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NADPH methemoglobin reductase
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P-nicotinamide adenine dinucleotide (reduced)
NADH methemoglobin reductase
P-nicotinamide adenine dinucleotide phosphate (reduced)
NADPH methemoglobin reductase
Nuclear factor KB
Nitric oxide
N-dimethyl hydroxylamine
N-methyl hydroxylamine
N,O-dimethyl hydroxylamine
Singlet oxygen

Superoxide radical

Hydroxyl radical
O-ethyl hydroxylamine
O-methyl hydroxylamine
6-phosphogluconate dehydrogenase
Phosphate-buffered saline
Standard deviation
Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Selenium
Standard error
Standard error of the mean difference
Sulfhydryl groups
Superoxide dismutase
Short-term exposure limits
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General Introduction I I ,̂

Toxicology is the study of the adverse effects of chemicals on living organisms. The
toxicologist is specially trained to examine the nature of these adverse effects and to assess
the probability of their occurrence. The combination of a variety of potential adverse effects
and the diversity of chemicals present in our environment makes toxicology a very broad
science [77]. Therefore, toxicologists are usually specialised to work in one area of
toxicology.

As occupational toxicologists we are concerned with the prevention of health impairments in
workers who may be exposed to industrial chemicals. The working environment may present
the risk of workers' overexposure to various chemicals. It is obvious that the control of these
risks cannot wait until epidemiological studies have defined the no-adverse-effect level in
man. However, extrapolation from animal data or even from human tissue data also has its
limitations. Man is not a big rodent and is more than a jigsaw puzzle of tissue fragments. To
overcome this problem, toxicity studies in animals and human tissue can be combined with
insights in structure activity relationships. As a next step monitoring techniques can be used
to check exposure levels and for early evaluation of effects that occur during actual use of a
compound in the industry.

Monitoring activities has an important role in occupational and environmental practice. Most
obvious are the methods related to the evaluation of the presence of chemical agents either
in the contaminated environment or in the exposed organism. In the first case the
procedures are indicated as environmental monitoring, and in the latter case the procedures
are defined as biological monitoring [41]. Lately the arsenal of monitoring techniques has
been extended with test methods directed to the assessment of early, possibly reversible,
biological effects (biological effect monitoring). In order to use such effects for monitoring,
the relationship to health impairment does not need to be established. The proposal of tests
capable of detecting early adverse biological effects of industrial chemicals requires a
detailed knowledge of their mechanism of action. Unfortunately, for many chemicals, such
information is still missing. In such cases, the available screening tests are frequently too
insensitive for detecting health effects at a reversible stage. Further fundamental research on
the mechanism of action of industrial chemicals is needed for development of more useful
health surveillance procedures for workers [77].

In this thesis the attention is directed to the toxicity of aliphatic hydroxylamines. Several
derivatives of the parent compound hydroxylamine (H2NOH) are currently in use in the
chemical industry. However, the availability of toxicity and mechanistic data is limited and
almost restricted to data for the parent compound itself. To obtain information for risk
assessment a better understanding of the mechanism by which different hydroxylamines
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exert their toxic effects is necessary. Literature data suggest that the primary target for
hydroxylamine toxicity is the red blood cell [72,96,120,132,134,157,167]. Since human blood
is relatively readily available and well suited for biological evaluations it was used in /n wfro
experiments. The use of human cells foregoes the necessity for interspecies extrapolation
that is normally needed when animals or animal derived cells are used. It also offers extra
possibilities for mechanistic studies for instance because conditions can be used that would
not be possible /n wVo; such as the use of high concentrations of hydroxylamines, pre-
treatment with toxic substances like carbon monoxide, sodium borohydride, diethyldithio-
carbamate and aminotriazole, assessment of remaining antioxidant capacity with strong
oxidants like hydrogen peroxide and so on. The use of isolated human material also has its
disadvantages though. Isolated cells do not always have a normal physiological state and
effects on other tissues like the vascular wall or other neighbouring cells like white blood
cells are absent.

Despite these disadvantages, the results of the /n v/'fro studies were expected to improve our
insights in the toxic effects of hydroxylamines, to aid in better toxicological risk evaluations
and to provide us with parameters for biological effect monitoring studies. The toxicological
information obtained from the mechanistic ;n v/rro studies was indeed used to determine the
most critical aspects of the hematotoxic process and to define a critical exposure level below
which there is no reasonable doubt that adverse effects will occur in man. Furthermore,
these mechanistic studies were used to develop a potency ranking method for the different
hydroxylamines, and, as mentioned above, to provide some useful parameters for biological
effect monitoring of hydroxylamine exposure.

Toxicity of hydroxylamines

Hydroxylamines are chemicals belonging to the family of alkoxyamines. All hydroxylamines
studied in this thesis are derivatives of the parent compound hydroxylamine. Hydroxylamines
are used as intermediates in the production of Pharmaceuticals and pesticides, as reducing
agents in the dye-, perfume- and photographic industry, in aldehyde and ketone purification,
as oxidants for fatty acids and soaps, or as tanning agents [35,60]. Organic hydroxylamines
are also formed as intermediates by the enzymatic reduction of nitrates or nitrites or by the
oxidation of ammonia as a product of normal cell metabolism. These reactions are
components of an intracellular detoxification system [3,11,23]. Although hydroxylamine is a
product of normal cell metabolism, it is nevertheless moderately toxic to man, animals, and
even plants. However, its toxic reactions become manifest only at concentrations
substantially greater than those resulting from normal cell metabolism. Hydroxylamines are
also formed in the body from drugs such as amphetamine, ephedrine, and norephedrine
[60].

In this thesis we were interested in the following structurally related hydroxylamines:
hydroxylamine (HYAM), O-methyl hydroxylamine (OMH), O-ethyl hydroxylamine (OEH),
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N,O-dimethyl hydroxylamine (NODMH), N-methyl hydroxylamine (NMH) and N-dimethyl
hydroxylamine (NDMH). In figure 1 the structures of these hydroxylamine analogues are
depicted. Most of these hydroxylamines are currently in use in the chemical industry.

' - • ' • - ••-•-•••• • " •" • ' • " : ' o C - ' - ' • - ' • • V - ' ' " - . ' - - " ~ 3 )

)N-O-CH3 PN-O-CJHJ ,0
^ OMH ^ OEH un

H '
H3C. " ™ " H3C.

)N-O-H /N-O-CH3

" NMH "

) N-O-H
H3C

NDMH

Figure 1: Structure analogues of hydroxylamine (HYAM). O-methylhydroxylamine (OMH); O-ethyl
hydroxylamine (OEH); N-methyl hydroxylamine (NMH); N-dimethyl hydroxylamine (NDMH); N,0-
dimethyl hydroxylamine (NODMH).

Animal data
Information on the toxicity of the above mentioned hydroxylamines is very limited. Therefore,
the toxicity of the parent compound HYAM is mainly discussed.

/4cufe and subacufe tox/c/fy
Studies on the acute toxicity of HYAM and its salts have given variable results and are listed
in table 1. An oral LD50 for HYAM (free base) in the dog of 200 mg/kg has been established.
For the hydrochloride a range from 192 to 600 mg/kg was found in rats and mice, while in
these species a range of 500-1000 mg/kg was observed for the sulphate [14,60,82,120]. The
latter compound is the only one for which dermal LDso's are known: a range of 1500 to 2000
mg/kg has been reported for the rabbit [14]. No inhalation studies are available for the
different compounds. The inhalation of vapour from saturated aqueous solutions of HYAM
hydrochloride or HYAM sulphate for 1 hour (no details of concentration) is tolerated by rats
without any signs of toxicity [14]. Contact of HYAM with the skin results in slight irritation that
may eventually culminate in dermatitis and sensitisation in man as well as in animals
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[4,47,55]. In contact with more delicate tissues such as those of the eyes, it is corrosive and
the corrosive effect or the damage is only slightly reversible within 1-week [35].
Effects on the blood have predominantly been observed in mice, rats, rabbits and cats after
single and repeated oral, intraperitoneal, subcutaneous or dermal administration of HYAM
(5-75 mg/kg) [4,14,35,134]. The major effect seen in blood was elevation of methemoglobin
levels, with the added features of methemoglobinemia, sulfhemoglobinemia and moderate
anemia. Heinz bodies were also observed. At necropsy high incidence of enlarged and
darkened spleens were found in these species, regardless of the dose level or route of
exposure.

Table 1: Acute toxicity of hydroxylamine and its salts

Species

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rabbit
Guinea pig
Dog
Dog

Compound tested

Chloride
Chloride
Sulphate
Chloride
Chloride
Chloride
Chloride

Free base
Sulphate
Chloride
Chloride
Sulphate
Sulphate
Sulphate
Chloride

Free base
Free base
Sulphate
Chloride

Free base
Chloride

Route of
administration

Oral
Oral
Oral

Intraperitoneal
Intraperitoneal
Intraperitoneal
Intraperitoneal
Intraperitoneal
Intraperitoneal

Oral
Oral
Oral
Oral
Oral

Intraperitoneal
Intraperitoneal

Subcutane
Dermal

Intraperitoneal
Oral

Subcutane

LD50
(mg/kg)

420
400
1000
127
100
180
250
60
142
192
600
545

500-1000
642
140
59
29

1500-2000
70

200
70

Reference

[120]
[82]
[14]
[134]
[82]
[14]
[60]
[82]
[14]
[60]
[14]
[60]
[14]
[14]
[60]
[82]
[82]
[14]
[60]
[60]
[14]

Siv£>cftron/c and cnron/c fox/c/fy
After administration of HYAM sulphate in the drinking water of rats for 3 months (maximum
concentration 20 mg/kg bw/day), the animals had developed anemia (dose-related), with
corresponding hematological changes and hemosiderosis [14]. Athropy of the thyroid gland
and a 4- to 5-fold enlargement of the spleen have been described in rats given milk
containing 350 mg/kg bw/day HYAM hydrochloride for 6 months. This daily feeding of HYAM
hydrochloride had no influence on the general condition and the growth-rate of the rats [120].



Genera/ /nfroducf/on 15

In a large-scale study, 172 rabbits were injected intravenously with 2.5 mg/kg HYAM
hydrochloride 6 days per week, for a period as long as 19 months. The rabbits showed
methemoglobin formation, anemia and reticulocytosis. The hematological effects were
present in all animals, but there were no symptoms that could be interpreted with certainty as
dysfunction or blocking of the erythropoietic system [72]. A similar study, conducted more
than 20 years later, involving rabbits injected intravenously daily with as little as 1 mg/kg
HYAM hydrochloride also resulted in anemic animals [4]. Long-term administration of HYAM
sulphate (52 weeks) to mice in their drinking water, at a concentration of 3 g/l resulted in
splenomegaly, a decrease in red blood cells, and an increase in white blood cells. These
effects were reversible after 8 and 18 weeks. There was also bone formation (osseous
metaplasia) in the spleen of about 50% of the mice. These effects were also seen for OMH
at a concentration of 6 g/l, although the effects were somewhat less pronounced [167]. , , . ,^

Carc/nogen/c/fy
Although N-nitroso-O-, and N-diethyl-hydroxylamine given orally caused multiple carcinomas
of paranasal sinuses, lung, and stomach in 25 out of 28 male rats [155], HYAM, itself, has
been shown to be noncarcinogenic after chronic administration to mice [167]. In this same
study it was also demonstrated that OMH did not cause tumour formation in mice. Other
reports confirm that HYAM does not show any carcinogenic activity in a variety of tests [143].
In certain cases some carcinostatic effects of HYAM have been described
[60,66,117,118,167]. However, in another study with rats, HYAM caused excessive growth
and secretory activity of the mammary gland [14].

Mutegen/c/ry
Numerous studies have investigated the genotoxic potential of HYAM and its salts
[21,37,38,48,49,61,85,97,110,116,131,135,137,146,149]. The results of these tests are not
consistent. Both positive and negative results have been obtained in /n wfro tests for the
induction of point mutations, but two Salmonella tests which were carried out independently
of each other gave negative results both with and without metabolic activation [97,131].
Tests for clastogenic activity and DNA exchange have proved positive, almost without
exception [21,48,49,61,135,137]. From these studies it is known that HYAM reacts with
pyrimidine bases, such as cytosine and uracil. Cell transformation tests have again given
both positive and negative results [37,116,149]. /n v/Vo, most studies on Drosophilia
melanogaster have been positive [15,22,43,58,73,126,127,166], while in the dominant lethal
assay in mice HYAM sulphate was without effect [39,40].

fleprocfucf/Ve tox/c/ry and ferafogen/c/fy
No foetal abnormalities were found in rats which have been dosed with amounts of HYAM
that were capable of causing some maternal deaths [26,80]. When dairy heifers were fed
daily amounts of HYAM with their feed (40 to 60 mg) from the time they were 2 months
pregnant throughout their pregnancy -a dose sufficient to produce methemoglobin- no
detrimental effect was observed on the calves [157]. Although, one report indicated that no
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teratogenic effects of HYAM were noted in chicken [141], another study observed
abnormalities in the lower extremities of developing chicken embryos [142]. Using mice as
test subjects, HYAM sulphate was listed as one of the agents producing early foetal deaths
and preimplantation losses [40]. No mutations were noted. In a study of pregnant rabbits
injected intravenously with HYAM, abnormalities in cephalic development were observed
[169].

Human data ' .
It is reported that in workers working with HYAM (concentration unknown), methemoglobin
levels up to 25% have occurred at the end of the working day [14]. According to another
report quoted by Gross [60], the accidental ingestion of "two swallows" of a HYAM solution
caused nausea, vomiting, cyanosis and hemolytic anemia that was only slowly reversible.
Martin ef a/ [96] described the development of serious anemia in five laboratory workers
working with methylated hydroxylamines (O-methyl, N,O-dimethyl and trimethyl
hydroxylamine). In the most acute patient lowered hemoglobin and increased serum iron
levels were found, indicating hemolytic anemia. All exposed workers had increased numbers
of bone marrow erythroblasts and the reticulocyte numbers were increased in two out of five
exposed workers. Heinz bodies were not found and methemoglobin could not be detected.
Skin irritation due to HYAM hydrochloride or sulphate has also been described in humans
[47,55,56].

Human Erythrocytes

Blood cells are among the easiest available cells from within the body. They can be obtained
with hardly invasive techniques, and therefore volunteers can easily be found. The
erythrocyte is an extremely specialised cell and many organelles normally present in human
cells are not present in mature erythrocytes (e.g. nucleus, ribosomes, mitochondria). In other
words, the erythrocyte is a cell that can be thought of as composed of two parts, the
cytoplasm and the membrane. The cytoplasm is so packed with hemoglobin that 90% to
95% of the dry weight of the cell is hemoglobin [16]. The actual hemoglobin concentration is
usually 320 to 360 g/l of cytoplasm. The cytoplasm also contains all of the glycolytic
enzymes and enzymes involved in protection against oxidative stress.

The other major component of the erythrocyte is the membrane. The membrane is
essentially a lipid bilayer containing cholesterol and certain intrinsic membrane proteins
embedded in it [62]. The lipid bilayer consist of phospholipids with the hydrophilic heads
oriented to the outside and the hydrophobic tails oriented to the inside. One of the intrinsic
membrane proteins is called band 3, so named because of its relative electrophoretic
position. Other intrinsic membrane proteins include a set of three proteins called
fif/ycopA)orins [91-93]. Underlying the lipid bilayer on the cytoplasmic surface is a network of
proteins called the cytoskeleton. One of the major proteins in the cytoskeleton is called
specfrin. Spectrin is a large molecule that forms a tetramer with head-to-head association of
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dimers. Near the head junction, spectrin is linked to band 3 protein of the membrane through
a protein referred to as an/cynn. Near the tail end of the spectrin there is a complex of
proteins involving an oligomer of actin subunits together with another protein called band 4. T
[9 ,57,92] . . • •; : ' • ' :•• : ;• ; - ' ••••• - < • . . • - . . • / . , . . v , ; - v ' . ; •••..• ; ; , r - - ? : , ^ / .

The structure of the red cell membrane is responsible for the well known biconcave disc
shape of the red blood cell. Normal human red cells have a diameter of 7.5 to 8.7 um, which
decreases slightly with cell age. They have an average volume of 90 x 10"^ L and a surface
area of approximately 136 urn* [24,79]. Under flow circumstances in the circulation the cell
actually develops more of a helmet shape. This shape results from the force of blood flow,
producing shear deformation of the cell. The requirement to yield to shear deformation
means that the red cell membrane has to be remarkably flexible. The flexibility and excess
membrane surface are such to allow the cell to swell to a sphere of approximately 150 x
10'^ L or to enter a capillary of 2.8 um in diameter [16].

Human erythrocytes have a longevity of about 120 days [28], and new cells are continuously
being formed in the hematopoietic tissues located mainly in the bone marrow. Their main
function is the transport of oxygen from the lungs to the other tissues and carbon dioxide in
the opposite direction. This binding, transport, and delivery of oxygen do not require the
expenditure of metabolic energy by the red blood cell. However, if the red blood cell is to
perform its function efficiently, and to survive in the circulation for its full life-span, it must
have a source of energy. This energy is needed to maintain the following: (1) the iron of
hemoglobin in the divalent form; (2) the high potassium and low calcium and sodium levels
within the cell against a gradient imposed by the high plasma calcium and sodium and low
plasma potassium levels; (3) the sulfhydryl groups of red cell enzymes, hemoglobin, and
membranes in the active, reduced form; and (4) the biconcave shape of the cell [13,16].

Energy source
The erythrocyte does not have an oxidative phosphorylation system, a cytochrome system,
nor a Krebs cycle. It cannot synthesize lipids, and, of course, it cannot synthesize proteins
since it loses its nucleus before it enters the circulation and most of its RNA within 1 or 2
days of its release into the circulation [144]. The energy supply is totally dependent on the
enzyme-controlled glycolytic system in which glucose is converted to lactic acid. The
erythrocyte cannot further utilise either pyruvate or lactate, and these substances diffuse out
into the plasma. ATP is the main product of glycolysis and two molecules of ATP are
generated from ADP for each glucose molecule metabolised. The ATP formed is sufficient to
maintain shape, volume and flexibility of the red blood cells [13,16]. Another major product of
glycolysis is DPG (diphosphoglycerate). This compound plays an important role in oxygen
dissociation. After releasing oxygen, DPG assumes a position in between two p-chains of the
hemoglobin molecule, and by doing so reduces the affinity for oxygen and facilitates the
release of oxygen to tissues [8].
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1
Another pathway that branches off the main glycolytic pathway is the hexose 1
monophosphate shunt. The first step of this pathway is catalysed by the enzyme glucose '
6-phosphate dehydrogenase (G6PDH). Both this step and the subsequent step cause the
reduction of NADP to NADPH [144]. This is required for the reduction of oxidised glutathione
(GSSG) to reduced glutathione (GSH) and for the reduction of mixed disulphides of
hemoglobin and GSH [138]. GSH is required to protect the cell against oxidative stress,
which is illustrated in Figure 2. This figure shows that the production of NADPH is linked
through a series of reactions to the eventual detoxification of peroxide. Oxidant-type stress is
a constant feature of the life of the red cell, partly because of its role in oxygen transport.
Thus, the intactness of this pathway is important for the defence of the cell against this type
of stress.

Glucose

ATP-

ADP

Hexokinase

G6P

GPI

F6P

•> 6PG R5P

Figure 2: The antioxidant cascade stemming from the hexose monophosphate shunt.

Hemoglobin
As mentioned before the primary function of the red cell is to transport oxygen, and

hemoglobin is the molecule that transports that oxygen. The hemoglobin molecule in normal

adults has a molecular weight of 68,000 and consists of four polypeptide chains, two a and

two p chains. The a and (3 chains have different sequences of amino acids but fold up to

form similar three-dimensional structures. Each chain harbours one heme, which gives blood

its red colour. The heme consist of a ring of carbon, nitrogen, and hydrogen atoms called
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porphyrin, with an atom of iron at its centre (see figure 3) [115]. The four polypeptide chains
fit together in a precise way, primarily by hydrophobic bonding; that is, the amino acid
residues that provide the contact points between the chains are primarily hydrophobic. On
the other hand, those amino acid residues that are on the surface of the tetrameric molecule
are largely hydrophilic [13,16].

The conformation of the oxygenated hemoglobin tetramer is different from that of the
deoxygenated form. Certain residues are protonated in the Oxy conformation but at the time
of deoxygenation lose a proton. This allows the formation of salt bridges between the
charged groups of different chains. The residues involved are called the Bohr groups, and
the loss of protons during deoxygenation is called the Bohr e/fecf. The additional rigidity of
the tetrameric structure caused by the salt bridges has led to the term tense, or T, for the
deoxy structure as opposed to the re/axed, or ft, structure for the Oxy conformation [53].

coo-
•H, CH,

\ » i H )=H,

H.C

Protoporphyrin IX

Figure 3: Structure of heme (ferroprotoporphyrin IX)

Ham*
(F»-proioporphyrin IX)

Carbon monoxide (CO) and nitiric oxide (NO) combine with heme iron and have a much
higher affinity for it than oxygen, which they are therefore able to displace [75,107]. If the CO
affinity of hemoglobin were as high as that of free ferrous heme, vertebrate life could not
exist. Steric factors in the heme pocket of hemoglobin lower the CO affinity relative to the
oxygen affinity sufficiently to reduce the fraction of hemoglobin poisoned with endogenously
produced CO. Moreover, the combination of one of the four hemes in any hemoglobin
molecule with CO raises the oxygen affinity of the remaining three hemes by heme-heme
interaction [115]. However, a higher oxygen affinity of the remaining heme groups also
means that less oxygen is transported and released to tissues, which is not advantageous.

Methemoglobin is the form of hemoglobin in which the iron of the heme has been oxidised to
the ferric (Fe^*) state compared with the usual ferrous (Fe**) state. Methemoglobin is non-
functional because it cannot bind and therefore cannot transport oxygen. About 1% to 3% of
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the hemoglobin is converted into methemoglobin every day, and without a reducing system
the cell would soon become non-functional [25]. The red cell contains both NADH and
NADPH methemoglobin reductases for regulation of the conversion of methemoglobin to
oxyhemoglobin. The NADH methemoglobin reductase is the principal reductase for the
enzymatic conversion of methemoglobin to oxyhemoglobin and is dependent on the
glycolytic pathway for NADH reduction [148]. The activity of the NADPH methemoglobin
reductase -depending on the hexose monophosphate shunt for NADPH reduction- accounts
for only about 20% of total methemoglobin reduction under normal conditions [168].
However, during stress conditions it may be of much more importance [123]. Thus the
properties which prevent the formation of methemoglobin in excessive quantities in normal
circumstances are the structural integrity of the hemoglobin molecule, the activity of NADH
methemoglobin reductase and the reserve activity of NADPH methemoglobin reductase.

Sulfhemoglobin is a compound in which the irons are in the ferrous state but the oxygen
affinity is about 100 times lower than that of normal hemoglobin [13]. The sulphur is not
liganded to the iron but is found in the porphyrin ring.

Oxidative damage in erythrocytes

The human erythrocyte is a cell that one might expect to be at risk for free radical damage
[27,32,67]. The combination of several factors such as an active metalloprotein, hemoglobin,
that can function as an oxidase and a peroxidase [101,102], high oxygen tension in many
areas of the circulation, membrane proteins and other functional proteins that can become
cross-linked, and unsaturated fatty acids that can be oxidised provides an environment for
potentially deleterious reactions to the red cell. These reactions could lead to normal cell
ageing but under certain pathological conditions, or under conditions of oxidative stress, this
will lead to premature loss of cellular function and integrity.

Ox/daf/on or" riemog/oto/n
Most free radical reactions in the red cell are initiated through hemoglobin, which can
reductively activate O2, as well as oxidise or reduce other compounds to radical

intermediates. It is well known that superoxide (O;") is produced when oxyhemoglobin
autoxidises [25,106,153]. Normally the heme iron electron binding O2 returns to the iron
when oxygen is released, and the iron remains in its ferrous state. When water or other small
anions enter the heme pocket -which is normally prevented due to the hydrophobic nature of
this pocket- oxygen can be displaced with an extra electron, i.e. as superoxide (eg. 7.7). As
a result of this phenomenon there is a continual spontaneous source of activated oxygen
within the erythrocyte.

- O, + / / ,0 -> / /We" - 0 / / + O~* (7.7;
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Superoxide can both oxidise oxyhemoglobin to methemoglobin, and reduce methemoglobin
to oxyhemoglobin [145,163]. It can also react slowly with GSH, giving predominantly GSSG,
with the sulphonate and possibly singlet oxygen as minor products [154]. However, the rate
of reactions of superoxide with hemoglobin are slow, so that less than 1% of any superoxide
formed in the erythrocyte is likely to react with hemoglobin rather than with superoxide
dismutase (SOD) [145]. Considering the high concentration of hemoglobin, other reactions of
superoxide in the bulk cytoplasm are probably of minor significance.

Superoxide can dismutate spontaneously and this process can be catalyzed enzymatically
by SOD [50]. In the latter case, in addition to H2O2 also the highly reactive singlet oxygen
('O2) is formed. Superoxide and H2O2 are involved in the formation of the hydroxyl radical
(OH*), which is the most reactive oxygen radical known [65]. This redox reaction occurs in
the presence of transition metal ions such as iron and copper salts. This metal catalysed
reaction is known as the Haber-Weiss reaction (eg. 7.4) [63].

o;' + //jo, -> O;, + o/r + o/r fr.4;

Another source of radicals is the interaction of hemoglobin with redox active compounds.
These compounds can be either reducing agents or oxidising agents, and the reactions are
predominantly of two types: either oxidation of the former by the heme-bound oxygen
(eg. 7.5), or reduction of the latter by the heme iron (eg. 7.6) [159].

+ /T + Wj02 C7.5J

+0,+/? ' (7.6;

The products formed in reaction 7.5 are all capable of undergoing further reactions, with
themselves, with the initial reactants, and with O2, giving rise to other radicals such as
superoxide and hemoglobin-peroxide complexes (ferryl species). The free radical
intermediate, produced in reaction 7.6, is in most cases a reducing radical and can react with
oxygen to give superoxide. Hydrogen peroxide can then be produced by dismutation of
superoxide [29]. Again a mixture of radicals, H2O2 and consequently hemoglobin-peroxide
complexes are obtained. These hemoglobin-peroxide complexes are strong oxidising
species which are capable of at least some of the reactions of the high reactive hydroxyl
radical (OH") [159]. On the whole, these reactions generate a complex mixture of products
which oxidise hemoglobin. The characteristic effect of excessive oxidation of hemoglobin is
denaturation of the molecule with precipitation, condensation and attachment of the
denatured protein to the inside of the membrane. The insoluble precipitates are Heinz bodies
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[140]. The overall outcome of this reaction is frequently early destruction of the erythrocytes
(see figure 4). The results presented in this thesis indicate that such a complex, multistep
process can certainly be applied for the different hydroxylamines.

Ox/c/af/on of fne red ce// membrane
As mentioned above, the red cell membrane consist of a lipid bilayer made up of
phospholipids and cholesterol with a complicated membrane skeleton of proteins, to which
various carbohydrate or lipid groups are attached. The phospholipids have fatty acids side
chains of which some are unsaturated fatty acids. These reduced, double-bonded groups
play a part in membrane flexibility but are also susceptible to lipid peroxidation [27,129].
Especially the methyl groups between two cis double bonds in polyunsaturated lipids are
sensitive to lipid peroxidation [124].

Free radicals react with the polyunsaturated lipids in a chemical process involving three
stages: initiation, propagation, and termination. In the initiation phase a hydrogen atom is
abstracted from a carbon atom. Since a hydrogen atom has only one electron, this leaves
behind an unpaired electron on the carbon. This carbon-centred radical undergoes a
molecular rearrangement to form a conjugated diene which then combines with oxygen to
form a peroxy radical [129]. This peroxy radical is able to abstract a hydrogen atom from
another fatty acid and so propagates a chain reaction. In the final step two unpaired
electrons come together to form an electron pair thereby terminating the chain reaction [27].
Since the probability for two radicals colliding is much smaller than that for each of the
radicals to hit another molecule, lipid peroxidation does not usually terminate until
considerable numbers of radicals have been formed. In other words, once initiated, lipid
peroxidation will most likely not terminate until extensive damage to lipid molecules has
occurred.

The red cell membrane may be damaged in other ways than by lipid peroxidation. Reduced
sulfhydryl groups (SH) are present mainly on the inner surface of the membrane [44],
Oxidation and the formation of mixed disulphides is associated with hemolytic mechanism
[100,160]. Several studies have shown that oxidation of membrane proteins occurs
independently of lipid peroxidation [34,54,150]. As such, protein oxidation (intrachain and
interchain) can also be an important step in membrane damage (see also next paragraph on
oxidation of cellular proteins).

Ox/cfaf/on of ce//u/arprofe/ns
A consequence of free radical attack on proteins can be loss of function, for example loss of
catalytic activity for enzymes. Enzymes will be especially sensitive to radicals when reactive
species are formed at the active sites. Superoxide and hydroxyl radicals can inhibit catalase
[78,156]. SOD loses enzymatic activity when exposed to H2O2, probably due to the formation
of OH* radicals near the active site [69,87]. Glutathione peroxidase (GPX) is inhibited by
superoxide radicals. This inhibition is thought to involve oxidation of the selenocysteine
residue at the active site of the enzyme [19]. The activity of glutathione S-transferase n
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(GSTrc) in human erythrocytes is known to be inactivated by H2O2. The first stage of the
latter inactivation is reversible since GST could be reactivated with purified rat liver
thioltransferase (TT) [125]. Human GSTn is known to contain 4 cysteine residues at the 14*,
47*, 101* and 169* positions [89]. The cysteine residues at the 47* and 101* position were
found to be critical for the observed inactivation of GST71. Disulphide formation between
these residues, resulting in steric hindrance, was considered the most probable cause for the

inactivation.
• : . • • • • . • , - - / , u : •-/..  > * . , , & c ) £ c ! v . '

The inhibition of GST by oxidative stress seems to be more or less specific for GSTn.
Nishinaka et al. [112] showed that class 71 porcine lens GST could be inactivated by a
xanthine-xanthine oxidase system and by H2O2. On the other hand, bovine lens GST - which
belongs to class |u - was not sensitive to these factors. In fact, class u GST as well as
microsomal GST, can even be activated by active oxygen species [2,84,109]. GSTs from the
a class can be inactivated by active oxygen species [109], but they are less sensitive than 71
class GST.

In general, any enzyme bearing an accessible thiol group essential for activity is susceptible
to formation of protein-mixed disulphides or intramolecular disulphides by reacting with small
disulphides, this being accompanied by an increase or decrease in the enzyme activity [128].
The results presented in the next chapters indicate that the activity loss of GST and GPX
after exposure to hydroxylamines is likely to involve such an oxidation of critical cysteine
residues.

The reaction of the tripeptide glutathione with free radicals is of special importance. This is
related to its abundance in the cell and its function as a free radical scavenger. Under
oxidative stress conditions GSH is oxidised to the disulphide GSSG via different processes:
(a) direct oxidation of GSH into GSSG by oxidative compounds, (b) peroxidase activity of
both GPX and GST with concomitant oxidation of GSH, (c) reduction of vitamin C and E
leading to increased GSH oxidation and (d) the formation of mixed disulphides of GSH and
proteins by TT (see also next section). Since the erythrocytes must keep their reduced state,
GSSG must be reduced. At normal physiological conditions, GSSG is reduced into GSH by
glutathione reductase (GR) at the expense of NADPH. The regeneration of NADPH is
coupled to the hexose-monophosphate shunt, which has a high reserve capacity. Under
oxidative stress conditions up to 92% of the phosphorylated glucose can pass through this
pathway (normally about 11%) [1]. Under such conditions the turnover is no longer limited by
G6PDH but by phosphorylation of glucose itself, catalysed by hexokinase [147]. When the
reductive capacity of the erythrocyte is not high enough, erythrocyte GSSG will be exported
from erythrocytes by two separate ATP dependent transport systems [12]. Even under
normal conditions glutathione removal from mature erythrocytes is considerable, leading to a
turnover half-time of 2-4 days [68]. This export rate confronts erythrocytes with a problem
since GSH cannot be imported into the erythrocyte [158], but is synthetised in erythrocytes
by means of the glutathione synthetising enzymes y-glutamylcysteine synthetase and
glutathione synthetase [86]. Furthermore, erythrocytes lack y-glutamyltranspeptidase activity










































































































































































































































































