rabbits and demonstrated free radical induced myocardial da
mage [56]. The incidence of arrhythmias during reperfusion could be reduced 
with scavengers and allopurinol [244, 338]. 

The results of the global ischaemia model experiments have been utilized 
in cardiac surgery: damage caused by reperfusion after the complete ischae
mia necessary during surgical intervention could be reduced. Chambers and 
co-workers produced myocardial infarction in animals by transient ligation of 
the descending ramus of the left coronary artery and found that both SOD 
and allopurinol (the former more strongly) decreased the infarcted area [71, 
72]. Similar results were described by other authors [244, 262, 287, 336]. 
Based on these data, administration of scavengers and/or allopurinol before or 
during reperfusion may be recommended for decreasing reperfusion damage 
and arrhythmia in systemic and intracoronary thrombolysis and percutaneous 
transluminal angioplasty [72,173,244,262,287,336,338]. 

The role of LPO in the pathogenesis of myocardial ischaemia and infarc
tion has been described and proved experimentally by Hungarian authors 
[471, 550]. 

Hess and co-workers attribute a scavenger effect to the glucose-insulin
potassium (GIK) infusion applied by Sodi-Pallares during cardiac surgery in 
normothermic regional ischaemia and in global ischaemia and hypothermia 
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[254]. It had been shown earlier that in both normothermic and hypothermic 
ischaemia as well as during reperfusion following hypothermic ischaemia a 
defect of the excitation and contractile apparatus of the myocardium may be 
found. The reason for this is supposed to lie in the uncoupling of the calcium 
transport of the sarcoplasmic reticulum and ATP hydrolysis, which has been 
attributed to the free radical induced damage. The role of ·OR is believed to 
be prominent in this damage. The protective effect of SOD and mannitol 
points in the same direction. Uncoupling is also inhibited by the GIK infu
sion. Glucose, similarly to mannitol, is probably an ·OR scavenger, while in
sulin promotes its entry into the cells [252, 254]. 

In the early phase of myocardial infarction neutrophilic granulocytes mi
grate into the injured tissue and their activation is associated with ROI release 
in addition to lysosomal enzyme release. Thus free radicals can indirectly in
crease the severity of myocardial damage. The chemotactic factor (for the me
chanism of its production see Sect. 2) stimulates the migration of granulocytes. 
Thus it is not surprising that in myocardial infarction model experiments dogs 
made neutropenic with neutrophilic antiserum had an infarcted area which 
was 43 % smaller than that found in animals with normal neutrophil counts 
[254, 275, 354, 465]. SOD also inhibits this indirect damaging effect (cf. 
Sect. 2). In another experiment neutrophils activated with phorbol myristate 
acetate (PMA) damaged cardiac function significantly (decreased the cardiac 
output and arterial pressure and increased peripheral resistance and left ven
tricular and diastolic pressure). SOD and CAT administration and neutrope
nia produced by antineutrophilic antibodies had a protective effect [469]. 

8.3 Renal ischaemia 

A protective effect of free radical scavengers (SOD, CAT, mannitol and the 
·OR scavenger dimethylthiourea) and allopurinol was demonstrated in post
ischaemic reperfusion renal damage [226, 409, 415, 483]. The degree of tubu
lar cellular damage decreased in response to mannitol and chlorpromazine 
(·OR scavengers) during reperfusion of ischaemic rabbit kidneys [419]. The 
protective effect of mannitol, which has been used in the treatment of acute 
renal failure for a long time, is probably due to its ·OR scavenger activity, in 
addition to its increasing effect on renal blood flow and solute diuresis [337]. 

8.4 Shock 

In shock, selective vasoconstriction occurs, which affects the blood vessels of 
abdominal organs in the first place, while the blood supply of vital organs 
(brain and heart) is unaffected. Owing to hypoxia, ATP is decomposed in the 
abdominal organs and the hypoxanthine produced gets into the plasma. Free 
radical reactions may have a part in the shock becoming irreversible, because 
a late restoration of the intravascular volume only adds to the severity of the 
shock and causes reperfusion damage. Disturbed microcirculation found in 
irreversible shock, i.e. increased capillary permeability, endothelial damage 
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and oedema, resemble the vascular damage produced by free radical induced 
ischaemia. Allopurinol and verapamil were effective in the haemorrhagic 
shock of dogs, while cysteine, which also has ·OH scavenger action, is effec
tive in cardiogenic shock [419]. In experimental endotoxin shock induced 
with a single endotoxin injection the serum levels of lysosomal enzymes, be
lieved to be sensitive indicators of free radical induced damage and of TBA
reactive products, increased. SOD pretreatment prevented the development of 
shock. SOD and CAT had a protective effect in experimental disseminated in
travascular coagulation induced with prolonged endotoxin infusion, and de
creased the level of TBA-reactive products in the serum significantly [592]. 
Phenyl-t-butylnitrone (PBN) , a scavenger used in spin trapping studies, pro
vided effective protection in experimental traumatic and endotoxin-induced 
shock and in shock induced with the ligation of the superior mesenteric artery 
[406]. 

8.5 Transplantation 

The ischaemia occurring during the preservation of organs for transplantation, 
during transplantation itself, and during the subsequent reperfusion resem
bles the conditions encountered in experiments in which free radical reac
tions are elicited. For example, a favourable effect is achieved by adding an
tioxidant steroids, chlorpromazine and allopurinol to the solution in which 
cadaver kidneys are stored until transplantation. Free radical reactions in
duced by reperfusion damage may play a role in acute tubular necrosis that 
occasionally follows kidney transplantation. It has been proved experimen
tally that allopurinol pretreatment improves posttransplantational renal func
tion and graft survival [419]. 

SOD or allopurinol have been found to prevent the damaging effect of 
complete anoxia occurring if the supplying artery of cutaneous island flaps is 
occluded. The pedicle of island flaps used in plastic surgery contains only the 
direct supplying artery of the skin flap, hence there is no collateral circulation. 
Application of antioxidants may promote the more extensive use of free (un
pedicled) flaps in plastic surgery [419]. 

8.6 Summary 

Free radical reactions probably playa causal role in the pathogenesis of ischaemia
induced damage. Paradoxically, the damage occurs not in the ischaemic phase, but 
during reperjusion. Pathological free radical reactions also occur predominantly in 
this phase. ROls are produced by the mediation of cytoplasmic xanthine oxidase, 
which, in fact, is an NAD+ -reducing dehydrogenase under physiological conditions 
and not an oxidase. Under the effect of ischaemia, however, it is converted to oxi
dase, producing O2. from hypoxanthine or xanthine substrate and oxygen. Hypox
anthine is a product of the ATP catabolism of ischaemic tissues. Oxygen, the other 
substrate, is available at reperjusion. This hypothesis has been experimentally sup
ported. The mechanism described may have a role in the following diseases: intesti
nal ischaemia, myocardial infarction, shock, cerebrovascular events associated with 



86 Chapter VI: Clinical Importance of Free Radical Reactions 

ischaemia, renal ischaemia, preseroation of organs for transplantation, reperjusion 
damage following organ transplantation. A favourable effect of antioxidants and al
lopurinol, which inhibits xanthine oxidase, was obseroed in each of these conditions. 
It is in the antioxidant and allopurinol therapy of myocardial infarction and intesti
nal ischaemia that we have the highest number of data. 

9 Free Radical Reactions in Other, 
Nonischaemic Heart Diseases 

Large doses of catecholamines are known to cause myocardial necrosis. Cate
cholamines readily undergo autooxidation, which leads to ROI production. 
The ROIs and the oxidation products of catecholamines (e.g. adrenochrome 
and other oxidized catecholamine metabolites), rather than catecholamine it
self, are responsible for the damage. Myocardial damage is, at least in part, 
due to the LPO elicited by the ROIs (see also the adrenergic neuronal damage 
caused by 6-0HDA, Sect. 5) [449, 499, 532]. Myocardial cell damage, ECG 
changes and high mortality induced in rats with isoproterenol could be pre
vented by the administration of vitamin E and zinc, which has a membrane
stabilizing effect [499]. 

Ramos and co-workers treated rat myocytes in culture with toxic doses of 
isoproterenol and found that at first the mitochondria were damaged, then the 
sarcolemma, the latter inducing an increase in intracellular potassium and 
LDH release. The increase in intracellular potassium is due to the inhibition 
of Na+,K+-ATPase. The toxic effect of isoproterenol can be counteracted by 
the administration of antioxidants (ascorbic acid, sodium bisulphite) [2, 449]. 
The increasing effect on myocardial LPO of a strong increase of catechola
mine in severe emotional or physical stress has also been described [61]. Capel 
and co-workers exposed rats to cold stress and found a significantly increased 
lipid peroxide level in the animals' liver and plasma. The hepatic GP and glu
tathione reductase levels also increased. They attributed the increased LPO to 
the stimulation of the microsomal mixed-function oxidase system as a result 
of stress-induced hormonal changes [61]. Free radical reactions thus playa 
role in the pathogenesis of stress, and indirectly in the development of myo
cardial ischaemia and infarction, early atherosclerosis and stress ulcer. In 
ischaemic heart disease there is an increased outflow of catecholamine, there
fore, the damaging effect of catecholamines also plays a role in the pathogene
sis. 

The combined deficiency of selenium and vitamin E causes degenerative 
heart disease in various species of domestic animals. A heart disease charac
terized by focal myocardial necrosis without coronary damage, which was le
thal in a high percentage of the cases, was described in China's Keshan pro
vince. Improvement in this disease could be achieved with selenium therapy. 

The serum selenium and SeGP concentration of the patients was very low. 
A prophylactic effect of selenium was also observed. Clinically the disease 
corresponds to congestive cardiomyopathy (COCM), but the aetiology is still 
unclear and there are epidemiological characteristics which cannot be attri-
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buted to selenium deficiency alone. The role of Coxsackie B4 virus has also 
been suggested. Selenium-deficient mice were found to be more sensitive to 
the damage caused by this virus [76, 322, 596]. Evidently, the role of selenium 
in idiopathic COCM has been suggested. Low selenium levels in two cases of 
COCM were described in western countries. In one of these, long-term paren
teral feeding, involving selenium intake, was at least partially responsible for 
the development of COCM. The patient was given selenium for 3 weeks dur
ing which time it was found ineffective. Eventually the patient died amid rec
urrent attacks of arrhythmia. In the other case 4 weeks selenium therapy im
proved the symptoms, but cardiomegaly persisted even after 3 months [85, 
285]. 

Other factors supposed to play a role in the aetiology of COCM, e.g. alco
hol and pregnancy, increase LPO, similarly to selenium deficiency. Therefore, 
the role of free radical reactions in the disease might arise, although it has not 
been proved. The light- and electron-microscopic picture of alcoholic myopa
thy and cardiomyopathy resembles that of myopathy and cardiomyopathy of 
LPO origin in vitamin E-deficient domestic animals. In both cases the mito
chondria, rich in PUF As, and the sarcoplasmic reticulum are primarily da
maged. The toxic effect of alcohol observed after several years of regular con
sumption is supposed to be due to the alcohol metabolite acetaldehyde. It 
may cause LPO damage via two mechanisms: (a) 0;· is formed during the 
xanthine oxidase-metabolized oxidation of acetaldehyde, or (b) acetaldehyde 
is bound to the SH-containing precursors of GSH and thereby decreases the 
GSH concentration (this is supported by the protective effect of the GSH 
precursor L-cysteine against the toxic effects of acetaldehyde) [189]. 

9.1 Summary 

ROIs are released during the autooxidation of catecholamines. ROIs and oxidized 
catecholamine metabolites are supposed to be responsible for experimental myocard
ial necrosis induced with catecholamines. Increased ROI production is induced by 
hormonal changes stimulating the microsomal mixed-function oxidase system in 
stress, and by catecholamines accumulating in stress. Thus ROIs may playa role in 
the pathogenesis of stress. Their role has been proved in the Keshan disease de
scribed in China, which is a frequently lethal necrosis of the myocardium. Clinically 
it resembles congestive cardiomyopathy. Selenium deficiency and lower selenium-de
pendent GP activity was found in these patients. The disease may be prevented by se
lenium prophylaxis. A role for free radical reactions in congestive cardiomyopathy 
has been suggested, but not yet proved, since alcohol, which causes pathological free 
radical reactions, is involved in the aetiology of the disease. 
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10. The Role of Free Radical Reactions in Carcinogenesis: 
Connection Between Atherosclerosis, Ageing, 
Carcinogenesis and Mutagenesis 

The majority of tumours have been shown to be related to environmental fac
tors [603]; therefore, much effort has been spent on the identification of envir
onmental carcinogens and on the clarification of their mechanism of effect. 
At first, it caused concern that chemical carcinogens were of such diverse 
structure, but later a common characteristic was found, namely the electro
philicity of their activated forms, which makes them capable of binding to 
DNA and other macromolecules. The majority of carcinogens have been 
found either to be free radicals, to be involved in free radical reactions, or to 
induce pathological free radical reactions (e.g. by Oz·, which is an autooxida
tion product). The enzymes needed for activation, e.g. cytochrome P-450, may 
be found not only in the endoplasmic reticulum, but also in the nuclear mem
brane, and thus the active metabolites produced may damage the genetic ma
terial directly. There are several mechanisms which protect against the effect of 
chemical carcinogens: (a) prevention of the formation of active forms; (b) sti
mulation of the systems detoxifying carcinogens so that they cannot react 
with their targets; and (c) protective mechanisms acting after the interaction 
with the target [149, 213, 569]. 

Many reports have been published on the anticarcinogenic effect of an
tioxidants in animal experiments [25, 92, 490, 581, 582, 602]. This protective 
effect may be due to any of the three mechanisms. An example of the first me
chanism: the formation of N-nitroso (-N-N-O) carcinogens can be prevented 
with vitamin C, vitamin E, phenol-type antioxidants (e.g. BRA) and with 
MTDQ-DS, a dihydro quinoline-type antioxidant (see Chap. VII Sect. 2) [47, 
364, 569]. These carcinogens may reach their terminal form in the environ
ment as well as in the organism. For this, they need an amine or amide sub
strate, a nitrosifying agent and the appropriate chemical milieu. Antioxidants 
compete with the amines and amides for the nitrosating agent (e.g. nitrite) 
and in this way prevent the formation of N-nitroso carcinogens [47, 364]. 
When acting by the second mechanism, antioxidants inhibit the function-re
lated deactivation of enzyme systems mediating the metabolism of xenobiotics 
(e.g. the microsomal mono oxidase system, epoxide hydrolase, UDP-glucuro
nyl transferase, gluthathione-S-transferase). As has been mentioned in con
nection with cytochrome P-450, this deactivation may be partly or completely 
due to LPO elicited by ROls released during enzyme activity. The increased 
activity of the enzymes leads to detoxification and thus to anticarcinogenic 
action, but may occasionally activate the carcinogenic substance. The protec
tive effect of vitamin A and corticosteroids is an example of the third mechan
ism [569]. The anticarcinogenic effect of diets containing a large proportion of 
vegetables and fruit, which has been proved in epidemiological studies, is due 
to their high vitamin A and C contents or to ingredients which can induce glu
tathione transferase participating in the metabolism of carcinogens [289, 349, 
569]. 
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Fig. 34. Similarity between the structure of malondialdehyde and two known 
carcinogens. (After Shamberger [490)) 

Free radical mechanisms also play a role in photocarcinogenesis (see 
Sect. 26). The carcinogenic role of diets with high PUF A and low antioxidant 
content has been demonstrated [232, 233, 426]. Anthracycline antitumour an
tibiotics, which act by releasing free radicals, may induce the development of 
secondary carcinomas. Tumour frequency increases with age. An interesting 
correlation has been found between ageing and atherosclerosis on the one 
hand, and carcinogenesis and mutagenesis on the other. LPO is known to play 
a major role in these processes. Malondialdehyde (MDA) , which has been 
shown to have a carcinogenic and mutagenic effect is one of the terminal pro
ducts of LPO [385]. The structure of MDA resembles that of two isomers: gly
cide aldehyde and p-propiolactone, the carcinogenic effect of which has been 
proved (Fig. 34). It has been shown that MDA is ultimately responsible for 
their carcinogenicity. Thus during LPO occurring in the organism in connec
tion with for example ageing and atherosclerosis, a carcinogenic and muta
genic substance is produced [490]. 

The theory of membrane-mediated chromosomal damage put forward by 
Cerutti and co-workers is based on similar considerations. They studied the 
mechanisms of chromosome aberrations induced with phorbol myristate ace
tate (PMA), a tumour-inducing croton oil derivative, and found that it acts in
directly, not by binding to DNA. It activates the respiratory burst of phago
cytes and the arachidonic acid cascade, during which ROIs are produced and 
LPO is initiated in the course of the PGG2---? PGH2 conversion. The metas
table lipid peroxides and some stable aldehyde terminal products of LPO, like 
MDA and 4-hydroxy-2,3-trans-nonenal are diffusible clastogenic factors and 
can cause genetic damage in situ or by diffusing into other cells and tissues. 
In PMA-illduced chromosome aberrations antioxidants and scavengers 
(CuZnSOD, SeGP mannitol, BHT, BHA) showed an anticlastogenic effect, 
with the exceptions of the singlet oxygen scavenger dimethyifuran and CAT. 
Inhibitors acting at different levels of arachidonic acid metabolism were also 
found to be anticlastogenic (the phospholipase A2 inhibitor fluocinolone acet
onide, the cyclooxygenase inhibitors indomethacin and flufenamic acid and 
the lipoxygenase inhibitor BN 1015 strongly; the lip oxygenase inhibitors BN 
1048 and nordihydroguairetinic acid, 5,8,1l,14-eicosatetraynoic acid inhibi
ting both cyclooxygenase and lipoxygenase; and the thromboxane synthetase 
inhibitor imidazole only moderately). 

Other phorbol esters, mezerein, which has a similar structure, and indol 
alkaloid promoters (e.g. teleocidine), which are structurally different, act by 
the same mechanism. The protease inhibitors with strong antipromoter pro-
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perties (e.g. soybean inhibitor) and also the vitamin A analogues inhibit O2, 
production by phagocytes (neutrophils, alveolar macrophages) stimulated by 
promoters. The peroxisome proliferator compounds (clofibrate, ciprofibrate, 
naphenopine, di-(2-ethy-hexyl)-phthalate) cause indirect chromosomal da
mage similarly to membrane active agents. They are hepatocarcinogens and 
promoters. Their carcinogenic and mutagenic effect is due to H20 2 released as 
a result of peroxisome hyperfunction. It has been supposed that other mem
brane active substances, chronic inflammation and endogenous pathological 
free radical reactions may cause chromosome aberrations in the same way. 
These aberrations may play a decisive role in the initiation and promotion of 
tumours [70, 135, 138, 164, 306, 450, 553, 602]. 

The theory has been substantiated by th~ finding that clastogenic factor }.s 
probably composed of free arachidonic acid, aldehydes and lipid hydroperox
ides [70]. In addition, lipid peroxides themselves can activate chemical carci
nogens, e.g. N-hydroxy-N-acilyl-2-aminofluorene, via free radical mechan
isms. Thus the stable, active substances formed on membrane damage 
constitute a link between atherosclerosis and ageing on the one hand, and car
cinogenesis and mutagenesis, on the other [431]. Univalent leakage occurring 
during the activity of the mitochondrial respiratory chain may be another 
such link. Oberley and Buettner formulated an interesting hypothesis con
cerning the role of SOD in carcinogenesis. These authors and other teams in
variably found the absence, or a strong decrease, of mitochondrial MnSOD in 
mostly animal tumour cell lines. In addition, a decreased CuZnSOD level was 
demonstrated in tumours, although not invariably, and the levels of GP and 
CAT were also low in generaL The mitochondrial O2, production was normal 
or increased in the tumour cells. It has been asked whether the MnSOD 
change was the cause or consequence of carcinogenesis. To answer this ques
tion it is necessary to look at the results to be expected from the decrease or 
absence of MnSOD (Fig. 35). 

Increased intracellular O2' concentration leads to the inhibition of SH en
zymes, e.g. adenylate cyclase, resulting in a decrease in cAMP leveL Free rad
icals, however, have been shown to activate guanylate cyclase, thereby in
creasing the cellular cGMP level [368, 407]. Cyclic nucleotides play an 
important part in the regulation of mitosis and thus it is understandable that a 
shift in their balance enhances uncontrolled proliferation characteristic of 
malignant cells. Since iron is a cofactor in a number of enzymatic reactions, 
the iron status is important from the point of view of carcinogenesis. For in
stance, the iron chelate picolinic acid shows a selective tumour cell toxicity. 

~
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Fig. 35. The possible consequences of decrease in the MnSOD level. CAT catalase; 
GP glutathione peroxidase, (After Oberley and Buettner [407]) 
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102 produced during dismutation; this and the ·OH formed as a result of the 
interaction of H20 2, also formed during dismutation, with 0;· are more po
tent reactive intermediates, which have an increased damaging effect. LPO, 
which increases as a result of the decrease in the level of protective enzymes 
(CAT, GP) inhibits the activity of phospholipid-dependent enzymes (cytoch
rome oxidase, succinyl dehydrogenase). Therefore, aerobic metabolism is re
placed by anaerobic processes in the tumour cells. The authors use these ex
amples to show that the decrease in MnSOD - or its absence - is not merely a 
consequence of carcinogenesis, but a major change, which may be the cause 
of carcinogenesis, because its consequences are profound and may account 
for several characteristics of carcinogenesis. The following therapeutic possib
ilities arise from Oberley's hypothesis: 

1. 0;· therapy is based on the absence or decrease of MnSOD in tumour 
cells, which may thus be selectively damaged. 0;· and ROI production may 
have a part in the antitumour effect of anthracyclin compounds (doxorubicin, 
daunomycin), which produce 0;· during microsomal activation, of mitomy
cin C and of the ROI inducer bleomycin. In the case of anthracyclin com
pounds this mechanism is held responsible for the side effects, rather than for 
the antitumour effect, which is probably due to the direct association of the 
anthracyclin molecule to DNA and the consequent damage of the genetic ma
terial. Photoirradiation, a new tumour therapy, which is still in an experimen
tal stage, is also based on ROI (singlet oxygen) generation. It makes use of a 
synthetic derivative of haematoporphyrin, an excited form of which is pro
duced by absorption of visible light. Its surplus energy is used for the produc
tion of singlet oxygen from molecular oxygen. Other ROIs may also be pro
duced at the same time. The haematoporphyrin derivative selectively 
accumulates in tumour tissue, which is an advantage from the therapeutic 
point of view. This property may also be used for defining the localization of 
the tumour. It has been found that the inhibition of mitochondrial succinate 
dehydrogenase and cytochrome c oxidase and of the cytosol-contained pyru
vate kinase (and, to a lesser extent, lactate dehydrogenase) contribute to the 
effect of photoirradiation. This observation supports to some extent the results 
of other authors who found ROIs to inhibit mitochondrial succinate dehy
drogenase and cytochrome oxidase. The inhibition of cytoplasmic enzymes 
catalysing the terminal steps of glycolysis makes it difficult for the substrates 
to enter the citrate cycle and thus aerobic respiration is increasingly impeded 
[257, 296]. 

2. Diethyldithiocarbamate (DDC, a disulfiram derivative) therapy. DDC 
inhibits CuZnSOD, but does not inhibit MnSOD. It follows that the normal 
cells containing MnSOD survive the therapy, while the tumour cells contain
ing little or no MnSOD will be selectively killed. There are experimental data 
supporting the therapeutic effect of DDC, but because it acts by binding cop
per, it may also have a toxic effect on other cuproenzymes. 

Oberley's hypothesis reconciles the earlier Warburg hypothesis, now 
looked upon as outdated, with the modem DNA theory of carcinogenesis. Ac
cording to the former, carcinogenesis is due to irreversible damage of respira
tion leading to the development of anaerobic metabolism, while the latter 
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maintains that cancer is the expression of a change in DNA. This latter theory 
is supported by the observation that most activated carcinogens are at the 
same time mutagenic. It fails, however, to account for the lesion of the gene 
coding for, or the region regulating, MnSOD synthesis, which might be 
caused by exposure to background radiation or peroxidative processes (in
flammation, atherosclerosis, ageing). Alternatively, MnSOD may be inacti
vated directly by ROIs accumulated in the mitochondria for some reason 
[407]. 

In trisomy 21 and in Dubin-Johnson syndrome characterized by increased 
tumour frequency, a lower MnSOD level has been found. Dimethylsulphoxide 
(DMSO, an effective ·OR scavenger), when added to tumour cells, caused the 
morphological differentiation of erythroleukaemia cells, promyelocytic leu
kaemia cells and neuroblastoma cells. SOD administration has been reported 
to prolong the survival of tumorous animals in a few cases. Naturally, antioxi
dants cannot be expected to reverse carcinogenesis completely; they cannot 
influence the irreversible changes [407]. Also, SOD cannot pass through the 
cell membrane, which difficulty can be eliminated by enclosing SOD in lipo
somes [366]. Oberley's hypothesis has not been supported by the experiments 
of Marklund and co-workers. They studied normal and neoplastic human cell 
lines and found no difference in the MnSOD level between normal and malig
nant cells. CuZnSOD was slightly lower in the malignant cells. No difference 
could be demonstrated in the levels of other enzymes (CAT, GP) either. The 
reason for the differences between the results of the two teams may lie in the 
fact that while Oberley used a smaller number of animal cell lines, Marklund 
investigated a high number of mostly human tumour lines. Whereas in pri
mates MnSOD is also found in the cytosol, in other species it occurs only in 
the mitochondria [342]. 

The results of Tisdale and co-workers resemble those described in connec
tion with Oberley's hypothesis. They investigated animal tumours and found 
lower SOD and CAT levels in most of them, but did not find total MnSOD 
and CuZnSOD deficiency [541]. Capel and Thomley found elevated SOD ac
tivity in the blood of mice with Lewis pulmonary carcinoma. In the tumour 
tissue SOD activity was significantly lower than in normal pulmonary tissue. 
An increased lipid peroxide level was found in the liver, and an even higher 
level in the tumour tissue [62, 63]. The experiments of Fernandez-Pol and co
workers illustrate the role of free radical reactions in carcinogenesis and sup
port Oberley's hypothesis. They studied the effect of paraquat, a herbicide in
ducing intracellular Oz· production, on normal rat kidney cells and on 
virus-transformed cells. A selective cytotoxic effect on the transformed renal 
cell cultures was found, whereas the normal cells were resistant to the effect of 
the herbicide. At the same time, a normal SOD level was found in the normal 
cells, which increased during treatment, while in the transformed cells the 
SOD level was low and did not change under the effect of the treatment. Thus 
a good correlation was found between the response of the normal and trans
formed cells to the cytotoxic effect of paraquat and their ability to increase 
their SOD level in response to treatment. A revertant strain was found in the 
culture transformed with Kirsten sarcoma virus, which showed a much higher 
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SOD level than normal cells after paraquat treatment. This strain not only lost 
the characteristics of the transformed cells, but it also failed to grow on soft 
agar (the ability to grow on soft agar is regarded as an in vitro property corre
lating with in vivo tumorigenesis) and could not be distinguished morphologi
cally from the normal cells. However, if paraquat (inducing high SOD activ
ity) was left out of the medium, the cells regained their transformed properties 
[162]. 

Oberley and co-workers have recently expanded their theory [333, 408]. 
They maintain that carcinogenesis is a two-step process. In the fIrst step, 
corresponding to initiation, the cells become "immortal". "Immortality" 
means that at the division of the initiator-damaged stem cell, two stem cells 
are produced, unlike normal cells which divide into a stem cell and another 
cell committed to differentiation. 

A single application of the initiator is suffIcient. The electrophilic initiator 
binds covalently to DNA. During the second step, called promotion, cell pro
liferation becomes uncontrolled. The promoter has to be applied repeatedly 
after initiation. The process is reversible at fIrst, becoming irreversible only la
ter. Promoters are, as a rule, not mutagenic and they do not bind to DNA. 
Many promoters are membrane active compounds (e.g. phorbol esters). Ober
ley and co-workers did not fmd MnSOD activity in the "immortal" cell line, 
while CuZnSOD activity was normal and could be induced with triiodothyro
nine (T3)' (T3 induces SOD by increasing Oz· production by an unknown me
chanism.) In the malignantly transformed cell line, no MnSOD activity was 
found and the CuZnSOD activity, too, was very low and could not be induced 
with T 3' The conclusion was drawn that "immortality", which, in fact, means 
the inhibition of differentiation, is associated with the decrease of MnSOD 
activity and the loss of its inducibility, while Oz· production is unaffected. 
There are data indicating that the levels of MnSOD and CAT increase with 
differentiation, it may be, therefore, supposed that the changes found in 
MnSOD activity inhibit differentiation. Retrovirus oncogenes are supposed to 
playa role in the transformation (see later discussion). The decrease in the ac
tivity of CuZnSOD and the loss of its inducibility with T3 may make it suit
able for the demonstration of transformation. The connection between the 
changes in CuZnSOD activity and transformation is unclear. Further studies 
are needed in support of this theory. 

Although the majority of the reports describe the anticarcinogenic, mutag
enic and radioprotective effects of antioxidants, lately also their tumour-pro
moting action has been reported. Other unfavourable effects like radiosensiti
zation, increased mutagenic activity and the enhancement of the toxicity of 
some chemicals have been described [289, 333, 398, 408]. These conflicting 
experimental data must have some other, deeper, cause than differences in ex
perimental conditions, i.e. in the properties of the systems studied. This is 
also suggested by the results of studies dealing with the role of fatty acids and 
prostaglandins derived from essential fatty acids in the control of mitosis. 
Both fatty acids and prostaglandins derived from essential fatty acids in the 
control of mitosis. Both fatty acids and prostaglandins have a paradoxical ef
fect on mitosis. Lipid peroxides and 4-hydroxyalkenals, the products of LPO, 



94 Chapter VI: Clinical Importance oj Free Radical Reactions 

have a strong mitosis-inhibiting effect, which is due to their inhibitory effect 
on DNA synthesis. In low concentration PUF As may increase mitosis because 
the members of the n-6 or linoleic acid family are PG precursors, because in 
low concentration PGs enhance mitosis, and also because the amount of inhi
bitory LPO products formed is smaller. Higher concentrations of PUF As and 
PGs inhibit mitosis because greater amounts of inhibitory lipid peroxides and 
other LPO products are formed. 

The effect of pathological free radical reactions on the balance of cyclic 
nucleotides is also involved in the control of mitosis. It has been described 
(see Chap. III, Sect. 4.1) that different concentrations of antioxidants affect ar
achidonic acid metabolism differently, depending on the degree of their de
creasing effect on the level of lipid hydroperoxides. High concentrations of 
antioxidants, although able to prevent tumour initiation by pathological free 
radical reactions, enhance promotion once initiation has taken place, by de
creasing the level of the LPO products inhibiting mitosis. Because of the low 
level of lipid hydroperoxides, PG synthesis also decreases and low PG levels 
stimulate mitosis. Low antioxidant concentrations provide a weaker protec
tion against initiation, but they will not decrease the level of lipid peroxides 
inhibiting mitosis and, as a result of increased PG synthesis, the inhibition of 
mitosis dominates. The paradoxical effects of antioxidants can be at least par
tially explained in this way [87, 381]. 

Various fractions of tumour tissue have been investigated by several teams 
and a decreased LPO has been found in tumour tissue [44, 55, 193,436]. This 
observation seemingly contradicts the findings described so far: since patho
logical free radical reactions have a part in carcinogenesis (which is a well
founded hypothesis), one might expect to fmd increased LPO in the tumour 
tissue. It has been attempted to find the reason for the decreased LPO. De
creased PUF A content, lower cytochrome P-450 concentration and higher to
tal antioxidant capacity have been described. Decreased PUF A content de
creases LPO because of a state of substrate deficiency. Cytochrome P-450 
activity may contribute to the induction of LPO (see Chap. III, Sect. 3), there
fore, its falling concentration may be related to the decrease in LPO [44, 55, 
193, 436]. 

The dynamics of tumour formation in connection with free radical reac
tions has been studied by ESR spectroscopy. In one study the concentration 
of free radicals was found to increase from initiation till the half-time of tu
mour growth; it then decreased in the second half and increased again during 
metastasis formation [132]. In another, more detailed, study, different doses of 
benzopyrene were given to rats intratracheally, and the concentration of the 
non-heme iron-sulphur-containing proteins of the mitochondrial electron 
transport chain, free radical concentration in the mitochondrial electron 
transport system, and the cytochrome P-450 content of the hepatic micro
somal fraction were measured. During carcinogen administration the concen
tration of the iron-sulphur-containing proteins increased at first, then it 
dropped below the control level, while the mitochondrial free radical concen
tration increased. The hepatic cytochrome P-450 level decreased continuously 
during carcinogen administration. The carcinogen was discontinued as soon 
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as histologically demonstrable premalignant changes were identified in the 
lung. At this phase the concentration of the iron-sulphur-containing proteins 
increased, free radical concentration was somewhat higher than in the con
trols, and also the cytochrome P-450 level increased. All three parameters de
creased significantly in the phase of definitive malignant tumour growth 
[597]. 

The contradiction of the postulated carcinogenic effect of free radical 
reactions and decreased LPO found in tumours can be reconciled by suppos
ing that during initiation the balance of the free radical reactions and the pro
tective mechanisms is shifted in favour of the free radicals, although in
creased LPO induces the compensatory increase of the total antioxidant 
capacity. Increased LPO leads to the depletion of PUFA substrates and de
struction of cytochrome P-450. Because of lack of substrates LPO decreases 
significantly and the decrease in the level of lipid peroxides inhibiting cell di
vision results in cell proliferation. This is the stage of promotion when the tu
mour starts growing uninhibited. Further studies are needed for the verifica
tion or refutation of this hypothesis, although it has experimental foundation. 

A histochemical method has been developed for the demonstration of 
pre neoplastic cells. It is based on the demonstration of decreased LPO in tu
mour cell membranes, by the detection of protein-bound alkenals with Schiff 
reagent. The cell groups demonstrated by this method show an almost perfect 
match to the preneoplastic changes indicated by y-glutamyltransferase positiv
ity [30]. 

The opposite effects of PGs and LPO products on cell division may, in the
ory, be utilized in influencing tumour growth by dietetic measures. To prevent 
cell proliferation the amount of dietary n-6 fatty acids, which are the precur
sors of stimulating PGs ought to be decreased. Instead the amount of n-9 and 
n-3 fatty acids, which are not PG precursors, but give rise to inhibitory LPO 
products, ought to be increased [87]. Antioxidant therapy of tumour patients 
cannot be recommended because of the twofold action described and their 
possible harmful effects. The decreased LPO found in tumours and the ele
vated antioxidant capacity described by some authors contradict Oberley's 
theory and other results we have described. In the light of recent data Ober
ley's hypothesis might be true only for the early stage of carcinogenesis. 

Another interesting result should be mentioned which might help to ex
plain the much debated difference between male and female life expectancy. 
The basal metabolism of women is known to be 10 % lower than that of men. 
Mitochondrial univalent leakage is proportional to basal metabolism. If it has 
a role in ageing and carcinogenesis, this might account for the higher average 
life span and somewhat lower tumour mortality of woman [549]. 

Finally the role of free radical reactions in carcinogenesis must be investi
gated in the light of the widely accepted cellular oncogene theory of carcinog
enesis. In the normal vertebrate cell DNA sequences homologous with the 
oncogenes responsible for the tumourigenicity of RNA tumour viruses have 
been found. These cellular oncogenes are normally inactive, and their tran
scription is very limited. It seems that the initiation of carcinogenesis is due 
to the activation of cellular oncogenes. The first step is the integration of the 
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retrovirus into the genome; the retrovirus then enhances the transcription of 
the oncogene either by a mutation which activates a function resembling the 
bacterial SOS repair (see Sect. V 11), or by a mutation affecting the cellular 
oncogene or it regulator region. The oncogene may also be activated by being 
translocated to a region characterized by active transcription. 

Carcinogenesis is considered a multistep process. Oncogenic activation in
duces transformation only if the cell is in a state of proliferation. The agents 
inducing this state are called promoters. Almost all the known initiators and 
promoters act by free radical mechanisms. Initiation and promotion cannot 
be sharply delimited. For instance, breakage of the DNA chain may induce 
both. Chain breakage and base modification leading to mutation are typical of 
free radical induced damage. Free radical reactions may also enhance promo
tion by inducing ornithine decarboxylase. This enzyme is needed for the syn
thesis of polyamides participating in the regulation of DNA synthesis and cell 
proliferation. Induction of ornithine decarboxylase by PMA is inhibited by 
SOD, CAT, mannitol and SOD + CAT, either via the suppression of the inac
tivation of preformed ornithine decarboxylase by active oxygen (SH groups 
are needed for ornithine decarboxylase activity), or by inhibiting induction at 
genome level. Thus free radicals play an important role in both initiation and 
promotion [39, 180, 295, 301, 330, 461, 462, 485, 602]. 

Irradiation, inflammation, exposure to sunlight, some chemicals, ageing 
and anthracycline antitumour agents may have a role in carcinogenesis. In
creased tumour frequency has been found in diseases associated with repair 
deficiency and in autoimmune diseases. All these states have a common fac
tor: a postulated connection with free radical events. Pathological free radical 
reactions may thus participate in initiation and promotion by acting directly 
on DNA or indirectly by changing the delicate equilibrium existing between 
LPO products controlling cell division, cyclic nucleotides and arachidonic 
acid metabolism. Depending on other factors that may influence this balance, 
antioxidants may either suppress or stimulate promotion; the data available so 
far suggest their inhibitory role in initiation. 

10.1 Summary 

The majority of tumours are caused by environmentalfactors. Although environmen
tal chemical carcinogens are of diverse structure, they act almost without exception 
via free radical mechanisms: they are either free radicals themselves, or are con
verted to free radicals when activated, or they induce pathological free radical reac
tions indirectly. Three types of anticarcinogenic protective mechanisms are known: 
(a) prevention of the formation of active forms; (b) stimulation of the carcinogen de
toxifying systems; and (c) mechanisms acting after interaction with the target. Photo
carcinogenesis, diets with high PUFA and low antioxidant contents, the carcinogenic 
effect of some recu"ent inflammations and the effect of anthracycline antitumour 
antibiotics causing secondary tumours all have a free radical component in their me
chanism of effect. The anticarcinogenic effect of antioxidants has been proved repea
tedly. Antioxidants may act via anyone of these protective mechanisms. 
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There is an interesting connection between ageing, atherosclerosis, carcinogenesis 
and mutagenesis. Endogenous carcinogens and mutagens (e.g. malondialdehyde) are 
produced in ageing and atherosclerosis as a result of increased LPO. According to 
Cerutti's theory of membrane-mediated chromosomal damage, membrane active sub
stances activate arachidonic acid metabolism (e.g. by the free radical induced activa
tion of phospholipase A), during which ROIs are released. Some stable, diffusible 
products of LPO can damage the genetic material, thus playing a role in the initia
tion and promotion of tumours. Some chemicals can also cause chromosomal dam
age - similiarly to membrane active substances - in an indirect way be activating 
the respiratory burst of phagocytes and by inducing peroxisome proliferation leading 
to LPO. This theory has been supported by experimental evidence, but has not been 
fully verified. Mitochondrial univalent leakage and the·disturbed balance of the pro
tective mechanisms acting against it may constitute another link between ageing, 
atherosclerosis, carcinogenesis and mutagenesis. 

Oberley and co-workers proposed an attractive hypothesis, according to which 
the balance is upset by a lesion of the gene coding for MnSOD, or of the regulator re
gion controlling the MnSOD level. In a more recent version of their theory they 
maintained that tumour initiation is basically an inhibition of differentiation caused 
by the decreased activity and loss of inducibility of MnSOD, which is normally highly 
active during differentiation. The activity of CuZnSOD is, however, unaffected. 
Promotion, they believe, is equal to the loss of control of cell proliferation. Decreased 
MnSOD activity, resistant to induction, was also found in transformed cells after 
promotion, but CuZnSOD activity also decreased and the enzyme could not be in
duced. Other authors failed to demonstrate this strong decrease or absence of 
MnSOD activity. 

Lately antioxidants have been reported to have a tumour promoter and muta
genic effect and radiosensitizing ability. These opposing effects of antioxidants (car
cinogen-anticarcinogen, mutagen-antimutagen, radioprotective-radiosensitizing) 
may be accounted for by the dose dependence of their effect, influenced also by other 
endogenous factors (on the levels of prostaglandin and lipid peroxides, which have a 
role in the control of cell division). In low concentrations, prostaglandins stimulate 
mitosis, while in higher concentrations they inhibit it owing to the action of inhibi
tory lipid peroxides produced during PG synthesis. PUF As, too, stimulate mitosis in 
low concentrations, since they are PG precursors. In high concentrations, however, 
when they produce larger amounts of lipid peroxides, they have an antimitotic effect. 
In tumours there is decreased LPO, which may be due to intracellular PUF A defi
ciency, cytochrome P-450 deficiency, or perhaps to a supernormal total antioxidant 
protection. It may be that initiation is the result of increased LPO which is due to an 
early prooxidant state. The tissues respond with compensatory mechanisms acting 
against LPO, but eventually LPO overcomes these, causes PUF A and cytochrome 
P-450 deficiency, which decreases LPO in the tumour tissue owing to substrate defi
ciency and a decreased production of ROIs which are the source of LPO. From the 
findings described the conclusion may be drawn that a shift in the balance between 
ROIs and the protective systems acting against them must play an important role in 
carcinogenesis. Pathological free radical reactions are involved in both the initiation 
and promotion of carcinogenesis. 
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11 Free Radical Reactions and Mutagenesis 

Free radical reactions can induce mutation of DNA either directly or indi
rectly by a mechanism resembling the SOS repair system of bacteria. The acti
vation of this system is induced by DNA lesions (direct mutations), but this is 
a repair system "liable to error", producing secondary mutations [270]. 

Free radicals may have a decisive role in the random mutations caused by 
background radiation. Mutagenesis, however, is not always harmful, it may 
also serve the purposes of evolution. As regards the connection between car
cinogenesis and mutagenesis, Totter found that tumour is the price paid by 
the individual for the survival of the species as a result of useful mutations 
[549]. 

We have already mentioned the syndromes characterized by repair defi
ciency and that free radical reactions may lie behind these. The repair defi
ciency may be secondary to DNA damage caused by ROIs. The mutagenic ef
fect of ROIs on bacteria has been proved experimentally, and a similar effect 
of activated phagocytes has been found in cell cultures [377, 385, 579]. 

The antimutagenic effect of antioxidants has been repeatedly described. 
However, the results of the highly sensitive cytogenic tests have not been with
out contradictions. For instance, ethoxyquin did not inhibit sister chromatid 
exchange induced by cyclophosphamide, whereas it was effective in the mic
ronucleus test (micronuclei correspond to chromosome fragments) and 
chromosome aberration test. Three types of antimutagens are distinguished 
depending on their mechanism of effect: 

1. Desmutagens, which inactivate or kill mutagens 
2. Inhibitors of the metabolism of substances needing metabolic activa

tion for their mutagenic action 
3. Antimutagens proper, which inhibit the mutagenic effect at the cellular 

level 
Ethoxyquin belongs to the third type, because if it were of type 1 or 2, it 

would inhibit sister chromatid exchange, since cyclophosphamide is a mu
tagen undergoing metabolic activation. Other antioxidants may also belong to 
the third type of antimutagens [101, 274, 454, 510]. 

The mutagenic effect of antioxidants has also been described [289, 378]. 
One of the possible explanations of these contradictory data was given in 
Sect. 10. 

11.1 Summary 

The mutagenic effect of ROls has been proved. They may act either directly or by ac
tivating a mechanism resembling the SOS repair system of bacteria, which is "liable 
to error". 
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12 Free Radical Mechanisms in the Effect 
of Drugs and Chemicals 

Drugs may be converted to reactive intermediates through oxidation or inter
action with the body's enzyme systems. It seems probable that several of these 
chemically reactive intermediates are present as free radicals. For example di
aluric acid, 6-0HDA and 7,8-dihydroxychlorpromazine easily undergo auto
oxidation to radical intermediates, probably to semiquinone radicals. ROI 
production is part of this autooxidation process [57, 247, 554]. 

UV light can photoactivate sulphanyl amide and 4-aminobenzoic acid, 
which is one of the components of photoprotective products. As a result, free 
radical intermediates are formed, which are probably responsible for the pho
totoxic effect of these agents. Long-wavelength UV light activates psoralens to 
radical intermediates, which form photoadducts with the pyrimidine bases in 
psoriatic epidermal cells and have a beneficial effect in psoriasis. However, 
the reaction may predispose to melanoma and squamous cell carcinoma [345, 
554]. 

These mechanisms are nonenzymatic, but the activation of most chemical 
agents is enzyme mediated. The best known example is that of carbon tetra
chloride CCI4, the activation of which in the endoplasmic reticulum is medi
ated by mixed-function oxidase enzymes (see Sect. 15). These enzymes have 
been shown to occur also in the nuclear membrane, in addition to the endo
plasmic reticulum. The reactive intermediates they produce are thus a direct 
hazard to DNA and probably playa role in the activation of anthracyclin anti
tumour antibiotics [176]. 

In addition to the enzymes of the endoplasmic reticulum, mitochondria 
and the nuclear membrane, cytoplasmic enzymes may also activate xenobiot
ics to radical intermediates. For example xanthine oxidase is capable of the 
one-electron reduction of doxorubicin, nitrofurantoin, misonidazole and par
aquat. 0z' generated during xanthine oxidase activity converts 2-hydroxyoes
trogens and a-methyldopa to reactive intermediates - probably to quinone 
and/or semiquinone, which can then bind covalently to proteins. a-Methyl
dopa may also be activated in the cytochrome P-450 system and can induce 
ROI production. Free radical events may have a part in the hepatotoxic and 
Coombs-positive haemolytic anaemia-inducing side effects of a-methyldopa. 
Cytoplasmic diaphorases facilitate the redox conversion of paraquat and of 
the carcinogenic benzpyrene quinones, as a result of which ROIs are gen
erated [57, 543]. Also the PG synthetase system may participate in the activa
tion of benzpyrenes and other xenobiotics, e.g. diethylstilboestrol and nitro
furan. Cooxidation of these substrates takes place in association with the 
oxidation of arachidonic acid to PG by PG synthetase [57, 446]. 

Activation of chemicals may be due to interaction with another chemical, 
reactive oxygen produced during the redox conversion of which may induce 
the conversion of the agent to a reactive form. Such interaction has been de
scribed between paraquat and dopa, or between mitomycin C and bleomycin 
leading to the potentiation of the DNA-damaging and cytotoxic effect of mi
tomycin C [554]. Bleomycin may act as a bound oxidant, which means that an 
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activated molecule or complex is formed, which does not leave the site of its 
generation [554, 555, 556]. 

Paraquat (Gramoxone) is a herbicide which may cause severe, frequently 
lethal, poisoning. It attacks the lung in the first place, causing cyanosis and 
pulmonary oedema. It is converted to a reactive radical (bipyridinium cation) 
by the mediation of NADPH cytochrome P-450 reductase. The radical reacts 
with molecular oxygen producing 0;·. SOD treatment has been found benefi
cial in paraquat poisoning [5, 57,241, 242, 554, 587]. 

The bactericidal, mutagenic, carcinogenic and pUlmonary-damaging effect 
of several nitro compounds (e.g. nitrofurantoin, nifurtimox, metronidazole 
chloramphenicol) is due to the nitro radical anion RNO;· produced during 
activation mediated by NADPH cytochrome.P-450 reductase. The process of 
free radical formation is shown in Fig. 36. Three reactions ofRNO;· are possi
ble: (a) RNO;· may react with itself, when no radical is produced (detoxifica
tion); (b) if O2 is present, the reaction leading to 0;· formation dominates; (c) 
RNO;· can also bind covalently to macromolecules. The second and third of 
these reactions may be responsible for such phenomena as the bactericidal ef
fect of nitrofurantoin and other nitro compounds, or for nitrofurantoin-in
duced hypersensitivity pneumonitis and pulmonary fibrosis. The morphologi
cal picture of this pulmonary fibrosis closely resembles that seen in paraquat 
poisoning. The second and third of these reactions may also be involved in 
the radiosensitizing effect of metronidazole [57, 348, 554, 367]. 

Quinone-type antitumour agents (doxorubicin, daunomycin, rubidazone, 
mitomycin C and streptonigrin) are converted to semiquinone radicals by' 
electron transfer from the microsomal and nuclear membrane electron chain. 
The conversion is mediated by NADPH cytochrome P-450 reductase. The 
semiquinone radicals, owing to their strong affinity and selective binding to 
nucleic acids, may act as "site-specific free radicals". However, the role in an
titumour activity of this microsomal activation to semiquinone radicals has 
not been proved, it may also be that the antitumour agents mentioned become 
intercalated in the duplex structure of the DNA molecule and act directly 
without any free radical event. Semiquinone radicals formed during micro
somal activation react with oxygen to form 0;·, and the ROls produced and 
the LPO these elicit are held responsible for the side effects. Both mechan
isms of the antitumour effect of these quinoline-type agents may playa role in 
their secondary carcinogenic effect. 

Cardiotoxicity is the most important side effect of doxorubicin and dau
nomycin, although their hepatotoxic effect may also be considerable. The rel
atively weak antioxidant defence of the heart is responsible for the cardiotoxic 

Covalent binding ? 

Fig.36. Proposed chemical reactions 
of nitro aromatic radical anions in 
vitro. (After Mason and Josephy 
[348]) 
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effect. The cytosol SOD level in the heart is only 80 % of that in the liver. 
Practically no CAT is found in the myocardium, whereas it is abundant in the 
liver. Glutathione peroxidase contained by the mitochondrial matrix is absent 
from the heart and is abundant in the liver. The defence of the heart against 
ROIs relies on GP activity in the cytosol - this is about the same in the liver. 
This accounts not only for the primarily cardiotoxic side effects of doxorubi
cin, but also for the cardiac damaging effect of selenium deficiency (selenium 
is needed for the action of SeGP) [17, 127, 320, 335, 363, 437, 438,526,595]. 

It has been attempted to mitigate these side effects of anthracycline which 
are brought about by the indirect mechanism, while preserving the antitu
mour effect. For this the following possibilities are available: 

1. Administration of antioxidants preventing LPO induced by ROIs, 
which are produced from the semiquinone radicals during microsomal activa
tion. Antioxidants do not interfere with the antitumour effect, irrespective of 
whether it is due to intercalation or to the direct effect of semiquinone radi
cals, since they probably have no effect on the intercalation and are not likely 
to neutralize the semiquinone radical produced in the nuclear membrane. It 
is believed that they cannot neutralize the semiquinone radical because the 
dose is lower than that required for the inhibition of secondary LPO, and also 
because their physicochemical properties are unlikely to enable them to 
reach, in sufficient concentrations, the site of production in the nuclear mem
brane of the semiquinone radical, which may damage DNA directly [320, 
335]. Our own results also support the LPO mechanism of the side effects of 
anthracycline, and the usefulness of antioxidant treatment. Increased LPO 
was found in association with the hepatoxicity of doxorubicin. It could be 
suppressed by the administration of MTDQ-DS, a dihydroquinoline-type an
tioxidant. At the same time, the hepatic function and the morphological pic
ture improved [86, 563]. The effect of vitamin E on cardiotoxicity was also 
tested. The antioxidant did not decrease the antitumour effect, but the results 
in connection with its effect on cardiotoxicity were controversial. Favourable 
effects were registered in acute doxorubicin cardiotoxicity, while in chronic 
cases vitamin E was ineffective. This was probably due to the fact that vi
tamin E is part of a complex antioxidant system, and in chronic experiments 
its effect was prevented by the depletion of the GP activity [316,390]. The an
titumour action was unaffected by antioxidant treatment. 

2. Inhibition of microsomal activation. The microsomal activation of do x
orubicin could be competitively inhibited with methylene blue, which is also 
reduced by NADPH cytochrome P-450 reductase. Since methylene blue is 
nontoxic and did not interfere with the antitumour action of doxorubicin in 
the experiments, its clinical testing has been suggested [266]. 

3. Administration of anthracycline derivatives with modified structure, 
which are not, or are only slightly, activated in the microsomes, e.g. 
4-deoxy-doxorubicin, 5-iminodaunomycin and (cis-7 ,9-dihydroxy)-9-acetyl-
6,7,9,11-tetrahydroxyxantho(2,3)-tetraline. These drugs are not cardiotoxic, or 
at least their cardiotoxic effect is much weaker than that of doxorubicin, while 
they are potent antitumour agents [118, 334, 437, 438]. The antitumour and 
pulmonary fibrosis-inducing effects of bleomycin are due to free radical 
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events. Bleomycin is a special molecule, one part of which recognizes the spe
cial regions of DNA to which it is bound, while the other part binds iron. Its 
DNA-damaging effect is probably due to a bleomycin-Fe3+ -"OH complex 
[534, 554, 555, 556]. Procarbazine, another cytostatic, is also converted to a 
free radical via either microsomal activation, or co oxygenation mediated by 
prostaglandin synthetase. This may play a role in both the antineoplastic ef
fect and the side effects of the drug [501]. 

The myelotoxic effect of benzene has long been known. This may lead to 
pancytopenia, aplastic anaemia, leukaemia and chromosome aberrations. Its 
effect is probably due to LPO, which it may induce either by generating 0z" 
via autooxidation, or by inhibiting heme synthesis and thus the incorporation 
of iron into the erythrocytes. As a result, iron accumulates in the bone mar
row, which enhances LPO [297]. 

Free radical reactions probably have a part in the toxic effects of mercury 
(e.g. nephrotoxicity, central nervous symptoms). Hg2+ stimulated the LPO of 
hepatic mitochondria in rabbits and of hepatocytes in rats. This effect could 
be suppressed with antioxidants (N ,N'-diphenyl-p-phenylenediamine, vi
tamin E, sodium, selenite, (+ )-cyanidanol-3) [182, 519, 542]. The effect of 
HgC12 was studied in erythrocytes. It was found to cause haemolysis, which 
was preceded by peroxidation of erythrocyte membrane lipids. The mechan
ism of haemolysis was explained as follows: Hg2+ enters the erythrocyte cyto
sol and forms an Hg2+ -oxyhaemoglobin complex, which binds to the phos
pholipids of the erythrocyte membrane. The complex easily undergoes 
autooxidation to Hg2+ -methaemoglobin, during which Oz" is released. The 
half-life of Oz" is longer in the nonpolar environment of the membrane than 
in the aqueous medium, and also the catalysing effect of the membrane
bound Hg2+ -methaemoglobin complex increases LPO. The SOD, CAT and 
GP contained by erythrocytes cannot prevent LPO, because these enzymes 
neutralize ROls only in the aqueous phase [456]. The toxic effects of acetam
inophen (interstitial nephritis, renal failure, hepatotoxicity and because of 
which this drug is now rarely used) are also due to LPO. Although experimen
tal data are available as regards its LPO-inducing effect, the mechanism of 
this effect is not clear [4, 165, 539, 580]. 

12.1 Summary 

Drugs or chemicals may undergo autooxidation in the organism, or may interact 
with the body's enzyme systems to form reactive intermediates. Most of these inter
mediates are free radicals. Some important examples are: 

1. Hepatotoxic carbon tetrachloride is activated to a reactive free radical by the 
mixed-function oxidase enzyme found in the endoplasmic reticulum and nuclear 
membrane. 

2. a-Methyldopa is activated to reactive free radical by xanthine oxidase or cy
tochrome P-450. This is probably responsible for its hepatotoxicity and for its 
Coombs-positive haemolytic anaemia-inducing effect. 

3. The herbicide paraquat is activated to free radical by NADPH cytochrome 
P-450 reductase and damages the lung. 
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4. Nitro compounds (e.g. nitrofurantoin, nifurtimox, metronidazole, chloram
phenicol) are activated by cytochrome P-450 reductase to nitro radical anion 
RNO;', which forms 0-;' in the presence of oxygen. The LPO-inducing effect of 
ROJs thus produced is involved in the bactericidal, mutagenic, carcinogenic and pul
monary-damaging effect of these compounds. This mechanism is responsible for nit
rofurantoin-induced hypersensitivity pneumonitis and metronidazole-induced radio
sensitivity. 

5. Quinone-type antineoplastic agents (doxorubicin, daunomycin, rubidazone, 
mitomycin C and streptonigrin) are activated to semiquinone radicals by NADPH cy
tochrome P-450 reductase. The direct binding of the semiquinone radical to DNA 
may contribute to the antitumour effect of these drugs. This has, however, not been 
proved, moreover it has been suggested that microsomal activation is not needed for 
the antitumour action, which is due rather to the intercalation of these agents in the 
double DNA structure. Nevertheless, the role of 0;, produced by the semiquinone 
radical in the presence of O2 has been shown to be responsible for the side effects of 
the drugs. The side effects (e.g. cardiotoxicity) are caused indirectly via ROJ produc
tion and consequential LPO. 

6. Free radical events lie behind both the antineoplastic and pulmonary fibrosis
inducing effects of bleomycin. 

7. Procarbazine probably undergoes microsomal activation, or prostaglandin 
synthetase-mediated cooxygenation to free radical and this is responsible for both its 
antineoplastic action and its side effects. 

8. The myelotoxic effect of benzene may be due to LPO induced by ROJs which 
are produced during its autooxidation. 

9. The LPO-inducing effect of mercury is involved in its toxicity. 
10. Acetaminophen damages the kidney and liver via LPO induction. 

13 Free Radical Reactions in Pulmonary Diseases 

13.1 Emphysema 

Air pollution and smoking playa major role in the pathogenesis of centriaci
nar emphysema. These factors probably give rise to free radical events. Ozone 
and nitrogen oxide, the main components of photochemical smog enter 
through the airways and cause LPO [229, 304, 351]. High concentrations of 
free radicals have been demonstrated in soot found in the air of cities, in the 
exhaust gases of cars, in burning and nonburning tobacco, and in atmospheric 
dust. In cigarette smoke nitrogen dioxide is formed via slow oxidation from 
the relatively unreactive nitric oxide present in high concentration. Nitrogen 
dioxide generates peroxy and alkoxy radicals from the hydrocarbons and 
dienes in the smoke 

NO slow initiati0I}, N02 hydrocarbons, dienes) R' O2 ) ROO, ~ RO' 

.....". ~ t/ 
Radical-terminating 

reactions 
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It might be expected that these radicals are short-lived; however, Pryor has 
found that their half-life is approximately 5 min in the gas phase and they 
can travel a relatively long distance in cigarette smoke without a considerable 
decrease in their concentration. This is probably due to the development of a 
state of balance between the incessant formation of free radicals and the radi
cal-terminating reactions. Thus, LPO is partly responsible for the harmful ef
fects of smoking. Free radicals probably also playa part in the carcinogenicity 
of cigarette smoke. Polycyclic aromatic hydrocarbons (p AH), which constitute 
the main part of the tar fraction, are the major carcinogens of cigarette smoke. 
Their concentration is, however, not sufficiently high to account for the car
cinogenic effect. O2, may be produced during the enzymatic or spontaneous 
oxidation of the hydroxyquinoline rings of polyphenol which is also found in 
the tar fraction. This O2, may participate in the activation of P AHs to carci
nogens, while semiquinone is formed from the hydroquinone. Semiquinone 
may bind covalently to DNA bases, primarily to guanine, which increases the 
carcinogenic effect [80, 445, 446]. 

Disturbance of the protease-antiprotease balance is also involved in the 
emphysema-inducing effect of air pollutants (ozone, nitrogen dioxide) and 
smoking. Emphysema may occur at an early stage in hereditary lXcantitrypsin 
deficiency, which is, however, very rare. Ozone, N02 and cigarette smoke at
tract alveolar macrophages and neutrophils to the site of exposure and acti
vate them. Injury and stimulation of alveolar macrophages may be the major 
early effects which lead to the release of the inflammation-promoting factors 
of phagocytes. Macrophages have been shown to produce neutrophil chemo
tactic factors which attract neutrophils to the lung (normally, pulmonary tis
sue contains very few neutrophils). In addition, factors enhancing neutrophil 
adhesion and O2' release are probably produced by the alveolar macrophages 
under the effect of hyperoxia. Alveolar macrophages may also be stimulated 
by some components of cigarette smoke, by the bacteria present and by the 
lymphokines of the lymphocytes attracted to the site of injury [192, 279, 355, 
362, 476, 5371. It has been shown that the alveolar macrophages of smokers 
produce significantly more H20 2 compared with nonsmokers. The NO and 
N02 in gas phase smoke may interact with H20 2 produced by macrophages 
while potent 'OH is produced. 

NO + H20 2 ~ HO' + HONO 
N02 + H20 2 ~ HO' + HON02 

Elastase released by the phagocytes may damage the elastin of alveoli, be
cause the ROIs released inactivate lXI-antitrypsin. Owing to its oxidant free 
radical content, cigarette smoke may directly inactivate lXI-antitrypsin, thus 
producing acquired lXI-antitrypsin deficiency [148, 185, 192, 212, 278, 279, 
446, 537]. An increased coeruloplasmin level was found in the bronchoalveo
lar lavage fluid of smokers. This was associated with an increased serum co
eruloplasmin level, nevertheless, the total antioxidant capacity of serum was 
lower than in the controls. This shows that coeruloplasmin is not capable of 
providing full protection against oxidant stress. In this localization one of the 
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functions of coeruloplasmin may be the protection of IXl-antitrypsin against 
oxidants [192]. 

S02 is also a major air pollutant. The sulphite anion SO~- and bisulphite 
anion HSO; (its ionized forms) occur in food preservatives. S02 is hydrated to 
HSO; in the lung. PG hydroperoxidase, and probably also other peroxidases, 
can oxidize the bisulphite anion to sulphur trioxide anion free radical SO;·, 
which can induce pathological free radical reactions [347]. 

Air pollutant oxidant gases may cause proneness to infections of the re
spiratory tract by damaging the mucociliary transport system, which is the pri
mary defence mechanism of the lung, protecting the larger bronchi. These 
gases also damage the secondary protection of the areas of gas exchange pro
vided by the alveolar macrophages, which they may also stimulate [190]. 

13.2 Bronchial Asthma 

The role of free radical reactions has been suggested, in addition to that of all
ergy, in bronchial asthma and immediate hypersensitivity reactions. This has 
been based on the free radical activation of PG synthesis and on the fact that 
SRS-A is a mixture of several types of leukotriene (see Fig. 14). LTD4 for ex
ample is 140-150 times more potent a bronchoconstrictor than histamine. 
The figure also provides an interesting explanation of the pathogenesis of 
aspirin-induced asthma: aspirin and nonsteroid anti-inflammatory agents in
hibit the cyclooxygenase reaction pathway and thereby shift the balance in 
the direction of the lipoxygenase pathway. SRS-A, an asthma-inducing agent, 
is produced in this pathway. This, naturally, does not explain why aspirin does 
not cause asthma in healthy individuals, in whom the same shift occurs. This 
contradiction may be accounted for on the basis of recent experiments which 
have shown that hyperreactivity of the airways - a characteristic change in 
asthma - may also be found with products of arachidonic acid metabolism. 
PGD2, PGF2a and LTD4 have been shown to induce stronger and more lasting 
airway obstruction in asthma patients than in controls. 

Oxidant gases induce a hyperreactive state of the airways which is analo
gous to asthma [38, 203]. Aspirin-induced asthma and Quincke's oedema 
could be suppressed with vitamins E and C, which points to the role of free 
radical reactions [375]. Increased levels of hydroperoxides, MDA, conjugated 
dienes and Schiff bases, and increased activity of endogenous phopholipids 
were found in the bronchial secretion of 5- to 14-year-old bronchial asthma 
patients in the acute phase of the disease. The CAT and f3-carotene levels de
creased significantly, while peroxidase activity showed a compensatory in
crease. In periods of remission the peroxide level and phospholipase activity 
decreased [307]. 

In addition to the ROI effect on arachidonic acid metabolism described in 
Chap.III Sect.4.1, resulting in a shift in the PGI2/TXA2 balance, oxidant gases 
and smoking may also have systemic effects which are due to their interfer
ence with the pulmonary inactivation of PGs. The lung inactivates PGs, with 
the exception of PGI2, which does not bind to the carrier protein transporting 
PGs into the cells. Inactivation is mediated by two enzymes: 15-hydroxy-PG-
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dehydrogenase (pGDH) and 13,4-reductase. Oxidant gases inhibit PGDH ac
tivity and thereby upset the PGI2/TXA2 balance, producing TXA2 excess [133]. 
Respiratory tract infections may activate phagocytes, and the ROls released 
trigger the pathway mentioned and produce the spastic component causing 
chronic spastic bronchitis. The source of leukotrienes is not known in asthma, 
they may be released by mast cells or phagocytes [103,203,204,214,307,375, 
479, 576]. 

13.3 Acute Respiratory Distress Syndrome in Adults 

In acute respiratory distress syndrome (ARDS) occurring in adults, the injury 
of the endothelium of pulmonary vessels is .the primary lesion. As a result, 
vascular permeability increases and permeability-type pulmonary oedema de
velops. Pulmonary neutrophil sequestration is another characteristic feature 
of the syndrome. Pulmonary vascular resistance increases. ARDS may be as
sociated with shock of diverse aetiology, sepsis, microembolization, hyper
oxia, pancreatitis and aspiration. Activated neutrophils circulate in the blood, 
which, depending on the primary condition, may be due either to complement 
activation via an alternative pathway (see Craddock's mechanism in Sect. 3), 
or to activating agents released by macrophages (e.g. ARDS elicited by oxi
dant gases). Complement activation and the activation of alveolar macro
phages result, in the production not only of neutrophil activating substances, 
but also of neutrophil chemotactic products. Thereby they attract neutrophils 
to the site of the reaction. R01s can also produce neutrophil chemotactic fac
tor during their interaction with a plasma precursor. It has been proved that 
activated neutrophils damage the endothelium via the release of proteases, 
ROls and arachidonic acid derivatives. This effect is responsible for the early 
changes in ARDS. Neutrophil depletion and the protective effect of free radi
cal scavengers have been proved in animal models of ARDS induced with en
dotoxin, microembolization, zymosan-activated plasma and oxygen radical 
generating systems. While there are several reports available describing the re
sults of relevant animal experiments, the clinical data are restricted to a few 
cases of ARDS in which the protective effect of glucocorticoids is probably 
also based, at least partially, on their phospholipase A2 inhibitory and antioxi
dant actions [65, 224, 275, 343, 537, 588]. 

13.4 Silicosis and Asbestosis 

Free radicals participate in the pathogenesis of silicosis, an industrial disease 
causing much concern. Hungarian authors have demonstrated the haemolytic 
action of quartz, which was associated with increased LPO. Haemolysis could 
be blocked by vitamin E administration. Quartz damages type I pneumono
cytes responsible for gas exchange. This, and probably also a defect of surfact
ant synthesis, result in hyperplasia of the surfactant-secreting type II pneu
monocytes. As a result, increased amounts of surfactant are released from the 
multi1amellar bodies of these cells. The lipids released and quartz are taken 
up by the macrophages, and this leads to the activation of their respiratory 
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burst and the release of ROls. This hypothesis was supported by the signifi
cant increase found in the levels of MDA, SOD and aSH; the latter two may 
represent a protective mechanism [376, 540, 604]. 

Asbestos is composed of hydrated silicates of fibrous structure. Diffuse 
pulmonary fibrosis may develop as a result of asbestos inhalation. The inci
dence of bronchogenic cancer, pleural and peritoneal mesothelioma is also 
higher in workers exposed to asbestos. Prolonged exposure probably results in 
the chronic accumulation of macrophages and neutrophils in the alveoli since 
phagocytes cannot eliminate the asbestos fibres. The cytotoxic products re
leased by these cells (e.g. elastase, ROls) cause chronic damage of the lung 
[382, 605]. 

13.5 Summary 
Air pollutants (ozone, nitrogen dioxide, sulphur dioxide) and smoking damage the 
lung via free radical mechanisms. A pathogenic role has been attributed to them in 
centriacinar emphysema. The carcinogenic effect of smoking has been attributed in 
part to ROIs!ound in the cigarette smoke and in part to the carcinogenic substances 
occurring in the tar fraction. These, too, are activated by free radical reactions. The 
participation of free radical reactions in the pathogenesis of bronchial asthma and 
chronic spastic bronchitis has been suggested. Owing to the connection of free radi
cals with arachidonic acid metabolism, they can contribute to the production of 
SRS-A, a product of the lipoxygenase pathway, which can induce asthma. This, 
however, needs further verification. In the acute respiratory distress syndrome of 
adults, the cytotoxic products (e.g. ROIs, elastase) released by the activated, seques
tered neutrophils play an important part. This mechanism has been proved in animal 
models of ARDS, while in humans verification is still lacking, only the beneficial ef
fect of antioxidant therapy has been described. Quartz causes silicosis by inducing 
LPO. Inhalation of asbestos fibres causes diffuse pulmonary fibrosis and increased 
incidence of bronchogenic cancer and mesothelioma. This is due to the chronic accu
mulation of macrophages and neutrophils (since phagocytes cannot eliminate the as
bestos fibres). Cytotoxic products released by alveolar macrophages and neutrophils 
may be responsible for the lesions. 

14 Free Radical Reactions in Hepatic Diseases 

The liver is one of the organs best supplied with antioxidants. This is most 
probably due to its detoxifying function in the course of which ROls are re
leased. Peroxidized lipids can be demonstrated in the bile even under normal 
conditions [126, 263]. Large acute doses of toxic agents or chronic exposure to 
such substances overpower the antioxidant defence system and cause hepatic 
damage. 

14.1 Alcoholic Liver Damage 

Three forms of alcoholic liver disease may be distinguished. These are, in or
der of increasing severity: steatosis, alcoholic hepatitis and alcoholic cirrhosis. 
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Fig. 37. Hypothetical free radical pathogenesis of alcoholic liver damage. (After 
Lewis [325]) 

LPO probably plays a causative role in each of these, although experimental 
evidence has been obtained only in steatosis. Decreased hepatic GSH and in
creased conjugated diene levels were found in biopsy specimens of the liver of 
patients with alcoholic liver disease [474, 493]. In rats exposed to ethanol in
halation, decreased hepatic CAT and CuZnSOD activities were found, while 
the MnSOD activity was normal. The changes were attributed to ROIs re
leased during the microsomal metabolism of ethanol [457]. Both acute and 
chronic alcohol administration to rats and baboons produced an elevation of 
the level of conjugated dienes and a significant depression of GSH in the liver 
[492]. The mechanism of alcohol-induced LPO is not fully known. Lewis and 
Paton [325] suggested the role of cytoplasmic xanthine oxidase (Fig. 37). 

Acetaldehyde, the first metabolite of alcohol, is metabolized not only by 
acetaldehyde dehydrogenase, which is its chief metabolizing enzyme, but also 
by xanthine oxidase. This enzyme has been shown to function in normal cells 
not as an oxidase, but as an NAD+ -reducing dehydrogenase (see Sect. 8). 
However, under unfavourable metabolic conditions such as proteolysis or 
ischaemia, it functions as an oxidase enzyme. Instead of hypoxanthine, ace
taldehyde may be the substrate of this enzyme; it is oxidized to acetate, gene
rating meanwhile O2. from molecular oxygen. 

The presence of large amounts of acetaldehyde in alcoholics (as opposed 
to a limited supply of purine metabolites) leads to excessive O2. production 
[325]. The hypothesis of Lewis and Paton has been supported by experimental 
evidence: in rats administration of tolbutamide, which inhibits aldehyde de
hydrogenase, increased the enthanol-induced depression of GSH by increa-
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sing the circulating acetaldehyde level, whereas allopurinol had an opposite 
effect. Acetaldehyde incubated in vitro with bovine xanthine dehydrogenase/ 
oxidase selectively inactivated xanthine dehydrogenase, which result differed 
somewhat from what had been expected based on the Lewis-Paton theory. At 
the same time, acetaldehyde did not affect the oxidase activity of the enzyme. 
Accordingly, the ROIs produced by acetaldehyde are not the result of its me
tabolization by xanthine oxidase, but of a D~ 0 conversion [410]. 

Another possibility would be that alcohol increases the activity of hepatic 
microsomal enzymes, including the microsomal ethanol oxidizing system. 
ROIs released during the activity of microsomal enzymes may playa role in 
the hepatic LPO-inducing effect of alcohol [418, 457, 492]. In addition, acet
aldehyde can generate ROIs not only via its metaboJism catalysed by xanthine 
oxidase as supposed by Lewis and Paton, but also during its aldehyde oxidase
mediated metabolization [457, 522]. The binding of acetaldehyde to the SH
containing GSH precursors (see Sect. 9), whereby GSH concentration de
creases, is a third alternative mechanism [189]. 

Increased CuZnSOD activity was found in the erythrocytes of chronic al
coholics with hepatic lesions. It has been suggested that this fmding may be 
used as a marker of ethanol consumption in addition to other tests [137]. 

Free radicals may have a part in the pathogenesis of haematological 
changes associated with alcoholic liver disease (macrocytosis, haemolytic 
anaemia, target cell and spur cell production). Decreased red cell PUF A, GSH 
and vitamin E levels and decreased pyruvate kinase activity, and a lower 
serum vitamin E level were found in patients with Zieve syndrome (alcoholic 
liver disease associated with hyperlipidaemia and haemolytic anaemia). The 
erythrocytes of the patients showed increased sensitivity to H20 2 stress in 
vitro. Thus, in addition to a number of factors (folic acid deficiency, de
creased prothrombin level), the disturbance of the oxidant-antioxidant bal
ance may play an important role in the development of the haematological 
complications of alcoholic liver disease [201]. 
We investigated the role of free radical reactions in the pathogenesis of 
chronic liver diseases. The lysosomal enzyme activity was assayed in the 
serum and granulocytes of such patients. LPO is known to be able to damage 
lysosomal membranes, causing lysosomal enzyme release. Significantly in
creased serum p-glucuronidase activity was found in steatosis hepatitis, 
chronic active hepatitis (CAH) and in cirrhotic hepatitis (CH) alike. Serum 
acid phosphatase activity, too, increased in each of the three conditions, but 
in CH the increa8e was not significant. A nonsignificant increase of serum ca
thepsin D activity was found in all three groups. The p-glucuronidase activity 
of granulocytes was lower in hepatopathic patients than in controls. The rate 
of p-glucuronidaserelease from granulocytes increased in patients with 
chronic liver disease. Thus the higher serum p-glucuronidase level originated 
in part from the granulocytes, although this does not account for all of the in
creased enzyme activity in serum. 

As a result of the decreased stability of lysosomal membranes, there is an 
enzyme outflow from other tissues, and thus also from hepatic tissue. In CH, 
lysosomal membrane injury was demonstrated electron microscopically. The 
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p-glucuronidase level was highest in CH, and a less intensive increase was 
found in CAH and steatosis hepatitis. The decrease of granulocytic p-glucu
ronidase activity was, accordingly, strongest in CH. Thus the testing of serum 
and granulocytic lysosomal enzymes may be used in the diagnosis of liver dis
eases, similarly to the hepatic mitochondrial and microsomal enzyme assay. 
Moreover, these enzyme levels may furnish useful differential diagnostic in
formation in chronic liver diseases [154, 157, 160, 543, 544]. A course of 
3 months administration of (+ )-cyanidanol-3(Catergen), a drug with antioxi
dant action, normalized the increased acid phosphatase level, significantly de
creased the elevated p-glucuronidase activity and normalized the release of 
the enzyme from granulocytes in chronic liver disease [158]. Of the antioxi
dant, membrane stabilizing hepatoprotective agents, 4-amino-5-imidazolcar
boxamide (AlCA), Catergen, MTDQ and MTDQ-DS were found to have im
munomodulator action. This, however, varied: the drugs were immune 
suppressive in some tests, while in others an immune stimulator action was 
observed [151]. Legalon, containing the membrane stabilizing and antioxidant 
agent silymarin, was effective in various forms of drug-induced hepatotoxicity 
(e.g. CC4, galactosamine, ethanol, thioacetamide, Amanita phalloides poison
ing), in chronic liver diseases (chronic persisting hepatitis, chronic active hep
atitis, cirrhosis), and in acute hepatitis [29, 37, 68, 98, 451]. 

14.2 Hepatic Damage Caused by Drugs and Chemical Agents 

Carbon tetrachloride and galactosamine are well-known hepatotoxic agents. 
They only have a damaging effect if there is an active hepatic metabolism. 
CCl4 is reduced in the hepatic endoplasmic reticulum by cytochrome P-450, 
the terminal oxidase of the mixed-function oxidase system. CCk is formed by 
the cleavage of the CL3C-CI bond. This is rapidly converted to CCI30 2·, a 
more electrophilic and more reactive species. This radical induces LPO in the 
endoplasmic reticulum. Thus in CCl4-induced hepatic damage LPO occurs 
mainly in the microsomes. CCl4-induced hepatic damage is regarded as the 
model of hepatic injury caused by xenobiotics [356, 455; 505]. As opposed to 
CCI4, galactosamine is water-soluble and the radical reactions it elicits take 
place in the aqueous phase. In this case, too, LPO is involved in the damage, 
but is not its primary cause. Galactosamine-induced hepatic damage is the 
model of inflammatory hepatopathies (virus hepatitis) [593]. In experimental 
animals chronic administration of CCl4 caused hepatoma, furnishing thereby 
additional proof for the role of free radical reactions in carcinogenesis [356]. 
Antioxidant therapy proved to be useful in the clinical treatment of acute 
CCl4 poisoning: intravenous acetylcysteine minimized the subsequent hepa
torenal damage [473]. 

Following administration of CCl4 and galactosamine to experimental ani
mals we found an increased MDA level and increased p-glucuronidase release 
(indicators of LPO-induced damage) in the liver. MTDQ decreased the hepa
totoxic effect of CCl4 significantly, as indicated by laboratory data and the 
morphological picture. Water-soluble MTDQ-DS diminished the hepatotoxic 
effect of galactosamine significantly (see Sect. 2) [150, 153, 160, 517, 545, 
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548]. The protective effect of Catergen was also demonstrated in vitro: it pre
vented the increased release of lysosomal enzymes, which is a characteristic 
sign of chronic hepatic diseases [154, 159]. 

Hepatic damage caused by halothane, hydrazines (iproniazid, INH), -car
bon disulphide and a-methyldopa are probably also due to LPO [455]. The 
mechanism of halothane hepatotoxicity has been extensively studied because 
of its use as an anaesthetic and the risks involved. It needs metabolic activa
tion to become hepatotoxic and its biotransformation is mediated by cytoch
rome P-450. Depending on the oxygen tension, it is metabolized either via 
oxidative degradation (high O2 tension), when its stable, nontoxic end pro
ducts are excreted in the urine, or via reduction at low O2 tension, or under 
anaerobic conditions. In the second pathway a radical CF3CHCl is produced, 
which can initiate LPO by hydrogen abstraction, or can bind covalently to 
microsomal membrane components including cytochrome P-450. The de
crease in the cytochrome P-450 level observed after exposure to halothane in 
a hypoxic atmosphere is due to LPO and covalent binding. Hypoxia may oc
cur during anaesthesia, which enhances the hepatotoxicity of halothane. Ac-' 
cording to epidemiological studies, halothane-induced liver damage is more 
frequent in obese patients, which may be due to a decreased oxygen supply of 
the hepatocytes in such individuals compared with those of normal body 
weight. Owing to hypoxia, the damaging reductive pathway dominates [89, 
109, 455]. 

14.3 Wilson's Disease 
Increased O2, concentration in the cells and extracellular space develops in 
Wilson's disease because: (a) coeruloplasmin is an extracellular scavenger 
with weak SOD activity, and the low coeruloplasmin level found in this dis
ease signals a decreased antioxidant protection of the extracellular space; (b) 
owing to its ferroxidase property, coeruloplasmin catalyses the 
Fe (II) ~ Fe (III) oxidation of iron - if this catalytic action is absent, autooxi
dation of Fe (II) produces O2'; (c) finally, since free copper is deposited in the 
tissue as a result of coeruloplasmin deficiency, Cu2+ is reduced to Cu+ with 
the help of SH groups and Cu+ undergoes autooxidation, during which O2' is 
formed (Fig. 38). 

The occurrence of cirrhosis and extrapyramidal damage in Wilson's dis
ease is evidence for the possible free radical origin of cirrhosis and extrapyr
amidal syndromes. Haemolytic episodes observed in Wilson's disease may be 
attributed to copper entering the circulation [404]. 

2SH_RX cu 2
• X oz, 

R-S-S-R Cu' 02 

Fig, 38, One of the possible 
mechanisms of increased 
cellular and extracellular O2 ' 
production in Wilson's disease: 
O2, formation induced by 
copper deposited in the tissues. 
SH-R sulphhydryl; R-S-S-R 
disulphid. (After Nohl [404]) 
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14.4 Haemochromatosis 

It has been proved that the lnJunes caused by secondary haemosiderosis 
(transfusion, p-thalassaemia) are due to LPO. It is, therefore, probable that 
free radical reactions also playa role in the development of injuries of various 
organs in haemochromatosis. This is supported by lipofuscin and ceroid (indi
cators of in vivo LPO) having been found in patients with Wilson's disease, 
haemochromatosis and Dubin-Johnson syndrome. The favourable effect of 0-

penicillamine in Wilson's disease and haemochromatosis is due not only to 
its metal chelator effect, but probably also to the SOD activity of its copper 
complex [119, 256, 267, 404, 605]. 

14.5 Dubin-Johnson Syndrome 

Dubin-Johnson syndrome is a hereditary form of conjugated hyperbilirubin
aemia, characterized by the progressive accumulation of lipofuscin and mel
anin in hepatocytes. Selective deficiency of mitochondrial MnSOD was found 
in patients with Dubin-Johnson syndrome, while the cytosol activity (CuZn
SOD) was normal. The resultant increase in univalent leakage may be respon
sible for lipofuscin production and for the increased tumour frequency ob
served in this disease. Conjugated hyperbilirubinaemia is probably due to the 
damaging effect on the lysosomes of accumulated lipofuscin, because lyso
somes playa role in the excretion of conjugated bilirubin. The reason for in
creased melanin production is not known, the catalysis of the 0; ·-dependent 
steps of melanin biosynthesis has been suggested. Morphological changes of 
the mitochondria indicate a mitochondrial origin [430]. 

14.6 Antioxidant Effect of Hepatoprotective Drugs 

The therapy of chronic liver diseases has not been solved. Owing to the variety 
of causal factors in the pathogenesis of chronic liver lesions various drugs are 
being used. Some of them are applied in inflammatory reactions of the liver, 
others are used as cytoprotective agents in toxic liver cell alterations. How
ever, there is no specific and unequivocally effective drug for these condi
tions. 

In general we use drugs against the viral and bacterial infections, drugs for 
immune correction (for immune suppression or in other cases for immune sti
mulation), drugs for substitution (e.g. folic acid), as well as drugs for liver cell 
protection. The effectiveness of this treatment, however, can hardly be as
sessed either in human examinations or in animal experiments. In the follow
ing sections we discuss our results for various experimental models in the 
field of toxic liver lesions as well as in the therapy of chronic liver diseases. 

14.6.1 Cyanidanol-3 and Lysosomal Enzyme Activity 

It is known that in the serum of patients with liver diseases the activity of the 
mitochondrial and microsomal enzymes increase. This fact is used as a rou
tine aid in clinical diagnosis. As for the diagnostic value of the lysosomal en-
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Fig.39. Lyosomal enzymes in the serum of patients with chronic active hepatitis 
(CAH) treated with Catergen 

zymes released from different cells into the serum, there are few useful data 
[ 42a]. We have demonstrated [ISla] that the activity of the lysosomal enzyme 
in the serum was changed in chronic liver disease. The acid phosphatase and 
,B-glucuronidase activity increased, wl1ile cathepsin D activity decreased. 
,B-Glucuronidase enzyme activity of the granulocytes of patients with liver 
disease and the release of this enzyme from the granulocytes varied according 
to the different types of chronic liver disease, adequately reflecting the pro
gression or regression of the disease. 

In a clinical investigation we have studied lysosomal enzyme activity in 
the serum, the lysosomal enzyme content of the granulocytes and their release 
in chronic active hepatitis. In addition we have investigated the in vivo effect 
of AI-cyanidanol-3 (Catergen) treatment on the lysosomal enzyme activity, as 
well as its in vitro effect on granulocytes. Details of the methods have been 
published [157]. 

The results are shown in Figs. 39 and 40 and Table 2. In chronic active 
hepatitis the activity of acid phosphatase and ,B-glucuronidase in the serum 
significantly increased as compared with the controls. Cathepsin D activity 
did not change appreciably. At 1 month after Catergen treatment ,B-glucuroni
dase and acid phosphatase activity was consistently higher than in the con
trols. After treatment for a further 2 months acid phosphatase activity de
creased to the normal level and the level of ,B-glucuronidase was also close to 
the activity found in healthy individuals, although it was still higher than nor
mal. Cathepsin D activity was still significantly lower than that found in heal
thy persons (Fig. 39). 

In patients with chronic active hepatitis (CAH) ,B-glucuronidase release 
from the granulocytes increased in vitro and the ,B-glucuronidase activity of 
the cells decreased. The rate of release was high compared with the controls 
(Fig. 40). After Catergen treatment for 1 month, ,B-glucuronidase enzyme re
lease from the granulocytes decreased significantly, the enzyme content 
within the granulocytes increased considerably and the rate of release re
turned to normal values. During 3 months' treatment there was no appreciable 
change in these values, all three remaining within normal limits. 

In the course of the in vitro examinations the behaviour of granulocytes 
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derived from the blood of healthy individuals was studied in isotonic and hy
potonic environments after incubation in Catergen. In an isotonic environ
ment the release did not decrease significantly. In a hypotonic environment 
the lysosomal enzyme release increased considerably: in vitro incubation with 
Catergen in small doses (0.5 and 5.0 g/ml) decreased the degree of release 
significantly. In a higher dose (50.0 g/ml), Catergen proved to be toxic, since 
the lysosomal enzyme release increased to a degree similar to that observed in 
the hypotonic environment (Table 2). These results may be explained by the 
radical scavenging action of Catergen [505], which neutralizes the free radi
cals, exerts a protective effect on the lysosomal membranes and inhibits the 
generation of superoxide free radicals from the granulocytes. 

In several cases cyanidanol-3 caused a number of adverse reactions. 
Among them were reactions involving the immune system, fever, haemolytic 
anaemia, skin reactions, gastrointestinal, and haemopoietic lesions and other 
miscellaneous alterations. In some cases the reaction was fatal and in 1985 cy
anidanol-3 was withdrawn from the drugs approved for treatment of hepatic 
diseases. 

Table 2. The effect of Catergen on the ,8-glucuronidase release of granulocytes in vitro 

Control 
Distilled water 
Catergen 50 /-lg/ml 
Catergen 5.0 /-lg!ml 
Catergen 0.5 /-lg/ml 
Distilled water + Catergen 50 /-lg/ml 
Distilled water + Catergen 5.0 /-lg/ml 
Distilled water + Catergen 0.5 /-lg/ml 

" (released activity) (total activity) x 100 

Release rate" 

2.31 
8.80 

10.80 
2.00 
2.00 
9.40 
3.55 
2.90 

Release related 
to control 
(%) 

100 
381 
468 

87 
80 

407 
154 
126 
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14.6.2 Dihydroquinoline-type Antioxidants and Acute Liver Lesions 

Historically, recognition of carbon tetrachloride- and galactosamine-induced 
liver injuries has been based on morphological assessment with the light mic
roscope. Recently, a number of enzyme abnormalities have been described 
and the role of free radical reactions has been suggested. Thus, simultaneous 
characterization with a biochemical marker of free radical reactions, seemed 
to provide a more refmed approach to the understanding of these pathological 
processes. 

The pharmacological action and possible therapeutic uses of some re
cently developed synthetic, nontoxic, dihydroquinoline-type antioxidants 
were studied. The effect of the lipid-soluble 6,6-methylene-bis-(2,2,4 trime
thyl-l,2-dihydroquinoline) (n = 1, 2 or 3) (MTDQ) on carbon tetrachloride-in
duced acute liver injuries was investigated, and that of the water-soluble 
5,6-methylene-bis-(2,2-dimethyl-4-methanesulphonic acid sodium 1,2-dihy
droquinoline) (MDS) on galactosamine-induced acute liver injuries was in
vestigated in CFLP mice (Lati, Hungary). Details have been published else
where [150]. 

Both the effect of CCl4 and galactosamine enzyme induction of electron 
transfer enzyme systems can be observed, including the generation of super
oxide radical anion O2, and OH. According to present knowledge on free rad
ical reactions in biological systems it is the OH which interferes with the in
tegrity of biomolecules. Lipid-soluble antioxidants such as MTDQ, and 
water-soluble antioxidants such as MDS, inactivate free radicals generated by 
autooxidation and decompose endoperoxides. 

After carbon tetrachloride treatment serum glutamic oxaloacetic transam
inase (GOT) activity increased significantly (P < 0.001). With MTDQ and 
CCl4 combined, GOT activity was found to be higher than that of untreated 
controls, but significantly lower than that observed in the CCl4-treated mice 
(P< 0.001; Fig. 41). 

Histopathological investigation of the livers of CCl4-treated animals re
vealed, in most animals, the following characteristic pathomorphological 
changes: fatty degeneration, balloon cell degeneration, centrilobular fatty de
generation or necrosis, and vacuolization. The simultaneous administration 
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Fig.41. The effect of MTDQ on serum GOT 
activity in acute CCl4-induced liver injury 
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Fig. 42. The effect of MDS on serum GOT activity 
in acute galactosamine-induced liver injury 

of MTDQ significantly diminished the morphological abnormalities in 
CC4-induced liver injury. 

Galactosamine treatment caused a twofold increase of GOT activity com
pared with that measured in untreated controls (P < 0.001). With simultane
ous galactosamine and MDS administration GOT activity was found to be 
higher than that of untreated controls, but significantly lower than that mea
sured in the galactosamine-treated group (P< 0.05; Fig. 42). 

The malondialdehyde concentration in liver tissue was significantly in
creased compared with untreated controls (P < 0.01). With simultaneous CC14 

and MTDQ, as well as with simultaneous galactosamine and MDS, it de
creased significantly (P < 0.01 and P < 0.05, respectively; Table 3). 

With both CCl4 and galactosamine, pathomorphological changes and bio
chemical alterations characteristic of CCl4- and galactosamine-induced liver 
injuries developed. In the majority of CCl4-treated mice fatty degeneration, 
balloon cell degeneration, vacuolization, centrilobular fatty degeneration and/ 
or necrosis were observed. Galactosamine, however, gave rise to signs resem
bling those observed in viral hepatitis and other inflammatory liver diseases. 
Of the biochemical parameters, serum GOT activity and malondialdehyde 
concentration were chosen for this experiment. Both were found to rise with 
the two pathogenic substances. The simultaneous decrease and parallel 
changes of patterns of activity, malondialdehyde concentrations and patho
morphological liver lesions observed after MTDQ + CCl4 and MDS + galactos
amine treatment point to the preventive action of MTDQ and MDS. 

Table 3. Malondialdehyde concentrations of the liver 
measured after administration of CCI4, CCl4 + MTDQ, 
galactosamine and galactosamine + MDS, compared 
with contro! values 

Substance tested 

CC4 
CCl4 +MTDQ 
Galactosamine 
Galactosamine + MDS 
Untreated control 

Malondialdehyde 
(Ilg/g) 

1.17 
0.65 
0.52 
0.31 
0.14 
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14.6.3 Effect of AICA Phosphate on Lymphocyte Populations 
in Chronic Active Hepatitis 

In the different forms of chronic active hepatitis therapy depends on the caus
ative factors. Since immune deficiency is observed in some cases, immune sti
mulant therapy has been recommended. Levamisole treatment is widely used 
for this reason [424a]. We have shown that 4-amino-5-imidazolecarboxamide 
(AICA) had a beneficial effect on humoral immune reactions in chronic ac
tive hepatitis, decreasing the elevated concentrations of IgG [ISla]. In addi
tion we studied the effects of 4 weeks' therapy with 600 mg daily of the imida
zole derivative AICA phosphate (AICA-P) on different cellular immune 
functions of patients with chronic alcoholic liver disease. We have found that 
in vivo AICA-P therapy does not modulate ADCC and natural killer (NK) 
activity. It inhibited lymphoblast transformation in patients with originally 
normal values of thymidine 3H incorporation and enhanced lymphoblast 
transformation in patients with originally low responses. This phenome
non can be explained by the Helper T-Iymphocyte/suppressor T-Iymphocyte 
(OKT4+IOKT8+) rate-modulating effect of in vivo AICA-P therapy [107a]. 

14.6.4 Silymarin as a Free Radical Scavenger 

Silymarin is an active fiavolignan which owing to its free radical scavenger ac
tivity is a membrane stabilizing agent and an effective antioxidant (Fig. 43) 
[37, 68, 559a, 559b, 559c]. Silymarin is an isomeric mixture of silibinin, silidi
anin and silichristin (Fig. 44), silibinin being the most active component. 

The therapeutic application of silymarin (Legalon) for treatment of pa
tients with liver disease remains to be etablished. Recently a water-soluble 
form of silibinin (the dihemisuccinate sodium salt) has been developed [361 a, 
559b]. 

Silymarin and silibinin hemisuccinate sodium salt proved to be effective 
in animal experiments in the prevention of carbon tetrachloride, galactosa
mine and ethanol hepatotoxicity as well as Amanita phalloides intoxication 
[559a, 559b]. Their noncompetitive lip oxygenase and prostaglandin synthe
tase inhibiting activity and cellular immunoreactivity reducing effect is favou
rable in the therapy of chronic liver diseases. In clinical trials these com
pounds were effective in chronic hepatitis, cirrhosis, drug-induced liver 
toxicity (CC4, galactosamine, ethanol, tuberculostatics, A. phalloides, hypnot
ics, insecticides) [27, 98, 152a, 152b, 451]. 

The effect of silibinin, 1.0-10.0 g/ml on phytohaemagglutinin (PHA-) and 
concanavalin-A (Con-A)-induced lymphocyte blast transformation in normal 
individuals and patients with chronic alcoholic liver disease is shown in 
Figs. 45 and 46. With a suboptimal dose of PHA, silibinin exerted no signifi
cant effect on blastogenesis in a concentration range corresponding to the 
usual in vivo therapeutic concentration. However, with an optimal stimulatory 
dose of PHA, silibinin significantly decreased thymidine 3H incorporation at 
a concentration of 10.0 g/ml. In the presence of 25 glml Con-A, silibinin inhi
bited in vitro lymphocyte blast transformation of the patients in a dose-de
pendent fashion. 
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Fig.43. Site of action of silymarin 

Total superoxide dismutase (SOD) activities of the erythrocytes and lym
phocytes of patients and of healthy individuals are summarized in Fig.47. Pa
tients with chronic alcoholic liver disease had significantly lower erythrocyte 
and lymphocyte SOD activities than the mean values of the healthy control 
group. After 1 month treatment with silibinin the originally decreased SOD 
values of the patients significantly increased both in erythrocytes and in lym
phocytes. 

Atherogenic diet significantly inhibited the Con-A-induced blast transfor
mation of rat spleen cells in vivo. Silibinin reversed this reaction (Fig. 48). A 
similar effect of silibinin was found in lysosomal examinations of rat liver. 
The malondialdehyde (MDA) equivalent content of liver lysosomal mem
brane was increased in the animals fed atherogenic diet. The silibinin treat-
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Fig. 50. In vivo inhibitory effect of silibinin on NADPH + iron-induced lipid 
peroxidation in rat microsomes (dose 25 mg/kg x 5 days) 

ment normalized the MDA equivalent content of lysosomes (Fig. 49). Enzy
matically induced lipid peroxidation was inhibited with in vivo silibinin 
treatment both in the control animals and in rats fed atherogenic diet 
(Fig. 50). 

SHymarin and its water-soluble derivative probably exert their cytoprotec
tive effect in two ways: (a) owing to their free radical scavenger activity they 
increase the tissue glutathione content and are potent antioxidants; and (b) by 
their interaction with cytochrome P-450 they block the biotransformation of 
drugs whose metabolites are cytotoxic [361a]. 

14.7 Summary 

Detoxification of xenobiotic and toxic substances is an important hepatic function, 
in the course of which large amounts of ROIs are produced. This is why the liver is 
well supplied with antioxidants. The pathogenic role of LPO in alcohol-induced da
mage has been proved. This is also true for alcoholic liver disease. However, the me
chanism whereby alcohol causes LPO is not known. It has been suggested by Lewis 
and Paton that xanthine oxidase plays a role in this. The effect of ethanol increasing 
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microsomal enzyme activity is another possible mechanism. The third alternative is 
that acetaldehyde binds the SH-containing GSH precursors, thereby decreasing the 
hepatic GSH level. Haematological complications of alcoholic liver disease (macro
cytosis, haemolytic anaemia, production of target cells and spur cells) may, at least 
in part, be due to free radical reaction. The role of LPO-induced damage in the 
pathogenesis of chronic liver diseases has been suggested, based on enzymatic studies 
(lysosomal enzymes in the serum). Carbon tetrachloride-induced liver damage, which 
is also due to free radicals, may be regarded as a model of hepatic injuries caused by 
xenobiotic agents. Pathological free radical reactions probably playa role in the he
patotoxicity of halothane, hydrazines (iproniazid, INH), carbon disulphide and 
fX -methyldopa. The involvement of free radical events in the toxic effects of acetam
inophen is postulated. Free radical reactions participate secondarily in the develop
ment of organ damage in Wilson's disease, haemochromatosis and secondary 
haemosiderosis. Sound experimental evidence is available to prove this. Selective de
ficiency of mitochondrial MnSOD and a consequent increase in univalent leakage 
has been suggested to be the primary factor in the pathogenesis of Dubin-Johnson 
syndrome, but only a small number of cases has been reported, in which such evi
dence could be obtained. The majority of drugs used in the treatment of liver dis
eases are antioxidants (vitamin E, lipoic acid, methionine, Legalon). 

15 Free Radical Reactions in Diseases 
of the Gastrointestinal Tract 

15.1 Ischaemic Intestinal Disease 

Ischaemic intestinal disease is discussed in Sect. 8. 

15.2 Necrotizing Enterocolitis 

The morphology of early mucosal damage occurring in the necrotizing entero
colitis of neonates closely resembles that offree radicalinduced changes char
acterizing reperfusion ischaemia. Necrotizing enterocolitis is a severe disease 
of neonates, which occurs in cases of immaturity and stress. The stressor ef
fects may include respiratory insufficiency, cold, shock, surgery and anaesthe
sia. The disease is characterized by extensive haemorrhagic necrosis of the 
small intestinal mucosa. It may progress, causing transmural necrosis and per
foration. In anaesthetized newborn pigs the perfusion of intestinal mucosa de
creased selectively in response to hypoxia and hypothermia. A similar picture 
was obtained by fluorescein fluorescence in a human neonate operated on for 
necrotizing enterocolitis. The histological lesion of the superficial small intes
tinal mucosa of anaesthetized puppies exposed to hypoxia was similar to that 
seen in adult dogs in the early phase of intestinal ischaemia. In puppies fed 
cow's milk the early histological lesion of necrotizing enterocolitis developed, 
as opposed to those given mother's milk. This may have been due to the 
higher xanthine oxidase level of cow's milk, which is a more likely explana
tion than the earlier theories based on differences in immunoglobulin levels 
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[420]. Dalsing's intestinal ischaemia in rats (see Sect. 8) is an excellent model 
of clinical necrotizing enterocolitis. The protective effect of SOD in this 
model is indirect evidence of the participation of free radical reactions in the 
pathogenesis of necrotizing enterocolitis. 

15.3 Inflammatory Intestinal Diseases 

Only sporadic data are available on the role of free radical reactions in inflam
matory intestinal diseases (Crohn's disease, ulcerative colitis). Leukocytic in
flltration of the intestinal wall is a common characteristic of these diseases, 
and the ROIs thus produced cause changes in mucosal permeability [136, 
420]. 

15.4 Radiation Injury of the Intestines 

Radiation injuries occurring during radiotherapy of malignant lesions are pre
dominantly due to free radical reactions. RO' scavengers, and to a lesser ex
tent SOD, effectively reduce the damage caused by ionizing radiation. 

15.5 Gastric and Duodenal Ulcer 

Only preliminary data are available on the part played by free radical reac
tions in the development of gastric and duodenal ulcer. Significantly in
creased spontaneous and induced chemiluminescence was found in these 
conditions as well as in chronic gastritis. In ulcer the lipid peroxide level in
creases in the serum and in erythrocytes. The inhibitory effect of lipid peroxi
des on cell division and regeneration may retard the healing of ulcers. A 
group of ulcer patients were given antioxidants in addition to the usual drug 
therapy, and a more rapid healing of the ulcers was found in this group. Ci
metidine, Gapona (composite medicament containing trantelinium bromide, 
benactyzine, and Halidor) Peritol (cyproheptadine), propranolol and vit
amin U have antioxidant effects in addition to their specific actions, as indi
cated by their decreasing effect on the elevated serum lipid peroxide level of 
ulcer patients. The antioxidant effect of propranolol has also been described in 
cardiac infarction, and this may play a role in the increased postinfarction 
survival observed after chronic propranolol administration [530].Vitamin E 
deficiency caused ulcers in human volunteers, whereas vitamin E treatment 
had a favourable effect in gastric ulcer patients [146, 513]. In rats exposed to 
stress (food deprivation) vitamin E administration delayed or prevented the 
development of stress ulcers and had a favourable effect on ulcers that had al
ready developed [290]. 

Vitamin A and p-carotene have been described to have beneficial effects 
in experimental gastric mucosal injury [26, 384]. Agents damaging the gastric 
mucosal barrier, e.g. ethanol, produce a picture resembling that seen in post
ischaemic reperfusion damage of the small intestine. Raemorrhagic erosive 
gastritis due to stress not only resembles mucosal ischaemia morphologically, 
but is, in fact, associated with mucosal ischaemia. DMSO, a potent 'OR sca-
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venger, was found in rats to provide significant protection against stress ulcer
ation. Although DMSO is characterized by a number of various biological ac
tions, its favourable effect in this case must have been due to its 'OH 
scavenger activity [82]. Opposite results were also reported: the synthetic an
tioxidants ionol and dibunol failed to influence gastric mucosal lesions pro
duced in rats by ligation of the pylorus, although they were able to inhibit the 
increased LPO of gastric tissue [572]. 

15.6 Acute Pancreatitis 

Following secretin stimulation Braganza and co-workers found a significant 
increase in the LPO products excreted in the bile phospholipid fraction and 
duodenal juice fatty acid fraction by patients with pancreatic disease, as com
pared with control patients suffering from other abdominal diseases. Practi
cally no LPO products were found in the pancreatic juice. The authors offered 
the following explanation for these findings. The increased LPO products 
found after secretin stimulation in the bile of patients suffering from pancrea
tic disease were probably due to the activity of hepatic detoxifying enzyme 
systems (e.g. cytochrome P-450), which also serve as a source for the small 
amounts of peroxidized lipids excreted in the bile normally. Secretin is prob
ably not only a stimulator of pancreatic juice secretion, but is also an import
ant regulator of the transfer into the bile canaliculi of the metabolites pro
duced in the smooth endoplasmic reticulum of hepatocytes, and increases the 
activity of microsomal enzymes. Thus, although pancreatic diseases may not 
be associated with hepatopathy, ROIs released in the course of increased he
patic microsomal enzyme activity may play a role in the development of dis
eases of the pancreas. 

Pancreatitis often occurs following food and drink abuse causing secretin 
stimulation. Secretin stimulation used in the experiment mimicked this me
chanism. Ethanol consumption, which is one of the most frequent causes of 
pancreatitis, can damage the liver via a free radical mechanism, and can also 
increase the activity of microsomal enzymes and thereby the amount of ROIs 
produced. The authors maintain that the effect of ROIs increases the concen
tration of LPO products excreted in the bile, causing pancreatic disease [48]. 
In hyperlipidaernia, another frequent cause of pancreatitis, steatosis hepatis 
may cause disturbances in hepatic function and LPO is also increased in the 
serum. These changes may contribute to the development of acute pancreati
tis. The hyperlipidaemia-inducing effect of ethanol may be involved in its 
causative role in pancreatitis. 

Sanfey and co-workers used ex vivo perfused dogs as a pancreas model. 
Hyperlipidaemia was modelled by oleic acid infusion, migrating bile stones 
and food abuse by partial obstruction of the bile duct and by secretin stimula
tion, and ischaemia (e.g. shock-associated ischaemia) by inducing 2-h 
ischaemia. They also showed in earlier experiments that capillary damage, in
dicated by increased capillary permeability, is a common trait of all kinds of 
experimental pancreatitis. The pancreatitis produced was characterized by oe
dema of the pancreas and by hyperamylasaemia. In view of the proved role of 



16 Free Radical Pathogenesis of Amyloidosis 125 

free radical reactions in intestinal ischaemia, it was attempted to influence ex
perimental pancreatitis with scavengers. The pathological changes failed to 
develop in all these types of experimental pancreatitis in response to jointly 
administered SOD and CAT [420, 480]. 

The serum vitamin E level of pancreatitis patients was found to be signifi
cantly lower than in the controls. Diminished PUFA causes proneness to pan
creatitis, especially to pancreatitis due to cholelithiasis. These data show that 
LPO increases in pancreatitis and that it increases the susceptibility to pan
creatitis. The favourable effect of vitamin E in chronic pancreatitis has been 
reported [534]. 

15.7 Summary 

Only sporadic experimental data are available to prove the role of free radicals in 
the aetiology of the diseases described in this chapter. These include the necrotizing 
enterocolitis of neonates chronic inflammatory intestinal diseases (Grohn's disease, 
ulcerative colitis), gastric and duodenal ulcer and acute pancreatitis. The role of free 
radicals has been proved in radiation injury of the intestines. The connection be
tween free radicals and acute pancreatitis and gastric ulcers is a new and interesting 
field. 

16 Free Radical Pathogenesis of Amyloidosis 

Free radicals probably play a role in secondary amyloidosis, as indicated by 
the increased frequency of the disease with age and its association with dis
eases in the development of which free radicals are involved (RA, collageno
sis, chronic inflammations). Amyloid production in the blood and vascular 
wall, where free radical reactions occur at measurable levels, is another link 
between amyloidosis and free radicals. Amyloid fibri, the chief constituent of 
amyloid, is composed of two kinds of protein. AL protein consists of frag
ments of the light chain of immunoglobulins, or probably of complete light 
chains, while AA protein is the product of the oxidative degeneration of con
nective tissue components. Because AA is also produced by fibroblasts, neu
trophils and hepatocytes, it may originate from the microfilaments of the 
cells. The proportion of the two protein components of amyloid varies. In pri
mary amyloidosis or in amyloidosis associated with multiple myeloma the AL 
protein dominates, while in secondary amyloidosis, the AA protein domi
nates. The role of free radical reactions in the pathogenesis of amyloidosis is 
indicated by the finding that the survival of LAPl mice with amyloidosis in
creased if they were fed an antioxidant diet. 

Amyloid is normally deposited in the ageing organism, which might be 
due to the common pathogenesis of the two processes. Senile amyloidosis in
cludes a number of states which show some general characteristics also found 
in other types of amyloidosis, but are peculiar in respect of the tissue localiza
tion of the depositions and of the protein components. Senile amyloidosis 
most frequently affects the heart, but depositions may also be found in the 
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brain (e.g. the characteristic cortical plaques of Alzheimer's disease) and in 
the pancreas. 

Antioxidants may be used with success in secondary amyloidosis, owing 
to their increasing effect on both humoral and cell-mediated immunity and to 
their enhancing effect on suppressor T-cell function. The favourable effect of 
DMSO has been reported [83, 229, 237, 238, 608]. 

16.1 Summary 

Only sporadic data are available in respect of the free radical pathogenesis of amyl
oidosis. The favourable effect of the antioxidant DMSO has been described. 

17 Diabetes Mellitus and Pathological Free Radical Reactions 

CuZnSOD is present in higher concentrations both in human and in ani
mal beta cells than in other cells of the pancreas. This suggests that the en
zyme plays an important part in the homeostasis of beta cells [187, 188]. 

The N-nitroso diabetogenic drugs alloxan and streptozotocin, and the rod
enticide Vacor probably damage the beta cells via 0;' production. Surplus 
0;· also partially damages SOD, its own dismutating enzyme after some time 
(only CuZnSOD is damaged), which results in a decrease of the self-protec
tion of beta cells against 0;'. The protective effect of SOD, suppressing the ef
fect of diabetogenic drugs in animal experiments also proves this mechanism 
[95, 163, 187, 188, 211]. Gandy and co-workers demonstrated the protective 
effect of an SOD-like copper complex in streptozocin-induced diabetes of rats 
[186]. Alloxan-induced free radical generation was demonstrated directly -
with luminol-stimulated chemiluminescence - in the islet cells of rats, wher
eas chemiluminescence was not noted even after a longer period following 
streptozotocin administration [11]. The alloxan-induced increase in chemilu
minescence was significantly stronger in the rat pancreatic islets than in the 
erythrocytes or hepatocytes [11]. Urate, which is a strong 'OR and RO' sca
venger, is a potent cofactor of cyclooxygenase. Alloxan may be produced in 
the human body during the oxidation of urate. It had been supposed earlier 
that urate is not catabolized in humans, but in recent studies alloxan has been 
found in human tissues. In humans 20 % of the labelled urate administered 
was found to be catabolized. The myeloperoxidase of neutrophils and cyc
looxygenase may be responsible for this catabolism. Thus considerable 
amounts of alloxan may be produced in the human organism in hyperuri
caemia and/or in the case of increased activity of catabolic enzymes. This 
may explain the frequent coincidence of hyperuricaemia and diabetes [108]. 

SOD may playa role not only in experimental diabetes, but also in the pa
thogenesis of human diabetes. In insulin-dependent diabetes (IDDM) some 
environmental noxa may play the initiator role, in addition to genetic predis
position. The environmental agent may be a ,B-cytotropic virus (Coxsackie B, 
rubeola virus), or atoxic agent inducing autoimmunity by causing antigen 
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perturbation. In this, a role may be played by decreased suppressor T-cell ac
tivity, by cytotoxic antibodies and by cytotoxic T- or NK- (natural killer) cells, 
which produce diabetes by damaging the beta cells [59]. At what point may 
free radicals enter this mechanism? 

It has been shown in both human and animal cell lines that SOD is 
needed for the establishment of an interferon-mediated antiviral state [440] 
and for the activity of suppressor T -cells [236]. Round cell invasion was de
monstrated in the pancreas in IDDM. It consisted mainly of small lympho
cytes and of some granulocytes and affected the beta cells in the fIrst place. 
With the help of the chemotactic factors released owing to insulitis, the cyto
toxic antibodies covering the beta cells activate the respiratory burst of neu
trophils attracted to the site. The ROIs produced c~n partially inhibit SOD ac
tivity in the beta cells, and thus selectively damage these cells. The 
lymphokines of the T-cells present can also activate the respiratory burst [59, 
187]. Some toxin may act as the other possible initiator. So far only the diab
etic ketoacidosis-induc"ing effect of N-nitroso derivatives has been observed 
[321]. These subsfances are well-known carcinogens. They may be produced 
in the environment, in food, and also in the body from noncarcinogenic prec
ursors under the effect of nitrosating agents (e.g. in pesticides, beer, dairy pro
ducts, in meat and fIsh during frying and in the body under the effect of bac
teria containing nitrate reductase, etc.). 

So far the only evidence obtained as regards the role of toxins in IDDM is 
an epidemiological study made in Iceland, where the pathogenic role of 
smoked mutton, rich in N-nitroso components, has been suggested in the dia
betes of chiefly male patients born in October, whose parents were believed to 
consume such traditional meals at Christmas oron New Year's Day. The ac
tion of various N-nitroso derivates resembles that of alloxan and streptozo
tocin [321]. The high serum lipid peroxide level found in diabetics [353], the 
decreased arterial PGI2 production, which returned to normal in response to 
vitamin E in rats with streptozotocin-induced diabetes [294], the low vitamin 
E level and increased TXA2 production of platelets of diabetics [293], the low 
SOD level found in the erythrocytes of diabetics [351], and the decreased 
CuZnSOD and MnSOD activity in the neutrophils of such patients [396], are 
all fIndings which prove the participation of free radical reactions in the pa
thogenesis of diabetes. 

Free radical reactions may contribute to the development of complica
tions of diabetes. Increased adhesion of erythrocytes to endothelial cells has 
been described in diabetics. The same change is also found in sickle cell 
anaemia in which free radical reactions play an important role. Increased red 
cell adhesion and selective PGI2 inhibition may, at least in part, be responsi
ble for the vascular complications of diabetes [570]. Also platelets producing 
the hyperactive TXA2 and other active substances (e.g. growth factor) must 
playa role in the development of vascular complications [387]. Increased le
vels in the serum of the lysosomal enzymes f)-glucuronidase and f)-N-acetyl
glucosaminidase have been described in diabetics and in the chemically in
duced diabetes of rats [371]. On the other hand, Wiggl6f and co-workers [220] 
investigated the enzymes of cellular protection (CuZnSOD, MnSOD, CAT, 
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GP) in the lymphocytes and erythrocytes of patients with IDDM, and failed to 
fmd characteristic changes. 

The weak "OH scavenger action of glucose was described in Chap. II 
Sect. 4. High blood glucose levels may playa role in the proneness to infec
tions of incorrectly regulated diabetics, owing to a decreased efficiency of 
phagocytes [477]. Shah and co-workers [489] investigated the granulocyte func
tion of diabetic patients. They found an increased 0;" production by nonsti
mulated lymphocytes as compared with controls. Nonstimulated chemilumin
escence did not differ in the two groups, whereas both 0;" production and the 
increase in chemiluminescence were significantly lower in diabetics in re
sponse to stimulation with PMA and opsonized zymosan. The increased 0;" 
production of nonstimulated leukocytes in diabetic patients is supposed to be 
due to some factor in the serum of the patients, because the ROI production 
does not increase in response to the appropriate stimuli. This may play a part 
in the increased susceptibility to infections of diabetic patients. We do ,not 
know the clinical significance of the increased nonstimulated 0;" production 
and the nature of the serum factor responsible for it, nevertheless, they may 
be involved in the cardiovascular complications of diabetes, owing to their 
platelet aggregation inducing and vascular damaging actions. 

A lipoxygenase pathway has been demonstrated in beta cells, in addition 
to the cyclooxygenase pathway. The cyclooxygenase cascade has been found to 
inhibit insulin release from beta cells and to stimulate the lypoxygenase cas
cade. Although endogenou,s arachidonic acid release and administration of ar
achidonic acid were found to stimulate both cascades, they increase insulin 
release. The same effects have been found for unsaturated fatty acids [365]. 
Arachidonic acid metabolism probably plays a role in the regulation of insu
lin release by glucose, by enhancing the glucose phosphatidylinositol cycle,4 
in which phosphoinositides are hydrolysed to phosphatidic acid, which can 
activate phospholipase A2 and thus also the arachidonic acid metabolism 
either directly or via calcium mobilization. This leads to increased insulin re
lease [33] PGE (a product of the cyclooxygenase pathway) has been reported 
to inhibit the acute insulin response to an increase in the glucose level [463]. 
The connection of free radical reactions with arachidonic acid metabolism 
has been proved, and thus they may also have a part in the pathogenesis of 
type II (non-insulin-dependent) diabetes. Pathological free radical reactions, 
the incidence Of which increases in old age, may activate arachidonic acid 
metabolism by the mediation of phospholipase A2, and thereby increase insu
lin release, leading to the depletion of the preformed insulin stores after some 
time. 

4 Phosphatidylinositol cycle: an increasing number of cells are known which respond 
to activation with an increased turnover of their phospholipids, especially of the inosi
tol-containing lipids and of phosphatidic acid. This may be regarded as a general re
sponse of the cells to activation. The cycle has also been observed in Langerhans islet 
cells. 
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17.1 Summary 

It has been proved experimentally that the N-nitroso diabetogenic drugs alloxan and 
streptozotocin and the rodenticide Vacor damage the beta cells by O2' production. 
Alloxan may not only be an exogenous agent, but may also be produced during the 
oxidation of urat mediated by cyclooxygenase or myeloperoxidase. Free radical reac
tions may playa role in the development of human insulin-dependent and non-insu
lin-dependent diabetes, in its symptoms and complications. This, however, is still a 
hypothesis in spite of the pertinent experimental data. 

18 Haematological Aspects 

Erythrocytes are especially sensitive to oxidative damage, because they are ex
posed to high O2 concentrations, their membrane is rich in PUPAs, and be
cause they cannot resynthesize their damaged components. Therefore, the 
metabolic activity of erythrocytes is largely directed to defence against oxida
tive stress. In this defence, in addition to the systems described so far, erythro
cytes also rely on haemoglobin, which completes the cytosol protection of the 
cells against ROIs. 

In oxyhaemoglobin, polarization occurs owing to the transfer of an elec
tron from the heme iron to the bound oxygen, whereby the Pe(lI)-oxy state is 
replaced by a Pe(III)-superoxy state (Pig. 51). Under normal conditions, the 
transferred electron returns to the iron if the oxygen is released by the haemo
globin, and thus iron persists in its Pe(II) state. The electron returns to the 
iron only if there is no anion or water in the heme-containing part which 
could interfere with the transfer. Although the heme-containing structure is 
hydrophobic, random fluctuations of the surrounding globin part occasionally 
facilitate the entry of water into the heme-containing part. The entry of water, 
or of small anions causes O2, release, while the heme iron loses an electron 
and is converted to Pe(III), producing methaemoglobin. Thus small amounts 
of ROIs are continuously produced in the cell even under normal conditions, 
resulting in the daily formation of methaemoglobin from 3 % of the total 
haemoglobin. Methaemoglobin is reduced to haemoglobin by the enzyme me
thaemoglobin reductase, using NADPH (see Pig. 32). 

-

a c 

Fig. 51. a The heme part of oxyhaemoglobin. b Water may enter the heme part 
owing to minor fluctuations. c This leads to methaemoglobin production and 0;' 
release. (After Carrell et al. [66]) 
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Any factor which causes increased flexibility or distortion of the heme
containing part of haemoglobin induces increased methaemoglobin produc
tion and O2. release. Such factors include increased temperature, redox stains 
(ascorbate, acetylphenylhydrazine) and unstable haemoglobins. Thalassaem
ias also belong here because the isolated free chains of haemoglobin corre
spond to a special case of haemoglobin instability. Copper and iron enhance 
ROI production via their interaction with oxyhaemoglobin, considerably in
creasing the autooxidation of haemoglobin and O2. production. There are 
also other sources of O2. in the erythrocyte, e.g. free prophyrins, which form 
singlet oxygen radicals when exposed to UV light. Although haemoglobin is a 
source of O2. under both normal and pathological conditions, it nevertheless 
constitutes a defence system in the cytosol of erythrocytes, which, beside the 
GP system, provides protection against oxidative stress. 

Haemoglobin is exposed to oxidation at two sites. One is the heme part, 
where methaemoglobin is formed by reaction with H20 2• This reaction is li
mited to some extent by methaemoglobin reductase, which converts some of 
the methaemoglobin to haemoglobin, but if oxidant excess causes the destruc
tion of the porphyrin ring, this is irreversible. The cysteinyl side chains of the 
globin molecule are the other target of oxidative attack. As a result of their ox
idation, disulphide bridges are formed among the globin SH groups, leading 
to dissociation of the molecule to free subunits and to the denaturation of 
haemoglobin. This latter reaction is, fortunately, less likely because the SH 
groups of haemoglobin are less reactive than GSH, and their protection lasts 
until the depletion of GSH. Haemoglobin is thus protected against oxidation 

NAO ~ Hb02 }: : ~! GSSG)] NAOPH : t : 

Glycolysis MEdTHbt - '/·············S"O"·O"",,··········.. i GP ~~~~~~~te 
re uc ase. , " 

~ Oz· - Hz02 -j-r" shunt 

NAOH METHb ............ l~OH " ..... / GSH NAOP 1 ................ -.. 
H'm;,h,~" / 

j Hb denaturation 

Heinz-body Direct damage of 

~~b"", 
Haemolysis 

Fig. 52. Possible mechanisms of ROJ formation under the influence of haemolytic 
factors and the mechanism of the resultant oxidative haemolysis, for explanation see 
text. (After Carrell et al. [66]) 
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Table 4. Potential causes of oxidative haemolysis 

Reactive oxygen intermediates 

Increased formation 

1. Via haemoglobin 
Unstable haemoglobins 
Thalassaernia 
Oxidative drugs, e.g. Acetylphenylhy
drazine; antimalarials, 
Divicinea (favism) 
Heat 
Metal ions 

2. Direct 
Radiation 
Oxygen exposure 
Free porphyrin 

a Suggested mechanism 

Decreased protection 

3. Deficiencies of: 
Glucose-6-phosphate dehydrogenase 
6-Phosphogluconate dehydrogenase 
Glutathione peroxidase 
Glutathione reductase 
Glutathione synthetase 
CAT 
SOD 
Vitamin E 

by its own quaternary structure and the reducing potential of the erythrocyte 
(GP, methyl reductase). In case of oxidant excess, haemoglobin is denatured, 
hemichromes (denatured ferrihaemoglobins) are produced, which are precipi
tated as Heinz bodies. ROIs are a hazard to the cell, directly by damaging the 
membrane and by the formation of Heinz bodies. Spontaneous hemichrome 
and Heinz body formation was observed, when distortion of the unstable 
haemoglobin molecule led to increased O2. generation. The main factor re
sponsible for the injury in this case was the formation of Heinz bodies. In 
thalassaemia the direct oxidative damage of the membrane is the major factor 
(Fig. 52, Table 4). 

Fatty acids 

HbS Autooxidotion. ROI-s --~ 

Peroxidation 

C-R R-C 
I I 
C-R COOH R-C 
I I r----' r-----' I 
C-P-O-CH2-CH-N:H2+0!=CH-CH2-HC=!O+H2:N-CH-CH2-0-P-C 

'"' _____ .J L ____ .J 

Phosphotidylserine Molondioldehyde Phosphatidylethonolomine 

Fig. 53. Schiff base formation of malondialdehyde with phosphatidylserine and 
phosphatidylethanolamine. (Mter Shohet [495]) 
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Heinz bodies cause haemolysis because the precipitated globin is bound to 
the red cell membrane by the disulphide bridges and causes a stiffness of the 
erythrocytes. Such cells are captured in the sinusoids of the spleen and are de
stroyed [66, 207, 586]. The biochemical mechanism of oxidative haemolysis 
can be illustrated with several examples taken from human pathology. 

lS.1. Unstable Haemoglobins 

Sickle cell anaemia is the best known unstable haemoglobinopathy, one of a 
group of diseases characterized by changed amino acid structure due to point 
mutations at critical sites of the (X- or p-chains. Sickle cell anaemia is charac
terized by increased spontaneous O2. produc~ion in the sickle erythrocytes, 
decreased membrane vitamin E level, an increased amount of hemichromes, 
accelerated senescence of red cell membranes, fluorescent lipid pigments, ele
vated MDA level, decreased membrane PUF A content and by an increased 
copper level. As regards enzymatic defence, decreased CAT level together 
with increased SOD activity was found. Some authors described increased 
GP, while others found it decreased. Elevated SOD was probably induced by 
the increased spontaneous O2• generation. Haemoglobin S has a stronger af
fmity to erythrocyte membrane, which means a higher risk of oxidant stress 
for sickle cells, because the soluble antioxidant system provides insufficient 
protection against the ROIs generated by the abnormal haemoglobin bound to 
the membrane, An ·OH production proportional to the hemichrome produc
tion was found in the sickle cells. Hemichrome had the role of the ion catalyst 
in the Fenton reaction [32, 78, 106, 245, 249] 

In a series of elegant experiments Shohet and Jain demonstrated that in 
sickle cell anaemia MDA is incorporated in the erythrocyte membrane. MDA 
may enter into reaction with amino groups of the positively charged phospho
lipids of the membrane, forming a Schiff base (Fig. 53). MDA thus forms 
cross-links among the membrane phospholipids. Such a product, i.e. the 
Schiff base of MDA formed with phosphatidyl serine and phosphatidyl etha
nolamine, was demonstrated in vivo by thin-layer chromatography of mem
brane lipids of sickled erythrocytes. When MDA was added in vitro to normal 
erythrocytes from controls and sickle cell anaemia patients, K leakage from 
the cells and a significant decrease in cell deformability could be observed. 
Both the disturbance in cation transport (K leakage) and the decreased defor
mability are well-documented defects of the membrane of the irreversible 
sickle cells (which do not regain their normal biconcave shape after reoxygen
ation). This does not mean that the Schiff base formed by MDA with mem
brane lipid is solely responsible for these membrane changes. MDA undoubt
edly can enter into cross-linkage with the protein components of the 
membrane. High molecular weight protein aggregates were indeed demon
strated after MDA had been added to erythrocytes in vitro [299, 496]. Changes 
indicating the presence of such MDA Schiff bases were found by Hochstein 
and Jain in aged erythrocytes. These may play a role in the destruction of 
aged erythrocytes, which die in the spleen owing to their decreased deforma
bility [260]. 
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The data of Snyder and co-workers conftrm the results of Hochstein and 
Jain as regards the role of oxidative processes in erythrocyte ageing: they de
monstrated, besides the presence of irreversible spectrin cross-links, the bind
ing of haemoglobin to the specttin of ageing erythrocytes [509]. 

These changes play a decisive role in the pathogenesis of sickle cell 
anaemia. Increased 0;' production induced by the abnormal haemoglobin 
and the consequent damage of the antioxidant defence of sickle cells, i.e. in
creased LPO associated with a depleted defence system, probably contribute 
to the shorter life span of sickle cells (haemolysis). It has been observed that 
an increased number of deformed, shrunken erythrocytes may be found in vi
tamin E-deftcient states (premature infants, cystic ftbrosis, vitamin E-deft
cient adults). These changes could be suppressed- by vitamin E administra
tion. 

Pathological free radical reactions contribute to the production of irrever
sible sickle cells. This is due, according to one theory, to the deformity of the 
structural proteins, of the erythrocyte membrane, the spectrin~actin lattice. 
Another theory maintains that dehydration of the cells resulting from the ab
normal ion permeability of the membrane leads to irreversible sickling. The 
two theories are not mutually exclusive, both changes may be due to peroxida
tive damage. The spectrin-actin lattice may be deformed by MDA formed as a 
result of LPO, or by other reactive aldehydes, which are able to produce cross
linkage between the free amino acid groups of proteins. Lattice deformity may 
also be due to the effect of membrane-bound haemoglobin S. Its effect on ca
tion permeability has already been described. The participation of LPO in the 
production of irreversible sickle cells is directly supported by the in vitro ob
servation that oxidants (e.g. H20 2) increase the production of these cells, 
while vitamin E partially inhibits it. The decreased deformability of sickle 
cells, which is due to their peroxidative damage, may contribute to their 
haemolysis, while it also plays an important role in the painful episodes of 
vaso-occlusive crisis and in the development of tissue infarctions caused by 
capillary obstruction [79]. 

The role of oxidant stress in the production of va so-occlusive crisis is indi
cated by the ftrst event of the crisis being the transformation of red blood cells 
to echinocytes. Part of the echinocytes were irreversible sickle cells, another 
part non-irreversible sickle cells and normal erythrocytes. There is a negative 
correlation between the proportion of echinocytes and the GSH content of the 
cells. The number of apparently normal erythrocytes increases after the crisis. 
The echinocyte-inducing effect of oxidant stress is proved by the ftnding that 
during density gradient ultracentrifugation the proportion of echinocytes was 
highest in the densest layer, which contained the irreversible sickle cells char
acterized by the most intensive ROI production. Also, echinocytic transfor
mation could be induced by adding H20 2 to erythrocytes in vitro. Other au
thors found that the ability of erythrocytes to regain their normal shape (also 
from the echinocytic form) depends on the activity of the hexose monophos
phate shunt, it decreases in oxidant excess. In the experiments cited, the 
number of irreversible sickle cells which did not undergo transformation to 
echinocytes did not change during the crisis [6, 567]. 
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In rare unstable haemoglobinopathies (Hb K6ln, Hb Sidney, Hb Christ
church) haemoglobin precipitation and increased Heinz body formation were 
induced in vitro by heating and incubation with activated phagocytes or eryth
rocytes. Haemolytic crises in patients suffering from these diseases occur via 
the same mechanism in hyperpyrexia and infections [585]. 

18.2 P-Thalassaemia 

Increased LPO has been demonstrated in p-thalassaemia, and increased 0;· 
production was found in vitro. In p-thalassaemia, 0;· generated during the 
oxidation of excess haemoglobin IX-chains, the iron released during the de
composition of the IX-chains and the low haemoglobin content of the cells 
contribute to the increased 0;· production (Fig. 54). 

A decreased PUF A content of the red cell membrane has been demon
strated in thalassaemia. After exogenous oxidant stress the number of SH 
groups decreased in the membrane, indicating cross-linkage. Decreased 
serum vitaminE level has also been described. Elevated SOD, CAT and G le-
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Fig. 54. Schematic representation of a thalassaemic erythrocyte showing the possible 
mechanisms of increased free radical production and the damaging effect of free 
radicals on the erythrocyte membrane. (Mter Rachmilewitz et al. [447]) 
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vels were found in the minor form, probably owing to increased ROI produc
tion. In the major form, however, the level of these enzymes was normal, ow
ing to the multiple transfusions the patients received. The number of 
transfusions could be reduced by parenteral vitamin E administration. Oral 
treatment was found ineffective [196, 199, 447]. 

18.3 Glucose-6-phosphate Dehydrogenase Deficiency 

G-6-PD-deficient patients are known to be more sensitive to oxidative stress. 
Primaquine and pamaquin cause haemolysis in such patients [122, 197]. 
There is an interesting relation between unstable haemoglobinopathies 
(haemoglobin S, C, D, E), thalassaemia, G-6-PD deficiency and Plasmodium 
jalciparum malaria: patients suffering from these diseases are immune to fal
ciparum malaria. The increased intracellular release of ROIs must playa part 
in this immunity, since this is a common characteristic of these diseases (see 
Sect. 20). 

18.4 Erythropoietic Protoprophyria 

Dermatological manifestations (photosensitivity) and haemolysis in erythro
poietic protoporphyria (EEP) are due to the production of an excited state of 
protoporphyrin by absorption of UV light. In the presence of molecular oxy
gen, this protoporphyrin releases energy, forming singlet oxygen or other 
ROIs. This is proved by the demonstration of LPO and inhibition of erythro
cyte acetylcholinesterase in erythrocytes form EPP patients exposed to UV ir
radiation in vitro. Treatment of EPP with singlet oxygen scavenger and an
tioxidant vitamin E and ,B-carotene yielded favourable results [205, 424]. 

18.5 Paroxysmal Nocturnal Haemoglobinuria 

In paroxysmal nocturnal haemoglobinuria (PNH) red blood cells show an in
creased sensitivity to haemolysis, which is probably due to some membrane 
defect. Decreased red cell acetylcholinesterase activity was found in PNH, 
which has no pathogenic role, but indicates a change in the membrane lipid 
environment caused ,by peroxidative damage. Contradictory data have been 
published as regards the presence of LPO and the usefulness of antioxidant 
therapy in PNH [417, 502]. 

18.6 Iron Deficiency Anaemia 

Erythrocyte life span was investigated with SICr and was found shorter in both 
humans and animals with iron deficiency anaemia. The erythrocyte shows in
creased sensitivity to peroxidative damage in iron deficiency because it is 
characterized by: (a) decreased GP, CAT and vitamin E levels: (b) increased 
protoporphyrin and iron levels: and (c) decreased haemoglobin content. 

In addition to these changes, the presence of the MDA-phospholipid com
plex mentioned in connection with sickle cell anaemia and of high molecular 
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weight protein aggregates indicating peroxidative damage were demonstrated 
in the red cell membrane. Membrane cation changes, also observed in sickle 
cells, were described, leading to a decrease of the intracellular K+ content and 
an increase of the Na+ content of erythrocytes. Decreased deformability 
caused by membrane rigidity - and not the unfavourable surface: volume ra
tio as believed earlier - was also found. Thus there are sufficient data avail
able to suggest the causative role of peroxidative damage in the shortening of 
the life span of iron-deficient red cells. Nevertheless, further studies are 
needed for the clarification of the origin of LPO [69, 125, 276, 590]. 

18.7 Spur Cell Anaemia 

LPO is probably involved in the development of spur cell anaemia occurring 
in severe hepatic disease (cirrhosis). It may also have a role in the pathogene
sis of the primary disease and may be stimulated by vitamin E deficiency 
caused by decreased hepatic synthesis of factors necessary for the absorption 
of vitamin E (p-lipoprotein). Spur cells easily undergo haemolysis owing to 
changes in their membrane [495]. 

18.8 Abetalipoproteinaemia 

In abetalipoproteinaemia, which is a rare hereditary disease, acanthocytes re
sembling the spur cells described in Sect. 18.7 are found. P-Lipoprotein is ne
cessary for the plasma transport of vitamin E. The vitamin E level is decreased 
in these patients and its deficiency is probably responsible for acanthocytosis 
[386, 495]. 

18.9 Haemolytic Anaemia of the Newborn 

The involvement of vitamin E deficiency has been proved in the haemolysis 
of neonates. Good results have been achieved with intramuscular vitamin E 
therapy [215]. 

18.10 Fanconi's Anaemia 

Decreased leukocytic and erythrocytic SOD levels have been found in Fan
coni's anaemia, which is associated with panmyelopathy in children and is 
characterized by a high frequency of chromosome aberrations and malforma
tions. Based on the "spontaneous" chromosomal damages, a deficiency of 
DNA repair has been held responsible for the disease. The decreased SOD le
vel, however, suggests an alternative explanation: the increased tumour fre
quency and chromosome aberrations might be due to increased cellular O2. 
concentration. This possibility is supported by the observation that Fanconi's 
anaemia cells cultured in the presence of SOD and/or CAT showed fewer 
chromosome aberrations [283, 594]. Raj and Heddle found that SOD, CAT 
and L-cysteine added to FA cells reduced both spontaneous and mytomycin 
C-induced chromosomal breakage [448]. 
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18.11 Summary 

Erythrocytes are especially sensitive to oxidative damage, because they are exposed 
to high oxygen concentrations, their membrane is rich in PUF As, and because they 
cannot resynthesize their damaged components. Oxyhaemoglobin has recently been 
found to be Fe(IIl)-superoxy state and not in the Fe(Il)-oxy state. Under normal 
conditions, polarization ceases with the return of the shared electron to the iron, and 
iron persists in the ferrous state. Even under physiological conditions water may en
ter the heme-containing part of haemoglobin owing to random fluctuations of the 
globin part, although the heme-containing structure is hydrophobic. Water or small 
anions prevent the electrons from returning to the iron, leading to 0;· release, while 
the heme iron loses an electron and is converted to· Fe(IlI). In this way small 
amounts of methaemoglobin are produced even under physiological conditions. Me
thaemoglobin is reconverted to haemoglobin by methaemoglobin reductase. Any fac
tor causing distortion of the heme-containing part of haemoglobin leads to increased 
methaemoglobin production and 0;, release. This factor may be either high temper
ature, redox stains, unstable haemoglobins, iron, or copper. ROIs in the erythrocytes 
may also be produced by free prophyrins get;lerating 0;, and other ROIs by absorp
tion of UV light. 

Haemoglobin not only induces ROI production, but it also constitutes a defence 
system against oxidative stress in the red cell cytosol (besides the GP system) by pro
tecting red cell integrity via autooxidation. In considerable antioxidant excess haem
oglobin is denatured and is precipitated in the form of Heinz bodies. ROIs may da
mage the cell membrane directly or by forming Heinz bodies. The latter case is 
especially dangerous because the precipitated globin is bound to the cell membrane 
by disulphide bridges, causing rigidity of the erythrocytes. Such cells are captured in 
the sinusoids of the spleen and are destroyed. 

The role of free radical reactions has been proved in haemolysis in sickle-cell 
flnaemia, thalassaemia, erythropoietic protoporphyria, glucose-6-phosphate dehy
drogenase deficiency, iron deficiency anaemia, abetalipoproteinaemia, and in the 
haemolytic anaemia of neonates. R 01 formation and consequent oxidative haemoly
sis is due to the unstable haemoglobin in sickle cell anaemia; to a disturbance in 
haemoglobin production and the low haemoglobin content of the cells in fJ-thalas
saemia; to decreased antioxidant defence in glucose-6-phosphate dehydrogenase de
ficiency; to the induction by UV light of excited protoporphyrin in erythropoietic pro
toporphyria; and to decreased antioxidant protection, increased copper and 
porphyrin levels and haemoglobin content of red cells in iron deficiency anaemia. In 
the haemolytic anaemia of the newborn, vitamin deficiency is responsible for the 
lower antioxidant protection. In paroxysmal nocturnal haemoglobinuria, spur cell 
anaemia and Fanconi's anaemia, the role of free radical reactions is only hypotheti
cal. 

19 Free Radical Reactions in Neonatal Diseases 

Neonates, and especially premature infants, have a weak defence against oxid
ative stress: their defence systems are defective at almost all levels. The phy
siological barriers in the way of endogenous oxygen transport are immature. 
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Iron and copper, which catalyse LPO, accumulate in the fetal tissues in the 
last weeks of gestation. The levels of vitamin E, selenium, transferrin and co
eruloplasmin decrease. Oxygen therapy, and also phototherapy used to treat 
hyperbilirubinaemia, may increase the risk of oxidative damage in neonates 
with defective defence, because of increased ROI production [310]. 

19.1 Neonatal Diseases Connected with Oxygen Toxicity 

19.1.1 Haemolytic Disease of the Newborn 

Haemolytic disease is discussed in Sect. 18.9 

19.1.2 Retrolental Fibroplasia 

The aetiological role of oxygen toxicity in retrolental fibroplasia (RLF) has 
been proved by several authors. It develops in two phases. The early changes 
develop in the least mature part of the retina, i.e. in the temporal region (the 
maturation of the retina proceeds centrifugally). Hyperoxia has a vaso-occlu
sive effect on the vasculature of the immature retina, producing retinal is
chaemia characterized by arteriolar contraction and damage of the endothel
ium of the capillaries of the retina. Hyperoxia thus only induces early 
vasoconstriction, and RLF is paradoxically an anoxic retinopathy, although it 
is elicited by hyperoxia. The endothelium of the immature cells is sensitive to 
the ROIs generated first by hyperoxia, then by hypoxia, either because the ac
tivity of the protective enzymes is low, or because it has not been gradually 
exposed to oxygen, owing to the absence of maturation, during which expo
sure the activity of the protective enzymes could have increased. The second, 
vasoproliferative, phase is not caused directly by hyperoxia, but by the pri
mary lesion. Progression of vasoproliferation leads to impairment of vision 
and to blindness. 

With the advent of the intensive care of neonates the importance of this 
disease has grown. Hugarian authors described the use of D-penicillamine in 
premature infants needing oxygen therapy, which decreased the incidence of 
the disease. The SOD activity of the retina of newborn rats was found lower 
than other tissues (e.g. liver). Hyperoxic treatment induced only a small eleva
tion of SOD activity in the retina. MTDQ, D-penicillamine and vitamin E 
were found to mitigate the severe complications of RLF [251, 258, 284, 292, 
578]. Vitamin E is active in the hyperoxic phase (direct antioxidant effect) 
and it also inhibits vasoproliferation owing to its well-known inhibitory effect 
on collagen synthesis and wound healing [578]. 

19.1.3 Bronchopulmonary Dysplasia 

In the aetiology of this progressive pulmonary fibrosis leading to severe respir
atory insufficiency, oxygen toxicity and chronic mechanical respiration play 
an important role besides other factors. The pathological changes in the lung 
correspond to those described in Sect. 1, with some quantitative differences. 
Fibrosis is the final result of the early changes. Ehrenkranz and co-workers de
scribed favourable results of vitamin E treatment: it mitigated the progression 
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of the disease, and prevented the development of severe lesions [131, 613]. In 
subsequent studies the same authors found vitamin E ineffective and attri
buted the discrepant results to differences in patient groups. The technique of 
artificial respiration had been improved meanwhile, and the newborns in the 
second series were born with a much less severe vitamin E deficiency, owing 
to the inclusion of vitamin E in the diet of the mothers. The conclusion was 
therefore modified, maintaining that vitamin E therapy is beneficial in this 
disease if there is vitamin E deficiency [130]. The severity of bronchopulmon
ary dysplasia was reduced in children suffering from respiratory distress syn
drome by Rosenfeld and co-workers, who administered bovine SOD parenter
ally. They found no significant side effects [468]. 

19.1.4 Hyaline Membrane Disease 

Hyaline membrane has been shown to be an LPO product. Experimentally it 
can be produced by ionizing radiation. It is known that oxygen radicals may 
damage type II pneumonocytes which have the function of producing surface 
active substances in the lung. LPO damage may thus be the primary cause of 
the disease. LPO may be due to the immaturity of the defence systems and to 
increased free radical production caused by asphyxia in utero or during la
bour. Hypoxia and the oxygen therapy applied to correct it may increase the 
damage. Therefore, it has been attempted to suppress free radical formation in 
hypoxia with Milurit (allopurinol), which inactivates xanthine oxidase [310]. 

19.1.5 Persistent Pulmonary Hypertension in Neonates 

The syndrome is characterized by hypertension appearing a few hours after 
birth and persisting thereafter and by severe hypoxia. The presence of LTC4, 
LDT4 and LTE4 (called collectively SRS-A) was demonstrated in the fluid 
used for rinsing the respiratory tract of neonates. The effect of these sub
stances may account for the changes characterizing the disease. The neonates 
were given O2 therapy after birth because of postnatal hypoxia. The appear
ance of SRS-A was probably due to stimulation of arachidonic acid metabo
lism by the increased production of free radicals, which, in tum, was caused 
by hypoxia and ventilation barotrauma [523]. 

19.2 Hyperbilirubinaemia of Neonates 

Bilirubin is a known photodynamic agent producing 102 in the presence of O2 

and light. Therefore, the phototherapy applied in hyperbilirubinaemias may 
be dangerous (mutagenic and carcinogenic effects, photohaemolysis, etc.). 
Jaundiced Gunn rats were irradiated with blue fluorescent light and the serum 
bilirubin level failed to decrease in some of the animals, although increased 
bilirubin excretion was demonstrated. Bilirubin produced as a result of haem
olysis induced by the photosensitization of erythrocytes stabilized the serum 
bilirubin level in spite of increased excretion caused by phototherapy. This 
experiment and the well-documented in vitro photohaemolytic effect on 
erythrocytes of bilirubin suggest that photohaemolysis may occur in vivo as a 
result of the phototherapy of neonates [100]. 
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The antioxidant D-penicillamine has been used with success in the treat
ment of hyperbilirubinaemia. Iron and other heavy metals which accumulate 
in the fetal tissue enhance, via enzyme induction, the microsomal heme-oxy
genase activity, which is the rate-limiting step of heme degradation, but, at 
the same time, inhibit mitochondrial o-aminolevulinic acid synthetase 
(ALAS) activity, which is the initial step of heme synthesis. Thus the balance 
is shifted towards breakdown and bilirubin accumulates. The release of iron 
in the fetal tissues is due to the haemolysis of fetal erythrocytes with increased 
liability to injury. The proneness of fetal erythrocytes to peroxidative haemo
lysis, in tum, is due to several factors, such as vitamin E deficiency and the 
increased copper content and dereased SOD and GP activity of fetal erythro
cytes. The favourable effect of D-penicillamine (DPA) is due to the inhibition 
of bilirubin synthesis and stimulation of physiological conjugation of biliru
bin. DPA inhibits bilirubin formation by: (a) increasing the osmotic resist
ance of fetal erythrocytes via its membrane stabilizing effect; and (b) decrea
sing the HO activity and the peroxidative damage of erythrocytes via its 
chelating action. In neonates the decrease in the activity of the uridine di
phosphate glucuronyltransferase (UDPGT) system, which mediates the conju
gation of bilirubin, is elicited by LPO induced by the iron and copper accu
mulated in fetal tissues. The chelating activity of DPA and the SOD-like 
effect of its copper complex can stimulate the enzyme by inhibiting LPO [311, 
413]. 

19.3 Summary 

The defence system against oxidative stress is deficient in neonates, especially in pre
term infants. Oxygen therapy and the consequent ROI release play an aetiological 
role in severe diseases such as retrolental fibroplasia accompanied by severely im
paired vision or blindness, and progressive pulmonary fibrosis characterized by se
vere respiratory dysplasia. The involvement of pathological free radical reactions has 
also been suggested in the pathogenesis of hyaline membrane disease and the persist
ing pulmonary hypertension of neonates, although sufficient proof is still lacking in 
this respect. In the hyperbilirubinaemia of neonates the increased susceptibility of ne
onatal erythrocytes to peroxidative haemolysis plays a role. This, in tum, is due to vi
tamin E deficiency, the increased copper content and decreased SOD and GP levels 
of the fetal erythrocytes. The favourable effect of D-penicillamine in neonatal hyper
bilirubinaemias has been reported. 

20 Free Radical Reactions in Infectious Diseases 

It has recently been suggested that ROIs playa role in several phases of the 
interaction between infectious agents and the human body, and also in the ef
fect of antimicrobial agents. 

Some parasites (e.g. ascaris) and bacteria produce ROIs. An important 
role has been attributed to the balance between ROIs and the defence systems 
in the inactivation of infectious agents and in their virulence. ROIs produced 



20 Free Radical Reactions in Infectious Diseases 141 

by phagocytes (neutrophils, monocytes, macrophages, eosinophils) are in
volved in the killing of bacteria and parasites. It has been shown in a number 
of experiments that ROI production is the major antimicrobial mechanism of 
the macrophages when killing Trypanosoma cruzi, Toxoplasma gondii and Leish
mania protozoa. The virulence of bacteria and parasites depends on the de
gree of the activation of the respiratory burst of the specific phagocytes (this, 
in turn, depends on whether the species is coated with specific antibodies or 
opsonin, which enhance activation) and also on the degree of antioxidant pro
tection of the microorganism. If the degree of activation of the respiratory 
burst is high and the microorganism is well protected, its virulence is higher 
[120, 161, 194,240, 397, 429, 434]. 

The mechanisms of action of several antiparasitic agents have been found 
to rely on ROI production, or they may also act by being converted to free 
radicals, e.g. the quinone and quinoline derivatives, the trypanocide lap a
chone, menadione and menoctone. The antracycline antitumour antibiotics 
with quinone and hydroquinone structures (daunomycin, doxorubicin, mi
tomycin C, actinomycin D), which are known to produce ROIs during their 
microsomal activation also possess trypanocide action. Gossypol, a phenol de
rivative, has a toxic effect on T. cruzi and Plasmodium. In China it is also used 
as a male contraceptive. Both its antiparasite and its spermicide actions are 
probably due to ROI production. The toxic effect of phenazine methosulphate 
on T. cruzi and Leishmania is probably due to a similar mechanism. The nitro 
derivatives nifurtimox, benznidazole and Klion (metronidazole) used with 
success in the therapy of Chagas' disease are first converted to RN02" radicals, 
which react with molecular oxygen, producing ROIs. The trypanocide effect 
of Bengal red and crystal violet is also due to ROI production. Chlorproma
zine has been found to be effective against Leishmania and Trypanosoma, bru
cei after transformation to an active free radical cation [97, 120, 121,379,380, 
392]. The favourable effect of haematological disorders (thalassaemia, sickle 
cell anaemia, unstable haemoglobinopathies - haemoglobin C, D, E - and G-
6-PD deficiency) against malaria has been shown to be due to increased in
tracellular release of ROIs. Plasmodium berghei causing malaria in mice does 
not contain SOD and CAT, but engulfs by endocytosis the SOD of the eryth
rocytes of the host. Plasmodium !alciparum, causing malaria in humans acts in 
a similar way with the difference that this organism has a low endogenous 
SOD activity. The importance of the oxidant-antioxidant balance in the de
fence against malaria is indicated by the in vivo antimalarial activity of var
ious ROI-producing substances including alloxan, t-butylperoxide and pam
aquin. The haemolytic effect of primaquine in G-6-PD-deficient patients is 
due to ROI formation. The dependence of Plasmodium on host red cell SOD 
suggests that these organisms might also be eliminated with the help of SOD 
inhibitors. The antimalarial activity of primaquine and of exogenous xanthine 
oxidase has been found to be increased by pretreatment with the SOD inhibi
tor diethyldithiacarbamate [7, 145, 166, 181]. 

Decreased "OH and O2" production was found in the phagocytes of le
protic patients, while the SOD level was higher than in the controls. The sur
plus SOD must have derived from the SOD of the phagocytosed Mycobacte-
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rium. The defective respiratory burst of phagocytes, which is due to intrinsic or 
elevated SOD content, must playa decisive role in the insufficiency of the de
fence mechanisms in leprosy. Clofazimine, an effective leprostatic, probably 
acts as an iron chelating agent increasing phagocytic ·OR production [403]. 

20.1 Summary 
Free radical reactions play an important part in the virulence of parasites and bacte
ria and in the body's defence against these microorganisms. The virulence of an or
ganism depends on how much it activates the respiratory burst of phagocytes and on 
the antioxygen defence of the species. Active respiratory burst and poor antioxidant 
protection result in low virulence and vice versa. A number of antiparasitic drugs rely 
for their effect on free radical reactions. 

21 HOfDlones and Free Radical Reactions 
Corticosteroids are antioxidants and inhibit free radical reaction. Their LPO
decreasing action has been demonstrated in vitro. Corticosteroids inhibit 
phospholipase Az activation, and thus arachidonic acid release and the early 
steps of arachidonic acid metabolism. This mechanism may have a part in the 
anti-inflammatory action of corticosteroids. Increased susceptibility to infec
tions, which is a side effect of corticosteroids, may be due to their inhibitory 
effect on the RzOz production of mononuclear phagocytes. Nevertheless, not 
all corticosteroids have this side effect, which also depends on their ability to 
cross the cell membrane [253, 441, 520, 115]. 

Oestrogens, too, are potent antioxidants [115]. Thyroid hormones have 
been suggested to have an important role in the control of oxidant-antioxi
dant balance, although the pertinent data are not unequivocal. The antioxi
dant action of thyroxine and reverse T 3 has been demonstrated, whereas other 
authors found that the administration or endogenous overproduction of thy
roid hormones produced a prooxidant state indicated by increased CuZnSOD 
activity. Thyroid hormones also increased oncogenic transformation, which 
could be inhibited with SOD. The antioxidant action of thyroid hormones 
does not exclude their producing a prooxidant state, since this effect may be 
due to an increase of the basal metabolism - which is a well-known effect of 
these hormones - leading to increased univalent leakage [433, 558]. 

21.1 Summary 

Hardly anything is known about the connection between hormones and free radical 
reactions. Reliable data are only available as regards the antioxidant effect of corti
costeroids. 

22 Ophthalmological Aspects 

The aetiological role of free radical reactions in the development of cata
racts has been proved. The MDA content of rat lenses incubated with light 
was six times that of controls kept in the dark and with freshly removed 
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lenses. SOD, CAT and ascorbate inhibited the photoperoxidation of the lens. 
Increased MDA was also found in human senile cataracts and in experimen
tal cataracts. MDA forms cross-links with the aminophospholipids of the lens: 
a phosphatidylethanolamine-MDA-phosphatidylserine adduct was demon
strated by thin-layer chromatography. Other antioxidants, e.g. vitamin E and 
centrophenoxine were also found to have a protective effect in vivo in the ex
perimental cataract of rabbits and also in vitro. Crouch measured concur
rently the SOD level by an immunological technique and SOD activity by bio
chemical means, and found an age-dependent decrease in enzyme activity, 
while the amount of the immunologically reactive enzyme did not change. 
This indicates that the antioxidant protection of the lens decreases with age. 
Cataract frequency increases in the aged, in diab.etes (in which free radical 
reactions also playa role), in herbicide poisoning caused by agents with a di
quat/paraquat structure, and in repair deficiency syndromes. Senile cataract is 
caused by a slow photoperoxidation which is due to chronic light exposure. 
This probably leads to ROI release and LPO in the lens. The function of as
corbate which is present in the aqueous humour has not been established. The 
free radical theory of cataract formation explains the physiological protective 
function of the antioxidant ascorbate. In India for example, where there is ex
posure to excessive sunlight and the diet contains little vitamin C, the inci
dence of cataract is very high [35, 36, 96, 518, 561, 562]. 

Corneal endothelial lesion frequently occurs in inflammatory diseases of 
the eye. This process may be mediated, at least partly, by ROls produced as a 
result of the function of cells participating in the inflammatory reaction 
(phagocytes). CAT was found to inhibit experimental damage of the ~orneal 
endothelium induced with ROI-generating systems. Its use, therefore, may be 
justified in the palliative treatment of inflammations of the eye [268, 269]. 

22.1 Summary 

The free radical theory of the photoperoxidative mechanism of s~nile cataract and 
cataracts associated with drugs and diseases is well supported by experimental evi
dence and furnishes the most up-to-date explanation of cataractogenesis. 

23 Free Radical Reactions in Muscular Dystrophy 

The participation of free radicals in the development of primary muscular dis
eases has been indicated by several data, but their role is not clear. Besides 
other symptoms, deficiency of selenium and vitamin E causes muscular dys
trophy in animals (cat, sheep, mice) [322, 412]. Increased levels of TBA reac
tive products, lysosomal enzymes and antioxidant enzymes have been de
scribed in dystrophic chickens. All these changes indicate the presence of 
oxidant stress. The level of serum and a-cysteine proteinase inhibitor (a-CPI) 
increased in vitamin E-deficient rats suffering from muscular dystrophy. The 
activity of the tissue lysosomal enzyme proteinase increases in muscle degen
eration, inducing a compensatory increase in the activity of a-CPI, which in-
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hibits proteinase. In addition to vitamin E, ethoxyquin administration was 
found to prevent the morphological changes and the growth of lX-CPI activity 
- almost as actively as vitamin E - without, however, saving any vitamin E 
[227, 369, 370]. The chickens with muscular dystrophy are a good model of 
this condition in humas because of the similar histological changes. The data 
available refer to chickens in which muscular dystrophy had run its full 
course and it could not, therefore, be decided whether the prooxidant state is 
a primary cause of the disease, or whether it develops secondarily as a result 
of tissue damage or due to ROIs released during phagocytosis in the muscle. 

Therefore, Mizuno studied these parameters 1-2 weeks after hatching, 
when the morphological changes are hardly apparent, and no phagocytes have 
yet been attracted to the muscle. Increased activity of antioxidant enzymes 
(CuZnSOD, CAT, GP, glutathione reductase) and an increased level of TBA 
reactive products were found in this case, too. This indicates the participation 
of free radical reactions in the aetiology of the disease, besides basic genetic 
factors. The activity of antioxidant enzymes and the level of TBA reactive pro
ducts gradually decreased in the controls, while in the dystrophic chickens 
they persisted on a high level. The mechanism whereby the pro oxidant state 
causes muscular dystrophy is not 'known. The decrease or loss of activity of 
some enzymes may lead to inhibition of the SH groups of enzymes and pro
teins, and the damaging effect of the subsequent LPO may also be involved 
[369, 370]. 

23.1 Myotonic Dystrophy 

Decreased serum selenium levels have been found in myotonic dystrophy 
(MD). This is a chronic disease of unknown aetiology, and although its pro
gression is slow, it cannot be influenced by therapy. The fIrst reports on suc
cessful selenium therapy of MD have been published by Swedish authors. 
Long-term administration (13 months) of selenium resulted in considerable 
objective and subjective improvement, the muscular strength increased and 
the pathological EMG changes regressed [411, 412]. 

23.2 Duchenne-type Muscular Dystrophy 

Primary changes of the muscle membrane probably play an important role in 
the aetiology of muscular dystrophies. In the Duchenne-type dystrophy 
changes have been demonstrated in the membrane and also in several mem
brane-bound enzymes. Lysosomol activation is another standard change, 
which is probably elicited by LPO. The level of the protective enzymes and of 
LPO was investigated in human dystrophies. LPO was found to be increased. 
An increase was also found in GP and CAT, whereas SOD was unchanged. 
This indicates the tendency of the tissues to suppress LPO, which, however, 
failed for some reason [291, 361, 524]. 



24 Free Radical Reactions in Pyelonephritis, Uraemia and Urological Diseases 145 

23.3 Summary 

Selenium and vitamin E deficiency causes muscular dystrophy in animals. Biochemi
cal changes indicating the presence of oxidant stress were found in dystrophic ani
mals. The prooxidant state probably plays an aetiological role in dystrophy and is 
not secondary to tissue damage. In human myotonic dystrophy and Duchenne-type 
dystrophy free radical reactions may playa role, but this has not been proved. An
tioxidant selenium therapy has been reported to be beneficial in myotonic dystrophy. 

24 Free Radical Reactions in Pyelonephritis, 
Uraemia and Urological Diseases 

Pyelonephritis is usually caused by ascending bacterial infection of the kidney 
and leads to its scarring and contraction. Scarring is unlikely to be caused by 
autoimmune mechanisms. It also occurs in the absence of cytotoxic cells (T
cells). If the acute inflammation is cured with antibiotics, the development of 
chronic pyelonephritis can be preventep. When animals were made neutrop
enic, the renal tissue was not damaged by bacterial infection. These data sug
gest that neutrophils have a role in the development of the disease. Persisting 
bacteria activate the respiratory burst, chemotactic factor is produced, and the 
inflammatory mechanism damaging the tubule cells is triggered. The process 
becomes chronic owing to the persisting bacteria and the chronic activation of 
neutrophils leads to fibrosis. In the monkey model of ascending pyelonephri
tis, SOD mitigated the inflammatory response and the damage of renal tissue, 
but did not prevent it, indicating that other factors besides free radicals are in
volved. SOD treatment might be a useful means of causal therapy [460]. 

Accumulation of TBA reactive substances was found in the blood of urae
mic patients; the majority corresponded to MDA. Anaemia in chronic renal 
insufficiency is attributed to erythropoietin deficiency, inhibition of erythro
poiesis and heme synthesis, and also to the shorter life span of erythrocytes, 
which is due to circulating plasma factors. MDA is one of the possible plasma 
factors. The incorporation of MDA into the red cell membrane and its conse
quences, i.e. changed cation permeability and decreased deformability, were 
described in Sect. 19. The erythrocytes of uraemic patients show both of these 
changes. In addition, decreased SOD activity and GSH level were found in 
the erythrocytes in uraemia. These were regarded as the secondary conse
quences of LPO. It has been suggested that MDA might be a uraemic toxin 
[300, 560]. 

SOD therapy has been tested in several urological diseases. Excellent re
sults were achieved in irradiation cystitis and in other types of chronic cysti
tis, and in hydrocele. The effect was superior to that of earlier treatment and 
no considerable side effects were noted. In chronic prostatitis the results were 
no better than those achieved by traditional therapy. SOD therapy was also in
itiated in plastic induration of the penis and the early results were favourable. 
SOD therapy in these diseases is only palliative, it is aimed at the mitigation 
of inflammation [339]. 
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24.1 Summary 

The involvement of free radical reactions via the activation of the respiratory burst 
of phagocytes by persisting bacteria has been suggested in pyelonephritis. Accumula
tion of TEA reactive substances was shown in the blood of uraemic patients. LPO 
products may play the role of uraemic toxins and they probably also participate in 
the development of nepropathic anaemia. SOD proved to be a useful palliative 
agent in a number of urological diseases. The role of free radicals in the pathogene
sis of these diseases has not been proved. 

25 Other Diseases: Down's Syndrome 

Down's syndrome is characterized by mental handicap, accelerated ageing, in
creased tumour frequency and immune dysfunction, among other manifesta
tions. The CuZnSOD level is elevated owing to the gene dose effect, because 
this enzyme is coded for by chromosome 21. At the same time, the mitochon
drial MnSOD level is lower. Increased GP concentration has been found in 
the patients' erythrocytes, which is probably due to a compensatory mecha
nism to neutralize H20 2 produced due to increased CuZnSOD activity. In the 
brain, however, the level of enzymes neutralizing H20 2 (GP and CAT) is low 
and probably cannot be induced either, or only slightly. This is shown by the 
normal cerebral GP activity of fetuses with Down's syndrome. Mental handi
cap, therefore, might be explained by the peroxidative damage of the brain. 
Increased LPO could indeed be demonstrated in Down's syndrome patients. 
The other changes mentioned can also be attributed to pathological free radi
cal reactions. The connection between SOD level and mental handicap was 
discussed in Sect. 5.4 [52, 53, 309, 404]. 

25.1 Summary 

Pathological free radical reactions which are due to a decreased mitochondrial 
MnSOD level probably playa role in the development of the changes characteristic 
of Down's syndrome. 

26 The Role of Free Radical Reactions in Photobiology 

Sunshine, like oxygen, may also have harmful effects irrespective of its im
portant biological role. It may cause skin burn, DNA damage, skin cancer (ba
sal cell carcinoma, epithelial melanoma), premature ageing of the skin and 
cataracts. The human skin is affected by wavelengths ranging from 290 to 
720 nm (UV-A, UV-B, visible light). Free radical reactions participate in the 
development of all these lesions. 

Sunburn of the skin is a complex inflammatory reaction in the course of 
which free radicals, lipid peroxides and, secondarily, PG are produced in the 
skin. Probably DNA is the primary acceptor of light energy. 
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Normal suntan develops in two phases. Immediate pigmentation, which is 
due to the oxidation of preformed melanin (a free radical reaction is also in
volved, see Cap. III Sect.4.2), is followed by melanogenesis, i.e. the formation 
of new pigment within 3-4 days. Free radicals playa role in this phase, too, by 
increasing the activity of the tyrosinase enzyme. 

Degenerative lesions of the skin (wrinkles, telangiectasia, keratosis) de
velop in those who are constantly exposed to sunshine. These changes corre
spond to the premature ageing of the skin. The frequency of skin cancer is 
also higher in such people. Free radicals are involved in this process, too. 

Photosensitivity is the abnormal sensitivity of skin to light. Two types are 
distinguished: 

1. Phototoxicity may develop in normal individuals as a result of concomi
tant exposure to the eliciting agent and to sunshine. It has no allergic compo
nent. 

2. Photoallergy only develops in sensitive individuals. In this type allergic 
mechanisms play a mayor role. 

Free radicals have an important part in phototoxicity. Phototoxicity reac
tions occurring in the presence of mole!=ular oxygen are called photodynamic 
reactions. The sensitizing agent may act directly without oxygen radical for
mation (e.g. psoralen, which is converted to free radical by light absorption, 
produces ROIs in the presence of O2 by releasing the energy it has acquired 
directly; porphyrin, see Sect. 18). The photoprotective and, at the same time, 
scavenger role of melanins is indicated by the increased sensitivity to this 
light-induced damage in people with white skin and hypopigmentation [345, 
424]. 

26.1 Summary 

The role of free radical reactions has been proved in the development of the noxious 
effects of sunshine (sunburn, DNA damage, premature ageing of the skin, cataract 
formation). Radicals may also participate in photocarcinogenesis. Melanin protects 
against sunshine owing to its scavenger action, but it may also be the source of ROJ 
production. Free radical mechanisms also play a role in photo toxicity reactions. 


