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Nitric oxide
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N-methyl hydroxylamine
N,O-dimethyl hydroxylamine
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Superoxide radical
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O-ethyl hydroxylamine
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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
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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
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which hampers the uptake of amino acids [139]. The availability of substrates, mainly of
glutamate since the permeability of the erythrocyte membrane for this amino acid is very low,
is considered to be a serious limiting factor in erythrocyte glutathione synthesis [12].
Altogether, this can mean that the erythrocyte is not able to keep its reduced state. Under
serious stress conditions GR activity may become insufficient to hold the high GSH/GSSG
ratio needed for optimum protection. The GSSG export system described above will then
remove part of the GSSG and as such compete with GR. Moreover, under severe stress
conditions the GSSG level will become high enough to allow formation of mixed protein-
glutathione disulphides by the reversal of the TT catalysed reaction shown in eg. 2.2. Since
GSSG export is ATP dependent, insufficient supply of ATP might also stimulate this
pathway. As stated above, import of GSH is not possible and the GSH synthesis can be
limited by slow amino acid uptake. Eventually this process will lead to damaged erythrocytes
and consequently to premature sequestration (see figure 4).

Oxy hemoglobin

Redox active compounds

Methemoglobin

Reactive intermediates N

Lipid peroxidation

Oxidised hemoglobin

Heinz bodies
Oxidised membrane
and cellular proteins

Membrane protein and lipid degradation

Premature sequestration

Figure 4: Process of oxidative denaturation in erythrocytes

Antioxidant defence in erythrocytes

Human erythrocytes possess enzymatic antioxidant mechanisms as well as non-enzymatic
antioxidants to cope with the toxic effects of oxidative stress. SOD, catalase, and GPX are
considered the primary antioxidant enzymes, since they are involved in the direct elimination
of reactive oxygen species. GST, GR, TT and G6PDH are secondary antioxidant enzymes
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which help in the detoxification of reactive oxygen species by decreasing peroxide levels
(GST) or by maintaining a steady supply of metabolic intermediates like glutathione (GR and
TT) and NADPH (G6PDH) for the primary antioxidant enzymes. The non-enzymatic small
molecular anitoxidants include among others sulfhydryl compounds such as GSH and thiols,
NADPH, ascorbic acid (vitamin C), uric acid and tocopherol (vitamin E). : - . ., . r,

Enzymatic anf/ox/danf defence
Superoxide dismutase (EC 1.15.1.1) was first discovered by McCord and Fridovich in 1969

[99]. The enzyme dismutates two molecules of superoxide (02*) to form H2O2 and O2

(eg. 7.7).

In eukaryotic cells there are several forms of the metalloprotein SOD, a Cu/Zn SOD, a Mn-
dependent SOD and an extracellular SOD (EC-SOD) [51]. Cu/Zn SOD is mainly found in the
cytosol and has a MW of 32,000 with two identical subunits. The copper ion is catalytically
active, undergoing cyclic reduction and oxidation during catalysis.The EC-SOD also contains
copper and zinc, however, it has a MW of 135,000. EC-SOD is composed of four equal
noncovalently bound subunits [94]. Mn SOD (MW 88,000) is found in the mitochondrial
matrix and as such is not present in erythrocytes. As mentioned before, the Cu/Zn SOD can
be inactivated by H2O2, the dismutation product of superoxide radicals. This is due to the
formation of site-specific hydroxyl radicals, which react at the copper ion in the active site
[69,87].

Catalase (EC 1.11.1.6) is one of the oldest known enzymes; it was named by Loew in 1901
[114]. The enzyme catalyses the breakdown of H2O2. H2O2 can be dangerous despite its
non-radical character, because it can react with reduced metal ions to form OH" radicals
(Fenton reaction; eg. 7.3).

The usual form of catalase has a MW of about 240,000 and consists of four protein subunits,
each containing a heme [Fe(lll)-protoporphyrin] group bound to its active site. Dissociation of
the molecule into its subunits causes loss of activity. Inhibition of catalase can occur due to
superoxide radicals [78] and OH* radicals [156]. As such, SOD and catalase protect each
other since superoxide inhibits catalase, while hydrogen peroxide may inhibit SOD
[69,78,87].

Glutathione peroxidase (EC 1.11.1.9) was first described by Mills in 1957 [105]. Organic
hydroperoxides are removed by GPX, which uses GSH as a hydrogen donor.
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This leads to the interconversion of GSH into its oxidised form GSSG. Adequate levels of
GSH are maintained by the NADPH-dependent enzyme GR that generates GSH from GSSG
(see eg. 2.0). By its selenium (Se) dependency, GPX can be divided into two forms:
Se-dependent GPX and Se-independent GPX (similar to GST). The Se-dependent GPX is
able to reduce H2O2 and organic hydroperoxides. The Se-independent GPX (GST) is only
abL> to reduce organic hydroperoxides. GPX is a tetramer of MW 84,000 with one residue of
selenocysteine per mole at each of the active sites and is found in both cytosol (70%) and
mitochondria (30%) [46]. As the organic hydroperoxides must be liberated form the cellular
membrane before it can be reduced by GPX, the action of phospholipase is a requirement
[81]. GPX activity is sensitive to superoxide anions which can react with the selenoate in the
active site of the enzyme [19].

Glutathione S-transferase (EC 2.5.1.18) were originally observed in the catalysis of the first
step in the formation of the mercapturic acids [20]. The enzymes are dimers of approximately
MW 50,000 with at least 7 different forms of subunits and 8 isoenzymes. The enzymes have
relatively low activity towards organic hydroperoxides but none at all towards H2O2. They
have multiple functions, but are mainly involved in the biotransformation of xenobiotics
[74,76] and detoxification of carcinogens [133]. The intracellular distribution was found to be
cytosolic and mitochondrial. The majority of the human erythrocyte GST consist of GSTp
(90-95%) which is a GSTrc class enzyme [18,89]. Apart from GSTp, erythrocytes contain
another GST which has been designated GSTa (5%) [6]. More recently another erythrocyte
GST has been described, GST0 [122]. This GST9 is important for the conjugation of
methylene chloride. Expression of this 0-class enzyme is known to be polymorfic [64]. As
mentioned before, inactivation of GST by oxidative stress seems to be more or less specific
for class n GSTs and this class of GSTs can be inactivated by superoxide and H2O2
[89,109,112].

Glutathione reductase (EC 1.6.4.2) was initially observed in livers from various animals by
Hopkins and Elliott in 1931 [70], and later isolated form ox, sheep, and rabbit liver by Mann
in 1932 [88]. The MW of the enzyme is about 120,000 with 2 subunits, each with the flavin
adenine dinucleotide (FAD) at its active site. It has a binding site for GSSG, NADPH and
FAD [83,90]. Electrons are supplied by NADPH and transported via FAD to the active site,
which is a disulphide [42]. As a result GSSG is reduced to GSH.

GSSG + M4D/7/ + W * °* > 2GS// + M4DP* (2.0;

The enzyme is found in cytosol and in mitochondria. GR activity is strongly decreased at
normal physiological conditions since it is inactivated by NADPH by modification of the
reduced enzyme [83]. GSSG protects GR against inactivation and is also able to reactivate
the enzyme. In case of oxidative stress, the GSSG concentration increases which activates
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GR to reduce GSSG into GSH, with concomitant increase of the NADP* concentration. This
increased NADP* concentration activates G6PDH, so that NADP* is converted into NADPH,
which can be used for the reduction of GSSG by GR [83].

Thioltransferase (EC 1.8.4.1) belongs to the family of thiol-disulphide oxidoreductases. The
MW of the enzyme is about 11,000 with four cysteine residues per protein molecule
[103,104]. The reduction of a cysteine bridge would be a two step process [152], in which the
disulphide bridge is reduced at the expense of glutathione oxidation. In human erythrocytes
this type of reactions are catalysed by thioltransferase [103,104]. : .

TT along with GR and G6PDH may play a crucial role in erythrocytes sulfhydryl homeostasis
by protecting SH-groups on enzymes, hemoglobin and proteins important for membrane
integrity. Moreover, at high intracellular GSSG concentrations, TT is also able to store GSSG
in the form of mixed disulphides [90].

The existence of a direct oxidative pathway for the oxidation of glucose-6-phosphate was
demonstrated in yeast extract in 1936 [36]. The purification of G6PDH (EC 1.1.1.49),
however, was not successful until 1961 [95]. The native human erythrocyte G6PDH exists in
a rapid equilibrium between a tetramer of MW 210,000 and a dimer of MW 105,000. The
subunits are identical in charge [30]. The hexose monophosphate shunt start with the
dehydrogenation of glucose 6-phosphate (G6P), a reaction catalysed by G6PDH. This
enzyme is highly specific for NADP*; the KM for NAD* is about a thousand times as great as
that for NADP* [144]. The product is 6-phosphoglucono-8-lactone, which is an intramolecular
ester between the C-1 carboxyl group and the C-5 hydroxylgroup. The next step is the
hydrolysis of 6-phosphoglucone-5-lactone by a specific lactonase to give
6-phosphogluconate. This six-carbon sugar is then oxidatively decarboxylated by
6-phosphogluconate dehydrogenase (6PGDH) to yield ribulose-5-phosphate. NADP* is
again the electron acceptor [144].

G6/> + NADP* °^°" >6 - p/i

6 - /j/iosp/ig/wcono - <5 - /actone + //jO—'°"*^"' > 6 -

6 - p/iosp/iog/Hcona/e + M4DP* "*°°" > WWase - 5 - p/iosp/iafe + M4D/V/ (2.5;

In other words, the hexose monophosphate shunt provides reducing equivalents in the form
of NADPH and pentose sugars for nucleotide metabolism. In human erythrocytes, flux
through the hexose monophosphate shunt maintains glutathione in the reduced form as one
of the main cellular anti-oxidative mechanisms [59]. Red cells are regularly subjected to high
oxygen tension and are among the first body cells exposed to exogenous oxidative
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substances that are ingested, injected or inhaled. The importance of this anti-oxidative
function is shown by the massive oxidant-induced hemolysis seen in subjects with a marked
deficiency of G6PDH [59]. This G6PDH deficiency in red cells, a sex-linked trait, is not a rare
disease. Female heterozygotes have two populations of red cells: one has normal enzymatic
activity, whereas the other is deficient. This inherited enzymatic deficiency is relatively
benign until exposure to certain xenobiotics (e.g. antimalarial drugs, oxidising or reducing
xenobiotics) [144].

Aton-enzymaf/c anf/ox/danf defence.
Thiol groups act as intracellular antioxidants by scavenging free radicals and through
enzymatic reactions. The tripeptide glutathione (L-y-glutamyl-L-cysteinyl-glycine) is the most
important cellular thiol with an intracellular concentration of 2 mM in erythrocytes [45]. As
seen above, GSH has a multifaceted role in antioxidant defence. It is a cosubstrate for
peroxide detoxification by GPX, for conjugation by GST and, through disulphide exchange
reactions via TT, it can reduce protein disulphides and regulate the thiol/disulphide status of
the cell. Furthermore, it can reduce vitamin C and E as will be discussed later on in this
chapter. GSH can also be important as a direct radical scavenger. It is considered to be a
major contributor to radioprotection and radical repair [136], and to protect against xenobiotic
radicals and endogenous oxidants [121]. GSH can react with a wide variety of radicals with
consequent generation of another radical, the thiyl radical (GS*; eg. 2.6), as is characteristic
of radical reactions [121,136,151]. Therefore, depending on the properties of the secondary
radical, such scavenging is not necessarily a defence or protective process.

/?* + GS// < >/?// + GS* (2.6J

GS* radicals have been historically considered as biologically benign. However, GS* is a
reactive radical that can oxidise compounds such as NADH and ascorbate, and abstract
hydrogen from polyunsaturated fatty acids to initiate lipid peroxidation [33]. To rationalise
these pro-oxidant properties with GSH being an efficient radical scavenging antioxidant, it is
necessary to consider alternative reactions of GS* and in particular the influence of oxygen.
For most radicals, eguaf/on 2.6 is thermodynamically unfavourable and the equilibrium lies
far to the left. It can, however, be kinetically driven by efficient removal of the thiyl radical
product [151,162]. This can occur via a reaction with the thiolate ion, followed by the fast
reaction of the disulphide radical ion with oxygen [162].

G55G"' + Oj »GSSG + Oj~"

Whether this sequence is favoured over either thiyl radical combination or reaction with
oxygen to give the peroxysulphenyl radical (GSOO*) will depend on the concentration of
GSH and on the pH and pO2 [5]. However, at physiological pH and pC>2 reactions 2.7 and 2.8
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have been shown to be the major route for thiyl radical decay in a number of studies
[161,164] and provide the necessary driving force for GSH to act as an efficient scavenger
[108,162]. The implication is that GSH would be a poor scavenger in the absence of oxygen,
and superoxide would always be produced as a consequence of its scavenging activity. This
is important when considering the reaction of GSH with superoxide itself. ^ . . . . „ , , . >,

The thiyl radical then reacts via reactions 2.7 and 2.8 to regenerate superoxide and set up a
chain. Chain termination is predominantly caused by SOD (eg. 7.7).

Vitamin E, a term that encompasses a small group of related tocopherols (alpha-, beta,
gamma-, and delta-tocopherol), is the major lipid-soluble antioxidant responsible for
protecting the polyunsaturated fatty acids in membranes against lipid peroxidation [71]. The
heterocyclic ring of the chroman-head group is important for the antioxidative action; the
phythyl group is necessary for the intercalation into membranes. Vitamin E acts in the lipid
phase by trapping peroxy radicals [165].

Vir£ + flOC < > flOO// + Vi7£* (3.0J

The vitamin E radical is relatively unreactive and if the vitamin E radical can be repaired, and
by itself does not lead to further propagation reactions, the effect is that the radical chain of
lipid peroxidation is interrupted. The hydroperoxide generated from the peroxyl radical may
undergo further non-radical repair reactions, for example, the reduction to the corresponding
alcohol by peroxidase reactions and the excision of the peroxidised fatty acid from the
phospholipids in the membrane [130]. Several possibilities exist to regenerate vitamin E: the
radical might react with another peroxyl radical to form a non-radical product, the radical may
interact with another vitamin E radical, forming a vitamin E dimer, and the radical may be
reduced to regenerate the vitamin E itself. Vitamin C (ascorbic acid) and GSH have been
shown to be able to generate vitamin E [10,31,111]. This directly reduction of vitamin E
radicals by GSH is known to involve a membrane-bound GSH-dependent vitamin E free-
radical reductase [7,98,119]. Vitamin E can also react directly with superoxide and hydroxyl
radicals [52,113].

Vitamin C, a water-soluble antioxidant, plays an essential role in numerous biological
mechanisms. One of its functions it to quench free radicals. Vitamin C is a two
electron/hydrogen reductant with a stable one-electron oxidised form, the
monodehydroascorbate (ascorbyl radical), which is readily formed on reaction with radicals
(e.g. peroxy radicals, vitamin E radicals, oxygen derived radicals) [17]. This makes vitamin C
a good chain breaking antioxidant. The ascorbyl radical can react with another radical or
disproportionate to form ascorbic acid and dehydroascorbic acid [10,17]. The formation of
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dehydroascorbic acid can be reduced by GSH, a reaction that may be catalysed by TT [152].
In this way GSH directly or indirectly assist the radical scavenging effect of vitamin E and C.

Outline of the thesis ^ -v-

This thesis describes the use of /n v/fro studies to elucidate some aspects of the mechanism
of hydroxylamine erythrotoxicity and to evaluate the potency in this respect of some
important chemicals from this group. This supplied the insight that interaction with
hemoglobin is the most critical step in the erythrotoxic mechanism for all hydroxylamines
studied. The outcome of these studies was used to set a critical exposure level for one of the
compounds studied. Furthermore it provided some insights necessary for potency ranking
and some useful parameters for biological effect monitoring of exposed workers.

Firstly, the effects of hydroxylamines on human red blood cells were studied. In chapter 2 the
/n wfro effects of the parent compound hydroxylamine and two of its derivatives, O-ethyl and
N,O-dimethyl hydroxylamine, are described. In this chapter effects are studied on a cellular
level, on hemoglobin and its reduction, on systems supplying reducing factors on glutathione
and accessory systems and on lipid peroxidation. In chapter 3 the /n wfro effects of the other
three industrially used hydroxylamines were studied (i.e. O-methyl, N-methyl and N-dimethyl
hydroxylamine). In chapter 4 the possible effects of hydroxylamines on the enzymatic
antioxidant defence system in human erythrocytes are described. A primary effect of
hydroxylamine exposure in man and animals is hemolytic anemia that is probably a result of
oxidative stress within erythrocytes. For this reason, the /n v/Yro study described in chapter 5
was directed to the effect of hydroxylamine on the sulfhydryl status, morphology and
membrane skeletal proteins of human erythrocytes. In chapter 6 the hemoglobin
dependence of the toxicity, the occurrence of cell damaging products, and the cellular
kinetics of the hydroxylamine analogues were investigated to elucidate the difference in
toxicity profiles between the six tested hydroxylamines.

In the following chapter -chapter 7- an occupational health study was carried out. In this
study information obtained from the above described ;n v/'fro studies was used to adopt an
integrated strategy to prevent risks related to O-methyl hydroxylamine exposure in a recently
started production facility.

The findings from chapter 2 to 7 are discussed in chapter 8. A summary in English and
Dutch is included in chapter 9 and 10 respectively (ten samenvaff/ng( //? nef Enge/s en
A/ecter/ancte /s respecf/eve//y>( fe wnaten /n noofcfefufc 9 en J0j.
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Two Mechanisms for Toxic Effects of Hydroxylamines in Human
Erythrocytes: Involvement of Free Radicals and Risk of
Potentiation . | y .
Submitted 1)6/22/98
(communicated by Ernest R. Jafft, M.D.. 07/06/98) ' . * , „, i.., _. « j

Chris T.A. Evelo', Anita A.M.G Spooren', Rob A.G. Bisschops', Leo G.M. Baars', John M. Neis- .._,

ABSTRACT: The toxic potency of three industrially used hydroxylamines was studied in human blood cells in
Wrw. The parent compound hydroxylamine and the O-ethyl derivative gave very similar results. Both compounds
induced a high degree of methemoglobin formation and glutathione depletion. Cytotoxicity was visible as Heinz
body formation and hemolysis. High levels of lipid peroxidation occurred, in this respect O-ethyl hydroxylamine
was more active than hydroxylamine. In contrast H2O2 induced lipid peroxidation was lowered after O-ethyl
hydroxylamine or hydroxylamine treatment, this is explained by the ferrohemoglobin dependence of H2O2 induced
radical species formation. Glutathione S-transferase (GST) and NADPH methemoglobin reductase (NADPH-HbR)
activities were also impaired, probably as a result of the radical stress occurring. The riboflavin availability was
decreased. Other enzyme activities glutathione reductase (GR), glucose 6-phosphate dehydrogenase (G6PDH),
glucose phosphate isomerase and NADH methemoglobin reductase, were not or only slightly impaired by
hydroxylamine or O-ethyl hydroxylamine treatment.

A different scheme of reactivity was found for N,O-dimethyl hydroxylamine. This compound gave much less
methemoglobin formation and no hemolysis or Heinz body formation at concentrations up to and including 7 mM.
Lipid peroxidase induction was not detectable, but could be induced by subsequent H2O2 treatment. GST and
NADPH-HbR activities and riboflavin availability were not decreased. On the other hand GR and G6PDH activities
were inhibited. These results combined with literature data indicate the existence of two different routes of
hematotoxicity induced by hydroxylamines. Hydroxylamine as well as O-alkylated derivatives primarily induce
methemoglobin, a process involving radical formation. The radical stress occurring is probably responsible for most
other effects. N-alkylated species like N,O-dimethyl hydroxylamine primarily lead to inhibition of the protective
enzymes G6PDH and GR. Since these enzymes play a key role in the protection of erythrocytes against oxidative
stress a risk of potentiation during mixed exposure does exist.

Keywords: hydroxylamines. human erythrocytes, oxidizing effects, potency ranking, structure activity relations

INTRODUCTION agent in photography, as an antioxidant for soaps
and fatty acids, as a tanning agent and as an

Hydroxylamines are derivatives of the parent intermediate in the production of pesticides and
compound hydroxylamine (chemical formula Pharmaceuticals (1,2). Derivatives of hydroxyl-
H2NOH). Hydroxylamine itself is used in the amine often serve as intermediates in chemical
synthesis of caprolactam, which is used for the synthesis. The main toxic effect of hydroxylamine
production of Nylon 6. It is also used as a reducing is of hematological nature (1,2). Methemoglobin
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^ Corporate Department for Safety, Environment, Health and Technology; DSM. Heerlen. The Netherlands.
Reprint request to: Chris Evelo. Ph.D.. Department of Pharmacology (Toxicology section),Universiteit Maastricht, P.O. Box 616. 6200 MD
Maastricht, The Netherlands, phone 31433881231 or 31433881417. fax 31433670940. email: c.evelo@farmaco.unimaas.nl
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formation was found in vi/ro (3-5). In m vivo
animal studies anemia with increased levels and
sometimes with sulfhemoglobinemia was consis-
tently found (6,7). In some studies this was found
to be accompanied by remarkable splenomegaly
(8-10). In a subchronic (ninety days) study with
rats, performed according to guidelines of the
Organization for Economic Co-Operation and
Development (OECD), exposure to 250 ppm
hydroxylamine-sulfate lead to hematological ef-
fects and increased spleen weight and some other
effects (11). In the 50 ppm treated groups small
increases in reticulocyte numbers and some other
marginal effects were found. The "no effect level"
in this study was between 10 and 50 ppm for both
sexes.

In his review Gross (2) quotes a single inci-
dence of human hydroxylamine poisoning de-
scribed in the Russian literature. A woman who
had drank about "two swallows" of hydroxy-
lamine solution in water developed rapidly pro-
gressing hemolytic anemia which required five
weeks for recovery.

Martin et al. (12) described the develop-
ment of serious anemia in five laboratory
workers working with methylated hydroxyl-
amines (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 patients
had shown jaundice symptoms and had increased
numbers of bone marrow erythroblasts. Reticulo-
cyte numbers were increased in two patients.
Heinz bodies were not found and could not be
detected spectrophoto-metrically. These findings
prompted the authors to further in vifro studies.
Interestingly trimethyl hydroxylamine in these
studies gave by far the highest hemolytic activity,
while it did not lead to increased methemoglobin
levels. In contrast the far less hemolytic O-methyl
hydroxylamine and the N,O-dimethyl compound
did strongly induce methemoglobin forma-
tion. The higher hemolytic potency of trimethyl,
and to a much lesser extent N,O-dimethyl hydrox-
ylamine, was found to be accompanied with
strong glucose 6-phosphate dehydrogenase

(G6PDH) inhibition and loss of reduced glutathi-
one (GSH).

We recently described the in vifro hematotoxic
effects of three methylated hydroxylamines:
O-methyl hydroxylamine, N-methyl hydroxyl-
amine and N.N-dimethyl hydroxylamine (13).
This study also suggested that different mecha-
nisms for the hematotoxicity of hydroxylamines
may exist. In one route methemoglobin formation
is a major effect, while G6PDH inhibition is
predominant in the other. Both routes seem to be
able to give rise to hemolytic anemia. The purpose
of the present study was to further elucidate these
two mechanisms. Three industrially used hydrox-
ylamines were tested: hydroxylamine, O-ethyl
hydroxylamine and N.O-dimethyl hydroxylamine.
Next to the effects described above we were
especially interested in the fact that the methemo-
globin formation by hydroxylamine does involve
a radical mechanism (14,15), and therefore might
give rise to free radical induced lipid peroxidation.

MATERIALS AND METHODS

The following chemicals were used: N.O-
dimethyl hydroxylamine (methoxymethylamine.
CAS-nr 1117-97-1, purity 99.5%) and O-ethyl
hydroxylamine (ethoxyamine, CAS-nr 624-86-2,
55% (w/v) solution in water), were a gift from
DSM Special Products (Geleen, NL). Brilliant
cresyl blue was from BDH (Poole, UK), malonal-
dehyde bis(diethylacetal) (used as precursor for
malondialdehyde reference) was from Janssen
Chimica (Beerse, Belgium), 2-thiobarbituric-acid
(TBA) was from Merck (Darmstadt, FRG), glu-
cose 6-phosphate dehydrogenase (grade XI from
Torula yeast) (G6PDH), glutathione reductase
(type III) (GR), hydroxylamine HC1 (Hydroxyl-
amine, CAS-nr: 5470-11-1 (free base CAS-nr:
7803-49-8) (ACS reagent, purity 99.1%) and all
other biochemicals were from Sigma (St. Louis,
Mo., USA). All inorganic chemicals were of
analytical quality. Only microfiltrated deionized
water was used.
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'•> Human blood samples were collected in
vacuum tubes containing K3EDTA as an anticoagu-
lant. For the determinations of Heinz body forma-
tion, lipid peroxidation, peroxidation resistance,
glutathione S-transferase and glutathione reduc-
tase activities fresh samples from individual per-
sons were used. For all other experiments pooled
blood samples from three to five persons with
blood group O-positive were used. The latter
samples were checked for viral infections and
stored at 4C until the next day.

To 1 ml blood 100 ul hydroxylamine solution
in 100 mM KH2PC>4/Na2HPO4 of pH 7.4 were
added, and the samples were incubated in a
shaking waterbath (80 rpm) for 1 hour at 37C.
All experiments were performed three times
on separate days and with different blood samples,
each day all incubations were performed in
duplicate. Except for the determinations of Heinz
bodies, hemolysis and lipid peroxidation, erythro-
cytes were washed three times with five volumes
of cold phosphate buffered saline (15 mM KH.PCV
Na.HPO., + 130 mM NaCl; pH = 7.4). Where
applicable the erythrocytes were lysed by addi-
tion of three to five volumes of cold water, after
15 minutes storage on ice cellular debris
was removed by centrifugation at 13000 # for 10
min.

Heinz body formation Heinz bodies were
stained by incubation of 1 ml blood with 0.5 ml
1% (w/v) brilliant cresyl blue in saline. More
severe cellular damage leads to detectable num-
bers of Heinz bodies after shorter incubation times
and at lower temperatures. For this reason, one of
two identical samples was incubated at room
temperature and the other at 37C and samples
were dried and evaluated by light microscopy

(lOOOx) under oil immersion (16) after 20, 60 and
120 minutes of coloring.

Hemolysis After incubation, the hemoglobin
(Hb) content of the plasma was used to determine
the degree of hemolysis (17).

Methemoglobin The percentage present in
hemolysates was calculated from the absorbance
change after addition of KCN compared to the
same change in a sample fully converted to the
methemoglobin form by the addition of K3Fe(CN)6
(18).

Total glutathione (GSH+GSSG) Total gluta-
thione was determined after precipitation of pro-
tein (200 uJ packed cells plus 200 ul 8% (w/v)
trichloroacetic acid) using the cyclic oxidation-
reduction method essentially as described by
Anderson (19). Especially for the determina-
tion of GT, it was of interest whether the Torula
yeast GR enzyme used was itself inhibited by any
of the hydroxylamines studied. This was tested
separately with hydroxylamine concentrations of
0, 2.5 and 7 mM, no significant inhibition of
Torula yeast GR was found under the assay
conditions used.

Reduced glutathione (GSH) GSH was
determined as non-protein sulfhydryl after trichlo-
roacetic acid precipitation of erythrocytes by
measurement of the reactivity towards 5,5'-dithio-
bis(2-nitrobenzoic acid) as previously described
(20).

Release of thiobarbituric-acid reactive sub-
stances (TBARS) The accumulation of lipid per-
oxidation products in the extracellular medium
was assessed by determination of the amount of
TBARS released and was expressed as malondial-
dehyde equivalents (21). After incubation of 1.5
ml fresh blood with hydroxylamines, the plasma
was collected after centrifugation (1500 g for 10
min). The protein was precipitated by addition of



E/yf/?rotax/c effecs of HY^M, O£H and A/ODMH 45

an equal volume of 10% (w/v) trichloroacetic acid
and subsequent centrifugation. 1.5 ml of the
supernatant was added to 1 ml TBA solution
(1% (w/v) in 50 mM NaOH) and heated in a
boiling waterbath for 15 min. After forced cool-
ing, 1.25 ml butanol was added, and the two
phases were thoroughly mixed. The absorbance
of the butanol phase at 535 nm was determined
and corrected for the background absorbance at
590 nm.

Resistance to H2O2 forced Iipid peroxida-
tion The remaining resistance to H2O2 induced
Iipid peroxidation of erythrocytes pre-treated with
hydroxylamines was assessed. After incubation of
fresh blood samples with hydroxylamines the
plasma was removed by centrifugation. The eryth-
rocytes were washed three times to remove remain-
ing hydroxylamines and were diluted in phosphate
buffered saline to a cell concentration of 5% (v/v).
To 2.5 ml erythrocyte suspension an equal volume
of 20 mM H2O2 plus 1 mM NaN3 was added.
TBARS release was determined after reincubation
at 37C for 0, 15, 30,45 and 60 min (22).

Free hemoglobin sulfhydryl (HbSH) Free
hemoglobin sulfhydryl groups were determined in
hemolysates from the reactivity towards 4,4'-
dithiodipyridine as previously described (20).

NADH methemoglobin reductase (NADH-
HbR) NADH-HbR activity in hemolysates was
determined using DEAE-cellulose purified hemo-
globin converted to the methemoglobin-ferrocya-
nide complex as substrate with the method de-
scribed by Hegesh et al. (23) and some small
modifications according to Bauer (24).

NADPH methemoglobin reductase (NADPH-
HbR) NADPH-HbR activity in hemolysates was
determined from the reduction of methylene blue
by NADPH (25). Disappearance of NADPH was
followed spectrophotometrically at 340 nm. Cor-
rections were made for spontaneous methylene
blue reduction.

Glutathione S-transferase (GST) GST (EC
2.5.1.18) activity with l-chloro-2,4-dinitroben-
zene as substrate was determined in hemolysates
prepared from incubates of fresh blood samples by
the addition of three volumes 1.4 mM neutralized
dithiothreitol, using the method of Habig and
Jakoby (26) with previously described modifica-
tions (27).

Glutathione reductase (GR) GR (EC 1.6.4.2)
activity in hemolysates was determined by a
modification of the method described by Carlberg
and Mannervik (28). 100 ul Hemolysate were
added to 2 ml 100 mM potassium phosphate
buffer, 50 ul 80 mM EDTA, 100 |il 2 mM NADPH
and 100 ul 0.3 mM flavin adenine dinucleotide
(FAD). After 2 min pre-incubation (37C), the
reaction was started by addition of 100 ul 7.5 mM
oxidized glutathione. After 15 sec the reaction was
followed spectrophotometrically at 340 nm for 2
min. The FAD was added in order to convert all
enzyme to its holo form.

Glutathione reductase riboflavin activity
coefficient (GR̂ oeff) The coefficient of erythrocyte
GR activity with and without addition of FAD to
the assay was used as an indicator of the riboflavin
content. The determinations were carried out ex-
actly as described for GR above except that FAD
was left out from one of the 2 samples (18).

Glucose 6-phosphate dehydrogenase
(G6PDH) G6PDH (EC 1.1.1.49) activity in hemo-
lysates was determined spectrophotometrically;
the reduction of NADP* was followed at 340 nm
(18).

Glucose-phosphate isomerase Glucose-phos-
phate isomerase (EC 5.3.1.9) activity in hemoly-
sates was determined using fructose 6-phosphate
as substrate in the presence of NADP*, G6PDH
and 6-phosphogluconic dehydrogenase. Under
these circumstances each molecule of fructose
6-phosphate converted will give rise to reduction
of two molecules NADP+, which was followed
spectrophotometrically at 340 nm (24).
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Hemoglobin (Hb) The Hb concentrations were
determined with the hemoglobin cyanide proce-
dure (17).

Methemoglobin (Hb*)

Significance of concentration dependent
changes was evaluated using linear regression
analysis. In each experiment incubations were
performed with 0, 1, 2.5, 5 and 7 mM hydroxyl-
amine concentrations. All experiments were per-
formed three times. Duplicate values obtained
during a single experiment were averaged before
statistical analysis since these values are not
independent. This leads to a total of 3 (experi-
ments) x 5 (concentrations) = 15 data points for
each regression analysis. The regression model
used corrects for interexperimental variations in
control values. For this reason the standard errors
shown in the figures are given as the standard error
of the mean difference between sample value and
its control (i.e. the corresponding value at concen-
tration 0).

RESULTS

£jffi?crs

A concentration dependent methemoglobin for-
mation was found for all three hydroxylamines
(Figure 1). The effects of hydroxylamine and
O-ethyl hydroxylamine (about 8% methemoglo-
bin formation for each mM addition) were much
stronger than the effect caused by N,O-dimethyl
hydroxylamine. GT decreased for all three hydrox-
ylamines (Figure 2A). GT depletion caused by
O-ethyl hydroxylamine (0.34 (SE 0.04) nmoles
GT/g Hb decrease for each mM O-ethyl hydroxyl-
amine) was much more pronounced than the effect
caused by the other two hydroxylamines (0.17 (SE
0.03) and 0.12 (SE 0.02) |omoles GT/g Hb de-
crease for each mM for hydroxylamine and N,O-
dimethyl hydroxylamine respectively). The de-
creases in reduced GSH also were strongest for
O-ethyl hydroxylamine (Figure 2B). The regres-
sion coefficient of this GSH decrease amounted to

so
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Figure 1. Formation of methemoglobin in human erythro-
cytes after incubation with hydroxylamines (1 hour, 37C).
The error bars represent the standard error of the mean
difference between the sample value and its control. Regres-
sion analyses showed significant (P < 0.0001) increases in
methemoglobin formation with increasing concentration for
all three hydroxylamines.

0.26 (SE 0.03) umoles/g Hb for each mM O-ethyl
hydroxylamine. For hydroxylamine and N,O-
dimethyl hydroxylamine these depletions were
only about 0.11 (SE 0.03) and 0.07 (SE 0.03)
|imoles/g Hb for each mM of the respective
hydroxylamines added. Plasma GT was found to
increase for all three hydroxylamines (Figure 2C).
Contrary to what might be expected from erythro-
cyte depletions, the increase was strongest for
N,O-dimethyl hydroxylamine (about 5.4 uM in-
crease/mM N.O-dimethyl hydroxylamine). For
O-ethyl hydro-xylamine and hydroxylamine in-
creases were not more than half that amount. Loss
of hemoglobin sulfhydryl group availability was
not found for any of the chemicals studied.

CW/

Increased hemolysis occurred for hydroxyl-
amine and O-ethyl hydroxylamine (Figure 3).
Both compounds liberated about 45 mg Hb/1 from
the erythrocytes for each mM added. For N.O-
dimethyl hydroxylamine no increased hemolysis
was detectable. Heinz bodies were visible in all
blood samples treated with 2.5 mM hydroxyl-
amine or O-ethyl hydroxylamine (Table 1). In the
2.5 mM hydroxylamine treated samples blue spots,
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normally indicating Heinz bodies, were also vis-
ible extracellularly. The same indications for cell
breakdown were also present in the 2.5 mM
O-ethyl hydroxylamine treated samples, but only
when they were incubated at 37C. Minor Heinz
body formation was present in the 1 mM

hydroxylamine treated samples incubated at 37C
or incubated for 60 min or more at room tempera-
ture as well as in the 1 mM O-ethyl hydroxyl-
amine treated samples incubated at 37C for 60 min
or more. The occurrence of Heinz bodies at a
lower temperature and after shorter incubation

Glutathione
Total in Erythtocyics [tinwl'g Hb] Reduced in Eryttvocyiei I»imol<g Hb

8*
1.

r
5 1

>->
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• N O D M H

t>> '->;>)•.•>• 3 1

0.0 2.5 5.0 7 5 00 2.5 5 0 7.5 0.0 2.5 5.0 7.5

Hydroxylamine concentration [mM]

Figure 2. Availability of A: total glutathione (reduced plus oxidized) in human erythrocytes; B: reduced glutathione in human
erythrocytes and C: total glutathione in human plasma, after incubation with hydroxylamines (1 hour, 37C). The error bars
represent the standard error of the mean difference between the sample value and its control. Separate experiments were
performed to obtain the data for panel A, B and C. Regression analyses showed that all concentration dependent changes were
significant (P < 0.0002 in all cases, except the decrease in reduced glutathione with increasing hydroxylamine and
N.O-dimethyl hydroxylamine (panel B) where the P values were 0.007 and 0.015 respectively).

Hemolysis of Erythrocyles
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Figure 3. Occurrence of hemolysis of human erythrocytes after incubation with hydroxylamines (1 hour, 37C). The errors bars
represent the standard error of the mean difference between sample value and its control. Regression analyses showed
significant (P < 0.0001) increases in hemolysis with increasing hydroxylamine and O-ethyl hydroxylamine concentrations.
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times for hydroxylamine compared to O-ethyl
hydroxylamine, indicates that the effect is stron-
gest for hydroxylamine. In N,O-dimethyl hydrox-
ylamine treated blood samples no Heinz body
formation could be detected even at concentra-
tions up to 10 mM. ,<3flW T3WOS

In Figure 4 the mean release of lipid peroxida-
tion products from erythrocytes from three indi-
viduals is shown. Although there were clear
interindividual differences in both susceptibility
and background, the relative effect of the three
chemicals was consistent in all three individuals.
O-ethyl hydroxylamine clearly gave the largest
release of lipid peroxidation products. The regres-
sion coefficient was 117 (SE 13) nM/mM O-ethyl
hydroxylamine. The effect of hydroxylamine was
about two times smaller, but still highly signifi-
cant. N,O-dimethyl hydroxylamine gave only mi-
nor increases with borderline significance (P =
0.093).

The remaining resistance of erythrocytes to-
wards H2O2 induced lipid peroxidation after hy-
droxylamine and O-ethyl hydroxylamine pre-
treatment is shown in Figure 5. Fresh blood
samples from three individuals were used. Al-
though there were some interindividual differ-
ences in sensitivity the qualitative phenomena

were comparable for all three persons and aver-
aged data are shown. For both hydroxylamines
pre-treatment lead to a hydroxylamine-concentra-
tion dependent decrease in the H2O2 induced lipid
peroxidation

For N,O-dimethyl hydroxylamine the effect
that occurred was more complex. The amounts of
lipid peroxidation products released from erythro-
cytes from person A were not markedly influenced
by N,O-dimethyl hydroxylamine pre-treatment.
Blood samples from this individual did generally
have the lowest induced lipid peroxidation both
after direct treatment with hydroxylamines and
after hydroxylamine and O-ethyl hydroxylamine
pre-treatment followed by H2O2 treatment. The
erythrocytes from the other two individuals showed
a hydroxylamine-concentration dependent in-
crease in H2O1 induced lipid peroxidation after 1
and 2.5 mM pre-treatment. In samples from per-
son B however, the response to H1O1 was lower in
the 5 and 7 mM pre-treated samples than the (very
high) response in the 2.5 mM pre-treated samples.

Enzyme

GST activity was strongly decreased in both
hydroxylamine and O-ethyl hydroxylamine treated
samples (Figure 7). For hydroxylamine and
O-ethyl hydroxylamine the GST activity decreased
with about 0.35 U-g Hb ' /mM addition. As a

Table 1: Presence of Heinz bodies in human erythrocytes after incubation with hydroxylamines (I hour, 37C). After addition of brilliant
cresyl blue the erythrocytes were incubated at room temperature or 37C for a specified amount of time. Visibility of Heinz bodies is
indicated as positive ( + ), negative (-) or visible but minor (±).

Sample

Room Temperature 37C

20min 60min 120 min 20min 60 min 120 min

Blank

N,O-dimethyl hydroxylamine 10 mM

hydroxylamine 1 mM

hydroxylamine 2.5 mM

O-elhyl hydroxylamine I mM

O-ethyl hydroxylamine 2.5 mM

'Blue spots were also visible exlracellularly.
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Direct Lipid Peroxidation

s ...

Hydroxylamine concentration (mM]

Figure 4. Lipid peroxidation. expressed as malondialdehyde equivalents in reactivity towards TBA. in blood incubated with
hydroxylamines (1 hour. 37C). Regression analyses on the combined data showed significant increases in TBARS release with
increasing O-ethyl hydroxylamine and hydroxylamine concentrations (P < 0.0001).

H,O, Forced Lipid Peroxidation after Hydroxylamine Pre-1 reatmenl
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Figure 5. Hydrogen peroxide (10 mM) forced lipid peroxidation, expressed as malondialdehyde equivalents in reactivity
towards TBA after pre-incubation of blood with various concentrations of A: hydroxylamine and B: O-ethyl hydroxylamine (1
hour, 37C).

H,Oj Forced Lipid Peroxidation after NODMH Pre-Treatment
Person A Person B Peivon (

30 45 6015 30 45 60 0

Incubation time H^O^ [min]
30 45 80

Figure 6. Hydrogen peroxide (10 mM) forced lipid peroxidation, expressed as malondialdehyde equivalents in reactivity
towards TBA. in erythrocytes of three individuals after pre-incubation of blood with various concentrations of N,O-dimethyl
hydroxylamine (1 hour, 37C).
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Glutathione S-Transferase Activity
5

0.0 25 50 75

Hydroxylamine concentration [mM]

Figure 7. Activity of glutathione S-transferase in human erythrocytes after incubation with hydroxylamines (1 hour, 37C). The
error bars represent the standard error of the mean difference between sample value and its control. Regression analyses showed
significant decreases in GST activity with increasing hydroxylamine and O-ethyl hydroxylamine concentrations (P < 0.0001).
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Figure 8. A: Activity of glutathione reductase (holoenzyme) and B: FAD activity coefficient of glutathione reductase in human
erythrocytes after incubation with hydroxylamines (1 hour, 37C). The coefficients were calculated by division of the activity in
the presence of FAD (11.75 uM) by the activities determined in a parallel assay without FAD addition. The error bars represent
the standard error of the mean difference between sample value and its control. Regression analyses showed a significant
decrease in GR activity with increasing N.O-dimethyl hydroxylamine concentration (P = 0.0002) as well as significant
decreases in FAD activity coefficients with increasing hydroxylamine (P = 0.025) and O-ethyl hydroxylamine (P = 0.010)
concentrations.
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Figure 9. Activity of glucose 6-phosphate dehydrogenase in human erythrocytes after incubation with hydroxylamines
(1 hour, 37C). The error bars represent the standard error of the mean difference between sample value and its control.
Regression analyses showed significant decreases in G6PDH activity with increasing N,O-dimelhyl hydroxylamine
concentrations ( P < 0.0001). , . . • . , . - . . , ; ; .. .,....: , . . , : , . < • ,.-..• . , . v •
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Figure 10. Activity of NADH methemoglobin reductase and NADPH methemoglobin reductase in human erythrocytes after
incubation with hydroxylamines (1 hour, 37C). The error bars represent the standard error of the mean difference between
sample value and its control. Regression analyses showed a significant decrease in NADH methemoglobin reductase with
increasing hydroxylamine concentrations (P = 0.002) and significant decreases in NADPH methemoglobin concentrations
with increasing hydroxylamine and O-ethyl hydroxylamine concentrations (P < 0.0001).
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Interactions in Hydroxyiamine Toxictty

reactive compouncte NM3H

Figure 11. Schematic representation of the proposed mechanisms for hydroxylamine erythrotoxicity. hydroxylamine and the
O-ethyl derivative (O-ethyl hydroxylamine) induce formation of methemoglobin. During this process free radicals are formed
that induce lipid peroxidation. The free radicals plus the lipid peroxides (ROOH) formed lead to inhibition of glutathione
S-transferase (GST) and NADPH methemoglobin reductase (NADPH-HbR). The oxidative stress occurring leads to depletion
of glutathione (GSH) by various routes. N-substituted hydroxylamines like N,O-dimethyl hydroxylamine inhibit glucose
6-phosphate dehydrogenase (G6PDH), and to a lesser extend glutathione reductase (GR). The resulting inability to reduce
NADP* and glutathione renders the erythrocyte more vulnerable to oxidative stress, including that caused by hydroxylamine
and O-ethyl hydroxylamine. Other abbreviations used: GPX = glutathione peroxidase, Protein-SSG = protein-glutathione
mixed disulfides, TT = thiol transferase.

consequence about two-thirds of the initial GST
activity was lost at the highest (=7 raM) hydroxyl-
amine and O-ethyl hydroxylamine concentrations
used. For N.O-dimethyl hydroxylamine no signifi-
cant changes in the GST activity were found. In
contrast the GR activity was only decreased for
N,O-dimethyl hydroxylamine, for this substance
GR activities in 7 mM incubations were about
20% lower than the 6.7 Ug Hb' found in control
incubations (Figure 8A). The GR^n was slightly
decreased in both hydroxylamine (P = 0.025) and
O-ethyl hydroxylamine (P = 0.01) treated samples
(Figure 8B). This indicates a decrease in riboflavin
availability in these samples (18).

The G6PDH activity was strongly impaired by
N.O-dimelhyl hydroxylamine (0.76 (SE 0.04) Ug
Hb ' lost/mM N.O-dimethyl hydroxylamine), lead-
ing lo about 50% reduction at the highest (=7
mM) N,O-dimelhyl hydroxylamine concentration
tested (Figure 9). Hydroxylamine and O-ethyl

hydroxylamine did not influence the G6PDH
activity. The activity of another pentose-phosphate
shunt enzyme tested, glucose-phosphate isomer-
ase, was not significantly influenced by any of the
three hydroxylamines. NADH-HbR activity was
only impaired by hydroxylamine. The control
activity of 1.9 Ug Hb ' fell to about 1.5 Ug Hb '
in 7 mM hydroxylamine incubations (Figure 10A).
NADPH-HbR activity was strongly decreased in
incubations with both hydroxylamine and O-ethyl
hydroxylamine. For both substances the decrease
amounted to about 0.3 Ug Hb' for each mM
addition, and as a result less than 20% of the
control activity was found in the 7 mM incuba-
tions (Figure 10B).

DISCUSSION

On the whole the effects caused by hydroxyl-
amine and O-ethyl hydroxylamine were very
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much like the effects that we recently described
for O-methyl hydroxylamine (13), while the ef-
fects of N,O-dimethyl hydroxylamine were com-
parable to those of N-methyl hydroxylamine. A
schematic representation of the mechanisms in-
volved is given in figure 11. For hydroxylamine
and O-ethyl hydroxylamine massive methemoglo-
bin formation was found, for N.O-dimethyl hydrox-
ylamine this was much lower. Hydroxylamine
forms complexes with hemoproteins, for instance
leading to inactivation of catalase (29-31). Methe-
moglobin formation in vifra was previously de-
scribed for hydroxylamine (4,5,14,15,32) and N.O-
dimethyl hydroxylamine (4). The mechanism of
methemoglobin formation by hydroxylamine is
known to differ from that induced by nitrite (5).
Reaction of hydroxylamine with hemoglobin in-
volves Hb/Hb* cycle reactions (3,30), and leads to
decomposition of hydroxylamine. The methemo-
globin forming reaction, which produces NH3
from hydroxylamine, was found to be very fast,
explaining the high methemoglobin concentra-
tions found. During the other step of the cycle NT
is formed. Stolze et al. (14,15) proved with
electron spin resonance spectroscopy techniques
that free hydronitroxide radicals (HjNO») are
formed as intermediates in the methemoglobin
formation induced by hydroxylamine. Stoichiomet-
ric considerations lead them to the expectation
that HIOT and active oxygen species might also be
formed. Moreover, they proved the existence of a
compound I type ferry! species, probably formed
by HUO;. (33). This radical formation can be one of
the causes for lipid peroxidation.

The reduced availability of GSH will also
facilitate lipid peroxidation. GSH consumption
can result from direct oxidation and from use in
protective reactions catalyzed by GST and glutathi-
one peroxidase (34). In this way lipid peroxidation
may not only be facilitated by GSH depletion (35)
but may also provoke it (34). This agrees with our
finding that O-ethyl hydroxylamine as the sub-
stance with the highest lipid peroxidation activity
also gives the highest GT depletion. Loss of
4,4'-dithiodipyridine reactive HbSH groups was
not found. After treatment with electrophilic agents

such a loss can be clearly demonstrated (20).
However, oxidative loss of HbSH groups for
instance by formation of mixed disulfides with
GSH, will probably not be picked up by this assay,
as dithiodipyridines are able to break GSH sulfhy-
dryl bindings (36). We recently provided evidence
that such a formation of mixed disulfides does
indeed occur after hydroxylamine treatment (37)
and this explains why the increases in extracellu-
lar GT (mainly present as oxidized glutathione)
did not make up for the loss of GT from the
erythrocytes.

Methemoglobin formation, GT depletion and
membrane damage, as indicated by lipid peroxida-
tion, are all strongly associated with cellular
damages like Heinz body formation and hemoly-
sis. Induction of this kind of damage by the two
substances with high potencies for methemoglo-
bin formation, GT depletion and lipid peroxida-
tion is therefore in accordance with expectations.
For hydroxylamine Heinz body formation in mice
(38) and in pigs (6) were previously reported.

It is well known that lipid peroxidation prod-
ucts can give rise to inhibition of several enzymes
and to protein damage in general (39). Purified rat
GST-P (7-7). which is equivalent to human GST
IT, the form of GST predominating in human
erythrocytes (40) is very vulnerable to oxidative
stress (41). The human enzyme itself is also
inhibited by H2O2 (42). This was confirmed in
control experiments where erythrocytes were
treated directly with H2O2 (data not shown).
Previously we showed that GST activity in human
erythrocytes is impaired by occupational exposure
to coal tar products (43) and to the pesticide
dichioropropene (27), in miners with early forms
of pneumoconiosis (44) and after long-distance
running (45). At least in the latter two cases
oxidative stress is the most likely cause for GST
activity loss. Therefore, activity loss of GST under
conditions causing lipid peroxidation was ex-
pected beforehand. In fact these experiments were
included in order to examine the possible use of
GST activity loss as a biomarker for hydroxyl-
amine exposure. As expected, GST inactivation
was only found for the strong lipid peroxidation
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causing substances hydroxylamine and O-ethyl
hydroxylamine and not for N,O-dimethyl hydrox-
ylamine. NADPH-HbR was also strongly inhib-
ited by hydroxylamine and O-ethyl hydroxyl-
amine and not by N.O-dimethyl hydroxylamine.
Inhibition of NADPH-HbR by hydroxylamine
was previously shown by Layne and Smith (46),
and does explain the lowered effectiveness of
methylene blue treatment in case of hydroxyl-
amine poisoning in mice (7). The absence of
inhibition by N.O-dimethyl hydroxylamine indi-
cates a possible relation between radical stress and
inhibition of this reductase. Impairment of
NADPH-HbR did indeed occur in control experi-
ments where erythrocytes were treated directly
with H2O2 (data not shown). The loss of ribofla-
vin, as indicated by the decreases in GR^fr after
hydroxylamine and O-ethyl hydroxylamine treat-
ment, might also be caused by consumption
during radical scavenging.

N.O-dimethyl hydroxylamine showed far less
activity in most aspects discussed so far. Methemo-
globin formation was low, lipid peroxidation,
hemolysis and Heinz body formation were not
found, GST and NADPH-HbR inhibition were
absent, and riboflavin loss was not found. On the
other hand N.O-dimethyl hydroxylamine treat-
ment of erythrocytes resulted in a decrease of
G6PDH activity, consistent with the earlier find-
ings by Martin et al. (12). GR activity was also
decreased by N.O-dimethyl hydroxylamine, but
since more than 80% of GR activity was still
present at N.O-dimethyl hydroxylamine concentra-
tions of 7 mM this may be of less importance.
Interestingly GT concentrations in erythrocytes
were decreased by N.O-dimethyl hydroxylamine
while GT in plasma was even more increased than
for the two other hydroxylamines. GT depletion
by N.O-dimethyl hydroxylamine can be the result
of oxidation in glutathione peroxidase and thiol
transferase reactions, combined with lower avail-
ability of NADPH reduction equivalents for GR
activity, due to G6PDH inhibition. Even the
G6PDH inactivation alone will render the erythro-
cyte more vulnerable to oxidative stress from
subsequent exposure to other oxidative com-

pounds. This is confirmed by the fact that N.O-
dimethyl hydroxylamine treated erythrocytes did
show a higher vulnerability towards subsequent
HIOT induced lipid peroxidation. Contrary to what
might have been expected hydroxylamine and
O-ethyl hydroxylamine pre-treatment did not lead
to an increased vulnerability to H2O2. This is
however easily explained. For H2O2 induced lipid
peroxidation in erythrocytes ferrous-hemoglobin
is a prerequisite (47). After hydroxylamine and
O-ethyl hydroxylamine treatment a large fraction
of hemoglobin is converted to the ferric form,
necessarily leading to a decrease in lipid peroxida-
tion. It should be noted that changes in H2O2
resistance cannot be the result of catalase inhibi-
tion by the hydroxylamines, since NaNj was
added to the assays in order to obtain a full
inhibition of catalase. Hydroxylamine is known to
inhibit catalase both i'« vifro (29,30) and in vivo in
mouse liver (31), and this inhibition will in itself
increase the vulnerability of erythrocytes to oxida-
tive stress.

The occurrence of lipid peroxidation in eryth-
rocytes exposed to hydroxylamine and O-ethyl
hydroxylamine indicates the availability of free
radicals, possibly including active oxygen species.
The presence of active oxygen species and of the
resulting peroxides in vivo is associated with
increased cancer risks and accelerated aging (48- ;
50). It should be noted however that radical ;
production in this case seems to be strongly linked 1
to the presence of hemoglobin. In experiments
with hydroxylamine we did not see any lipid
peroxidation in washed erythrocyte membranes or I
in isolated rat hepatocytes (51). Since erythrocytes i
do not contain a nucleus, direct DNA damage is 3
not possible. On the other hand reactive products :j
formed in erythrocytes might be able to reach
other cells and provoke damage there, and similar
radical mechanisms might be induced by hydrox-
ylamines at hemoproteins elsewhere. Considering
the above, the most serious threat resulting from
possible exposure of humans to hydroxylamines
seems to come from the direct erythrotoxic effects.
Methemoglobin formation, lipid peroxidation, GT
depletion and inhibition of protective enzymes can :
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lead to faster senescence of erythrocytes and
increased sequestration in the spleen. Next to
clinical parameters for anemia and increases in
reticulocytes, determination of GST and NADPH-
HbR and assessment of lipid peroxidation in vivo
(52) may be useful biomarkers to monitor human
exposure to hydroxylamines with direct oxidative
activity, like hydroxylamine and O-ethyl hydroxyl-
amine. Two special aspects should be noted: 1)
due to the inhibition of NADPH-HbR by hydrox-
ylamines like hydroxylamine and O-ethyl hydrox-
ylamine and due to the inhibition of G6PDH by
compounds like N,O-dimethyl hydroxylamine and
trimethyl hydroxylamine, treatment of accidental
methemoglobinemia with methylene blue may
fail, 2) exposure to compounds like N,O-dimethyl
hydroxylamine and trimethyl hydroxylamine will
inhibit G6PDH and thereby will render the eryth-
rocytes more vulnerable to a subsequent exposure
to direct oxidative compounds. Because of the
latter, determination of G6PDH activities may
also serve as a valuable biomarker when exposure
to this group of hydroxylamines can occur.
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Abstract Hydroxylamine (HYAM, HONH2) and some
of its derivatives are known to cause erythrotoxic effects
both in vitro and in vivo. Previous studies have shown
that the primary in vitro effect of HYAM and O-ethyl
hydroxylamine (OEH) is methaemoglobin formation,
leading to liberation of free radicals which cause lipid
peroxidation, enzyme inhibitions and glutathione de-
pletion. By contrast, N-substituted N.O-dimethyl
hydroxylamine (NODMH), primarily induces impair-
ment of glucose 6-phosphate dehydrogenase (G6PDH)
and glutathione reductase (GR). The oxidative potency
of HYAM and the O-derivative was larger than the
potency of the N.O-derivative. This seemed to indicate
that attachment of an alkyl group to the nitrogen atom
of hydroxylamine leads to decreased reactivity. To
achieve a better understanding of the structure activity
relationship for hydroxylamines three methylated de-
rivatives were tested: N-methyl hydroxylamine (NMH),
N-dimethyl hydroxylamine (NDMH) and O-methyl
hydroxylamine (OMH). We were also interested in the
erythrotoxic potency of OMH which recently entered
industrial production. Methaemoglobin formation, high
release of lipid peroxidation products, inhibition of
NADPH methaemoglobin reductase and glutathione
S-transferase (GST) and depletion of total glutathione
(GT) were seen for OMH. The reducing enzymes
G6PDH and GR were not impaired by OMH. These
findings for OMH are consistent with the proposed
mechanism for O-derivatives. Since both the effects
caused by OMH and its potency are comparable to
those of HYAM and OEH this indicates that possible
occupational exposure to this compound may be ap-
proached similarly to HYAM and OEH. NMH only
inhibited G6PDH and GR activity, which is fully in
accord with the proposed mechanism for N-substituted

A.A.M.G. Spooren (K!) C.T.A. Evelo
Department of Pharmacology (toxicology section).
University Maastricht, P.O. Box 616.
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derivatives of HYAM. However, NDMH a double N-
substituted compound, caused a strikingly different
scheme of reactivity: inhibition of G6PDH but not of
GR, severe methaemoglobin formation, only little lipid
peroxidation and some impairment of NADPH mel-
haemoglobin reductase. This study confirms that O-de-
rivatives of HYAM are potent haemoglobin oxidators,
leading to other oxidative effects. The main effect was
confirmed for single N-derivatives as inhibition of the
two protective enzymes G6PDH and GR. However, the
results for NDMH indicate that this simple classification
of O-derivatives and N-derivatives has to be extended
for double N-substituted compounds which give a mix-
ture of effects.

Key words Hydroxylamines • Human erythrocytes •
Oxidizing effects • Potency ranking •
Structure activity relations

Introduction

Hydroxylamine derivatives formed from the parent
compound hydroxylamine (HYAM. HONHi). are used
as intermediates in chemical synthesis (e.g. for Nylon
6" ' . pesticides and Pharmaceuticals). The primary target
cell for HYAM in humans is the erythrocyte and expo-
sure to HYAM leads to methaemoglobin formation,
glutathione depletion and haemolytic anaemia (Ca-
labrese et al. 1988: Gross 1985). Such haematological
effects were also seen in animal studies (Smith and Layne
1969; Yamamoto el al. 1967). Increased formation of
methaemoglobin alone is not necessarily accompanied by
haemolysis, as evidenced by the absence of haemolysis in
patients with methaemoglobinaemia induced by nitrites
(Beutler 1969). Hydroxylamine has been found to alter
the structure of erythrocyte membrane proteins (K.o-
tsifopoulos 1975) and to form Heinz bodies (Sinha and
Sleight 1968; Webster et al. 1949). Such modifications
could provide an explanation for the haemolysis due to
HYAM, which is a prominent part of its toxicity.
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Martin et al. (1964) described in vitro effects of
methylated hydroxylamines (O-methyl, N,O-dimethyl
and trimethyl hydroxylamine). Their data indicated the
existence of two different routes of haematotoxicity
induced by hydroxylamines. One route primarily in-
duces methaemoglobin (O-methyl and N,O-dimethyl
hydroxylamine) and the other route mainly inhibits the
activity of glucose 6-phosphate dehydrogenase (tri-
methyl and N.O-dimethyl hydroxylamine); both routes
can lead to haemolytic anaemia. The existence of two
possible hydroxylamine-related haematotoxic routes
was also confirmed by in vitro research with
hydroxylamines in our laboratory (Evelo 1995). Hu-
man blood was exposed to three hydroxylamines.
which are currently in production in the chemical in-
dustry: HYAM. O-ethyl hydroxylamine (OEH,
C2H5ONH2) and N.O-dimethyl hydroxylamine
(NODMH. CH,ONHCH,). Cytotoxic effects, oxidative
effects, effects on reducing enzymes, on glutathione S-
transferase and on some basal metabolic enzymes were
determined. Some of the effects found are summarized
in Table I.

It was postulated that HYAM as well as the O-
alkylated derivative primarily induce methaemoglobin.
This one electron oxidation of ferro- to ferrihaemoglo-
bin leads to the formation of free radicals. In sponta-
neous methaemoglobin formation, the electron is
displaced to oxygen leading to superoxide formation
(Carrell et al. 1975; Misra and Fridovich 1972). For
hydroxylamines. production of a possible non-radical
intermediate (hydrogen peroxide) was suggested subse-
quent to formation of a nitroxide (R;>R|NO») radical
and methaemoglobin (Stolze and Nohl 1989. 1990) in
incubations with hydroxylamines and oxyhaemoglobin.
It was further postulated that the reactive products
formed will induce lipid peroxidation and together with
the lipid peroxidation products will induce enzyme in-
hibition and glutathione depletion. N-substituted

hydroxylamines primarily lead to impairment of glucose
6-phosphate dehydrogenase (G6PDH) and glutathione
reductase (GR). probably because the stability of the
radicals derived from these compounds are considerably
higher than that of unsubstituted hydroxylamine (Stolze
and Nohl 1990). This resulting decrease in metabolic
protection renders the erythrocyte more vulnerable to
oxidative stress.

This previous study led to some ideas about structure
activity relationships. It seemed that the reactivity of
hydroxylamines decreases when an alkyl group is at-
tached to the nitrogen atom. To explore this idea and
consequently gain more insight into the structure-activ-
ity relationship of hydroxylamines three methylated
hydroxylamines were tested: N-methyl hydroxylamine
(NMH, HONHCHj), N-dimethyl hydroxylamine
[NDMH, HON(CH,)2] and O-methyl hydroxylamine
(OMH, CH3ONH2) also known as methoxyamine. This
particular nomenclature was chosen because then the
compounds would all be related to the O-N centre. The
last-mentioned compound was of special interest as it
recently entered bulk production and thus might lead to
occupational exposure. The in vitro work described in
this paper was therefore also used to compare the tox-
icity of OMH with that of HYAM and OEH.

Materials and methods

Chemicals

N-methyl hydroxylamine HCl (NMH; CAS-no 4229-44-2). N-
dimethyl hydroxylamine HCl (NDMH; CAS-no 16645-06-0) and
O-methyl hydroxylamine HCl (OMH; CAS-no 593-56-6) were
purchased from Fluka Chemika-BioChemika (Buchs. Switzerland).
The purity of all three compounds was 2 98%. 2-Thiobarbituric-
acid (TBA) was obtained from Merck (Darmstadt. Germany) and
all biochemicals were obtained from Sigma (St. Louts. Mo.. USA).
Only micro filtrated deionized water was used and all other
chemicals employed were of analytical grade.

Table I Methaemoglobin formation, release of lipid peroxidation
products, glutathione depletion and activity decreases of some
enzymes in human erythrocytes after incubation with hydro-
xylamines (I h. 37 °C). These incubations were carried out with
I-day-old blood, except for the determination of lipid peroxidation
products, glutathione S-transferase activity and glutathione re-
ductase (GR) activity where fresh blood was used. Five con-
centrations (control. I. 2.5. 5 and 7 mMI were tested of which only

the effects of the lowest and highest concentrations are summarized.
Values represent the mean difference between sample value and its
control ± SEMD. A dash indicates the parameter tested was not
significantly affected by the substrate. Regression analyses showed
that all changes were significant at /• < 0.000I (/> = 0.0002 for GR
activity decreases by NODHM). (WA Haemoglobin). See the Dis-
cussion for explanation of the

Parameter Hydroxylamine
(HYAM)

I mM

7 ±0.8
60 ± 18

0.8 ± 0.1
1.1 ±0.1
0.1 ±0.2
-
_

7 mM

54 + 2
450 ±90
2.1 ± 0.02
2.8 ± 0.3
1.2 ± 0.2

O-Ethyl hydroxylamine
(OEH)

1 mM

5.5 ± 0.5
105 ± 16
0.5 ± 0.1
0.8 + 0.2
0.2 ± 0.3

7 mM

51 ± 5
780 ± 157
2.2 ± 0.1
2.6 ± 0.3
2.3 + 0.2

_

N.O-Dimethyl
(NODMH)

1 mM

0.25 ± 0.05
-
_
-
0.2 ± 0.2
0.3 ± 0.3
0.6 ± 0.3

hydroxylamine

7mM

7.5 ± 0.2
_
_

0.8 ± 0.2
1.3 ±0.4
5.2 ± 0.2

Methaemoglobin ("1.)
Lipid peroxidation (nmol/1)
NADPH methaemoglobin reductase (U/g Hb)
Glutathione S-transferase (U/g Hb)
Total glutathione (umol/g b)
Glutathione reductase (U/g Hb)
Glucose 6-phosphate dehydrogenase (U/g Hb)

Data from Evelo (1995)
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Human buffy coats, containing citrale-phosphate-dextrose (CPD)
as anticoagulant, were obtained from the local centre for blood
transfusion and stored at 4 °C until the following day Samples
were checked for viral infections before use. Erythrocytes. after the
removal of white blood cells and plasma by centrifugation. (2000 g)
were washed twice in saline and resuspended to the original ha-
ematocril concentration in phosphate-buffered saline (PBS) com-
prising 15 mM KH;PO4/Na;HPO4. 130 mM NaCI. pH 7.4. The
cells were incubated with hydroxylamines (final concentration 0. 1.
2.5. 5 and 7 mM) in a shaking water bath at 80 rpm for I h at
37 °C. After incubation, erythrocytes were carefully washed twice
with 9 volumes of PBS and packed by centrifugation (2000 £).
Where applicable, the packed erythrocytes were lysed by adding
three or fifteen volumes of ice cold water. After 15 min storage on
ice. cellular debris was removed by centrifugation at 10000 g for
10 min. All experiments were performed three times on separate
days and all incubations were performed in triplicate each day.
Haemoglobin concentrations were determined with the haemoglo-
bin cyanide procedure (van Kampcn and Zijlslra 1965).

Analyses

(1985). One-hundred microlitres of haemolysate was added to 2 ml
potassium phosphate buffer (100 mM), 50 ul EDTA (80 mM),
100 uj NADPH (2 mM) and 100 ul flavin adenine dinucleotide
(FAD: 0.3 mM). After 2 min preincubation at 37 °C. the reaction
was started by adding 100 ul oxidized glutathione (GSSG: 7.5 mM).
After 15 s the reaction was followed spectrophotometrically at
340 nm for 2 min. The FAD was added in order to convert all the
enzyme to its holo form.

(GfSPD/f)

G6PDH (EC 1.1.1.49) activity in the haemolysale was determined
using glucose 6-phosphate as substrate in the presence of NADP*
and MgCN (Beutler 1975: Tietz 1986). The rate of reduction of
NADP was followed spectropholomeirically at 340 nm for 10 min.

NADPH-methaemoglobin reductase activity in the haemolysate
was determined by measuring the oxidation of NADPH at 340 nm
for 10 mm (Beutler 1975: Huennekens el al. 1957). Melhylene blue
was used as substrate.

The percentage methaemoglobin present in haemolysates was cal-
culated from the absorbance change occurring after addition of
KCN. compared to the same change in a sample fully converted to
the methaemoglobin form by the addition of KjFe(CN),, (Tielz
1986).

77iio6flrAi7ur/f wnrc? (77M /?5^

The formation of lipid peroxidation products in the extracellular
medium was assessed by determination of the amount of TBARS
released and was expressed as malondialdehyde equivalents (Stocks
and Dormandy 1971). After incubation and centrifugation (2000 #).
the supernatant was collected and protein precipitated by the ad-
dition of an equal volume of 10% (w/v) trichloroacetic acid. Of the
supernatant 1.5 ml was added to I ml of 1% (w/v) TBA solution in
50 mM NaOH and heated in a boiling water bath for 15 min. After
forced cooling. 1.25 ml butanol was added, and the two phases
were thoroughly mixed. The absorbance of the butanol phase at
535 nm was determined and corrected for the background ab-
sorbance al 590 nm.

To/d/ £/Mraf/i/V>He (G7")

Protein in erythrocytes was precipitated with an equal volume of 8%
(w/v) trichloroacetic acid. The clearsupernatanl was diluted ninefold
in 100 mM KHjPCVNaiHPO, buffer. pH 7.4. and stored at -20 °C
until determination. GT was measured using the cyclic oxidation-
reduction method essentially as described by Anderson (1985).

G/wfa/Awrte 5-/rtfn.v/i*fa5f (GS7"/

GST (EC 2.5.1.18) activity with I-chloro-2.4-dinitrobenzene as
substrate was determined in the haemolysate prepared from ery-
Ihroeyte incubates. Three volumes were added of ice-cold water
containing 1.4 mM dithiothreitol and GST activity determined
using the method of Habig and Jakoby (1981) with previously
described modifications (Brouwer et al. 1991).

(f/u/w/Aionc ri'<A«7tf.vi' (G/?)

GR (EC 1.6.4.2) activity in the haemolysate was determined by a
modification of the method described by Carlberg and Mannervik

S/0//.v//eu/ e»

The significance of the concentration dependent change was eval-
uated using linear regression analysis. The regression model used
corrects for inter-experiment variations in control values. For this
reason the standard errors shown in the figures are given as the
standard error of the mean difference (SEMD) between the sample
value and its control (i.e. (he corresponding value at concentra-
tion 0).

Results

Oxidative effects

As shown in Fig. 1. erythrocyte incubations with OMH
and unexpectedly NDMH at 7mM resulted in high levels
of methaemoglobin of 70% (SE 3.7) and 45% (SE 1.3)
respectively. Both of these effects were statistically sig-
nificant (/> < 0.0001). A very low rate of methaemo-
globin formation was found for NMH: 0.20% (SE 0.02)
per mM NMH /> < 0.0001). The release of lipid perox-
idation products from erythrocytes, shown as TBARS
release, is presented in Fig. 2. Again OMH and NDMH
had a concentration dependent effect, producing signif-
icant amounts of TBARS release (/> < 0.0001 and
/* < 0.003 respectively). OMH clearly gave the largest
release of lipid peroxidation products: 2000 (SE 180)
nmol/1 at 7 mM OMH. The release of lipid peroxidation
products by NDMH of 80 (SE 32) nmol/1 at 7 mM is
low. especially in comparison with the unexpectedly high
methaemoglobin formation (45% at 7 mM) by this
compound. As expected, because of the very low met-
haemoglobin formation, no release of lipid peroxidation
products was found for NMH. Total glutathione
(Fig. 3) decreased with dependence on concentration in
incubations with OMH [0.29 (SE 0.02) umol/g haemo-
globin (Hb) per mM; /> < 0.0001] but not in incuba-
tions with NDMH. GT levels were depleted by NMH
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Hydroxylamine concentration [mM]

Rg. I Effects of N-methyl (NMH), N-dimelhyl (NDMH) and
O-methvl (OMH) hydroxylamine on meihaemoglobin formation in
human erythrocytes after incubation for I h at 37 °C. The error bars
represent the standard error of the mean differences between sample
value and control. The error bars for some of the data fall within the
data points. The control methaemoglobin value was 0.89% (SE 0.07).
Regression analyses showed significant increases in methaemoglobin
formation with increasing OMH and NDMH concentrations
(/>< 0.0001)

(/> < 0.014) with the depletion reaching a plateau level of
0.8 (SE 0.1): umol/g Hb of depleted GT at 2.5 mM
NMH.

Enzyme inhibitions

The activity of NADPH methaemoglobin reductase in
erythrocytes is shown in Fig. 4. This activity was im-

Hydroxylamine concentration [mM]

Fig. 3 Availability of total glutathione (GT) in human erythrocytes
after incubation with NMH. NDMH and OMH for 1 h at 37 °C. The
control GT value was 5.5 (SE 0.3) umol/g haemoglobin (Hb).
Regression analyses showed significant decreases in GT concentra-
tions with increasing OMH (/> < 0.0001) and NMH (/> < 0.014)
concentrations. For explanation of error bars see the legend to Fig. I

paired in both OMH and NDMH treated samples
(P < 0.0001). With OMH the NADPH methaemoglobin
reductase activity decreased by 0.30 (SE 0.04) U/g Hb
per mM addition and with NDMH the activity de-
creased by 0.15 (0.02) U/g Hb per mM addition. With
NMH no significant change was found in the NADPH
methaemoglobin reductase activity. The glutathione
S-transferase activity was strongly inhibited by OMH
leading to ~65% reduction [2.3 (SE 0.2) U/g Hb] at the
highest (7 mM) OMH concentration tested (Fig. 5). The

750
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/

/

/

/

/ T — f

I 1

- • - OMH

- * - NDMH

- * - NMH

• T

Hydroxylamine concentration [mM]

Fig. 2 Lipid peroxidation. expressed as malondialdehyde equivalents
in reactivity towards thiobarbitunc acid (TBA) in human erythrocytes
after incubation with NMH. NDMH and OMH for 1 h a t 37'°C.
The control release of TBA-reactive substances (TBARS) was 80
(SE 9) nmol/I. Regression analyses showed significant increases in
TBARS release with increasing concentrations of OMH (/> < 0.0001)
and NDMH (/> < 0.003). For explanation of error bars see the legend
to Fig. 1

Hydroxylamine concentration [mM]

Fig. 4 Effects of NMH. NDMH and OMH on the NADPH
methaemoglobin reductase activity in human erythrocytes after
incubation for I h. at 37 °C. The control NADPH methaemoglobin
reductase activity was 2.85 (SE 0.2) umol/g Hb. Regression analyses
showed significant decreases in NADPH methaemoglobin reductase
activity with increasing OMH and NDMH concentrations
(P < 0.0001). For explanation of error bars see the legend to
Fig. I
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- • - NMH
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Hydroxylamine concentration [mM]

Fig. S Effects of NMH. NDMH and OMH on glutathione S-transf-
erase (GST) activity in human erythrocytes after incubation for 1 h at
37 °C. The control GST activity value was 3.5 (SE 0.4) umol/g Hb.
Regression analyses showed significant decreases in GST activity with
increasing OMH concentrations (/> < 0.0002). For explanation of
error bars see the legend to Fig. I

other two hydroxylamine derivatives tested (NDMH
and NMH) did not cause significant inhibition of the
GST activity in erythrocytes.

Glutathione reductase activity was decreased with
NMH (/>< 0.0001): GR activities in incubations with
7 mM NMH were ~20% lower than the 6.9 U/g Hb
found in control incubations (Fig. 6). The activity of
GR was not impaired by NDMH while only a small
tendency toward impairment of GR activity was found
with OMH (/"< 0.011). A concentration dependent
decrease in glucose 6-phosphate dehydrogenase activity

Hydroxylamine concentration [mM]

Fig. 6 Effects of NMH. NDMH and OMH on ihe glutathione
reductase (GR) activity in human erythrocytes after incubation for I h
at 37 °C. The control GR activity value was 6.9 (SE 0.8) umol/g Hb
Regression analyses showed significant decreases in GR activity with
increasing NMH concentrations (P < 0.0001). For explanation of
error bars see the legend to Fig. I

Hydroxylamine concentration [mM]

Fig. 7 Effects of NMH, NDMH and OMH on the glucose 6-
phosphate dehydrogenase (G6PDH) activity in human erylhrocytes
after incubation for I h at 37 °C. The control G6PDH activity value
was 7.7 (SE 0.1) umol/g Hb. Regression analyses showed significant
decreases in G6PDH activity with increasing NMH and NDMH
concentrations (/• < 0.0001). For explanation of error bars see the
legend to Fig. I

was found with NMH and NDMH (/> < 0.0001: Fig. 7):
1.9(SE0.1)U/gHbat7mM NMH and 1.2 (SE 0.1) U/g
Hb at 7 mM NDMH. As a consequence ~20% and ~ 15%
of the initial G6PDH activity was lost at 7 mM NMH
and NDMH respectively. The activity of G6PDH was
not significantly influenced by OMH.

Discussion

Hydroxylamines are know to cause oxidative effects in
erythrocytes (Bazylinski et al. 1987; Calabrese et al.
1988; Evelo 1995). Oxidation is a major contributor to
the degenerative processes that lead to ageing and cel-
lular breakdown. This consideration is particularly im-
portant for the red blood cell, which is at increased risk
due to both the exposure to high concentrations of ox-
ygen and inability to replace damaged proteins by re-
synthesis. As a consequence, the red cell devotes much of
its metabolic activity to reductive processes which
combat the threat of oxidation. When these reductive
processes are deficient, or are overwhelmed, oxidation of
cellular constituents will occur with consequent ha-
emolysis (Carrell et al. 1975; Stern 1989). Since
hydroxylamines in vivo are able to induce haemolvtic
anaemia, oxidation of cellular constituents is thought to
be the basis for hydroxylamine toxicity in man.

Methaemoglobin formation, high release of lipid
peroxidation products and depletion of total glutathione
were observed with OMH, indicating that OMH is able
to give rise to strong oxidative effects. Methaemoglobin
formation and glutathione depletion in vitro were pre-
viously described for HYAM (Bazylinski et al. 1987;
Calabrese et al. 1988: Evelo 1995). The reaction of
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HYAM with haemoglobin involves a two-step reaction
in which haemoglobin cycles between oxyhaemoglobin
and methaemoglobin leading to decomposition of
HYAM into ammonia, nitrogen gas and small amounts
of nitrous oxide (Bazylinski et al. 1987: Colter and
Quastel 1950). Since the heme iron is a one-electron
reactant and two electrons are required to form nitrogen
gas. it is assumed that free radical intermediates are in-
volved. Moreover. Stolze and Nohl (1989. 1990) re-
ported the existence of a possible non-radical product,
hydrogen peroxide, and a radical product. R;R|NO«, as
intermediates in the formation of methaemoglobin in-
duced by hydroxylamines. This radical formation is one
of the causes for lipid peroxidation and glutathione de-
pletion. The oxidative effects seen with OMH are similar
to the effects previously seen with HYAM and OEH
(Table 1) except for the amount of lipid peroxidation
products released by OMH: 2000 (SE 180) nmol/l at
7 mM. a value which was about fourfold higher than the
amount previously seen for HYAM [450 (SE 90) nmol/l
at 7 mM; Table 1], A partial explanation for this dif-
ference could be that the earlier experiments were car-
ried out in fresh whole blood in stead of 1-day-old
washed erythrocytes (data not shown).

It is well known that free radicals are able to oxidize
glutathione and interact with enzymes particularly if
they contain sulphydryl groups (Sies 1986).
Alternatively, these effects may be indirect: for example,
exposure to oxygen radicals may cause lipid peroxida-
tion in cell membranes which in turn may generate
species that damage cell proteins. Therefore, activity loss
of enzymes under conditions causing lipid peroxidation
was expected beforehand, especially for a particular
enzyme in the erythrocyte. GST p. which is very vul-
nerable to oxidative stress (Murata et al. 1990: Shen et al.
1993: Evelo et al. 1996). NADPH methaemoglobin
reductase and actual GST impairment was found for the
strong lipid peroxidation-forming substance OMH; the
reductive enzymes G6PDH and GR were not impaired
by this compound. The latter two enzymes were inacti-
vated by NMH and only the activity of G6PDH was
inactivated by NDMH. The activities of the protective
enzymes NADPH methaemoglobin reductase and GST
were not influenced by the addition of NMH. The po-
tency of NMH in achieving oxidative effects (methae-
moglobin formation, total glutathione depletion) is
small, comparable with the effects previously seen for
NODMH (Table 1). A very small amount of methae-
moglobin formation dependent upon concentration was
seen for NMH but the effect was so small as to probably
be due to impurities. NDMH not only decreased the
activity of G6PDH but also decreased the NADPH
methaemoglobin reductase activity. Furthermore.
NDMH caused severe methaemoglobin formation with
very little release of lipid peroxidation products. GST
activity and GT levels were not decreased by NDMH.
However, a slight decrease in GST activity seemed to be
present al NDMH concentrations up to 5 mM (see
Fig. 5 for details) possibly in accordance with the effect

seen for this substance on NADPH methaemoglobin
reductase activity.

As stated before. HYAM and the hydroxylamine O-
ethyl derivative (OEH) were previously found to cause
severe effects on all of the parameters mentioned except
G6PDH and GR (Table 1). The latter two enzymes were
only inhibited by the much less oxidative compound,
NODMH. The effects seen here for OMH were fully in
accord with the effects found earlier for HYAM and
OEH. NMH and NDMH inhibited G6PDH activity and
in this respect were comparable to NODMH. For
NDMH a non-typical result was found: NDMH caused
G6PDH inhibition and also severe methaemoglobin
formation, with only little lipid peroxidation and inhi-
bition of NADPH methaemoglobin reductase.

Our findings for OMH are consistent with the pro-
posed mechanism for O-derivatives where methaemo-
globin formation is the primary and critical step leading
to the liberation of free radicals, which cause lipid per-
oxidation. GT depletion, inhibition of NADPH met-
haemoglobin reductase activity and GST activity (see
light shaded area in Table 1). The inhibition of G6PDH
and GR activity, and as a consequence depletion of GT,
by NMH and NODMH indicate that this may be a
general phenomenon for N-derivatives (see dark shaded
area in Table 1). The primary oxidalive effects (met-
haemoglobin formation, lipid peroxidation and GT de-
pletion) seem most promising for the purpose of ranking
the biological activity potency of new hydroxylamines.
The hazard identification and potency assessment made
for OEH is also applicable to OMH since this
hydroxylamine is equally potent in erythrotoxic effects
as OEH. This suggests that erythrotoxicity is probably
the most important effect after occupational exposure to
OMH and other O-derivatives. For this reason, apart
from classical haematological effects, determinations of
NADPH methaemoglobin reductase and GST activity
are likely to be useful biomarkers to monitor human
exposure to compounds of this class.

On the whole, our data support the idea that the main
oxidative activity of hydroxylamine derivatives is de-
pendent on the availability of the nitrogen atom.
Masking this atom with a single methyl group was found
to decrease the oxidative potency in NMH as was pre-
viously shown for NODMH (Table 1). The presence of
an alkyl group attached to the oxygen atom in OMH
and OEH does not have qualitative effects. The potency
of these two compounds in lipid peroxidation and GT
depletion is higher than the potency of the parent
compound. HYAM. This may be caused by a shift in
electron density between nitrogen and oxygen or
through a change in lipophilicity leading to different
approaches of the heme pocket.

The di N-substituted compound, NDMH, does not
behave similarly to the mono substituted compounds. In
fact, the pattern of effects for NDMH is difficult to
understand: formation of methaemoglobin without si-
multaneous high lipid peroxidation but with inhibition
of NADPH methaemoglobin reductase while the effects
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on GST are small if at all present. This rinding indicates
that, despite the simple structures, the structure-activity
relationship is not so straightforward as was initially
suggested. Moreover, NDMH would be incorrectly
classified on the assumption that binding of a molecule
to the nitrogen atom would decrease the oxidative tox-
icity of hydroxylamines. Reactions between xenobiotics
and oxyhaemoglobin are complex and involve a multi-
step process (Winterbourn 1985). This produces many
reactive intermediates, which are responsible for other
reactions in the environment of the red cell. The end
result can vary considerably as a result of differences in
reactivity or stability of the intermediates. Furthermore,
effects on haemoglobin are also related to electronic or
steric properties of the different hydroxylamines. To-
gether with the fact that methaemoglobin can act as a
scavenger of reactive intermediates, inhibiting further
oxidative damage to other cell components (Sullivan and
Stern 1984), this can be an explanation for the different
effects seen here for the hydroxylamines. The findings of
this study have reinforced the idea that structure-activity
relationships are useful a priori for hazard identification
and potency ranking of compounds though the main
effects must be verified for confirmation.
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Only the glutathione dependent antioxidant
enzymes are inhibited by haematotoxic
hydroxylamines
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Hydroxylamine and some of its derivatives are known to
cause oxidative effects both in vitro and in Wvo. In the
current study we investigated the effects of hydroxyla-
mines on the enzymatic antioxidant defense system in
human erythrocytes. The activity of catalase and super-
oxide dismutase was nol significantly influenced by any of
the hydroxylamines tested. However, the activity of
glutathione peroxidase (GPX) and glutathione S-transfer-
ase (GST) was strongly inhibited by hydroxylamine and its
O-derivatives (O-melhyl and O-ethyl hydroxylamine).
GPX was also inhibited by two N-derivatives of hydro-
xylamine (i.e. N-dimethyl and N.O-dimelhyl hydroxyla-
mine). This indicates that exposure to hydroxylamines not
only changes the cellular oxidation-reduction status but
also leads to inhibition of the glutathione dependent
antioxidant enzymes. GST as well as GPX have cysteine
residues at the active site of the enzymes. Such an
accessible thiol group is generally susceptible to formation
of protein-mixed disulphides or intramolecular disul-
phides. If these thiol groups are essential for activity this
would be accompanied by an increase or decrease in the

enzyme activity. In principle this is also true for
glutathione reductase (GR), which in this study was only
inhibited by N.O-dimethyl and N-methyl hydroxylamines.
However, GR is capable to reduce these disulphides by
taking up two electrons, either from its substrate NAPDH
or from another reductant. Oxidation of these thiol groups
in GR would thus not lead to impairment of GR activity.
The fact that NODMH and NMH do decrease the GR
activity can therefore only be explained by other modifica-
tions. The activity loss of GST and GPX on the other hand,
is likely to involve oxidation of critical cysteine residues.
The practical consequence of these findings is that the
cellular prooxidant state that may arise in erythrocyles
exposed to hydroxylamines can be further increased by
activity loss of protective enzymes, which may decrease
the average life span of the red blood cell.

Keywords: hydroxylamines; glutathione peroxidase; superoxide
dismutase; catalase; glutathione S-transferase; glutalhione reduc-
taso; human erythrocytes

Introduction

Under physiological conditions, the red blood cell
is continuously exposed to oxidants such as super-
oxide radicals and hydrogen peroxide. These
reactive oxygen species are also produced under
experimental conditions and as a result of occupa-
tional exposure to some oxidizing agents such as
aniline and hydroxylamines.' ' However, the red
blood cell has a protective mechanism against
oxidative damage. The three main antioxidant
enzymes, glutathione peroxidase (GPX), catalase
and superoxide dismutase (SOD) are part of this
protective mechanism. They are assisted by glu-
tathione S-transferase (GST) that acts both as a
selenium independent peroxidase" and a phase 2
biotransformation enzyme removes reactive pro-
ducts resulting from oxidative activity. Both GPX
and GST depend on the availability of sufficient
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levels of reduced glutathione (GSH) to function.
Glutathione reductase (GR), is of importance in
maintaining this necessary level of GSH. The
pentose phosphate shunt provides the NADPH
required for GR to convert oxidized glutathione
(GSSG) to GSH. Despite this elaborate protective
mechanism an imbalance between the formation
and removal of radicals can lead to an increase in
oxidative damage to the erythrocyte. Such damage
might involve consequential damage to the protec-
tive enzymes themselves. This would render the
erythrocyte more vulnerable to subsequent oxida-
tive exposure, especially since in this type of cells
restoration of enzyme activities by f/ie noi'o
synthesis is not possible.

Previously, we described ' that hydroxylamine
(HYAM) and some of its derivatives (predominantly
O-alkyl amines) are able to induce oxidative
damage in erythrocytes. For this reason, we were
interested in the possible effects of hydroxylamines
on the enzymatic antioxidant defense system in
erythrocytes. It is known, and also confirmed by our
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own research, that radicals are formed in erythro-
cyte incubations with different hydroxyla-
mines.''"" Moreover, there are strong indications
that hydroxviamines only induce oxidative stress if
they are able to react with a haemoprotein.

In the present study, effects of six different
hydroxylamines on the activity of human erythro-
cyte SOD, catalase, GPX, glutathione S-transferase
(GST) and GR were investigated. Catalase was of
special interest because this enzyme has a
haematin nucleus, similar to that of haemoglobin,
that is essential for the enzyme activity. '" Since
hydroxylamines are predominantly haemato-
toxic-" and hence are able to react with haemo-
proteins, an inhibitory effect on the catalase
activity was expected. Regarding the glutathione
dependent enzymes (GPX. GST and GR). they all
have cysteine residues at the active site of the
enzyme.'"'" Such an accessible thiol group is
likely to be susceptible to formation of protein-
mixed disulphides or intramolecular disulphides.
if these thiol groups are essential for activity this
would be accompanied by an increase or decrease
in the enzyme activity, in this paper, evidence is
presented that enzymes bearing an accessible thiol
essential for activity {i.e. GPX and GST) are indeed
vulnerable to oxidative stress induced by hydro-
xvlamines.

Materials and methods

(,7?emica/s
N-dimethyl hydroxylamine HC1 (NDMH. CAS-no:
16645-06-0). N-mcthvl hydroxylamine HC1 (NMH.
CAS-no: 4229-44-2) and O-methyl hydroxylamine
HC1 (OMH. CAS-no: 593-56-6) were purchased
from Fluka Chemika-BioChemika (Buchs. Switzer-
land). N.O-dimethyl hydroxylamine HC1 (NODMH.
CAS-no: 1117-97-1), O-ethyl hydroxylamine HC1
(OEH. CAS-no: 624-86-2). hydroxylamine HC1
(HYAM. CAS-no: 5470-11-1) and all other bio-
chemicals were obtained from Sigma (St. Louis.
USA). Only micro filtrated deionised water was
used and all other chemicals were of analytical
quality.

/ncubof/on cond/f/ons
Human huffy coats, containing citric acid citrate-
phosphate-dextrose (CPD) medium, were obtained
from the local center for blood transfusion and
stored at 4 C until the next day. Samples were
checked for viral infections before use. Erythro-
cytes. after removal of white blood cells and plasma,
were washed twice in saline and resuspended in
PBS (phosphate buffered saline; 15 mM KH.PO,/
Na,HPO,+ 130 mM NaCl: pH=7.4) to the original
haematocrit. The cells were incubated with hydro-
xylamines (final concentration 0, 1. 2.5, 5 and 7 mM)

in a shaking water bath at 80 r.p.m. for 1 h at 37 C.
After incubation, erythrocytes were carefully
washed twice with 9 volumes of PBS and packed
by centrifugation (2000 g). The packed erythrocytes
were lysed by adding five volumes of ice cold water.
After 15 min storage on ice, cellular debris was
removed by centrifugation at 10 000 g for 10 min.
All experiments were performed three times on
separate days and all incubations were performed in
triplicate each day. Haemoglobin concentrations
were determined with the haemoglobin cyanide
procedure." i

/Ino/vses
Go/a/ase acf/Vify Catalase activity in haemolysates
was determined as described by Aebi'" measuring
decomposition of H.,0., at 240 nm for 30 s.

G/urafh/one peroxidase ocfi'viiy iGPAV GPX (EC
1.11.1.9) activity in haemolysates was determined
using H.O.. (1.5 mM) as substrate in the presence of
GR (2.4 U/ml), GSH (10 mM, NADPH {1.5 mM)
and sodium azide (10 M ) ' ' The rate of oxidized
glutathione (GSSG) formation was measured by
following the NADPH oxidation at 340 nm for
3 min. To eliminate NADPH oxidation by NADPH-
methaemoglobin reductase in the haemolysate,
oxyhaemoglobin is converted to the stable cyan-
met haemoglobin form before determination of
GPX.

Supwox/dase d/smufosp ocfiv/fy (SOD? Haemo-
globin was removed from the hemolysates by an
adaptation of the Tsuchihashi chloroform-ethanol
treatment.'" The upper aqueous phase was gently
decanted and frozen at - 80 C for later analysis. The
assay of SOD is performed at 25 C according to
McCord and Fridovich.-' One unit of SOD activity is
defined as the amount of enzyme that inhibits the
rate of cytochrome c reduction, generated by a
stable xanthine-xanthine oxidase system, by 50% in
a 3 ml reaction volume. The SOD activity was
calculated from a semilogarithmic plot as described
by L'Abbe and Fisher."

G/ufnf/ij'one S-(rons/erase fGSTV onr/
rerfuc/ose /GfU acf/Wry The assay of GST and GR
were carried out as described previously."

Sfaf/sfjca/ eva/uafion
The significance of the concentration dependent
change was evaluated using linear regression
analysis. The regression model used corrects for
inter-experiment variations in control values. For
this reason the standard errors shown in the figures
are given as the standard error of the mean
difference (s.e.m.d.) between the sample value and
its control (i.e. the corresponding value at concen-
tration 0).
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The activity of catalase and SOD was not signifi-
cantly influenced by any of the six hydroxylamines.
NODMH might be a possible exception since it

25

-*- HYAM ^ * ^ ;

-O- OMH

-»- OEH

-•- NMH

-9- NDMH

-•- NODMH

1 4

0.0 2.5 50 75

Concentration Hydroxylamines [mM]

Figure 1 Effect of six hydroxylamines (HYAM. OMH. OEH.
NMH. NDMH. and NODMH) on glulathione peroxidase (GPX)
activity in human erythrocytes after incubation for 1 h at 37 C.
The error bars represent the s.e.m. differences between sample
value and control. Regression analyses showed significant
decreases in GPX activity with increasing HYAM. OMH. OEH.
NDMH and NODMH concentrations (/><0.0001)

showed a small tendency towards impairment of
SOD activity. All hydroxylamines. except NMH,
concentration dependently impaired the GPX activ-
ity (P< 0.0001 for all five compounds; Figure 1).
OMH and OEH gave the largest GPX inhibition
(56% and 53% at 7 mM respectively), inhibitory
effects on GPX by NDMH, HYAM and NODMH
were about 10% less (47. 41 and 39% at 7 mM
respectively). The GST activity, shown in Figure 2,
was strongly impaired by HYAM, OMH and OEH.
leading to over 60% reduction at the highest
concentration tested (P< 0.0001 for HYAM and
OEH; P< 0.0002 for OMH). For the other three
hydroxylamines (NMH. NDMH and NODMH) no
significant changes in the GST activity were found.
In contrast, the GR activity was significantly
decreased for NODMH (P<0.0002) and NMH
(P< 0.0001). For these two substances the GR
activities in 7 mM incubations were about 20%
lower than the 6.9 U/g Hb found in the control
incubations (Figure 3). No GR activity changes were
found for HYAM, OMH. OEH and NDMH.

Discussion

We recently demonstrated that HYAM and its O-
alkyl derivatives cause strong oxidative effects in
erythrocytes (methemoglobin formation, total glu-
tathione depletion and lipid peroxidation). ' The
potency of NODMH and NMH in this respect was
much smaller, and in the case of lipid peroxidation

0.0 2.5 5.0

Concentration Hydroxylamines [mM]

7.5

Figure 2 Lffei I nl si\ hydn
NMH. NDMH. .mil NODMH)
activity in Imni.ni ervlhrocvt
The error Imrs represent the
value and control. Regressi

oxylammes (HYAM. OMH. OEH.
i glutathione S-lransferase (CIST)

; after incubation for I h at :i7 (;.
•i.tun. differtMices between sample

analyses showed significant
decreases in (1ST activity with increasing HYAM. OMH and
OKI! cuncentrnlinns (P<0.0001 for HYAM and OKH: />< 0.0002
for OMH)

1
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Figure 3 liffwil of six hvdroxvhunini's (HYAM. OMH. OEH.
NMH. NDMH. anil NODMHI on gliitHlhiiini' HMIIH l.isr {(IK)
.iclivily in luiniiin erythrocytes aftiT incubiilinn tor 1 h dt :I7 C.
The error bars represent the s.e.m. differenres between sample
value and control. Regression analyses showed significant
decreases in (IK activity with incn-asing NMH and NODMH
concentrations (P< 0.0001 for NMH: P< 0.0002 lor NODMH)
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almost non-existent. These results indicate that the
oxidation-reduction status in the erythrocyte
changes upon exposure to hydroxylamines. More-
over, Stolze and Nohl' proved the existence of free
radicals (nitroxide radicals) in erythrocyte incuba-
tions with hydroxylamines. Furthermore, evidence
for hydrogen peroxide generation during the reac-
tion of hydroxylamines with oxyhaemoglobin was
found in our laboratory. All these findings indicate
that hydroxylamines can induce oxidative stress in
ervthrocytes.

Erythrocytes have several lines of defence against
oxidative stress. Antioxidant enzymes, including
glutathione related enzymes, act as major scaven-
gers of activated oxygen species in erythrocytes.-'
Detrimental effects to these enzymes themselves
can occur as a consequence of free radical
reactivity. The present results show that of the
erythrocyte antioxidant enzymes (catalase, SOD
and GPX). the activity of SOD and catalase was
not affected by any of the six hydroxylamines
tested. This implies that the removal of radicals in
ervthrocytes by these two antioxidant enzymes is
not changed through hydroxylamine exposure. The
fact that the catalase activity is not impaired, is in
contrast to what was expected beforehand. HYAM
is known to decrease the catalase activity in liver of
mice and forms a catalytically inactive complex
with purified catalase.'-"-' Furthermore, hydroxy-
lamines are predominantly haematotoxic,' " and
together this leads to the conclusion that hydro-
xylamines are able to react with haemoproteins.
However, the fact that a very large fraction (about
80% of the soluble protein) of the erythrocyte
consists of a major haemoprotein. haemoglobin,
probably explains why hydroxylamines do not
impair the catalase activity in erythrocytes to a
detectable level.

GST activity was largely decreased in HYAM.
OMH and OEH treated samples. Five of the six
hydroxylamines strongly inhibited the GPX activity
in human erythrocytes. Inhibition of GPX is thought
to involve oxidation of theselenocysteine residue at
the active site of the enzyme.-' This is probably a
result of the general shift in the cellular oxidation-
reduction status with concomitant oxidation of
thiol groups and is confirmed by a decrease in
reduced glutathione" and by the concomitant
inhibition of GST. another cvsteine dependent
enzyme tested in this study. It is known that
cvsteine residues are involved in the inactivalion
of GST-TT by hydrogen peroxide. "• In general, any
enzyme bearing an accessible thiol group essential
ior 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." The activity loss of GST and GPX
occurring under oxidative conditions during hydro-

xylamine exposure in erythrocytes is likely to
involve such an oxidation of critical cysteine
residues.

Gatalase and SOD also have cysteine residues,-"'"
but in contrast to GST and GPX. in which thiol
groups are essential for the catalytic activity,
oxidation of SH-groups or partial alkylation does
not affect the specific activity of catalase and
SOD.-'"' GR contains four cysteine residues of
which two represent the redox-active dithiol
located at the centre of the enzyme's catalytic site."
In the oxidized enzyme (often called 'native'
enzyme) these two thiols form a disulphide bridge;
when the enzyme takes up two electrons, either
from its substrate NADPH or from a chemical
reductant, this disulphide is opened. Oxidation of
these thiols would thus not lead to impairment of
GR activity. Nevertheless. GR activity in erythrocyte
incubations was impaired by two of the six
hydroxylamines tested (NMH and NODMH). This
inhibitory effect must therefore be explained by
other modifications, possibly as a result of reaction
of one or both of these thiols with NODMH or NMH
themselves or with reactive intermediates formed
during the erythrocyte incubations, yielding stable
thioether like structures.

Another possible explanation for the loss of
enzyme activity might be that enzyme-proteins
participate in the formation of haemichromes.
Haemichrome precipitation is part of the process
of Heinz Body formation,'- that is known to occur in
erythrocytes treated with hydroxylamines."""
Haemichromes are precipitates of cross-linked
haemoglobin that might also involve other proteins.
It was previously described that inactivation of GPX
activity following entrapment of purified 7 or //
haemoglobin chains in human erythrocytes corre-
lated well with the rate of haemoglobin chain
oxidation.'' This enzyme inactivation is mainly
present under those conditions where tho autoxida-
tion of the oxygenated chains is followed by
transformation of the oxidised molecule into a
haemichrome. This mechanism is likely to lead to
decreases in enzyme activities of all enzymes with
externally available sulfhydryl groups. The fact that
the activities of both SOD. which has sulfhydryl
groups on the protein surface.'" and catalase. which
most likely also has such free sulfhydryl groups,
were not affected by any of the hydroxylamines
renders this mechanism less plausible.

Under physiological conditions the production
and removal of the various oxygen-derived radicals
is a dynamic and complex process that results in a
steady state with very low concentrations of these
reactive molecules in the cell. Additional oxidative
capacity introduced by the presence of hydroxyla-
mines leads to increase in oxidative effects, "
decrease in the activity of the glutathione depen-
dent antioxidant enzymes GPX and (1ST (probably
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caused by thiol oxidation) and decrease in GR
activity (more likely caused by other modifications)
which will all add to the development of a cellular
prooxidant state, which may endanger the life span
of the cell.
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ABSTRACT: Hydroxylamine is a direct-acting hematotoxic agent leading to hemolytic anemia in animals and
man. The effect of hydroxylamine on the morphology, sulfhydryl status and membrane skeletal proteins of human
erythrocytes were studied. Loss of reduced glutathione (GSH) from the red blood cells was directly proportional to
the hydroxylamine concentration used. This loss of GSH was larger than the sum of the increase in the amounts of
extracellular glutathione and intracellular oxidized glutathione (GSSG). The extracellular glutathione is mainly
present as GSSG, which is in agreement with the fact that only GSSG is exported from the erythrocytes by
membrane bound ATPases. Lack of GSSG export was not limited by decreased ATP levels in the erythrocytes and
we concluded that the GSH that disappeared did not become available as intracellular GSSG. After reduction of the
erythrocyte incubates the lost GSH was almost completely recovered indicating that the lost GSH is present in the
cell as protein-glutathione mixed disulfides. Glutathione thus stored within the cell can be quickly recovered by
combined thioltransferase and glutathione reductase activity when conditions become more favorable again.
SDS-polyacrylamide gel electrophoresis of membrane ghosts from human red cells revealed changes in skeletal
proteins with a smearing of bands 1, 2 and 3 to the higher molecular weight end of the gel and the appearance of new
monomeric and dimeric hemoglobin bands at about 16 and 30 kD. The observed alterations are probably a
consequence of disulfide bridge formation between cellular proteins (mainly hemoglobin) and skeletal proteins as
well as between hemoglobin monomers. Exposure of hydroxylamine to erythrocytes caused severe Heinz body
formation but the outside morphology of the cells was only marginally altered. The described changes in sulfhydryl
status of the red blood cells are likely to play a major role in the premature splenic sequestration of
hydroxylamine-damaged erythrocytes.

Keywords: hydroxylamine, oxidalive damage, erythrocytes. glutathione. Heinz bodies

INTRODUCTION

Hemolytic anemia, the uncompensated loss of
red blood cells from the circulation, is a primary
effect of hydroxylamine (H2NOH) exposure in
animals and man. This effect of hydroxylamine is
commonly associated with methemoglobinemia,
sulfhemoglobinemia, Heinz body formation and
splenomegaly [for review, see (1)]. This hemolytic
activity of hydroxylamine is probably a result of
oxidative stress in the erythrocyte as demonstrated

by total glutathione depletion and release of lipid
peroxidation products from erythrocytes exposed
to hydroxylamines i« v/'rro (2,3). This oxidative
stress in red cells arises from cyclic oxidation-
reduction reaction that occurs between hydroxyl-
amine and oxyhemoglobin, yielding a hydronitrox-
ide radical (HiNO«) and methemoglobin (4,5).
Apart from this reactive intermediate, Stolze et al.
(6) also observed low-level chemiluminescence
resulting from the formation of a compound I type
ferryl heme species. The latter is formed by

Department of Pharmacology. Toxicology Section. University Maastricht. PO Box 616. 6200 MD Maastricht. The Netherlands.
Reprint request to: Chris T.A. Evelo. Ph.D.. Department of Pharmacology. Toxicology Section. University Maastricht. PO Box 616, 6200 MD Maastricht.
The Netherlands.
phone 0031 43 3881231. fax 0031 43 3670940. email:c.evelo@farmaco.unimaas.nl



Hydroxy/am/he /ncreases g/ufafh/one-prote/n andprote/n-prote/n b/nd/ng 77

hydrogen peroxide that is assumed to be the third
reaction product in the reaction between hydroxyl-
amine and oxyhemoglobin. Hydrogen peroxide
eenerates other active oxygen species which,
together with reactive hydroxylamine products,
are capable of causing cellular damage.

Red cells are well equipped with several
biological mechanisms to defend against intracel-
lular oxidative stress (7). These biological mecha-
nisms include activity of glutathione peroxidase,
superoxide dismutase. and catalase. Glutathione is
also an important component of the cell's antioxi-
dant defense, acting both as a substrate for glutathi-
one peroxidase in the removal of peroxides and
directly as a free radical scavenger (8). Despite
their well developed antioxidant defense system,
erythrocytes can be oxidatively damaged. When
this damage becomes extensive the cells can be
removed from the blood circulation by the spleen.
Removal of damaged erythrocytes can be a result
of an alteration in the membrane skeletal protein
structure and in membrane lipids [for review, see
(9)]. These alterations induce a change on the
external surface of the red cell, initiating its
removal by splenic macrophages (10,11). Incuba-
tion of red blood cells with hematotoxic concentra-
tions of the hydroxylamine metabolite of dapsone
induced major changes in membrane skeletal
proteins which was accompanied by a change in
cell morphology in rat (12) and human (13). This
change in membrane skeletal proteins was due to
formation of protein mixed disulfides and it was
proposed that these oxidative changes are in-
volved in the mechanism underlying dapsone-
induced hemolytic anemia. In I'/I n7/r> studies on
the effect of hydroxylamine on human erythro-
cytes. we observed methemoglobin formation, a
loss of total glutathione and a release of lipid
peroxidation products (2,3). Since in these experi-
ments the increase in extracellular total glutathi-
one was smaller than the loss of total glutathione
from erythrocytes, we suspect that formation of
mixed disulfides may have occurred. Formation of
mixed disulfides from proteins and glutathione is a
general result of glutathione oxidation (14). Forma-
tion of disulfides from membrane proteins would

lead to changes in electrophoretic behavior of
these proteins and there was already some indica-
tion in the literature that a shift in electrophoretic
pattern may indeed occur (15). Because the ability
to deform is crucial to the red cell for performing
its function of oxygen delivery, we became inter-
ested in the effects of hydroxylamine on red cell
morphology and on the sulfhydryl status. Damage
endured by red cell membrane proteins was inves-
tigated by gel electrophoresis. The results of the
present study provide evidence that formation of
protein mixed disulfides does occur in intact
erythrocytes when hydroxylamine is added. These
oxidative modifications are likely to be a major
factor in hydroxylamine-induced hemolytic ane-
mia.

MATERIALS AND METHODS

Hydroxylamine HC1 (hydroxylamine, CAS-
no: 5470-11-1) was obtained from Sigma (St.
Louis Mo, USA). Molecular weight calibration
kits, PhastGel homogeneous media 12.5, PhastGel
SDS buffer strips and PhastGel silver kits were
obtained from Pharmacia Biotech (Uppsala, Swe-
den). All other chemicals and reagents were of
analytical grade and purchased from commercial
sources. Only micro filtrated deionized water was
used.

Human buffy coats, containing citrate-phos-
phate-dextrose (CPD) as anticoagulant, were ob-
tained from the local center for blood transfusion
and stored at 4 C until the following day. Samples
were checked for viral infections before use.
Erythrocytes, after removal of white blood cells
and plasma, were washed twice in saline and
resuspended to the original hematocrit concentra-
tion in phosphate buffered saline (PBS) compris-
ing 15 mM KHjPO^ajHPO., and 130 mM NaCl,
pH 7.4. After 5-min preincubation at 37 C, various
concentrations of hydroxylamine dissolved in phos-
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phate buffer (0.1 M pH 7.4; 0.2 ml) were added to
red cell suspensions (2 ml) and allowed to incu-
bate in a shaking water bath at 80 rpm for 1 or 2 hr
at 37 C. After incubation, the red cell suspension
was centrifuged at 2000 Lg. The supernatant was
used to determine glutathione concentrations and
hemoglobin content for the degree of hemolysis.
The degree of hemolysis was also used to correct
the glutathione values in the supernatant for
increases due to hemolysis. Hemoglobin concen-
trations were determined with the hemoglobin
cyanide procedure (16). After removal of the
supernatant, erythrocytes were carefully washed
twice with 9 volumes of PBS and packed by
centrifugation (2000 g). All experiments were
performed three times on separate days and all
incubations were performed in triplicate each day.

Protein in erythrocytes (0.3 ml) was precipi-
tated by addition of 15% cold perchloric acid
(0.15 ml) and centrifuged at 10,000 g for 3 min.
An aliquot (0.2 ml) of the supernatant was neutral-
ized with 0.1 ml sodium hydroxide (1.5 M) and
ATP levels were measured according to Beutler
(17).

(GS5G;

Erythrocytes (0.1 ml) were lysed with 0.3 ml
cold water and after 15 min on ice protein was
precipitated by addition of 10% (w/v) trichloroace-
tic acid (TCA; 0.4 ml). To determine total glutathi-
one in supernatants, 0.5 ml supernatant was precipi-
tated with 0.5 ml TCA (10%). To estimate protein-
glutathione disulfides levels in incubations with
hydroxylamine, erythrocytes (0.1 ml) were lysed
with 0.3 ml cold water and after 15 min on ice,
sodium borohydride (32 mg) was added followed
by 50 ul of n-octanol to release bound glutathione
from protein. After 10 min incubation at room
temperature with continuous mixing, protein was
precipitated and the surplus sodium borohydride
was removed by slow addition of 25% (w/v) TCA
(0.8 ml). After centrifugation total glutathione was

measured in the clear TCA supernatant. To mea-
sure total glutathione in erythrocytes. in superna-
tants and in borohydride treated erythrocytes, 0.1
ml of the clear TCA supernatants was added to 0.8
ml of phosphate buffer (0.1 M. pH 7.4) and stored
at minus 20 C until determination. Total glutathi-
one was measured using the cyclic oxidation-
reduction method essentially as described by
Anderson (18). To determine oxidized glutathione
(GSSG) levels in supernatant and erythrocytes
1.5 ml blood was treated with an excess of
N-ethylmaleimide (0.25 M; 0.3 ml) to prevent
oxidation of glutathione. After 10 min incubation
on ice erythrocytes were separated from superna-
tant by centrifugation (2000g). Protein in superna-
tant (0.6 ml) and erythrocytes (0.6 ml) was
precipitated by addition of 20% (w/v) trichloroace-
tic acid (0.4 ml). After centrifugation at 2000 g for
10 min, 0.5 ml of the clear TCA supernatant was
extracted three times with about 5 ml of ice-cold
ether. Excess ether was removed with a gently
stream of nitrogen and GSSG concentrations were
determined according to Srivastava and Beutler
(19). Reduced glutathione (GSH) levels were
calculated by subtracting GSSG concentrations
from total glutathione concentrations.

Red cell ghost were prepared according to the
method of Dodge et al. (20). Packed washed red
cells (1 ml) were lysed in 28 ml phosphate buffer
(10 m M N a H . P O , . 6.65 m M Na.HPO., : pH 7.4).
The ghosts were packed by centrifugation at
22,0O0g for 20 min. The supernatant was removed
by aspiration and the ghosts were washed two
times with the same phosphate buffer and finally j
two times with a two fold dilution of this buffer.
After this the control (i.e.. untreated) cells yielded
creamy white ghosts.

G<>/

Analysis of membrane proteins was performed
with a PhastSystem automated electrophoresis and
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staining system (Pharmacia Biotech; Uppsala.
Sweden). Red cell ghosts were solubilised by the
addition of 100 ul solubilisation buffer (2.5%
SDS. 1 mM EDTA, 10 mM Tris-HCl, pH 7.0) to
the ghosts obtained from 1 ml packed erythro-
cytes. Before resolving the solubilised proteins on
the SDS-PAGE gel they were 10 times diluted in
solubilisation buffer and heated at 100 C for 5 min.
Equal aliquots (1 ul) of the solubilised proteins
(treated and untreated) were resolved on PhastGel
homogeneous media consisting of 12.5% mono-
mer with 2% crosslinker as described by Pharma-
cia separation technique file 111. Gels were stained
with silver according to Pharmacia development
technique file 210. To identify the membrane
proteins, SDS-PAGE low and high MW marker
proteins (Pharmacia) were also applied.

/4550V/or /JW/12 fiody

After 1 hr incubation 0.5 ml 1% (w/v) brilliant
cresyl blue in saline was added to 1 ml blood.
Heinz bodies were colored during subsequent
incubation at room temperature for 1 hr. After
incubation samples were dried and evaluated by
light microscopy (lOOOx) under oil immersion
(21).

w o/CW/s/or Scanning
Micrasco/ry

Red blood cells were fixed in a solution
consisting of 1% glutaraldehyde in phosphate
buffer (0.1 M, pH 7.4) until the red cells have
deposited. The cells were then washed twice in
micro filtrated deionized water, dehydrated in air
and coated with gold. The samples were examined
in a Philips 505 scanning electron microscope at
15 kV accelerating voltage.

variations in control values. For this reason the
standard errors shown in the figures are given as
the standard error of the mean difference between
the sample value and its control (i.e., the corre-
sponding value at concentration 0).

R E S U L T S " -". , ; , ; , v ; , , . , . ^ ' ! . ••;•' ' , : ' . '

The significance of the concentration depen-
dent change caused by hydroxylamine was evalu-
ated using linear regression analysis. The regres-
sion model used corrects for inter-experiment

Changes in intracellular glutathione (total glu-
tathione, GSH and GSSG) by hydroxylamine in
human erythrocytes are shown in figure 1. The
GSH concentration was significantly decreased
from 695 nmol/ml erythrocyte suspension without
hydroxylamine to 450 nmol/ml erythrocyte suspen-
sion at 7.0 mM hydroxylamine (P < 0.0001).
Intracellular erythrocyte GSSG was found to in-
crease with higher concentrations of hydroxyl-
amine. This increase (10 nmol/ml erythrocyte
suspension at 7 mM hydroxylamine) was small
compared to the loss of GSH but it was highly
significant (P < 0.005). The loss of intracellular
GSH was also not matched by appearance of
extracellular total glutathione (Figure 2). The
increase in extracellular total glutathione was also
very significant (P < 0.0001) but small (7 nmol/ml
erythrocyte suspension at 7 mM hydroxylamine)
when compared with the GSH loss from the
erythrocyte and is mainly present as GSSG (Fig-
ure 2). From literature it is known that erythrocyte
GSSG is exported by an ATP dependent transport
system (22). To verify that low ATP levels in one
day old washed erythrocytes were not limiting for
GSSG export, ATP concentrations also were mea-
sured in the hydroxylamine incubations. In these
incubations the levels of ATP were not influenced
by hydroxylamine and addition of glucose (20
mM) to the medium also had no effect (Table 1).
Moreover, the ATP levels in the incubations with
hydroxylamine fell in the normal range for healthy
Caucasians (4.23 ± 0.29 umol of ATP/g Hb) (17).

To study mixed disulfide formation, erythro-
cyte incubates were treated with sodium borohy-
dride (Figure 3). The harsh chemical conditions
during reduction, borohydride removal and pro-
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tein precipitation, led to a total glutathione loss of
about 30% in the control samples (0 tnM hydrox-
ylamine). The decrease in remaining total glutathi-
one concentrations related to hydroxylamine treat-
ment did almost completely disappear upon
reduction. Of the initial 35% decrease in total
glutathione in 7 mM hydroxylamine incubations
only 10% remained after borohydride treatment.
The difference in the slope of remaining total
glutathione concentrations versus hydroxylamine
concentra-tion curves with and without borohy-
dride treatment was statistically different
(P<0.0001).

Macroscopically, membranes from hydroxyl-
amine treated human erythrocytes were greenish-
brown in color and were more adherent to test
tubes and to each other in comparison with
membranes from untreated human erythrocytes.
Membrane protein electrophoresis of erythrocytes
incubated with hydroxylamine for 1 hr and normal
human erythrocytes are shown in figure 4 (lane 1
and 2 respectively). Equal volumes (1 ul) of
hydroxylamine treated and untreated solubilised
protein fractions were applied to the gel. Since in
the hydroxylamine treatment sample extra pro-
teins have adhered to the membrane proteins, the
total amount of protein in the two lanes was not
equal. The bands were identified by their MW
range and numbered accordingly to Fairbanks et

al. (23). The spectrin-ankyrin region (band 1 and
2, MW ca 250 kD), the relatively broad band 3
(MW ca 90 kD), band 4 (MW ca 75 kD). band 5
(actin, MW ca 43 kD) and band 6 (MW ca 35 kD).
Residual hemoglobin (Hb, MW 16 kD) was also
observed.

Incubation of human erythrocytes with hydrox-
ylamine for 1 hr changed the SDS-PAGE patterns
of skeletal membrane proteins. Particularly promi-
nent were increased amounts of hemoglobin mono-
mer (16 kD) and a new broad band at 30 kD,
probably consisting of hemoglobin dimers. Beside
this effect the band 3 region became somewhat
broader and a smearing of band 1 and 2 toward the
higher molecular weight end of the gel was also
visible in erythrocytes incubated with hydroxyl-
amine.

A/orp/io/ogy

Occurrence of Heinz bodies in human erythro-
cytes is shown in figure 5 after 1 hr incubation in
the absence (A) and presence (B) of hydroxyl-
amine (2.5 mM). In normal red cells a few Heinz
bodies were visible (<5%). Exposure of erythro-
cytes to hydroxylamine induced extreme forma-
tion of Heinz bodies (80-90%). Hydroxylamine
induced Heinz bodies had single foci in most cases
but double foci of additional precipitated hemoglo-
bin did also occur. Cell lysis, as measured by
release of hemoglobin into the medium, was
increased in hydroxylamine treated erythrocytes

TYibk 1. Cell lysis and ATP levels in human erythrocytes

Without glucose
Concentration

hydroxylamine (mM)

0

1

2.5

5
7

Cell lysis (mg Hb/1)

590 ± 10
670 ± 20

750 ± 10

880 ± 10
910 ± 10

ATP levels (umol/g Hb)

4.47 ± 0.04
4.11 ± 0.07

nd.

nd.

4.42 ± 0.04

With glucose (20 mM) ATP
levels (umol/g Hb)

4.40 ± 0.06
4.00 ± 0.07

nd.
nd.

4.34 ± 0.03

n.d. = not done
All values were determined after I hr incubation of erythrocytes with hydroxylamine at 37 C. The values are mean ± SE and each experiment
consisted of incubations in triplicate. Regression analysis showed significant increases in cell lysis with increasing hydroxylamine
concentration (P<0.0001).
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Figure 1. Effects of hydroxylamine on intracellular glutathione concentrations in human erythrocytes after incubation for 1 hr
at 37 C. Total glutathione (GT) and oxidized glutathione (GSSG) concentrations were expressed per ml erythrocyte incubate.
Reduced glutathione (GSH) levels were determined by subtraction of GSSG from total glutathione levels. The error bars
represent the standard error of the mean differences between sample value and control. The error bars of some of the data fall
within the data points. Regression analysis showed significant decreases in total glutathione and GSH levels (P < 0.0001) and
significant increases in GSSG levels with increasing hydroxylamine concentrations (P < 0.005).
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Figure 2. Increases in extracellular glutathione after treatment of human erythrocytes with hydroxylamine for 1 hr at 37 C.
Total glutathione (GT) and oxidized glutathione (GSSG) concentrations were expressed per ml erythrocyte incubate and were
corrected for glutathione loss as a consequence of hemolysis. Reduced glutathione (GSH) levels were determined by
subtraction of GSSG from total glutathione levels. The error bars represent the standard error of the mean differences between
sample value and control. The error bars of some of the data fall within the data points. Regression analysis showed significant
increases in total glutathione and GSSG levels with increasing hydroxylamine concentrations (P < 0.0001).
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Figure 3. Effect of hydroxylamine on sulfhydryl status in human erythrocytes after incubation for 1 hr at 37 C. Total
glutathione (GT) levels were determined before and after reduction of protein-glutathione disulfidcs with sodium borohydride.
The control total glutathione value before reduction was 715 nmol/ml erythrocyte incubate and after reduction the control total
glutathione value was 500 nmol/ml erythrocyte incubate. The error bars represent the standard error of the mean differences
between sample value and control. The error bars of some of the data fall within the data points. Regression analysis showed
significant decreases in total glutathione levels before and after reduction with increasing concentrations (P < 0.0001 and P <
0.001 respectively) and they were also significant different (P < 0.0001).
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Figure 4. Effects of hydroxylamine on human erythrocyte membrane proteins after I hr incubation at 37 C. Lane 1,
erythrocytes incubated with 7 mM hydroxylamine; lane 2, control erythrocytes. The cells were washed, and membrane ghosts
were prepared and washed exhaustively to remove unbound hemoglobin. The ghosts were then solubilised in SDS and
subjected to PAGE. The gels were stained with silver. The protein bands were identified by their molecular weights and are
numbered according to the system proposed by Fairbanks et al. (23).
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Figure 5. Presence of Heinz bodies in human erythrocytes after incubation for I nr at 37 C with hydroxylamine. After addition
of brilliant cresyl blue the erythrocytes were incubated at room temperature for 60 min. (A) control erythrocytes (PBS) and (B)
erythrocytes in the presence of hydroxylamine (2.5 mM). Magnification lOOOx.
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Figure 6. Effect of hydroxylamine on human erythrocyte morphology. Scanning electron micrograph of (A) control
erythrocytes (PBS) and (B) erythrocytes exposed to 7 mM hydroxylamine for 2 hr at 37 C. The bar represents 10 pm.

HYAM
Oxyhemoglobin

Methemogtobin

Oxidized hemoglobin HbS-SHb
^ HbS-SG

Lipid peroxidation

HbS

i ,-'
„ . . . _ »- Mem ProtS-SHb
Heinz bodies • * ,

Alterations on the external
surface of the red cell Export

Recognition by macrophages

for intrasplenic sequestration

Figure 7. Schematic representation of the proposed mechanisms for hydroxylamine (HYAM) induced hemolytic anemia in
man. Hydroxylamine. HYAM; GSH. reduced glutathione; GSSG. oxidized glutathione; HbSH. hemoglobin: Mem ProtS-SHb,
membrane protein-hemoglobin mixed disulfides; Mem ProtS-SG. membrane protein-glutathione mixed disulrides: TT,
thioltransferase; GR. glutathione reduclase. For description see discussion.
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with about 45 mg Hb/1 for each raM hydroxyl-
amine added (Table 1; P < 0.0001). This increase
in cell lysis is however not very large. The
morphological appearance of human erythrocytes
after 2 hr of incubation with 7 mM hydroxylamine
were compared with control incubation by scan-
ning electron microscopy (Figure 6). Erythrocytes
from control incubations exhibited a normal bicon-
cave appearance (Figure 6A). The morphology of
erythrocytes exposed to hydroxylamine was al-
tered but the amount of altered cells was not very
high (Figure 6B). This altered morphology is
characterized by loss of their biconcave shape.
The erythrocytes exhibited moderate protuber-
ances on the surface of the cell and in advanced
stages were similar to echinocytes as described by
Bessis (24).

DISCUSSION

The red blood cell has been extensively stud-
ied both as a source of free radicals and as a target
for oxidative damage. This is largely because a
wide variety of drugs and xenobiotics that can
undergo oxidation-reduction reactions have been
found to cause red cell destruction and hemolytic
anemia. Interaction between the xenobiotic and
hemoglobin is very important in the process,
which is usually characterized by hemoglobin
oxidation to methemoglobin and formation of a
radical ntermediate. This is also true for the
hemolytic compound hydroxylamine. that causes
methemoglobin formation with concomitant pro-
duction of a hydronitroxide radical and hydrogen
peroxide (4,5). Methemoglobin formation does
not necessarily lead to red blood cell destruction,
as evidenced by the absence of hemolysis in
patients with methemoglobinemia induced by ni-
trites or in methemoglobin reductase deficiency
(25). The oxidative changes are often accompa-
nied by oxidative denaturation of hemoglobin to
give intracellular inclusions or Heinz bodies. This
was also the case in human erythrocytes treated
with hydroxylamine (Figure 5). indicating that
oxidative denaturation of hemoglobin did occur in
our experiments. As a consequence of hemoglobin

denaturation the porphyrin ring can be opened
whereupon release of redox-active iron occurs.
Release of iron from hemoglobin in erythrocyte
incubations with hydroxylamine was indeed ob-
served by Stolze et al. (5). This free iron, and also
heme iron, can react with reactive oxygen species
(like hydrogen peroxide) to generate the highly
reactive hydroxyl radical and ferry! heme species
(26). As mentioned before such a highly reactive
ferry] heme species was indeed observed in incu-
bations with hydroxylamine and oxyhemoglobin
(6). When this information is combined, one can
conclude that a number of potentially toxic reac-
tive species are generated in erythrocytes exposed
to hydroxylamine. These reactive species can
react with lipids in the membrane to cause lipid
peroxidation or with cellular sulfhydryl groups to
generate thiyl radicals, which in turn, can attack
the membrane proteins. Secondary radicals such
as the thiyl radical of glutathione and hemoglobin
were earlier demonstrated with hemolytic concen-
trations of phenylhydroxylamine (27).

The present study provides experimental evi-
dence that hydroxylamine is able to form mixed
disulfides in human erythrocytes. A large amount
of intracellular GSH was lost and this loss was not
compensated by increases in intracellular GSSG
or extracellular total glutathione. This extracellu-
lar glutathione was mainly oxidized which is in
agreement with the fact that only GSSG is ex-
ported from the erythrocytes by membrane bound
ATPases (22). This lack of extracellular glutathi-
one was not due to limiting ATP levels under the
assay conditions used. ATP levels were normal
during incubations with hydroxylamine and addi-
tion of glucose did not increase them (Table 1). We
conclude that the GSH that disappears from the
erythrocytes did not come available as intracellu-
lar GSSG. The finding that some GSH is also
present extracellular can be explained by GSH
leakage from cells with damaged membranes.
When this damage is marginal GSH leakage may
be larger than hemoglobin leakage for which
corrections were made. After reduction of the
erythrocyte incubates with sodium borohydride
the lost glutathione was almost completely recov-
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ered. This indicates that the GSH content of the
cells is rapidly lost with concomitant increase in
the formation of mixed disulfides between glutathi-
one and the protein of the cell. A small fraction
(10%) of the glutathione was not recovered. It is
possible that this part of the glutathione is con-
verted to sulfonic acid as hypothesized by Winter-
bourn and Metodiewa (28).

The major feature of the SDS-PAGE patterns
was an appearance of hemoglobin dimers and
monomers at 30 and 16 kD. The occurrence of
such monomeric and polymeric forms of hemoglo-
bin in treated cells was not really expected be-
cause both treated and control cells were con-
verted to ghosts and were thoroughly washed prior
to solubilisation of the membranes with SDS. In
accordance with this only low levels of mono-
meric hemoglobin were present in the control
samples while polymeric hemoglobin was com-
pletely absent. Grossman et al. (12) also found
monomeric and polymeric forms of hemoglobin in
membrane fractions of dapsone hydroxylamine
treated erythrocytes. They proposed two explana-
tions which are also applicable in this situation.
Hemoglobin is the major cytoplasmic protein in
the erythrocyte and therefore most of the glutathi-
one will be bound to hemoglobin. Mixed disulfide
formation between glutathione and hemoglobin
would lead to partial loss of the normal tertiary
and quaternary structure of the hemoglobin. As a
consequence more lipid-soluble regions come to
the surface of the hemoglobin and they generate
stronger hydrophobic interactions with the lipid
matrix of the membrane and hence form mem-
brane-bound hemoglobin. The alternative is that
hemoglobin units bind via disulfide linkage to the
skeletal proteins and that noncovalently bound
hemoglobin adheres to this covalently linked
hemoglobin as a amorphous mass, similar to a
Heinz body. Heinz bodies were in fact detected in
blood samples treated with hydroxylamine (Figure
5). Moreover, there is evidence that denaturated
hemoglobin can become attached to the inner
layer of the red cell membrane causing clustering
of membrane protein band 3 (29). The precise
nature of the binding of Heinz bodies to the

internal surface of the membrane is not clear and
different mechanisms are suggested including di-
sulfide bonding (30) and hydrophobic bonding
(31). Binding of hemoglobin to the region of band
3 could explain the fact that the band 3 region
became somewhat broader after treatment with
hydroxylamine. Next to the appearance of mem-
brane associated hemoglobin aggregates a smear-
ing of the skeletal membrane protein bands 1 and
2 to the higher molecular weight end of the gel
was present. This smearing is probably a conse-
quence of disulfide bridge formation between
cellular proteins (mainly hemoglobin) and the
skeletal membrane protein bands 1 and 2 causing a
broadening of the bands since the molecular
weight of hemoglobin is relatively small in com-
parison to that of bands 1 and 2. Since hemoglobin
and membrane protein-hemoglobin dimers with
disulfide bridges have modified non-linear quarter-
nary structures, their behavior on SDS-PAGE will
not be ideal resulting in smearing.

The current study shows that the glutathione
oxidized during treatment with hydroxylamine is
mainly converted to glutathione-hemoglobin mixed
disulfides. This formation of glutathione-protein
mixed disulfides will act as a storage of oxidized
glutathione. This is a favorable condition for the
cell since it allows the cell to maintain the high
GSH/GSSG ratio needed to maintain the redox
couple for glutathione peroxidase activity without
actual export of most of the GSSG. Oxidized
glutathione thus stored within the cell can be
recovered by combined thioltransfera.se [TT, reac-
tion 1, (32)] and glutathione reductase activity
(GR. reaction 2) when conditions become more
favorable again.

TT
Protein - SSG + GSH — Protein - SH + GSSG [ 1 ]

GSSG + NADPH + H* — 2GSH + NADP* [2]

Erythrocytes are not able to import glutathione
directly over the membrane (33) and are also not
able to recover the glutamic acid or glycine moiety
of glutathione from exported S-conjugates or
GSSG because they lack -y-glutamyl transpepti-
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dase activity (34). Moreover, they cannot utilize
-y-glutamyl cycle activity for efficient amino acid
uptake since 7-glutamyl transpeptidase is an impor-
tant enzyme in this cycle (35). This means that
erythrocytes must synthesize new glutathione to
compensate for exported glutathione while they
will have some difficulty to import the amino acids
[especially glutamic acid (36)] needed for this
synthesis. The possibility to store GSSG within
the cell instead of exporting it, may help to
overcome this difficulty. This effect is likely to be
a general phenomenon which occurs during oxida-
tive stress as also evidenced by GSH loss in
erythrocytes of newborn exposed to hydrogen
peroxide with no increase in initial GSSG levels
after 30 minutes of incubation (37). So, through
formation of glutathione-protein mixed disulfides,
erythrocytes are easily and quickly able to restore
their glutathione levels under recovered condi-
tions.

Morphological appearance of human red cells
exposed to hydroxylamine was only marginally
altered (Figure 6) indicating that morphological
changes per se are not likely to be responsible for
enhanced splenic sequestration of hydroxylamine-
damaged red blood cells. Premature removal of
hydroxylamine-damaged erythrocytes can result
from a combination of different mechanisms that
all lead to a change on the external surface of the
cell which in turn lead to recognition by splenic
macrophages. A schematic representation of the
different mechanisms involved in hydroxylamine
induced hemolytic anemia is depicted in figure 7.
Hydroxylamine reacts with oxyhemoglobin to
form methemoglobin and reactive intermediates.
These reactive intermediates can react directly
with the membrane to cause lipid peroxidation as
was previously shown (2.3). This peroxidative
injury may cause a change in the membrane lipid
organization (38.39) or may directly alter sulfhy-
dryl groups of spectrin by forming disulfide bridges
(40). These alterations can change the external
surface of the red cell which lead to premature
removal of the cell by the spleen. Beside changes
in the external surface, lipid peroxidation may also
cause spontaneous cell lysis. However, spontane-

ous lysis is not likely to play a crucial role in the
hemolytic anemia seen /n Wvo since m v;'rw cell
lysis was low, even when high concentrations of
hydroxylamine were used. The reactive intermedi-
ates can also react with methemoglobin to further
oxidize hemoglobin to form Heinz bodies. The
altered membrane structure of Heinz bodies is
then recognized and they are scavenged by the
macrophage system of the spleen. As mentioned
before formation of Heinz bodies was found in
erythrocytes exposed to hydroxylamine. Alterna-
tively, the reactive intermediates can react with
GSH, hemoglobin or other proteins to generate
protein-thiyl radicals (27,41). However, existence
of secondary radicals such as thiyl radicals of
glutathione and hemoglobin in erythrocyte incuba-
tions with hydroxylamine remains to be estab-
lished. These thiyl radicals react with protein in
the cytosol and in the membrane to form mixed
disulfides causing a distortion in the membrane
protein structure leading to premature removal by
the spleen.

In summary, hemolytic anemia induced by
hydroxylamine is a complex process which in-
volves generation of reactive species during the
redox cycling of hydroxylamine with oxy-hemo-
globin that interact with cellular thiols and mem-
brane lipids leading to GSH depletion, lipid peroxi-
dation, Heinz body formation and membrane
sulfhydryl oxidation. The depleted glutathione is
stored within the red cell as protein mixed disul-
fides and can be liberated by reduction. The
oxidative processes induce alterations on the exter-
nal surface of the red cell initiating premature
sequestration of these oxidatively damaged cells
by the spleen.
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Abstract
The oxidative potency of hydroxylamine (HYAM) and its O-derivatives (O-methyl- and O-ethyl
hydroxylamine) is generally larger than the effects of the N-derivatives (N-methyl-, N-dimethyl and
N,O-dimethyl hydroxylamine). The effects of the two groups of hydroxylamines also differ in a
qualitative sense. To elucidate this difference in toxicity profiles we investigated the hemoglobin
dependence of the toxicity, the occurrence of cell damaging products like superoxide and H2O2, and
the cellular kinetics of the hydroxylamine analogues. All hydroxylamines were found to depend on the
presence and accessibility of oxyhemoglobin to exert their toxicity. This did not provide an
explanation for the different toxicity profiles. The interaction of some hydroxylamines with
oxyhemoglobin is known to lead to the formation of radical intermediates. Differences in the stability
of these radical products are known to occur and in some cases secondary products are formed. This
can contribute to the differences in toxicity. In this respect production of superoxide radicals was
demonstrated for all hydroxylamines in the reaction with oxyhemoglobin. Evidence for H2O2
generation during the reaction of HYAM, O-methyl, O-ethyl and N-dimethyl hydroxylamine with
oxyhemoglobin was also found. Next to variations in the products formed, differences in cellular
kinetics is likely to be among the most important factors that explain the different toxicity patterns
seen for the hydroxylamines in erythrocytes. Indeed differences were found to exist for the kinetics of
methemoglobin formation in erythrocytes. Not only was the final level of methemoglobin formed much
lower for the N-derivatives, but also the reaction rate with oxyhemoglobin was slower than with
HYAM and its O-derivatives. Except for N,O-dimethyl hydroxylamine (NODMH) the same pattern was
seen in hemolysates. NODMH tripled its effect on hemoglobin in hemolysate compared with
incubations in erythrocytes. This implies that cellular uptake is a limiting factor for NODMH. Since
formation of H2O2 is most likely a result of an interaction with hemoglobin, differences in kinetics of
methemoglobin formation can be an explanation for the fact that NMH and NODMH did not produce
H2O2 to a detectable level. These results indicate that: (a) the toxicity of all hydroxylamines depends
on an interaction with oxyhemoglobin (b) the interaction with hemoglobin produces radical
intermediates and concomitantly superoxide radicals and H2O2 and (c) differences in uptake, reaction
rate with hemoglobin, and stability of the intermediates formed do exist for the different
hydroxylamines and contribute to their differences in toxicity.

' Correspondence to dr. ir C.T.A Evelo
tel: 0031 43 3881231; fax: 0031 43 3670940
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INTRODUCTION

Hydroxylamines are industrial compounds used as intermediates in chemical synthesis and
are known to produce radical intermediates (nitroxide radicals) in the reaction with
oxyhemoglobin [23,34-36]. Production of radicals is involved in many pathological processes
particularly in the red cell which can reductively activate oxygen, and which is susceptible to
damage by redox active compounds. .

Recently we described the erythrotoxic effect of hydroxylamine (HYAM) and some of its
derivatives; O-methyl hydroxylamine (OMH), O-ethyl hydroxylamine (OEH), N-methyl
hydroxylamine (NMH), N-dimethyl hydroxylamine (NDMH) and N,O-dimethyl hydroxylamine
(NODMH) [9,31]. There we proposed two major routes for erythrotoxicity induced by
hydroxylamines. In the first route induction of methemoglobin is thought to be the primary
effect. HYAM and its O-derivatives react with oxyhemoglobin via a redox mechanism, which
eventually can lead to Heinz body formation and red cell hemolysis [10,26,29,30,40]. In
addition to causing irreversible oxidation of hemoglobin to hemichrome and other
denaturated derivatives, these hydroxylamines also give rise to radical intermediates [23,34-
36]. These radicals cause lipid peroxidation and together with the lipid peroxides formed lead
to impairment of some essential detoxification enzymes like glutathione S-transferase (GST),
glutathione peroxidase (GPX) and NADPH methemoglobin reductase (MHbR). The oxidative
stress occurring also leads to depletion of glutathione. The other route mainly inhibits the
activity of glucose 6-phosphate dehydrogenase (G6PDH) and to a lesser extent glutathione
reductase (GR) as seen for the N-substituted hydroxylamines. As a consequence of the
effects of the N-alkyl hydroxylamines, glutathione was depleted due to lowered restoring
capacity to compensate oxidation in GPX and thiol transferase reactions. Based on these
results we hypothesised that HYAM and its O-derivatives are dependent on oxyhemoglobin
and that the N-derivatives are independent of the presence of oxyhemoglobin for their
erythrotoxic effects. Other evidence for this hypothesis was given by the fact that no effects
on hepatocyte glutathione concentrations, formation of lipid peroxidation products or GST
activity were found in incubations of hepatocytes with HYAM [25]. This together with the
known generation of radicals during methemoglobin formation by HYAM led to the
conclusion that HYAM needs oxyhemoglobin to induce lipid peroxidation. This was also
confirmed by the observation that no lipid peroxidation was found when HYAM was
incubated with washed red blood cell membranes. NDMH, the double N-methylated
hydroxylamine, did not fit the simple division in O- and N-substituted hydroxylamines. This
compound did cause effects from both routes and it was therefore expected that only part of
the NDMH effects would be dependent on oxyhemoglobin.

The aim of the present study was to investigate whether effects caused by the different
hydroxylamines in erythrocytes were dependent or independent on the presence of
oxyhemoglobin. In this way it may be possible to elucidate the different toxicity patterns seen
for the hydroxylamine derivatives in human red blood cells. Since nitroxide radicals were
found in the reaction of hydroxylamines and oxyhemoglobin, we wondered whether cellular
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damaging products like superoxide and H2O2 also participate in the toxic effects seen for the
hydroxylamines in erythrocytes. Superoxide is known to be produced during the autoxidation
of oxyhemoglobin [6]. Previously, Stolze and Nohl [35,36] suggested that H2O2 was formed
as a necessary non-radical intermediate in the reaction between hydroxylamines and
oxyhemoglobin and they showed that H2O2 was bound to the heme group in the form of a
compound I species [22,23]. Beside these aspects of hemoglobin dependence and of
occurrence of other hazardous products, differences in cellular kinetics of the hydroxylamine
analogues were investigated.

To study these objectives all hydroxylamines were incubated with human erythrocytes,
carbon monoxide treated human erythrocytes, diethyldithiocarbamate (DDC) treated human
erythrocytes and aminotriazole treated human hemolysates. The kinetics of methemoglobin
formation was established in erythrocytes and hemolysates.

MATERIALS AND METHODS

Materia/s
N,N-dimethyl hydroxylamine HCI (NDMH, CAS-no: 16645-06-0), N-methyl hydroxylamine
HCI (NMH, CAS-no: 4229-44-2) and O-methyl hydroxylamine HCI (OMH, CAS-no: 593-56-6)
were purchased from Fluka Chemika-BioChemika (Buchs, Switzerland). 2-Thiobarbituric-
acid (TBA) was obtained from Merck (Darmstadt, FRG) and carbon monoxide was obtained
from AGA Gas BV (Amsterdam, Netherlands). 3-Amino-1,2,4-triazole, N,O-dimethyl
hydroxylamine HCI (NODMH, CAS-no: 1117-97-1), N,N-diethyldithiocarbamate (DDC),
O-ethyl hydroxylamine HCI (OEH, CAS-no: 624-86-2), hydroxylamine HCI (HYAM, CAS-no:
5470-11-1), nonidet P-40 and all other biochemicals were obtained from Sigma (St. Louis,
USA). Only micro filtrated deionized water was used and all other chemicals were of
analytical quality.

/ncubafton cond/Y/ons
Human buffy coats, containing citric acid citrate-phosphate-dextrose (CPD) medium as
anticoagulantia, were obtained from the local center for blood transfusion and stored at 4°C
until the next day. Samples were checked for viral infections before use. Erythrocytes, after
removal of white blood cells and plasma, were washed twice in saline and resuspended in
PBS (phosphate buffered saline; 15 mM K ^ P C V ^ H P C l , + 130 mM NaCI; pH=7.4) to the
original hematocrit. Hemoglobin concentrations were determined with the hemoglobin
cyanide procedure [15].

Effects of /)ydroxy/a/n/nes ;n
Erythrocytes, containing oxyhemoglobin, were incubated with hydroxylamines (final
concentration 0, 1 and 7 mM) in a shaking water bath (80 rpm) for 1 h at 37°C. After
incubation, erythrocytes were carefully washed twice with 9 volumes of PBS and packed by
centrifugation (2000 g).
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/-/emog/o/>/n dependence of hydroxy/am/ne effects
Erythrocytes, containing carboxyhemoglobin, were prepared by slowly bubbling the
chemically pure carbon monoxide (CO) through the washed red cell suspension for 1 h. The
CO saturation was calculated from the absorption spectra between 450 and 650 nm with the
equation given by van Kampen and Zijlstra [15]. The CO saturation in all experiments was at
least 90%. These red cells, containing carboxyhemoglobin, were incubated with
hydroxylamines (final concentration 0, 1 and 7 mM) in closed tubes containing CO in a
shaking water bath (80 rpm) for 1 h at 37°C. After incubation, erythrocytes were carefully
washed twice with 9 volumes of helium saturated PBS and packed by centrifugation
(2000 g). As positive controls erythrocytes containing oxyhemoglobin were incubated with
7 mM hydroxylamines for 1 h at 37°C and checked for methemoglobin formation (HYAM,
OMH, OEH and NDMH) or inhibition of glucose 6-phosphate dehydrogenase activity (NMH,
NODMH and NDMH).

Fo/maf/on of hydrogen perox/de
The formation of hydrogen peroxide (H2O2) in hemolysates exposed to hydroxylamines was
demonstrated by evaluating the aminotriazole-dependent irreversible inhibition of the
catalase activity present in the system [7,18]. Erythrocytes containing oxyhemoglobin, were
lysed with three volumes of ice-cold water and the ionic strength was restored by adding one
volume twofold concentrated PBS. This hemolysate was preincubated with 50 mM
aminotriazole for 5 min at 37°C in a shaking water bath (80 rpm). Thereafter, 300 ul
hydroxylamines (final concentrations 0, 1 and 3 mM) was added and incubated for 1 h.
Subsequently, catalase activity was determined in the samples (0.5 ml), which were first
treated with 2 ml buffered 0.45 M ethanol for 10 min at room temperature to stop the reaction
with aminotriazole [7]. Standard dilutions were then prepared for analysis.

Ro/e of superox/de rad/ca/s
Erythrocytes containing oxyhemoglobin, were incubated with 2.5 mM diethyldithio-carbamate
(DDC) in a shaking water bath at 80 rpm for 1 h at 37°C to inactivate superoxide dismutase
(SOD) [12,21]. SOD activity was inhibited for more than 90%. After addition of the
hydroxylamines (final concentration 0 and 5 mM) the cells were subsequently incubated for
1 h at 37°C. After incubation, the red cells were centrifuged at 2000 g and washed twice with
9 volumes of PBS.

K/nef/cs of mefhemog/oto/n fom?af/on
Erythrocytes containing oxyhemoglobin were incubated with 5 mM hydroxylamines and the
reaction was stopped with the addition of an excess of cold PBS at different time intervals
(0.5, 1, 2, 3, 5, 10, 20, 40 and 60 min). Immediately after addition of PBS the cells were
packed by centrifugation (10.000g) and lysed with the addition of 15 volumes of cold water
containing nonidet P-40 (0.1% v/v). In these hemolysates the percentage methemoglobin
was instantly determined. To see if lower methemoglobin levels caused by the N-derivatives
was not a consequence of limiting cellular absorption, methemoglobin levels were also
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measured in hemolysates (1:7) after incubation with the N-derivatives of hydroxylamine
(2 mM) at different time intervals. . . . . . . .

Mefrtemog/ob/n detem7/naf/on •*•? - -^ ,-„::-.•,?.---, ' ->•:;••-.:.
The percentage methemoglobin present in hemolysates was calculated from the absorbance
change occurring after addition of KCN, compared to the same change in a sample fully
converted to the methemoglobin form by the addition of K3[Fe(CN)6] [37].

Detem7/nafen of M4DPH mefhemog/ob/n reductese
NADPH methemoglobin reductase activity in hemolysate was determined by measuring the
oxidation of NADPH at 340 nm for 10 min [3,13]. Methylene blue was used as a substrate.

L/p/d perox/de fomjaf/on
The formation of lipid peroxidation products in the extracellular medium was assessed by
determination of the amount of thiobarbituric acid reactive substances (TBARS) released
and was expressed as malondialdehyde equivalents [33]. After incubation and centrifugation
(2000 g), the supernatant was collected and protein was precipitated by the addition of an
equal volume of 10% (w/v) trichloroacetic acid. Of the supernatant 1.5 ml was added to 1 ml
1% (w/v) TBA solution in 50 mM NaOH and heated in a boiling water bath for 15 min. After
forced cooling, 1.25 ml butanol was added, and the two phases were thoroughly mixed. The
absorbance of the butanol phase at 535 nm was determined and corrected for the
background absorbance at 590 nm.

Detem7/naton of fofa/ g/ufaf/7/one (X37)
Protein in erythrocytes was precipitated with an equal volume of 8% (w/v) trichloroacetic acid
and the clear supernatant was diluted ninefold in 100 mM KH2PO4/ Na2HPC>4 buffer (pH 7.4)
and stored (-20°C) until determination. Total glutathione was measured using the cyclic
oxidation-reduction method essentially as described by Anderson [2].

Detem7/nafon of G/tvfatf?/one S-fransferase (GST)
GST (EC 2.5.1.18) activity with 1-chloro-2,4-dinitrobenzene as the substrate was determined
in hemolysate prepared from erythrocyte incubates by adding three volumes of ice cold
water containing 1.4 mM dithiothreitol, using the method of Habig and Jakoby [11] with
previously described modifications [4].

Detem7/'nafen of G/ufaf/7/one perox/dase fGPX)
GPX (EC 1.11.1.9) activity in hemolysate was determined using H2O2 (1.5 mM) as substrate
in the presence of GR (2.4 U/ml), GSH (10 mM), NADPH (1.5 mM) and sodium azide
(10 mM) [24]. The rate of oxidised glutathione (GSSG) formation is measured by following
the decrease in absorbance of the reaction mixture at 340 nm for 3 min as NADPH is
converted to NADP*. To eliminate NADPH oxidation by MHbR in the hemolysate,
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oxyhemoglobin is converted to the stable cyanmethemoglobin form before determination of
GPX.

Defem7/naf/'on of G/ufatf7/'one reducfase (GR) <'•-;;. . <;-. •;•...• * •'

GR (EC 1.6.4.2) activity in hemolysate was determined by a modification of the method
described by Carlberg and Mannervik [5]. One hundred microliters of hemolysate was added
to 2 ml potassium phosphate buffer (100 mM), 50 ^l EDTA (80 mM), 100 |il NADPH (2 mM)
and 100 |il FAD (0.3 mM). After 2 min preincubation (37°C), the reaction was started by
adding 100 nl GSSG (7.5 mM). After 15 sec the reaction was followed spectrophoto-
metrically at 340 nm for 2 min. The FAD was added in order to convert the entire enzyme to
its holo form.

Determ/naf/on of G/ucose 6-pl»osp/7afe deftydrogenase CG6PDH)
G6PDH (EC 1.1.1.49) activity in hemolysate was determined using glucose 6-phosphate as
substrate in the presence of NADP* and MgCb [3,37]. The rate of reduction of NADP* was
followed spectrophotometrically at 340 nm for 10 min.

Dete/m/nafon of Cate/ase
Catalase activity in hemolysate was determined as described by Aebi [28] measuring
decomposition of H2O2 at 240 nm for 30 sec.

Determ/natfon of superox/de d/smufase (SOD)
Hemoglobin was removed from the hemolysate by an adaptation of the Tsuchihashi
chloroform-ethanol treatment [38]. The upper aqueous phase was gently decanted and
frozen at -80°C for later analysis. The assay of SOD is performed at 25°C according to
McCord and Fridovich [19]. One unit of SOD activity is defined as the amount of enzyme that
inhibits the rate of cytochrome c reduction, generated by a stable xanthine-xanthine oxidase
system, by 50% in a 3-ml reaction volume. The SOD activity was calculated from a
semilogarithmic plot as described by L'Abbe and Fisher [17].

Stef/sf/ca/ ana/ys/s
Data are expressed as the mean followed by the standard error of the mean (SE). All
experiments were conducted three or six times and were performed in triplicate. The
significance of the concentration dependent change was evaluated using linear regression
analysis (p<0.005). To test for significance of differences between hydroxylamines effects in
untreated and DDC- or aminotriazole- treated erythrocytes, matched pair analyses was
performed with the Wilcoxon non-parametric signed rank test. Differences between
hydroxylamines effects on blood parameters in oxyhemoglobin and carboxyhemoglobin
treated samples were analysed using the Wilcoxon non-parametric signed rank test without
matched pair analysis because the experiments were conducted on separate days with
different blood samples. In all cases significance was defined as p<0.05.
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Effecte of nydroxy/am/ne ;n e/yfnrocytes
Methemoglobin formation, release of lipid peroxidation products, glutathione depletion and
activity decreases of some enzymes in human erythrocytes after incubation with
hydroxylamines are shown in Table 1. HYAM and its O-derivatives induced severe
methemoglobin formation, high release of lipid peroxidation products, GST, GPX and MHbR
inhibitions and total glutathione depletion (p<0.005 in all cases). HYAM, OMH and OEH did
not affect the activity of GR and G6PDH. In contrast, all three N-derivatives impaired the
G6PDH activity and NMH and NODMH also impaired the GR activity (p<0.005 in all cases).
This difference in effects of HYAM and its O-derivatives on one side and the N-derivatives on
the other side is in accordance with what we previously described [9,31]. The effects caused
by NMH and NODMH in erythrocyte incubations were comparable (glutathione depletion and
G6PDH and GR impairment) except for slight methemoglobin formation and GPX inhibition
that were found for NODMH and not for NMH. Although, a very low rate of methemoglobin
formation and a small tendency towards impairment of GPX activity was found for NMH.
NDMH caused a remarkably different pattern of reactivity. NDMH caused considerable
methemoglobin formation with almost no release of lipid peroxidation products, impairment
of MHbR and GPX activity but not of GST activity. Furthermore, NDMH did not cause any
significant depletion of total glutathione.

Hemog/ob/n dependence of nydroxy/am/ne e/fecfs
To see if methemoglobin formation is the first and critical step leading to all other effects in
human erythrocytes, hydroxylamines were incubated with CO pretreated erythrocytes
(Table 1). Pretreatment of erythrocytes with CO had no significant effect on the tested
parameters in control incubations without hydroxylamines. As shown in Table 1, all toxic
effects found for hydroxylamines in erythrocytes containing oxyhemoglobin were significantly
diminished in the CO pretreated erythrocytes (p<0.05), although in some cases the
decreases were only significant at the higher (7 mM) concentration of hydroxylamines.

Fon77afen of nydrogen perox/de
We studied the possible formation of H2O2 in human hemolysate incubations with the
different hydroxylamine analogues using the catalase inhibiting reaction of aminotriazole.
Since H2O2 did not accumulate to an extent that permitted direct characterisation, it was
necessary to trap the evanescent peroxide by a chemical reaction of high specificity. For this
purpose we utilised the catalase inhibiting reaction of aminotriazole. Aminotriazole is an
irreversible inhibitor of catalase [18] but inhibition only occurs when the enzyme is in the form
of compound I (catalase-H2O2 complex). H2O2 activates a histidine residue close to the
active site and aminotriazole then binds covalently and inactivates catalase [27]. This latter
reaction serves as a detection system for H2O2: when irreversible inhibition of catalase by
aminotriazole is observed, it may be inferred that H2O2 had been present in the test system.



Table 1: Methemoglobin formation (MHB), release of lipid peroxidation products (LP), glutathione concentration (GT) and some enzyme

activities in human erythrocytes containing oxyhemoglobin or carboxyhemoglobin (+ CO) after incubation with hydroxylamines (1h, 37°C).

Parameters

MHb (%)

+ CO

LP (nmol/l)

+ CO

MHbR (U/g Hb)

+ CO

GT (Mmol/g Hb)

+ CO

GST (U/g Hb)

+ CO

GPX (U/G Hb)

+ CO

GR (U/g Hb)

+ CO

G6PDH (U/g Hb)

+ CO

Control

0.9 ±0.1
0.7 ±0.1

79 ±9

55 ±13

2.8 ±0.2

2.7 ±0.1

5.7 ±05

6.1 ±0.7

3.7 ±0.4

4.0 ±0.6

20.2 ±1 2

18.9 ±0.7

6.9 ±0.8

6 7 ±0.3

7.8 ±0 1

8 0 ±0.4

Hydroxylamine

1 mM

13.4 ±0 7
1.2 ±0 2*

434 ± 18

67 ±4*

20±0.1

2.6 ±0.1*

5.6 ±0.2

6.1 ±0.2

2 6 ±0.1

3.9 ±0.1*

19.4 ±0.3

18 4 ±0.5

6.8 ±05

n.d.

7.7 ±0.4

n.d

7mM

81.7 ± 1.8#
7.4 ±0.2*

1560 ±90#

94 ±5*

0.7 ±0 1#

2.5 ±0.1*

4.0 ± 0.4#

6.1 ±0.2*

0.9±0.3#

3.3 ±0.3*

12.3±0.7#

18.7 ±0.7*

6.5 ±0.5

n.d.

7.6 ± 0.2

n.d.

O-methyl
hydroxylamine

1 mM

11.3 ± 0 3
1.1 ±0.1*

695 ±94

64 ±4*

20± 0.2

2.6 ±0.2*

5.6 ±0.1

6.1 ±0.2

2.5 ±0.2

4.0 ±0.1*

17.8 ±0.2

18.9 ±0.9*

7.1 ±0.2

n.d.

7.7 ±0.3

n.d.

7mM

77.9 ± 3.8#
3.7 ± 0.2'

2084±180#

100 ±4*

06±0.1#

2.6 ±0.1*

3.7±0.2#

5.9 ± 0.2*

0.9 ± 0.2#

3.9 ±0.1*

8.8±2.0#

18.8 ±0.7*

6.4 ± 0.4

n.d.

7.5 ±0.2

n.d.

O-ethyl
hydroxylamine

1 mM

12.8 ± 0.3
1.7 ± 0.1*

511 ± 16

65 ±2*

2.3 ±0.1

2.7 ±0.2*

5.4 ±0.3

6.0 ± 0.2

2.9 ±0.2

3.8 ± 0.3*

17.8 ± 1.0

18.5 ±0.3*

6.7 ±0.4

n.d.

8.0 ± 0.2

n.d.

7mM

87.9 ±5.1#
6.1 ±0.2*

1815 ±156#

95 ±6*

0.6±0.1#

2 5 ±0.2*

3.4 ± 0.2#

6.0 ± 0.3*

1.1 ±0.3#

3.6 ± 0.2*

9.4±1.0#

18.6 ±0.6*

6.5 ±0.2

n.d.

7.7 ±0.1

n.d.

N-methyl
hydroxylamine

1 mM

2.0 ±0.1
0.7 ±0.1*

90 ±20

n.d.

2.9 ±0.1

n.d.

5.4 ±0.2

6.1 ±0.2

3.8 ±0.2

n.d.

19.9 ±1.5

n.d.

6.5 ±0.1

6.4 ±0.1

7.3 ± 0.2

7.9 ±0.2*

7mM

4.2±0.3#
0.9 ±0.1*

78 ±8

n.d.

2.7 ±0.2

n.d.

4.5±0.4#

6.0 ±0.1*

3.5 ±0.1

n.d.

18.9 ±1.6

n.d.

5.3 ± 0.2#

6.3 ±0.2*

6.1 ±0.1#

7.7 ±0.2*

N-dimethyl
hydroxylamine

1 mM

15.1 ±0.6
0.8 ±0.1*

94 ±25

57 ±4

2.6 ±0.1

2.6 ±0.1

5.6 ±0.3

n.d.

3.7 ±0.1

n.d.

15.8 ±1.2

18.8 ±0.6*

6.6 ±0.1

n.d.

7.7 ±0.1

7.9 ± 0.2

7mM

46.2 ± 1.3#
0.9 ±0.1*

160 ± 32#

62 ±5*

1.7±0.3#

2.5 ±0.1*

5.5 ±0.2

n.d.

3.5 ±0.2

n.d.

10.2±1.3#

18.2 ±0.8*

6.6 ± 0.2

n.d.

6.4±0.1#

8.0 ±0.1*

N,O-dimethyl
hydroxylamine

1 mM

1.3 ±0.1
0.7 ±0.1*

85 ±10

n.d.

2.7 ±0.3

n.d.

5.5 ±0.2

5.9 ±0.6

3.4 ± 0.3

n.d.

18.6 ±0.9

18.7 ±0.9

6.6 ± 0.3

6.4 ± 0.4

7.4 ± 0.2

7.9 ±0.1*

7mM

17.4±0.3#
0.9 ±0.1*

100 ±25

n.d.

2.5 ±0.4

n.d.

4.3±0.1#

6.0 ± 0.5*

3.6 ±0.3

n.d.

12.4±1.8#

18.4 ± 0.5*

5.6 ± 0.4#

6.6 ± 0.3*

5.3 ± 0.4#

7.6 ± 0.3*

n.d. = not done. Values represent the mean ± SE.
# Regression analyses showed significant changes with increasing concentrations of the hydroxylamines; p<0.005.
* Significant difference between hydroxylamine incubations with erythrocytes containing oxyhemoglobin or carboxyhemoglobin; p<0.05 with corresponding

concentration hydroxylamines.
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The activity of catatase was not affected by aminotriazole alone as shown in Fig. 1 (control
bars). In the absence of aminotriazole, the six hydroxylamines had no significant effect on
the catalase activity in the hemolysate incubations (Fig. 1 open bars). This is in contrast to
the literature where hydroxylamines have been reported to form a catalytically inactive
complex with purified catalase [16,27]. HYAM on itself is also known to inhibit catalase /n
wVo in liver of mice [1]. HYAM, OMH, OEH and to a lesser extend NDMH led to
aminotriazole dependent catalase inhibition at 1 mM concentrations (Fig. 1a). At 3 mM
concentrations of the hydroxylamines the effect of HYAM disappeared while it increased for
NDMH. NMH and NODMH did not inhibit the catalase activity in hemolysate incubations with
aminotriazole.
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Control HYAM OMH OEH NMH NOMH NODMH Control HYAM OMH OEH NMH NDMH NODMH

Figure 1: Catalase activity in human hemolysate and in aminotriazole (AT) pretreated hemolysate
after incubation with 1 mM (A) or 3 mM (B) concentrations of hydroxylamine (HYAM) or its derivatives
for 1 h at 37°C. 100% catalase activity values in hemolysate and AT pre-treated hemolysate were
315 and 310 k/g Hb respectively (k: rate constant of the first order reaction as defined by Aebi [28]).
•Statistically significant difference between AT pretreated and untreated hemolysates (p<0.05).

Ro/e of superox/de rad/ca/s
Diethyldithiocarbamate (DDC), a reversible inhibitor of SOD [12], was used to examine a
possible participation of superoxide radicals in the toxic effects seen for hydroxylamines.
Under the described incubation conditions the SOD activity was inhibited by more than 90%.
DDC is a copper-chelating agent and inhibits SOD by removing copper from the active site of
the CuZn SOD [21]. It is known that DDC does not only inhibit SOD, but can also result in
superoxide independent methemoglobin formation and glutathione depletion [28]. With the
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DDC concentration (2.5 mM) used in our experiments only methemoglobin formation was
significantly increased in the control samples (Fig. 2A). After correction for this increase,
methemoglobin formation was significantly increased in incubations with NMH, NDMH and
NODMH (p<0.05). Treatment of erythrocytes with DDC did not have any significant influence
on the methemoglobin formation caused by HYAM, OMH and OEH. In contrast, DDC
significantly decreased the release of lipid peroxidation products in erythrocyte incubations
with HYAM and its O-derivatives (Fig. 2B). As shown in Figs. 3A and 3B, NDMH had no
effect on the total glutathione concentration and GST activity in erythrocytes that were not
pretreated with DDC. However, NDMH incubated with DDC pretreated erythrocytes led to a
significant depletion of total glutathione and impairment of the GST activity (Figs. 3A and 3B,
respectively; p<0.05). Erythrocytes pretreated with DDC did not change the effects seen for
the other five hydroxylamines on total glutathione concentrations and GST activities in
normal erythrocytes (Fig. 3). Hydroxylamines tested at a concentration of 5 mM showed the
same pattern on the G6PDH activity as shown in Table 1 and pretreatment of erythrocytes
with DDC did not significantly change any of these effects.
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Figure 2: Effects of hydroxylamine (HYAM) and its derivatives on methemoglobin formation (A) and
release of lipid peroxidation products (B) in human erythrocytes and in diethyldithiocarbamate (DDC)
pretreated erythrocytes after incubation for 1 h at 37°C. #Significant difference between the two
controls (p<0.05). "Statistically significant difference between DDC pre-treated and untreated
erythrocytes after correction with the corresponding control (p<0.05).
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Figure 3: Availability of total (GT) glutathione (A) and effects on glutathione S-transferase (GST)
activity (B) in human erythrocytes and in diethyldithiocarbamate (DDC) pretreated erythrocytes after
incubation with hydroxylamine (HYAM) and its derivatives for 1 h at 37°C. "Statistically significant
difference between DDC pretreated and untreated erythrocytes after correction with the
corresponding control (p<0.05).

K/nef/cs of mefftemog/ob/n fom7af/on
Figure 4 shows the time course of methemoglobin formation in human erythrocytes and
hemolysates with the various hydroxylamines. Again, the highest concentration of
methemoglobin in erythrocytes was obtained with HYAM and its O-derivatives. For HYAM
the maximum was already reached after 10 min, after which the increase almost completely
stopped. For OMH and OEH high levels of methemoglobin were also reached after about 10
min, but this was followed by a smooth increase that continued until the end of the
incubation. The same pattern was seen for NODMH but with much lower concentrations of
methemoglobin. A very low rate of methemoglobin formation was found for NMH that was
already at its maximum after 2 min. In contrast, the formation of methemoglobin in
incubations of erythrocytes with NDMH showed an almost linear increase over time. Since
the lower effects of N-derivatives on the erythrocytes could be the result of uptake
limitations, the time courses were also determined in hemolysates. For NMH a small
increase was found in comparison with the incubations in erythrocytes but the total
methemoglobin level was still very low. The effect of NODMH in hemolysate was much
stronger than that in erythrocytes. The final methemoglobin level was about tripled and the
time course remained linear four till five times longer than in erythrocytes. However, the
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methemoglobin level in incubations with NDMH was somewhat lower than in the incubations
with erythrocytes. The course of the methemoglobin curve for NDMH stayed the same.
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Figure 4: Time course of the reaction between the different hydroxylamines and oxyhemoglobin in
human erythrocytes (—) or hemolysates (---). Concentration hydroxylamines were 5 mM in
erythrocytes and 2 mM in hemolysates. The oxyhemoglobin content was 158 ± 8 g/l in erythrocytes
and 40 ± 3 g/l in hemolysate. The reaction temperature was 37°C.

DISCUSSION

In accordance with previously published results [9,31] the oxidative potency of HYAM and its
O-derivatives was generally larger than the effects of the N-derivatives (Table 1). The effects
of the two groups of hydroxylamines also differed in a qualitative sense. HYAM and its
O-derivatives caused methemoglobin, lipid peroxidation and a number of other effects that
could be related to oxidative stress. The N-derivatives NMH and NODMH were less active in
this respect but did inhibit G6PDH and GR. This and other reasons given in the introduction
led us to the postulation that the interaction with oxyhemoglobin is the first and critical step in
the erythrotoxicity of HYAM and its O-alkyl derivatives while such an interaction needs not be



104 C/?apfer6

necessary for the effects of the mono N-alkyl hydroxylamines. NDMH, a double
N-substituted hydroxylamine showed an intermediate scheme of reactivity, and therefore
only part of the NDMH effects was expected to depend on interactions with oxyhemoglobin.

To test this hypothetical difference in dependence on oxyhemoglobin the same biological
parameters were evaluated after the oxyhemoglobin content of the cell was transformed to
carboxyhemoglobin (i.e. hemoglobin complexed with CO and therefore not oxidisable). As a
result effects dependent on interaction with the heme group in hemoglobin should disappear, j
Instead of sole disappearance of the erythrotoxic effects caused by HYAM and its
O-derivatives, we found that the effects caused by the N-derivatives were also lacking in
erythrocytes containing carboxyhemoglobin. In other words, all hydroxylamines are
dependent on the presence and accessibility of oxyhemoglobin to exert their toxicity. On the
other hand there must be differences in the way the different groups of hydroxylamines
interact with oxyhemoglobin. An explanation for the toxic differences may involve electronic
or steric hindrance in the reaction with oxyhemoglobin and/or differences in the relative
stability of the radical intermediates produced in erythrocytes.

As mentioned before, Stolze and co-workers [23,34-36] have detected nitroxide radicals
resulting from the hemoglobin oxidation by HYAM, NMH and NDMH. The nitroxide radicals
derived from NMH and NDMH were considerably more stable than the corresponding radical
derived from HYAM. The nitroxide radical from NMH did undergo a rapid degradation with
concomitant formation of a secondary product. This difference in radical stability and radical
products is likely to contribute to the differences in hydroxylamine toxicity seen in this study.
The radical products that may be formed in the reaction of O-substituted hydroxylamines
with hemoglobin are unknown. In principle both amino radicals (RiN'OFy and nitroxide
radicals (R2R1NO*) could be formed. OMH, OEH and NODMH can yield amino radicals in
organic solvents [14,39]. For the formation of nitroxide radicals O-dealkylation is a
prerequisite. It is well known that oxyhemoglobin in erythrocytes possesses mixed-function
oxidase activity [20] and is able to N-demethylate methylaniline [32]. O-demethylation activity
was also reported for oxyhemoglobin [20] but to our knowledge not within erythrocytes. We
tried to detect radical intermediates from interaction of O-methyl, O-ethyl and N,O-dimethyl
hydroxylamine with human oxyhemoglobin using ESR. We were able to confirm the
formation of the nitroxide radicals for NDMH and —using a flow system— also for HYAM that
were previously seen in studies with bovine hemoglobin. Despite extensive variations in
experimental conditions (flow rates, time constant, concentration hemoglobin and test
compound etc.) we were not able to detect any radical products for OMH, OEH and
NODMH. The most likely explanation is that the radical products for these compounds are
very short living, rapidly producing non-radical intermediates and that these are the cause of
the other toxic effects.

Differences in the production of reactive oxygen species like H2O2 and superoxide can be
another cause for the different erythrotoxicity patterns found for the hydroxylamine
analogues. Evidence for H2O2 generation during the reaction of HYAM, NMH and NDMH
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with oxyhemoglobin was reported by Nohl and Stolze [22]; heme-bound hydrogen peroxide
was detected with a chemiluminescence technique. Here H2O2 was detected by
demonstration of catalase-h^C^ complex I in hemolysates treated with hydroxylamines. Of
the six hydroxylamines tested HYAM, OMH, OEH and NDMH produced detectable H2O2
levels. Higher concentrations (3 mM) of HYAM and the O-derivatives decreased the
inhibition of catalase. This does not necessarily mean that less H2O2 is produced at higher
hydroxylamines concentrations since the aminotriazole detectable catalase inhibition is
lowered at increased rates of H2O2 production [8,18]. In contrast, higher concentrations of
NDMH led to an increase in catalase inhibition. This indicates that more H2O2 was produced
but that the production rate was not overly fast for catalase inhibition by aminotriazole. Nohl
and Stolze [22] also proved low levels of heme-bound hydrogen peroxide for NMH. For this
reason, it is likely that all hydroxylamines produce H2O2 when interacting with
oxyhemoglobin, but that the levels produced by NMH and NODMH are too low for detection.

The role of superoxide radicals in the reaction of hydroxylamines with oxyhemoglobin was
studied by inhibition of SOD with DDC. The most striking effect of this inhibition was that
NDMH gave a significant decrease in total glutathione concentration and in GST activity,
while it had no effect on these parameters in the absence of DDC (Fig. 3). Production of
superoxide radicals was also evident for all other hydroxylamines tested. SOD inhibition lead
to increased methemoglobin formation in incubations with NMH, NDMH and NODMH
(Fig. 2A). Superoxide radicals can oxidise hemoglobin [41], but the rate constant for this
reaction is low. Normally only about 0.1% of the superoxide radical formed is likely to react
with hemoglobin before it is scavenged by SOD. In the absence of SOD the fraction able to
oxidise hemoglobin will be much higher. This explains the increase in methemoglobin
formation seen for NMH, NODMH and NDMH. For NMH and NODMH the amount of extra
methemoglobin formation was —although clearly significant— very small and no additional
effects on total glutathione and GST activity were seen. This indicates that superoxide
radical formation for NMH and NODMH is less important than it is for NDMH. For HYAM,
OMH and OEH the main effect of SOD inhibition was a decrease in lipid peroxidation.
Inhibition of SOD will lead to a slower formation of H2O2. H2O2 is more stable than
superoxide and it is therefore more likely to reach the lipid regions and to cause lipid
peroxidation. At the normal formation rate (i.e. without SOD inhibition) a smaller fraction of
H2O2 can be detoxified by catalase and GPX and more lipid peroxidation will occur. The
same reasoning should of course apply to NMH, NDMH and NODMH, but for these
compounds the total production of reactive compounds is so low that no or little lipid
peroxidation occurs even without SOD inhibition. No increases in methemoglobin formation
were found for HYAM, OMH and OEH. The level of methemoglobin was already very high,
and it is likely that this obscured the detection of additional methemoglobin resulting from the
production of superoxide. The same is probably true regarding the absence of additional
effects on total glutathione concentrations and GST activity for these compounds.

The toxicity of all hydroxylamines was thus found to depend on an interaction with
oxyhemoglobin that produces radical intermediates and concomitantly superoxide radicals
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and H2O2. Differences in cellular kinetics —uptake and reaction with oxyhemoglobin— are
likely to be among the most important factors that determine the different erythrotoxic
patterns. All six hydroxylamines have a small molecular size and are very soluble in water.
For this reason they are expected to enter erythrocytes easily. This is confirmed by the fact
that each hydroxylamine gave at least one clear effect in erythrocytes (Table 1). Differences
in uptake speed will nevertheless exist and will influence the rate at which interaction with
hemoglobin can occur. Figure 4 shows that such differences do indeed exist for the kinetics
of methemoglobin formation in erythrocytes. Not only was the final level of methemoglobin
formed much lower for the N-derivatives but also the reaction rate with oxyhemoglobin was
slower than with HYAM and its O-derivatives. Off the six agents tested, NMH reacted
slowest with oxyhemoglobin. The rate of hemoglobin oxidation seen for HYAM was
estimated to be at least 3600 times that of NMH. Methemoglobin formation by OMH and
OEH was somewhat slower than for HYAM, but still very rapid. NODMH lead to a somewhat
faster methemoglobin yield than NMH, but was still very slow. For NDMH a formation rate of
methemoglobin was found that was in between those of the O-derivatives and that of NMH.
The substances with the higher formation rates of methemoglobin were the same ones for
which production of H2O2 was demonstrated, another confirmation that the formation of H2O2
results from hemoglobin oxidation.

To ensure that the low formation rate of methemoglobin found for the N-derivatives are not
due to limited cellular uptake, reaction rates for the N-derivatives were also established in
hemolysates. For NMH and NDMH no important differences in kinetics were seen between
the incubations in erythrocytes and in hemolysates, indicating that cellular uptake is not an
important limiting factor for these compounds (Fig. 4). NODMH, on the other hand, tripled its
effect on hemoglobin in hemolysates compared with incubations in erythrocytes. This implies
that cellular uptake is a limiting factor for NODMH. This is likely to result from constraint
uptake due to its lipophilicity but might also be the result of intracellular metabolism or active
export.

Based on our results we conclude that the hydroxylamines are dependent on oxyhemoglobin
for their toxic effects, which explains why the erythrocyte is the primary target cell in humans.
All hydroxylamines enter the erythrocyte where they undergo a coupled redox reaction with
oxyhemoglobin to form methemoglobin and radicals (hydroxylamine dependent radical
intermediates, superoxide radicals and H2O2). The differences in potency of the different
hydroxylamines can be explained by at least three mechanisms. First, the nature of the
interaction between hydroxylamines and oxyhemoglobin is different leading to radical
intermediates that differ in stability. The fact that N-derivatives have more stable radical
intermediates than HYAM [36] can be the reason why these N-derivatives predominantly
lead to oxyhemoglobin dependent inhibition of G6PDH and GR. Second, the reaction rate
between hydroxylamines and oxyhemoglobin differs, leading to differences in the production
rates of reactive species. At lower formation rates —as seen for the N-derivatives— the
products can be better detoxified leading to diminished effects on lipid peroxidation, total
glutathione concentrations and activity of GST, GPX and MHbR. This is particularly true for
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NMH that gives almost no hemoglobin oxidation. NDMH reacted somewhat faster than the
other N-derivatives. It showed only part of the effects that are expected to result from the
formation of reactive oxidant species: inhibition of GPX and MHbR but no inhibition of GST
and no decreases in total glutathione. This seems to indicate that these two enzymes are
more sensitive to oxidative stress in erythrocytes and could provide a more useful detection
system than glutathione depletion and GST inhibition. Finally, differences in cellular uptake
will also contribute to the differences in hemoglobin oxidation rates and in the resulting
toxicity profiles. Uptake limitation is probably one of the major reasons for the limited
oxidative potency of NODMH. On the whole, these data support the thesis that interaction
with oxyhemoglobin is the key step in the toxicity of all hydroxylamines tested, and that
differences in kinetics —uptake, reaction with hemoglobin and product stability— is an
important factor to explain the differences in toxicity profiles.
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Abstract
O/yecf/Ves An integrated strategy was adopted to prevent risks related to O-methyl hydroxylamine
(OMH) exposure in a recently started OMH production facility. This strategy consisted of a pre-
opening phase and a check phase.
Pre-open/ng phase This phase included a toxicological evaluation of available data for two
structurally related compounds, hydroxylamine (HYAM) and O-ethyl hydroxylamine (OEH). The
hazard assessments made for OEH and HYAM lead to the conclusion that these compounds share
their main toxicity pattern (i.e. erythrotoxicity) with about equal potency. Considering the structure
analogy, we assumed that the main toxicity hazard for OMH would also be erythrotoxicity and that
the potency of OMH would be about equal to that of HYAM and OEH. This was confirmed by the
marginal data on toxicity of OMH itself present in the literature. Next to this toxicological evaluation
an //? vrfro study with human erythrocytes was carried out that confirmed the erythrotoxic potency of
OMH. Based on all these data an advised maximum exposure level for OMH was set at 0.1 ppm.
Furthermore, this phase consisted of development of a production design that would minimise
exposure risk and adoption of a lay-out of work regulations that would almost exclude exposure.
C7)ec/( phase In the check phase environmental monitoring was performed to verify that the advised
maximum exposure level for OMH was not exceeded and biochemical effect monitoring was
performed to verify that no adverse health effects occurred in workers during the production process.
Environmental monitoring showed that the OMH exposure was clearly below the advised maximum
exposure level of 0.1 ppm. In the biological effect monitoring study no detectable adverse
biochemical effects that related to OMH exposure were found.

Conc/us/ons We conclude that the strategy used ensures an acceptable situation for workers with
regard to OMH exposure. This study illustrates the value of ;n wfro techniques in hazard assessment
for structurally related compounds.

' Correspondence to dr ir C.T.A Evelo
tel: 0031 43 3881231; fax: 0031 43 3670940
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INTRODUCTION <

O-Methyl hydroxylamine (OMH, H2NOCH3; CAS-no 593-56-6) is a chemical belonging to the
family of alkoxyamines and it is a derivative of hydroxylamine (HYAM, H2NOH).
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 [7,11]. In
animals hydroxylamine exposure has resulted in hemolytic anemia accompanied by
methemoglobinemia, sulfhemoglobinemia, Heinz body formation and splenomegaly
[14,19,21,22,33,34]. In man mild hemolytic anemia was reported following the inhalation of
three hydroxylamine-compounds (O-methyl, N,O-dimethyl and trimethyl hydroxylamine)
without detectable formation of Heinz bodies and methemoglobin [16]. Hydroxylamine
sulphate is known to have also skin sensitising properties. In former days handling of HYAM
sulphate resulted occasionally in allergic skin reactions, caused by difficult to control skin
contact with the dust of this salt. Despite periodically repeated medical investigations, effects
on the blood have never been found. Improved occupational hygiene conditions nowadays
have banned this kind of skin problems. Exposure to hydroxylamine derivatives in liquid (and
vaporous) form, e.g. alkoxyamines, can present an other kind of danger to the exposed
workers since systemic effects might occur at low exposure levels.

Experimental data describing the toxicity of OMH as such is not available in abundance. To
our knowledge only one chronic study is described by Yamamoto ef a/ [34] where OMH as
well as HYAM did not cause tumour formation after long-term administration in mice. In this
study the principal toxic effects were anemia and splenomegaly. For this reason an
integrated strategy was adopted for risk prevention with regard to OMH exposure in a
production facility for OMH. During the pre-opening phase this procedure consisted of: a) a
toxicological evaluation of the available data for the related compounds HYAM and O-ethyl
hydroxylamine (OEH, H2NOC2H5); b) an /n v/Yro study towards the erythrotoxic potency of
OMH intended to confirm the hazard assessment made on the basis of the analogy
evaluation and the scarce adequate OMH ;n wVo data. This ;n wYro study was also intended
to provide biochemical parameters that would be useful for biochemical effect monitoring; c)
a plant design based on a closed reaction system to minimise exposure risk; d) a lay-out of
work regulations that would in principle almost exclude exposure during normal production
while full protective clothing with clean-air supply is to be worn during any work (e.g.
maintenance, sampling) that might involve higher exposures.

Immediately after the start of the OMH production this was followed by a check phase in
which it was verified that: e) the intended advised maximum exposure levels were not
exceeded using environmental monitoring with personal air sampling and spot
measurements; f) no detectable adverse biochemical effects were present in the blood of the
workers using biochemical effect parameters based on the results of the earlier /n v/fro study.
Finally this was followed by a normal production phase during which work regulations remain
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effective and a scheme of air-sampling measurements is continued to ensure commitment to
the exposure limit value.

PRE-OPENING PHASE

As described above a multistage strategy was adopted to prevent risks during the OMH
production. First a toxicological evaluation took place of the available data of the two related
hydroxylamines HYAM and OEH. /n wYro HYAM and OEH cause oxidative effects in human
erythrocytes [8]. In contrast N,0 dimethyl hydroxylamine (NODMH) causes only inactivation
of two protective enzymes, glutathione reductase (GR) and glucose 6-phosphate
dehydrogenase (G6PDH) [8]. /n v/Vo HYAM causes methemoglobinemia, sulfhemoglo-
binemia, formation of Heinz bodies and splenomegaly which all results in hemolytic anaemia
[14,19,21,22,33,34]. Methemoglobinemia, splenomegaly and anemia were also found /n v/Vo
for OEH (data not published). Based on these /n wVo OEH data, the maximum advised
exposure level for OEH was set at 0.1 ppm. Taking the structural analogy into account, one
would expect that exposure to OMH results in the same kind of toxicological effects as
exposure to HYAM and OEH. Moreover, the structural properties of OMH are likely to result
in physicochemical properties that lie in between those of HYAM and OEH (Figure 1). The
results of the /n v/Vo OMH study by Yamamoto ef a/ [34] provided evidence that the main
target for OMH toxicity is indeed the red blood cell as was found for HYAM and OEH. The
hazard assessments made for HYAM and OEH lead to the conclusion that these
compounds share their main toxicity pattern (i.e. erythrotoxicity) with about equal potency.
Taken together this lead to the conclusion that the main toxicity hazard of OMH would also
be erythrotoxicity and that maximum exposure levels should be preliminary set equal to that
adopted for OEH (0.1 ppm).

Next an ;n v/Yro study was carried out to confirm the erythrotoxic potency of OMH. This study
indicated that OMH is equally potent in oxidative effects as OEH and HYAM in human
erythrocytes [24]. OMH caused methemoglobin formation, release of lipid peroxidation
products, depletion of total glutathione (GT), inhibition of glutathione S-transferase (GST)
and NADPH methemoglobin reductase activity but no inhibition of GR and G6PDH activity.
Previously, we showed that the latter two enzymes were only inactivated by NODMH, an
N-derivative of HYAM [8], they were all the same measured in erythrocyte incubations with
OMH to rule out the occurrence of this kind of effects. The main conclusion of this /n v/Yro
study was that the biochemical effects caused by OMH in human erythrocytes do indeed
correspond to what was found for HYAM and OEH and not to the effects caused by
N-derivatives. The finding that the potency of OMH to cause erythrotoxic effects is about
equal to that of HYAM and OEH underlined the hazard assessments made for OMH on the
basis of the expected structure activity relationship.



Occupaf/'ona/ /jand/Zng of O-meffty/ /?ydrox//am/>je 116

H H H
^N-O-H >-O-CH3 PN-O-CJHJ

H
Hydroxylamine O-Methyl Hydroxylamine O-Ethyl Hydroxylamine

Figure 1: Structures of three hydroxylamine analogues. The parent compound hydroxylamine
(HYAM; left), the earlier produced O-ethyl hydroxylamine (OEH; right) and the main compound in
this study O-methyl hydroxylamine (OMH; in the middle).

The information obtained mainly from the comparative study and from the OMH ;n wfro study
was integrated and used to obtain an advised maximum exposure value for OMH. Using this
structure analogy evaluation, the advised maximum exposure value of 0.1 ppm for OEH
based on experimental OEH data, was also suggested for OMH. From the ;n wYro data a
tentative advised maximum exposure level for OMH could be calculated on the conservative
assumption that all inhaled OMH reaches the blood and remains there long enough to react
with hemoglobin. Extrapolation of the /n v/Yro data for methemoglobin formation by OMH
shows that about 1% methemoglobin formation will occur at 0.1 mM OMH per litre blood
[24]. Since in healthy persons about 3% methemoglobin is formed per day [4], 1% extra
methemoglobin formation is not likely to lead to effects. The conservative assumption that all
OMH will react with red blood cells before it is transported to other organs leads to a "volume
of distribution" of 5 litres. This corresponds to inhalation of 0.5 mM OMH per day. In a
working day (8 h) workers may inhale about 10,000 litre air (assumed ventilation rate of 21
l/min) this is equal to inhalation of 0.05 uM OMH per litre air which is equivalent to 1 ppm.
This conservatively calculated maximum exposure level of 1 ppm did not indicate a necessity
to decrease the suggested exposure limit of 0.1 ppm based on the structure analogy.
Therefore, the advised maximum accepted exposure level for OMH was provisionally set at
0.1 ppm at the start of the OMH production. An extra consideration was that this limit value is
so low that even if the current procedures had missed some important toxic effects of OMH
other than erythrotoxicity, this other effect would have been unlikely to result in further
decrease of the derived advised limit value.

Apart from this, the /n vrfro study provided some useful parameters for biochemical effect
monitoring. Hydroxylamines react with hemoglobin resulting in hemoglobin oxidation and
liberation of free radical species which leads to lipid peroxidation [24,28,29]. Lipid
peroxidation products together with the radical species then cause disturbance of erythrocyte
membrane structures, consumption of antioxidant factors like reduced glutathione and
inhibition of some important protective enzymes like GST and glutathione peroxidase (GPX)
[23,25]. In the present study methemoglobin formation and release of lipid peroxidation
products were analysed despite the fact that they presumably will not accumulate due to the
activity of methemoglobin reductases which reduce methemoglobin to hemoglobin [32,35]
and due to the short life span of lipid peroxides [5]. As antioxidant systems, GT
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concentrations, GST, GPX and NADPH methemoglobin reductase activities were
measured. Accumulation of activity loss of the enzymes is to be expected since the
erythrocyte has no protein synthesis to compensate for this loss. Glutathione is the most
important non-protein thiol and may be oxidised to GSSG (oxidised glutathione) [6].
Therefore, GT and GSSG concentrations were measured in blood and GSSG levels were
also measured in the plasma because GSSG is exported from the erythrocyte to the plasma
when the reductive capacity of the cell is insufficient [1]. In other words, GSSG levels in
plasma are an indication for glutathione oxidation in the erythrocyte. People who are deficit
in G6PDH activity are considerably more vulnerable to oxidative damage. In this ;n wVo
study the subjects were screened for G6PDH activity to rule out sensitive subjects in the
population. Besides these parameters some hematological effect parameters were
measured to screen for hemoglobin degradation (bilirubin levels) and cell damage (total
hemoglobin and haptoglobin concentrations).

The third part of the pre-opening stage strategy consisted of developing a plant design
based on a closed reaction system to minimise exposure risk. Finally, a lay out of work
regulations was adopted to exclude exposure during normal production. Full protective
clothing with clean-air supply is worn during any work that might involve higher exposures.

CHECK PHASE

In this phase environmental monitoring was performed to verify that the advised maximum
exposure level of 0.1 ppm for OMH was not exceeded and biochemical effect monitoring was
performed to verify that no adverse biochemical health effects occurred in workers during the
production process.

Population and study design
Apparently healthy male workers from the OMH plant (n=16, DSM Limburg bv) and from a
control production facility that did not produce OMH (n=12, DSM Limburg bv) and from the
University of Maastricht (n=13) participated in the study. Twelve workers of the 16 workers
exposed to OMH completed the study (OMH group). The other 12 workers of whom 10
completed the study worked in a production facility but not at the OMH plant (non-OMH
group). All 13 workers of the University of Maastricht, whom were not exposed to OMH or
any other chemical compound, completed the study (non-industrial group). By means of a
questionnaire, completed on the first sampling day, information was obtained from each
subject on age, smoking and drinking habits, and medication. These demographic
characteristics are shown in Table 1.

The workers from the chemical plant work in three shifts: a morning shift (07.00-15.00 h), an
afternoon shift (15.00-23.00 h) and a night shift (23.00-07.00 h). They work three or four
days in a row and in between the different shifts they have two or three days off. Volunteers
from the university work daily from 09.00 till 17.00 h. To evaluate the effect of OMH
exposure, blood samples were taken before and after occupational handling of OMH. The
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first blood sample from the OMH and the non-OMH group was collected at random between
7.00 and 8.00 a.m. before the start of the OMH production. At this time subjects were always
working in the morning shift. In the same period but on different days samples were taken at
09.00 a.m. from the non-industrial group. The second blood sample from the OMH and the
non-OMH group was collected at random between 7.00 and 8.00 a.m. on the last day of
every morning shift after handling OMH. This means that the subjects had worked with OMH
for two or three consecutive days before the blood samples were taken. It took three weeks
to collect all blood samples from the workers and the average total working time at the OMH
plant during this whole period was 5.8 ± 3.4 days (range 2-11). Samples from the non-
industrial group were again collected on different days but in the same period.

Table 1: Demographic characteristics of the three groups studied ' ' ' """ " '

Parameter (unit)

Age (years)
Smoking habit
(cigarettes/day)
Alcohol intake
(glasses/week)

37
10

10

OMH group
(n=12)

± 7 (25-46)
± 9 (4-25)(3)

± 5 (5-20)(8)

Non-OMH group
(n=10)

36 ± 5 (30-46)
13±7(4-25)(6)

8±5(3-17)(8)

Non-industrial
group
(n=13)

34 ± 9 (24-53)
11 ± 8 (3-25)(6)

9±5(3-21)(13)

Data are mean ± SD and (range) and (total number of consumers)

Possible effects of exposure to OMH on blood were studied by measuring total hemoglobin,
methemoglobin, GSSG and GT levels, release of lipid peroxidation products, NADPH
methemoglobin reductase, GST (EC 2.5.1.18), GPX (EC 1.11.1.9) and G6PDH
(EC 1.1.1.49) activities, and by measuring total bilirubin and haptoglobin concentrations in
serum. Within one month after the study all workers were informed by the occupational
physician about the personal outcome of the measurements.

Analytical Methods
At each sample point three blood samples were collected from every individual. Blood
samples for measurement of GSSG and release of lipid peroxidation products in plasma
were collected in 10 ml vacuum tubes containing heparin as anticoagulant. For the
measurement of bilirubin and haptoglobin blood was collected in 5 ml vacuum tubes and was
allowed to clot and transported within two hours to the laboratory for Clinical Chemistry and
Hematology, Maasland Hospital, Sittard. For all other determinations blood was collected in
10 ml vacuum tubes containing K3EDTA as anticoagulant. After collection of the blood, the
K3EDTA blood tube was kept on ice and the heparin blood tube was centrifuged to separate
plasma from erythrocytes (2000 gr). To measure GSSG, whole blood and plasma were
immediately treated with an excess of N-ethylmaleimide (NEM) to prevent oxidation of
glutathione. After 10 minutes incubation at room temperature, protein was denaturated with
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10% (w/v) trichloroacetic acid (TCA). To measure release of lipid peroxidation products,
plasma from the heparin blood tube was immediately denaturated with 10% TCA (w/v).
Blood samples were transported in a cool box to the Department of Pharmacology,
University Maastricht, and analysed on the same day. Enzyme activities in whole blood were
determined spectrophotometrically, according to the methods of Habig and Jakoby [12]
(GST), Beutler [3] (G6PDH), Huennekens ef a/[13] (NADPH methemoglobin reductase), and
Paglia and Valentine [18] (GPX). GT concentrations were determined according to the
protocol described by Anderson [2] and GSSG concentrations were determined according to
Srivastava and Beutler [26], Methemoglobin levels and plasma lipid peroxidation product
levels were measured spectrophotometrically according to Tietz [31] and Stocks and
Dormandy [27] respectively. Serum bilirubin and haptoglobin concentrations were analysed
within 24 hours using standardised clinical protocols. The concentration of hemoglobin (Hb)
was determined with the hemoglobin cyanide procedure [15].

Exposure assessment
Stationary monitoring was done at three different sampling places selected by the
occupational hygiene department from the standard inventory of monitoring spots. Sampling
took place once a week at head height (usually the day before blood sampling took place).
Personal air monitoring was done by workers exposed to OMH during the morning,
afternoon and night shift the day before blood sampling took place. Samples were collected
using an explosion safe sample pump with a maximum sample volume of 50 I. Absorption
tubes were filled with silica gel that was pre-treated with concentrated hydrochloric acid
fumes during sixteen hours. Liquid desorption was done with 0.5 M sulphuric acid. The
samples were derivatized with heptanon, extracted with methyl tertiary butyl ether and
analysed by gas chromatography with a flame ionisation detector.

Statistical Analyses
To test for significance of differences between blood parameters before and after the
exposure, matched pair analyses was performed with the Wilcoxon non-parametric signed
rank test. Changes in the OMH group were compared with changes in the non-OMH group
with a paired Wilcoxon test after correction of the changes in the OMH group for changes in
the mean values in the non-OMH group. Changes in the non-OMH group were compared
with changes in the non-industrial group in the same way after correction of the changes in
the non-OMH group for changes in the mean values in the non-industrial group. Differences
in parameter values between the three groups were tested by analysis of variance.



Table 2: Blood parameters before and after occupational handling of OMH

Parameter

Methemoglobin (%)
Lipid peroxidation (nM)

GT (umol/g Hb)
GSSG blood (umol/g Hb)

GSSG plasma (uM)

GST (U/g Hb)
GPX (U/g Hb)

NADPH methemoglobin reductase (U/g Hb)
G6PDH (U/g Hb)
Hemoglobin (g/l)
Bilirubin (uM)

Haptoglobin (uM)

OMH group (n=12)

Before

0.22(0.01)
84.7(10.0)

7.5(0.3)
0.05(0.01)
2.1 (0.7)
4.7 (0.6)
21.6(0.7)

3.3 (0.06)
11.6(0.2)
155(2)

12.4(0.8)
58(7)

After

0.23(0.02)
81.6(3.4)
8.4 (0.4)**

0.06 (0.01)
2.7 (0.4)

3.7 (0.4)"
21.0(0.7)
3.1 (0.08)
--

155(2)

12.6(0.6)
74 (8)*

Non-OMH

Before

0.24 (0.02)
100.9(5.5)
8.2 (0.4)
0.05(0.01)
3.5 (0.8)

5.2 (0.9)
20.4 (0.7)
3.3 (0.08)

11.2(0.3)
158(3)

12.4(0.9)
78(11)

group (n=10)

After

0.26 (0.03)
81.2(7.0)*
8.8 (0.5)
0.06(0.01)
2.4 (0.3)
4.2 (0.7)**

21.2(1.0)
3.1 (0.06)**
—

161 (3)
11.4(1.0)

80(9)

Non-industrial group (n=13)

Before

0.21 (0.03)
51.4(4.0)
8.5 (0.4)

0.05(0.01)
2.0 (0.3)
4.5 (0.4)
20.7(1.2)
3.3 (0.07)

10.5(0.2)
160 (2)
—

--

After

0.25 (0.03)
50.2 (4.9)
7.9 (0.3)
0.07 (0.02)
2.9 (0.6)

3.9 (0.5)
22.7(1.1)

3.3 (0.08)
—

157 (3)
—

-

Data are mean (SEM)
Significant difference between before and after occupational handling of OMH: *p<0.05, **p<0.01
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During stationary monitoring the sample time ranged from 5.3 to 6.7 h with a mean of 6.3 h.
The sample time during personal air monitoring ranged from 2.5 to 8.2 h with a mean of
6.5 h. In the stationary monitoring study the OMH exposure was found to be extremely low:
the concentration of OMH in the air ranged from 0.013 to 0.024 ppm (mean 0.016 ppm SD
0.003; n=11). The concentration of OMH measured with personal air monitoring was also
very low and ranged from 0.012 to 0.036 ppm (mean 0.015 ppm SD 0.005; n=23).

Blood parameters
The G6PDH activity, that was determined as a sensitivity marker, was normal in all
individuals with a mean of 10.8 U/g Hb (SE 0.3). Significant difference in pre-exposure
values between the three groups was only found for release of lipid peroxidation products in
plasma which were lowest in the non-industrial group and highest in the industrial non-OMH
group (p<0.0001; ANOVA). With the exception of GST, GT and haptoglobin, no significant
differences were found for the blood parameters of the OMH group in the samples taken
before and after occupational handling of OMH (Table 2). Concentrations of GT and
haptoglobin were significantly increased after the exposure from 7.50 to 8.35 U/g Hb
(p<0.001) and from 58 to 74 umol/l (p<0.02) respectively. GST activity after OMH exposure
was 1 U/g Hb lower than the 4.7 U/g Hb found in the pre-exposure phase (p<0.005). In the
industrial non-OMH group significant differences between the two samples were found for
release of lipid peroxidation products, GST activity and NADPH methemoglobin reductase
activity all of which showed some decrease (Table 2). As noted before the pre-exposure
sample for release of lipid peroxidation products was relatively high in this group and the
decrease led to equal average values in the post-exposure samples for the two industrial
groups. Comparing the changes in the OMH group with the changes in the non-OMH group,
no differences were found in the blood parameters except for haptoglobin levels in plasma
where the increase in the OMH group was significantly stronger than in the non-OMH group
(p<0.02). In the non-industrial group no significant differences in blood parameters were
found between the early samples and the late samples (Table 2). Comparing the changes in
the industrial non-OMH group with the changes in the non-industrial group the minor
decreases remained significant for NADPH methemoglobin reductase activity (p<0.006) and
release of lipid peroxidation products (p<0.05) while the GT concentrations showed a relative
increase (p<0.02) and GSSG levels in plasma a relative decrease (p<0.03) in the industrial
non-OMH group in contrast with the non-industrial controls.

CONCLUSIONS AND FOLLOW UP

In this study we adopted a multistage strategy for risk prevention with regard to OMH
exposure at an OMH production facility. This strategy included two phases; a pre-opening
phase and a check phase. The pre-opening phase consisted of a toxicological evaluation of
available data for OMH and for two structurally related compounds, an /n vrfro study in
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human erythrocytes with OMH, development of a plant design that would minimise exposure
risk and adoption of a lay out of work regulations that would exclude exposure. In this phase
the exposure limit value for OMH was set at 0.1 ppm. This limit was based on the
toxicological evaluation of /n wVo OMH, HYAM and OEH data and on data from the OMH ;n
wfro study, as described above. We choose to derive the exposure limit value for OMH from
structure activity relationships and /n v/Yro data rather than from an extra ;'n wVo animal study
with extrapolation of the data to the human situation. The main consideration for this was the
structure analogy between OMH, OEH and HYAM (Figure 1). Based on this analogy it was
logical to assume that the physicochemical properties of OMH would lie in between these of
HYAM and OEH. Since ;n w'fro and /n wVo studies were carried out with HYAM and OEH it
was possible to make a good toxicological evaluation of these available data. The main
conclusion from this evaluation was that HYAM as well as OEH are erythrotoxic compounds
with similar potency. Considering the structure analogy, we assumed that the main toxicity
hazard for OMH would also be erythrotoxicity and that the potency of OMH would be about
equal to that of HYAM and OEH. Moreover, Yamamoto ef a/ [34] showed that the main target
organ for OMH is indeed the erythrocyte. This taken into account, it was reasonable to set
the maximum exposure levels for OMH at the same level as that adopted for OEH.

To base a maximum exposure level for a newly produced compound predominantly on
structure analogy with other known compounds can be risky. For this reason an /n wYro study
was carried out to confirm if OMH was indeed equally potent in erythrotoxic effects as HYAM
and OEH. In the previous [8] /n wfro study with HYAM and OEH also a third structure
analogue was tested, NODMH. It appeared that this structure analogue was far less potent
than HYAM and OEH in erythrotoxic effects and only affected the two protective enzymes
G6PDH and GR. These latter two parameters were also measured in the OMH /n wYro study
primarily to see if OMH exposure correspond to toxic effects seen for HYAM and OEH or
correspond to that seen for NODMH. The OMH /n v/fro study [24] showed that OMH was just
as potent as HYAM and OEH in erythrotoxic effects and accordingly the hazard
assessments made for OMH based mainly on the toxicological evaluation of data from
HYAM and OEH was confirmed.

An other reason for proceeding this multistage strategy is the fact that the maximum
accepted exposure level for OMH is very low (0.1 ppm). As stated before, animal /n wVo
studies with the structural related compounds HYAM and OEH showed that erythrotoxic
effects are by far the most important and occur with relative low exposure levels. From the
OMH ;n wYro [24] and animal /n wVo [34] study it appeared that this kind of erythrotoxic
effects are also expected for OMH at comparable low exposure levels. Therefore, absence
of erythrotoxic effects must mean that the exposure levels are low and occurrence of other
toxicological effects (i.e. in other organs) at these exposure levels is unlikely, especially
since no other toxicological effects were found in /n wVo animal studies with HYAM, OEH
and OMH [14,19,21,22,33,34],
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Next to these toxicological considerations to determine a maximum exposure level for OMH,
we found it also very important to improve the production process at the chemical plant to
minimise exposure. For this reason a plant design with a closed reaction system was
developed. Furthermore, a lay out of work regulations was set up to protect the workers as
much as possible for OMH exposure. To check if indeed all these precautionary
measurements succeeded to minimise exposure and to verify if the maximum exposure level
for OMH was not exceeded, environmental monitoring was performed immediately after the
start of the OMH production. To verify that no detectable adverse biochemical effects were
present in blood of workers, an /n wVo study was also carried out in the same period. This
biological effect monitoring study was also intended to rule out the possibility of effects
occurring at extremely low exposure as a result of higher /n wVo potency compared to /n
wfro.

Environmental monitoring (spot measurements and personal air sampling) showed that the
OMH exposure was clearly below the advised maximum exposure level of 0.1 ppm.
Moreover, during the whole study no complaints from workers of the OMH plant were
registered by the occupational physician and no incidents with accidentally high exposures
were registered by the plant management. We concluded that the safety precautions taken
regarding the plant design and the work regulations were effective in minimising the
occupational exposure.

In the biological effect monitoring study significant difference was found in pre-exposure
values between the three groups for release of lipid peroxidation products. This difference
seems to be mainly due to lower values in the group of the non-industrial workers. Although
this may have been caused by a background in exposure to oxidative compounds in the
overall industrial facility it can also be the result of differences in other working conditions
(e.g. physical activity). The design of the current study does not allow conclusions about the
cause of this difference. Haptoglobin levels in the OMH-group were significantly increased
after handling OMH and this change was significantly different from the change in the non-
OMH group. However, this increase was small and in between the normal range of
haptoglobin levels in plasma (38-102 uM according to the clinical laboratory). Moreover,
occurrence of hemolysis which would be a logical result after OMH exposure, leads to
decreased levels of haptoglobin in plasma and not to increased levels [17,31]. Based on this
we concluded that no additional hemolysis occurred due to occupational handling of OMH.
The GST activity in the OMH-group was significantly decreased after exposure to OMH.
Since the GST activity was decreased in all three groups this means that the decrease can
not be the result of OMH exposure but is probably due to intra-individual erythrocyte GST
variability [9,10,20,30]. Some minor differences were found between the non-OMH group
and the non-industrial group. These differences are significant but are most likely due to
different working conditions (e.g. physical activity) and due to local (e.g. different oxidative
background exposure) and analytical variation.
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On the whole occupational handling of OMH did not lead to detectable adverse health effects
in blood of workers and the maximum exposure level of 0.1 ppm for OMH was not exceeded
under the working conditions described above (i.e. a closed reaction system in open-air and
good work regulations). Based on these results the check phase was followed by a normal
production phase during which work regulations remain effective and a scheme of air-
sampling measurements was continued to ensure commitment to the maximum exposure
value. This scheme of air sampling consisted of six personal air sampling measurements a
year (two series of measurements in three successive shifts) and of spot measurements at
three different places at head height once a week. Looking at the results of these spot air
sampling measurements (0.012 ppm SD 0.002; n=36) as collected during the first 4 months
after the check phase one can conclude that during this period the OMH exposure was
always below the limit exposure value of 0.1 ppm. Besides this scheme of air sampling
measurements, workers are medically checked every year as a routine, before and during
certain batch processes and immediately after accidental exposure. Finally, a biological
effect monitoring protocol was developed for accidental exposures. This protocol describes
when and how blood samples must be drawn, who has to be notified and that the situation,
the possible exposure and the medical complaints from workers has to be registered.

Considering the above one can conclude that the followed strategy ensured a acceptable
situation for workers with regard to OMH exposure. Furthermore, this study emphasised the
use of ;n wfro techniques in hazard assessment. In other words the biological blood
parameters measured in the /n wfro and /n wVo study are useful tools in the future for
potency ranking of newly produced hydroxylamine derivatives. Screening new derivatives of
hydroxylamine with the /n wYro methods described provides a good insight in the
toxicological properties and enables us to estimate the requirements for further toxicological
research, for the nature and extent of occupational hygiene and for medical screening. On
the whole, the overall strategy prevents unreasonable risks and ensures a good insight in the
toxicological properties of the compound used and is cost effective with regard to money
spent and animals used.
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Chapter 8

General Discussion and Conclusions

The main objective of industrial toxicology is the prevention of health impairments in workers
that may be exposed to industrial chemicals. This objective can only be reached if conditions
of exposure or work practices are defined that do not entail unacceptable health risks [14].
With the possible exception of carcinogenic substances, for which it is still debatable whether
"safe" conditions of exposure can presently be defined, this implies in practice that
permissible levels of exposure to industrial chemicals have to be defined. These levels are
most often expressed as acceptable atmospheric concentrations: e.g. maximum accepted
concentrations (Dutch: MAC) or threshold limit values (US: TLV). Both values can also be
defined as worktime weighted averages (TWA) and peak values like threshold limit value
ceiling (TLV-C) or short-term exposure limits (STEL). Permissible biologic levels of the
chemicals or their metabolites (biological TLV) can also be used. To evaluate with some
degree of confidence the level of exposure at which the risk of health impairment is
negligible, a body of toxicological information is required that derives from two main sources:
experimental investigations on animals and/or human tissues, and surveillance of exposed
workers. Animal and/or human tissue testing can only provide an estimate of the toxicity of a
chemical for humans. Thus, when the compound is actually handled in industry, monitoring
of the workplaces and careful surveillance of the workers are essential. The main objectives
of the surveillance work are (1) to test the validity of the provisional permissible level of
exposure based on animal and/or human tissue experiments; (2) to detect as early as
possible reactions unpredictable from animal and/or human tissue investigations.
Experimental studies on animals and/or human tissue and surveillance studies on workers
are closely related, and this thesis illustrates how integration of these two approaches helps
to accomplish an acceptable situation for workers in a production facility for one of the
studied hydroxylamines. In addition, the experimental /n wYro studies described in this thesis
also give an insight into mechanistic aspects of hydroxylamine induced adverse effects in
man.

In the first /n v/Yro study effects of three industrially used hydroxylamines on human red blood
cells were studied (chapter 2). The parent compound hydroxylamine (HYAM) is known for its
hematotoxic potency, with a strong ability to induce methemoglobin [3]. Strong
methemoglobin formation was also found for O-ethyl hydroxylamine (OEH). Both compounds
also induced lipid peroxidation. This is probably a result of the formation of free radicals
during the oxidation of hemoglobin. The reaction of HYAM with hemoglobin involves a two-
step reaction in which hemoglobin cycles between deoxyhemoglobin and methemoglobin
leading to decomposition of HYAM into ammonia, nitrogen gas and small amounts of nitrous
oxide [2,5]. Since the heme iron is a one-electron reactant and two electrons are required to
form nitrogen gas, it is assumed that free radical intermediates are involved. Moreover,
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Stolze and Nohl [24-26] reported the existence of radical products, R2R1NO", as
intermediates in the formation of methemoglobin induced by hydroxylamines. In parallel with
methemoglobin formation and lipid peroxidation, strong decreases in glutathione
S-transferase (GST) and NADPH methemoglobin reductase activity in red blood cells were
found. Total glutathione (GT) depletion was also found but the relative magnitude of this
effect was much smaller than methemoglobin formation or the induction of lipid peroxidation.
Only a small fraction of the GT that disappeared from the red blood cells could be recovered
as oxidised glutathione (GSSG) in the plasma. This phenomenon was studied more
extensively in chapter 5. The third compound used in the first /n wfro study was N,O-dimethyl
hydroxylamine (NODMH). This compound was found to have much less oxidative potency.
The methemoglobin formation was much lower than that for HYAM or OEH, there was hardly
any lipid peroxidation detectable and we found no GST or NADPH methemoglobin reductase
inhibition. On the other hand NODMH addition did result in some GT depletion in the red
blood cells, and the increase in plasma GSSG was even somewhat higher than for the other
two hydroxylamines. NODMH pre-treated red blood cells also had a decreased resistance to
hydrogen peroxide induced lipid peroxidation. A likely explanation of this phenomenon was
found, when it appeared that NODMH treatment resulted in a strong inhibition of G6PDH. In
the erythrocyte this enzyme is crucial for the production of NADPH. NADPH is needed for
many reductive reactions, including GR and NADPH methemoglobin reductase activity. GR
itself was also, but to a lesser extent, inhibited by NODMH. The reduced availability of
NADPH will render the erythrocytes more vulnerable to a subsequent oxidative stress, as
was found in the experiments with hydrogen peroxide. These results indicate the existence
of two different routes of hematotoxicity induced by hydroxylamines (see figure 8.1). HYAM
as well as OEH primarily induce methemoglobin, a process involving radical formation. The
radical stress occurring is probably responsible for most other effects. NODMH primarily
leads to inhibition of the protective enzymes G6PDH and GR. Since these enzymes play a
key role in the protection of erythrocytes against oxidative stress a risk for potentiation during
mixed exposure does exist.

This first study led to some ideas about structure-activity-relationships. The oxidative
potency of HYAM and its O-derivative (OEH) was larger than the potency of the
N,O-derivative (NODMH). In other words, it seemed that the reactivity of hydroxylamines
decreases when an alkyl group is attached to the nitrogen atom. To explore this idea and
consequently gain more insight into the structure-activity-relationship of hydroxylamines
another /n w'fro study was conducted (chapter 3). In this follow-up study three methylated
hydroxylamines were tested: N-methyl hydroxylamine (NMH), N-dimethyl hydroxylamine
(NDMH) and O-methyl hydroxylamine (OMH). Methemoglobin formation, high release of lipid
peroxidation products and depletion of GT were observed with OMH, indicating that OMH is
able to give rise to strong oxidative effects. These oxidative effects seen with OMH are
similar to the effects previously seen with HYAM and OEH (chapter 2). NADPH
methemoglobin reductase and GST impairment was also found for OMH; the reductive
enzymes G6PDH and GR were not impaired by this compound. The latter two enzymes
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were inactivated by NMH and only the activity of G6PDH was decreased by NDMH. The

activity of the protective enzymes NADPH methemoglobin reductase and GST were not

influenced by the addition of NMH. The potency of NMH in achieving oxidative effects

(methemoglobin formation, GT depletion) was small and this is consistent with the effects

previously seen for NODMH (chapter 2). NDMH not only decreased the activity of G6PDH

but also decreased the NADPH methemoglobin reductase activity. Furthermore, NDMH

caused severe methemoglobin formation with very little release of lipid peroxidation

products. GST activity and GT levels were not decreased by NDMH.

reactive
substances

HV>AM & O-rferfvaf/ves

NADPH

GPX

Figure 8.1: Schematic representation of the proposed hematotoxic routes for hydroxylamines.
Hydroxylamine (HYAM) and its O-derivative (OEH) induce formation of methemoglobin. During this
process free radicals are formed that induce lipid peroxidation. The free radicals plus the lipid
peroxides (ROOH) formed lead to inhibition of glutathione S-transferase (GST) and NADPH
methemoglobin reductase (NADPH-Hbr). N-derivatives (NODMH) inhibit glucose 6-phophate
dehydrogenase (G6PDH), and to a lesser extend glutathione reductase (GR). The oxidative stress
occurring leads to depletion of glutathione (GSH) by various routes. Other abbreviations used: GPX =
glutathione peroxidase, GSSG = oxidised glutathione, Hb* = methemoglobin formation.

The findings for OMH are consistent with the proposed mechanism for O-derivatives where

methemoglobin formation is the primary and critical step leading to the liberation of free

radicals, which cause lipid peroxidation, inhibition of NADPH methemoglobin reductase activity
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and GST activity, and GT depletion. The effects seen for NMH (G6PDH and GR inhibition, and
GT depletion) are fully in line with the effects seen for the N-derivatives (see figure 8.1). This
supports the idea that the main oxidative activity of hydroxylamine derivatives is dependent on
the availability of the nitrogen atom. Masking this atom with a single methyl group was found to
decrease the oxidative potency (NMH and NODMH). The presence of an alkyl group attached
to the oxygen atom (OEH and OMH) does not have qualitative effects. However, the di-
substituted compound, NDMH, does not behave similarly to the mono substituted compounds
(i.e. NMH and NODMH). This finding indicates that, despite the simple structures, the
structure-activity-relationship is not so straightforward as was initially suggested and that
classification of hydroxylamines in O-derivatives and N-derivatives has to be extended with
double N-substituted compounds.

From the above, it is clear that hydroxylamines are able to induce oxidative damage in
erythrocytes. Moreover, it is known that radicals are formed in erythrocyte incubations with
different hydroxylamines [24]. For this reason, and in view of the fact that hydroxylamines
react with hemoproteins, we were interested in the possible effects of hydroxylamines on the
enzymatic antioxidant defence system in human erythrocytes (chapter 4). The activity of
superoxide dismutase (SOD) and catalase was not affected by the hydroxylamines. This
indicates that removal of oxygen radicals in erythrocytes by these two antioxidant enzymes is
not changed through hydroxylamine exposure. The fact that catalase, a hemoprotein, was not
inhibited by hydroxylamines is thought to be largely due to the abundance of hemoglobin
present in erythrocytes (about 80% of the soluble protein).

Under oxidative stress conditions, accessible thiol groups are susceptible to formation of
protein-mixed disulphides or intramolecular disulphides that eventually can lead to impairment
of enzyme activities if these thiol groups are essential for its activity or if the induced changes
in the protein conformation hamper the normal functioning of the enzyme [21]. It appeared that
the glutathione peroxidase (GPX) activity was inhibited after exposure to all studied
hydroxylamines, except for NMH. GST activity was only impaired by HYAM, OMH and OEH
(as was also seen in chapters 2 and 3). Since both enzymes have an accessible thiol group
essential for activity, it is likely that the activity loss occurring under oxidative conditions during
hydroxylamine exposure in erythrocytes involves such an oxidation of critical cysteine
residues. Especially since cysteine residues are involved in the inactivation of GST-n and GPX
by hydrogen peroxide and superoxide radicals, respectively [4,20]. GR also contains cysteine
residues at its active site [29]. However, oxidation of these thiols would never lead to
impairment of GR activity since this enzyme is able to take up electrons from its substrate
NADPH or from a chemical reductant to reduce possible disulphide bridge formation.
Nevertheless, GR activity was impaired by NMH and NODMH, which must therefore be
explained by other modifications of the enzyme. These results indicate that beside an increase
in oxidative effects by hydroxylamines (chapter 2 and 3), the decrease in the activity of the
glutathione dependent enzymes GPX, GST and GR may contribute to a cellular prooxidant
state in the erythrocyte, which may endanger the life span of the cell.
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A primary effect of hydroxylamine exposure in man and animals is hemolytic anemia [12]. This
hemolytic activity is probably a result of oxidative stress within erythrocytes as demonstrated in
chapters 2 to 4. The /n v/fro study described in chapter 5 was directed to the effect of HYAM
on the sulfhydryl status, morphology and membrane skeletal proteins of human erythrocytes.
Loss of reduced glutathione (GSH) from the red blood cells was directly proportional to the
HYAM concentration used. This loss of GSH was larger than the sum of the increase in the
amounts of extracellular glutathione and intracellular oxidised glutathione (GSSG). In other
words, the GSH that disappears from the erythrocytes did not come available as intracellular
GSSG and was also not exported from the cell. After reduction of the erythrocyte incubates
with sodium borohydride the lost glutathione was almost completely recovered. This indicates
that the lost GSH is present in the cell as protein-glutathione mixed disulphides. This formation
of mixed disulphides will act as a storage of oxidised glutathione. This is a favourable condition
for the cell since it allows the cells to maintain the high GSH/GSSG ratio without the necessity
to export and thus loose GSSG. Erythrocytes have difficulties to import glutathione directly
over the membrane or to synthesise new glutathione [9,22,30]. So, through formation of
glutathione-protein mixed disulphides, erythrocytes are easily and quickly able to restore their
glutathione levels under recovered conditions.

The major features of the SDS-polyacrylamide gel electrophoresis patterns of erythrocyte
membrane skeletal proteins were a smearing of bands 1, 2 (spectrin-ankyrin region; MW appr.
250 kD) and 3 (MW appr. 90 kD) to the higher molecular weight end of the gel and the
appearance of new monomeric and dimeric hemoglobin bands at about 16 and 30 kD. The
observed alterations are probably a consequence of disulphide bridge formation between
cellular proteins (mainly hemoglobin) and skeletal proteins as well as between hemoglobin
monomers. Exposure of HYAM to erythrocytes caused severe Heinz body formation and some
hemolysis but the outside morphology of the cells was only marginally altered. From this it is
concluded that hemolytic anemia induced by HYAM is a complex process which involves
generation of reactive species during the redox cycling of HYAM with hemoglobin that interact
with cellular thiols and membrane lipids leading to GSH depletion, lipid peroxidation, Heinz
body formation and membrane sulfhydryl oxidation. These oxidative processes induce
alterations on the external surface of the red cell initiating premature sequestration of these
oxidatively damaged cells by the spleen. In other words, the oxidative modifications occurring
in erythrocytes are the actual cause for HYAM-induced hemolytic anemia.

The oxidative potency of HYAM and its O-derivatives (OMH and OEH) is generally larger than
the effects of the N-derivatives (NMH, NODMH and NDMH). The effects of the two groups of
hydroxylamines also differ in a qualitative sense. To elucidate this difference in toxicity profiles
we investigated the hemoglobin dependence of the toxicity, the occurrence of cell damaging
products like superoxide and hydrogen peroxide, and the cellular kinetics of the hydroxylamine
analogues (chapter 6). From the results described above it is concluded that HYAM and its
O-derivatives cause severe oxidative effects. The N-derivatives of HYAM were less active in
this respect. This led us to the postulation that the interaction with oxyhemoglobin is the first
and critical step in erythrotoxicity of HYAM and its O-alkyl derivatives whereas such an
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interaction was thought to be unnecessary for the effects of the N-alkyI hydroxylamines (see
figure 8.1). However, instead of exclusive disappearance of the erythrotoxic effects caused by
HYAM and its O-derivatives, we found that the effects caused by the N-derivatives were
lacking in erythrocytes containing carboxyhemoglobin as well. This indicates that all
hydroxylamines are dependent on the presence and accessibility of oxyhemoglobin to exert
their toxicity. Based on these results the schematic representation of the proposed
hematotoxic routes for hydroxylamines (figure 8.1) needs to be adjusted. Figure 8.2 is a more
appropriate representation of the hematotoxic properties of the different hydroxylamines.

reactive
substances

Lipid
peroxidation

HVAM & O-der/Vat/Ves

G6PDH—7^*" NADPH

Douo/e /V-subsf/futed
der/Vaf/Ve

Mono /V-su£>sf/tuted
derivatives

GPX

Figure 8.2: Schematic representation of the hematotoxic properties of hydroxylamines. All
hydroxylamines are dependent on hemoglobin for their toxicity. HYAM and its O-derivatives form
methemoglobin which lead to free radicals and cause lipid peroxidation. These products plus the
radicals cause enzyme inhibitions. Mono N-derivatives (NMH and NODMH) are also dependent on
hemoglobin but cause only inhibition of glucose 6-fosfaat dehydrogenase (G6PDH) and glutathione
reductase (GR) without visible effects on hemoglobin. Double N-substituted compounds (NDMH)
causes methemoglobin formation without simultaneous lipid peroxidation, inhibition of NADPH
methemoglobin reductase (NADPH-HbR), glutathione peroxidase (GPX) and G6PDH. The oxidative
stress occurring leads to depletion of glutathione (GSH) by various routes.
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The fact that all hydroxylamines are dependent on hemoglobin to exert their toxicity, did not
provide an explanation for the different toxicity profiles seen for the hydroxylamines. Since it is
demonstrated that radical intermediates are formed in the reaction of hydroxylamines with
oxyhemoglobin [24-26], and that these radical intermediates are not identical and differ in
stability will contribute to the differences in hydroxylamine toxicity seen in erythrocytes.
Differences in the production of reactive oxygen species like hydrogen peroxide and
superoxide can be another cause for the different erythrotoxicity patterns found for the
hydroxylamine analogues. In this respect production of superoxide radicals was demonstrated
for all hydroxylamines in the reaction with oxyhemoglobin. Evidence for hydrogen peroxide
generation during the reaction of HYAM, OMH, OEH and NDMH with oxyhemoglobin was also
found. The toxicity of hydroxylamines was thus found to depend on an interaction with
oxyhemoglobin that produces radical intermediates and concomitantly superoxide radicals and
hydrogen peroxide.

Differences in cellular kinetics -uptake and reaction with oxyhemoglobin- is therefore likely to
be among the most important factors that determine the different erythrotoxic patterns. Indeed
differences were found to exist for the kinetics of methemoglobin formation in erythrocytes. Not
only was the final level of methemoglobin formed much lower for the N-derivatives but the
reaction rate with oxyhemoglobin was also slower than with HYAM and its O-derivatives.
Except for NODMH the same pattern was seen in hemolysates. NODMH tripled its effect on
hemoglobin in hemolysate compared with incubations in erythrocytes. This implies that cellular
uptake is a limiting factor for NODMH. These results indicate that all hydroxylamines are
dependent on oxyhemoglobin for their toxic effects which explains why the erythrocyte is the
primary target cell in humans. Hydroxylamines enter the erythrocyte where they undergo a
coupled redox reaction with oxyhemoglobin to form methemoglobin and radicals
(hydroxylamine dependent radical intermediates, superoxide radicals and hydrogen peroxide).
The differences in potency of the different hydroxylamines can be explained by at least three
mechanisms. First, the nature of the interaction between hydroxylamines and oxyhemoglobin
is different leading to radical intermediates that differ in stability. Second, the reaction rate
between hydroxylamines and oxyhemoglobin differs, leading to differences in the production
rates of reactive species. Finally, differences in cellular uptake will also contribute to the
differences in hemoglobin oxidation rates and in the resulting toxicity profiles. These three
mechanisms are important factors to explain the differences in hydroxylamine toxicity.

From fne above /n v/fro sfud/es, ;f can fee conc/uded f/?af nydroxy/am/nes are
predom/nantfy hematotox/c, toaf f/iey are dependenf on oxynemog/ob/n to exert
f/7e/r tox/c effecte, and fnaf producf/on of rad/ca/s occurs, Hydroxy/am/nes are a/so
capab/e to fo/m m/xed d/su/pn/des and to cause severe He/nz body fon77af/on.
These /asf fwo effecte p/ay a ma/or ro/e /n fne premafure sp/en/c sequesfraton of
nydroxy/am/ne-damaged eryfnrocytes. On fne ivho/e, fh/s suggesf fnaf
eryfnrotox/c/ry ;s probab/y a/so fne mosf /mportanf e/fecf after occupafona/
exposure. For f/ws reason, aparf from nemato/og/'ca/ e/fecte, determ/natons of
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AMDPH mefnemog/ob/n redt/ctese, GPX, and GST acf/Vtf/es are ///ce/y to fee i/sefu/
to mon/tor numan exposure to compounds of fn/s c/ass. The primary

e/fecte (mefhemog/ofe/n fom7afon, //p/d perox/dar/on and GT dep/ef/onj
seem mosf prom/s/ng for fne pt/roose of ran/c/ng fhe £>/o/og/'ca/ acf/V/ry potency of
new nydroxy/am/hes. -' •: " -

Perspectives for further research

The occurrence of various free radical intermediates and lipid peroxidation in erythrocytes
exposed to hydroxylamines is a trigger for further research. The presence of such active
species /n v/Vo is associated with increased cancer risks and accelerated ageing
[1,6,10,27,28]. It should be noted however that radical production in this case is linked to the
presence of hemoglobin. Since erythrocytes do not contain a nucleus, direct DNA damage is
excluded. On the other hand reactive products formed in erythrocytes might be able to leave
the erythrocytes and interact with biological plasma-components or reach other cells to
provoke damage there. Moreover, such radical mechanisms might also be induced by
hydroxylamines at hemoproteins elsewhere (e.g. cytochrome P450). In the carcinogenicity
studies performed so far [13,16,17,31], no clear carcinogenic effects were found. However, the
quality of these studies is insufficient to decide whether hydroxylamines are animal
carcinogens [3].

Jn a preliminary study it was suggested that peroxides originating from the membrane of
hydroxylamine pre-treated erythrocytes are responsible for LDL (low-density lipoprotein-
particles) oxidation [7,8]. This is a strong indication that indeed hydroxylamine induced
oxidative intermediates are able to cross the erythrocyte membrane. In pilot studies we tried to
investigate whether oxidative intermediates, originated from hydroxylamines, are able to
induce a response in other neighbouring cells. To study this we incubated erythrocytes with
increasing concentrations of hydroxylamines (up to 7 mM). The cell-free supernatant obtained
after centrifugation was used as incubation medium for T-lymphocytic cell lines. In these
lymphocytic cell lines we measured the activation of nuclear factor KB (NF-KB). NF-KB is
among the most important transcription factors shown to respond directly to oxidative stress
(preferentially peroxides) and plays a key role in the regulation of numerous genes involved in
pathogen responses and cellular defence mechanisms [11,18,19]. We were not able to show a
hydroxylamine dependent NF-KB response. However, with the future use of more sensitive
test systems (e.g. cytokine release, oncogene activation or DNA oxidation) it might still be
possible to demonstrate effects of reactive substances originating from hydroxylamine treated
erythrocytes in other cells. The hypothetical concept that hydroxylamine induced oxidative
intermediates might be able to reach biological plasma-components (like LDL) or to reach
other cells to provoke damage there, illustrates the significance of this kind of studies.
Especially since oxidatively modified LDL plays a critical role in the onset of artherosclerosis
[23] while oxidative damage to other cells could lead to a large number of pathological
changes [15].
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Real life situation in a production facility J = u ? ?u r u t u r « s §r^r?ow

In the last chapter, an occupational health study was carried out for OMH. In this study an
integrated strategy was adopted to prevent risks related to OMH exposure in a recently started
OMH production facility. During the pre-opening phase a toxicological evaluation of the
available data for two structurally related compounds, HYAM and OEH, was carried out. The
hazard assessments made for OEH and HYAM lead to the conclusion that these compounds
share their main toxicity pattern (i.e. erythrotoxicity) with about equal potency. Taking the
structural analogy into account, we assumed that exposure to OMH results in the same kind of
toxicological effects as exposure to HYAM and OEH. The marginal data in the literature on
toxicity of OMH itself confirmed this assumption. Furthermore, the //? wfro studies described
above also confirm that the erythrotoxic potency of OMH is equal to that of HYAM and OEH.
Based on these data an advised maximum exposure level for OMH was set at 0.1 ppm. Next
to this, a plant design based on a closed reaction system to minimise exposure risks was
chosen and a lay-out of work regulations was developed that would almost exclude exposure
during normal production while full protective clothing with clean-air supply was to be worn
during any work that might involve higher exposures.

Immediately after the start of the OMH production this pre-opening phase was followed by a
check phase in which it was verified that: 1) the intended advised maximum exposure level
was not exceeded using environmental monitoring with personal air sampling and spot
measurements; 2) no detectable adverse biochemical effects were present in the blood of the
workers using biochemical effect parameters derived from the /n wYro studies described above.
Furthermore, some classical hematological parameters were used (i.e. haptoglobin, bilirubin
and hemoglobin levels). Environmental monitoring showed that the OMH exposure was clearly
below the advised maximum exposure level of 0.1 ppm. In the biological effect monitoring
study no detectable adverse biochemical effects, related to OMH exposure, were found.

Based on these results the check phase was followed by a normal production phase during
which work regulations remain effective and a scheme of air sampling measurements was
continued to ensure commitment to the maximum exposure value. The measurements
performed during the 4 months following the check phase showed that the OMH exposure was
always below the limit exposure value of 0.1 ppm.

From tfj/s occivpaf/ona/ ftea/tf? sfudy /f can £>e conc/uded /nar fhe fo//owed sfrategy
ensures an accepfab/e s/fuaf/on for wonVers vvrfn regard to OMH exposure.

Considering the above we face an intriguing dilemma. As occupational toxicologists we would
decide that no further mechanistic toxicological research with hydroxylamines is necessary at
this moment. After all, production of OMH under the conditions described above (i.e. closed
reaction system with a lay out of work regulations) ensures an acceptable situation for
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workers. The actual level of exposure is too low to induce adverse health effects, even after
chronic exposure. However, hydroxylamine induced oxidative intermediates could be able to
provoke damage outside erythrocytes at levels above the current actual exposure but possibly
below the advised maximum exposure level.

On fne wno/e, ;f can oe conc/ivded fhaf fhe sfud/es prov/ded ;n fh/s fhes/s g/Ve an
/ns/gnf /nto mecnan/sf/c aspecte of nydroxy/am/ne /nduced adverse effecte /n man,
and furfnemjoAe, ///usfrafe fne va/ue of /n v/Yra techn/qtves /n nazarcf assessment for
sfnjcfura//y re/afed compounds.
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Chapter 9

Summary

The working environment will always present the risk of workers' overexposure to various
chemicals. It is self-evident that the control of these risks cannot wait until epidemiological
studies have defined the no-adverse-effect level directly in man. However, extrapolation from
animal data has its limitations. A combination of experimental studies on animals and/or
human tissue and surveillance studies on workers is more effective to evaluate the potential
risks of industrial chemicals. This thesis illustrates how integration of these two approaches
helps to accomplish an acceptable situation for workers in a production facility for one of the
studied hydroxylamines (i.e. O-methyl hydroxylamine).

The toxic potency of six industrially used hydroxylamines was studied in human blood cells
/n v/fro in chapter 2 and 3. The parent compound hydroxylamine and the O-ethyl and
O-methyl derivative gave very similar results. All three compounds induced methemoglobin,
leading to liberation of free radicals which cause lipid peroxidation, inhibition of glutathion
S-transferase (GST) and NADPH methemoglobin reductase (MHbR), and depletion of
glutathion (GSH). Other enzyme activities like glutathion reductase (GR) and glucose
6-phosphate dehydrogenase (G6PDH) were not or only slightly impaired by hydroxylamine,
O-ethyl hydroxylamine or O-methyl hydroxylamine. Hydroxylamine and O-ethyl
hydroxylamine had also no effect on the glucose phosphate isomerase and NADH
methemoglobin reductase activity. By contrast, a different scheme of reactivity was found for
N,O-dimethyl hydroxylamine and N-methyl hydroxylamine, two single N-substituted
derivatives of hydroxylamine. These compounds gave much less methemoglobin formation,
lipid peroxidation was not detectable and GST and MHbR activity was not decreased. On the
other hand GR and G6PDH activities were inhibited. These results indicate the existence of
two different routes of hematotoxicity induced by hydroxylamines. Hydroxylamine as well as
its O-derivatives primarily induce methemoglobin, a process involving radical formation. The
radical stress occurring is probably responsible for most other effects. N-derivatives like
N,O-dimethyl and N-methyl hydroxylamine primarily lead to inhibition of the protective
enzymes G6PDH and GR. In other words, the oxidative potency of hydroxylamine and its
O-derivatives is larger than the potency of single N-substituted derivatives. This indicates
that the attachment of an alkyl group to the nitrogen atom of hydroxylamine leads to
decreased reactivity. However, N-dimethyl hydroxylamine, a double N-substituted
compound, caused a strikingly different scheme of reactivity: inhibition of G6PDH but not of
GR, severe methemoglobin formation, only little lipid peroxidation and some impairment of
MHbR but not of GST. These results for N-dimethyl hydroxylamine indicate that a simple
classification in O-derivatives and N-derivatives of hydroxylamine is to simplistic and that this
classification has to be extended for double N-substituted compounds which give a mixture
of effects.
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In chapter 4 the effects of hydroxylamines on the enzymatic antioxidant defence system in
human erythrocytes was investigated. The activity of catalase and superoxide dismutase
was not significantly decreased by any of the six hydroxylamines tested. However, the
activity of glutathion peroxidase (GPX) was strongly inhibited by hydroxylamine itself and its
O-derivatives (O-methyl and O-ethyl hydroxylamine). GPX was also inhibited by N-dimethyl
and N,O-dimethyl hydroxylamine. GST activity was decreased by hydroxylamine, O-methyl,
and O-ethyl hydroxylamine (as was also seen in chapter 2 and 3). This activity loss of GST
and GPX is likely to involve oxidation of critical cysteine residues, since GST as well as GPX
have cysteine residues at the active site of the enzymes. These cysteine residues are
susceptible to formation of protein-mixed disulphides or intramolecular disulphides which can
lead to an increase or decrease in the enzyme activity. In principle this is also true for GR,
which in this study was only inhibited by the single N-substituted hydroxylamines (i.e.
N-methyl and N,O-methyl hydroxylamine). However, GR is capable to reduce these
disulphides by taking up two electrons, either from its substrate NADPH or from another
reductant. In other words, the activity loss of GR, induced by single N-substituted
hydroxylamines, must probably be explained by other modifications than oxidation of
cysteine residues. The practical consequence of these findings is that the cellular prooxidant
state that may arise in erythrocytes exposed to hydroxylamines can be further increased by
activity loss of protective enzymes, which may decrease the average life span of the red
blood cell.

The effect of hydroxylamine on the morphology, sulfhydryl status and membrane skeletal
protein of human erythrocytes were studies in chapter 5. A large amount of intracellular GSH
was lost and this loss was not compensated by increases in intracellular oxidised glutathion
(GSSG) or extracellular total glutathion. This extracellular glutathion was mainly oxidised
which is in agreement with the fact that only GSSG is exported from the erythrocytes. These
results indicated that the GSH that disappeared did not become available as intracellular
GSSG. After reduction of the erythrocyte incubates the lost GSH was almost completely
recovered indicating that the lost GSH is present in the cell as protein-glutathion mixed
disulphides. Under favourable conditions this stored GSH can be quickly recovered by
thioltransferase and GR activity. SDS-polyacrylamide gel electrophoresis of membrane
ghosts from human red cells revealed changes in skeletal proteins with a smearing of bands
1, 2 and 3 to the higher molecular weight end of the gel and the appearance of new
monomeric and dimeric hemoglobin monomers. Hydroxylamine induced severe Heinz body
formation but the outside morphology of the red cell was only marginally altered. Therefore, it
is concluded that the described changes in the sulphydryl status of erythrocytes are likely to
play a major role in the premature splenic sequestration of hydroxylamine-damaged red
cells.

The hemoglobin dependence of the toxicity, the occurrence of cell damaging products like
superoxide and hydrogen peroxide, and the cellular kinetics of hydroxylamine analogues is
investigated in chapter 6 to elucidate the difference in toxicity profiles. All hydroxylamine
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were found to depend on the presence and accessibility of oxyhemoglobin to exert their
toxicity. This did not provide an explanation for the different toxicity profiles. It is known that
radical intermediates are formed in the reaction with hydroxylamines and oxyhemoglobin.
Differences in the stability of these radical products are known to occur and this can
contribute to the difference in toxicity. In this respect production of superoxide radicals was
demonstrated for all hydroxylamines in the reaction with oxyhemoglobin. Evidence for
hydrogen peroxide generation during the reaction of hydroxylamine, O-methyl, O-ethyl and
N-dimethyl hydroxylamine with oxyhemoglobin was also found. Next to variations in the
products formed, difference in cellular kinetics is likely to be among the most important
factors that can explain the different toxicity patterns seen for the hydroxylamines in
erythrocytes. Beside the fact that the final methemoglobin level in erythrocytes after
exposure to N-derivatives is much lower, the reaction rate with oxyhemoglobin was also
slower than with hydroxylamine and its O-derivatives. The same pattern was also seen in
hemolysates, except for N,O-dimethyl hydroxylamine which tripled its effects on hemoglobin.
This latter effect implies that cellular uptake is a limiting factor for N,O-dimethyl
hydroxylamine. Altogether, this indicates that: (1) the toxicity of all hydroxylamines depends
on an interaction with oxyhemoglobin, (2) the interaction with hemoglobin produces radical
intermediates and concomitant superoxide radicals and hydrogen peroxide, and (3)
differences in uptake, reaction rate with hemoglobin and stability of the intermediates formed
do exist for the different hydroxylamines and contribute to their differences in toxicity.

In the last chapter (chapter 7) an integrated strategy was adopted to prevent risks related to
O-methyl hydroxylamine exposure in a recently started O-methyl hydroxylamine production
facility. The pre-opening phase consisted of a toxicological evaluation of available data for
two structurally related compounds, hydroxylamine and O-ethyl hydroxylamine. Considering
the structure analogy, we assumed that the main toxicity hazard for O-methyl hydroxylamine
would also be erythrotoxicity and that the potency of O-methyl hydroxylamine would be
about equal to that of hydroxylamine and O-ethyl hydroxylamine. This was confirmed by the
marginal data on toxicity of O-methyl hydroxylamine itself present in the literature and the /n
wYro studies carried out in the previous chapters. Based on these data an advised maximum
exposure level for O-methyl hydroxylamine was set at 0.1 ppm. This phase also consisted of
development of a production design that would minimise exposure risk and adoption of a
lay-out of work regulations that would almost exclude exposure. In the check phase
environmental and biochemical effect monitoring was performed which showed that the
O-methyl exposure was clearly below the level of 0.1 ppm and no detectable adverse
biochemical effects, related to O-methyl hydroxylamine, were found. As such, it was
concluded that the strategy used ensures an acceptable situation for workers exposed to
O-methyl hydroxylamine.

Altogether, it can be concluded that the described studies give an insight into mechanistic
aspects of hydroxylamine induced adverse effects in man, and illustrate the value of ;n wfro
techniques in hazard assessment for structurally related compounds.
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Hoofdstuk 10

Samenvatting

In de arbeidsomgeving kunnen werknemers langdurig blootgesteld worden aan verschillende
chemicalien. Het is duidelijk dat men voor het in de hand houden van deze risico's niet kan
wachten tot dat epidemiologische studies een 'no-adverse-effect level' in de mens hebben
gedefinieerd. Extrapolatie van dierexperimentele gegevens naar de mens heeft echter ook
zijn beperkingen. Een combinatie van experimenteel onderzoek bij dieren en/of weefsels van
mensen en monitoringstudies bij werknemers op de arbeidspiek is een effectievere manier
om de potentiele gevaren van industriele chemicalien te evalueren. Dit proefschrift laat zien
hoe integratie van deze twee benaderingen kan leiden tot het tot stand komen van een
acceptabele situatie voor werknemers in een productie-faciliteit van een van de geteste
hydroxylamines (O-methyl hydroxylamine).

In hoofdstuk 2 en 3 werd de toxische potentie van zes industrieel gebruikte hydroxylamines
/n wfro bestudeerd in humane rode bloedcellen. De moederstof hydroxylamine (HYAM) en
de O-ethyl en O-methyl derivaten gaven overeenkomende effecten. Alle drie de stoffen
zorgen voor de vorming van methemoglobine, hetgeen leidt tot het vrijkomen van vrije
radicalen die vervolgens lipide peroxidatie, afname van glutathion (GSH) en remming van
NADPH methemoglobine reductase (MHbR) en glutathion S-transferase (GST) veroorzaken.
Andere enzym activiteiten zoals glutathion reductase (GR) en glucose 6-fosfaat
dehydrogenase (G6PDH) werden niet of nauwelijks geremd door HYAM, O-methyl
hydroxylamine (OMH) en O-ethyl hydroxylamine (OEH). HYAM en OEH hadden evenmin
een effect op de glucose isomerase en NADH methemoglobine reductase activiteit. In
tegenstelling tot HYAM, OEH en OMH vertoonden N,O-dimethyl hydroxylamine (NODMH)
en N-methyl hydroxylamine (NMH), twee enkel N-gesubstitueerde verbindingen, een geheel
ander patroon van reactiviteit. Deze verbindingen veroorzaakten aanzienlijk minder
methemoglobine vorming, nauwelijks lipide peroxidatie, en in het geheel geen GST of
NADPH MHbR activiteit remming. Wei bleken deze verbindingen een remmend effect te
hebben op de GR en G6PDH activiteit. De resultaten van deze studies wijzen erop dat twee
verschillende routes bestaan aangaande de hematotoxiciteit van hydroxylamines. HYAM en
de O-derivaten induceren voornamelijk methemoglobine, een proces waarbij radicalen
betrokken zijn. Deze radicalen zijn hoogstwaarschijnlijk verantwoordelijk voor alle andere
effecten die optreden in de rode bloedcel. Daarentegen veroorzaken NODMH en NMH met
name remming van de beschermende enzymen G6PDH en GR. Met andere woorden, de
oxidatieve potentie van HYAM en de O-derivaten is groter dan de potentie van de enkel
N-gesubstitueerde derivaten. Dit impliceert dat de reactiviteit van hydroxylamines blijkt af te
nemen wanneer er een alkyl groep gebonden zit aan het stikstof atoom. De aanwezigheid
van een alkyl groep aan het zuurstof atoom heeft geen invloed op de oxidatieve potentie van
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de hydroxylamines (OEH en OMH). N-dimethyl hydroxylamine (NDMH), een dubbel
N-gesubstitueerde verbinding, vertoonde echter een geheel ander patroon van reactiviteit:
remming van G6PDH maar niet van GR, sterke methemoglobine vorming en remming van
NADPH MHbR activiteit maar bijna geen lipide peroxidatie, GST activiteit remming en
glutathion afname. De effecten van NDMH geven dan ook aan dat de structuur-
activiteitsrelatie niet zo makkelijk is als men in eerste instantie zou verwachten op basis van
de eenvoudige structuren. Indeling van hydroxylamines in O-derivaten en N-derivaten is dus
niet zonder meer mogelijk en deze indeling moet uitgebreid worden met dubbel
N-gesubstitueerde verbindingen.

In hoofdstuk 4 werd het effect van de verschillende hydroxylamines op de antioxidant
enzymen in de rode bloedcel bestudeerd. Alle zes de hydroxylamines hadden geen invloed
op de activiteit van superoxide dismutase (SOD) en catalase. Alle hydroxylamines behalve
NMH remden het enzym glutathion peroxidase (GPX). De GST activiteit werd geremd door
HYAM, OEH en OMH (zoals ook al eerder aangetoond in hfdst 2 en 3). Aangezien zowel
GST als GPX een cysteme-thiol groep bezitten die essentieel is voor de enzymactiviteit, is
het zeer waarschijnlijk dat oxidatie van deze kritische cysteTne groepen verantwoordelijk is
voor het verloren gaan van de enzymactiviteit na blootstelling aan hydroxylamines. Deze
cysteTne groepen zijn gevoelig voor vorming van eiwitbruggen en intramoleculaire disulfide
bruggen, hetgeen in principe kan leiden tot remming of verhoging van de enzym activiteit.
GR bezit ook cysteTne groepen. Remming van deze groepen zal echter nooit leiden tot
remming van de activiteit van GR omdat dit enzym in staat is om elektronen op te nemen
van NADPH of een andere reductor om de eventuele gevormde disulfide bruggen te
reduceren. Desondanks, is de activiteit van GR geremd door NMH en NODMH. Deze
remming is dan ook alleen te verklaren door andere modificaties aan het enzym. De
praktische consequentie van deze bevindingen is dat naast een toename in oxidatieve stress
door blootstelling aan hydroxylamines ook de activiteit van de glutathion afhankelijke
enzymen GPX, GST en GR geremd wordt. Dit zal uiteindelijk leiden tot een cellulair pro-
oxidant situatie wat de levensduur van de rode bloedcel in gevaar zal brengen.

De effecten van HYAM op de sulfhydryl status, morfologie en membraaneiwitten van
humane rode bloedcellen werd bestudeerd in hoofdstuk 5. Verlies van gereduceerd
glutathion concentraties was proportioned aan de gebruikte HYAM concentratie. Dit verlies
was groter dan de som van de toename in extracellulair glutathion en het intracellulaire
geoxideerde glutathion (GSSG). Het extracellulair glutathion was voornamelijk aanwezig als
GSSG hetgeen in overeenstemming is met het feit dat alleen GSSG geexporteerd wordt
door de rode bloedcel. Deze resultaten indiceerden dat het verdwenen glutathion in de rode
bloedcel niet geheel uit de eel getransporteerd werd en ook niet beschikbaar kwam als
intracellulair geoxideerd glutathion. Na reductie van de hydroxylamine behandelde rode
bloedcellen werd het "verdwenen" glutathion bijna geheel teruggevonden. Dit duidt op
vorming van glutathion-eiwitbruggen, ook wel aangeduid met mixed-disulfides. Aangezien
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GSSG toxisch is voor de rode bloedcel, is opslag van GSSG als mixed-disulfides gunstig
voor de eel. Door de vorming van glutathion-eiwitbruggen kan de rode bloedcel, wanneer de
condities weer gunstig zijn, snel en gemakkelijk de glutathion concentraties op peil brengen
met behulp van thiol transferases en GR. .

De SDS-polyacrylamide gel elektroforese patronen van membraan eiwitten van rode
bloedcellen laten een smering van de banden 1 en 2 (spectrine-ankyrine regio; MW ca
250 kD) en band 3 (MW 90 kD) zien en het ontstaan van nieuwe mono- en dimeren
hemoglobine banden op ongeveer 16 en 30 kD. Blootstelling aan HYAM veroorzaakte Heinz
Bodies en hemolyse, maar de morfologie van de rode bloedcel werd maar marginaal
veranderd. Concluderend kan dan ook gesteld worden dat de beschreven veranderingen op
de sulfhydryl status in de rode bloedcel een rol spelen bij de vroegtijdige verwijdering van de
door hydroxylamine beschadigde eel door de milt.

Om meer inzicht te krijgen in de verschillende toxiciteitsprofielen van hydroxylamine
analogen werd de hemoglobine-afhankelijkheid, het ontstaan van celbeschadigende
producten zoals waterstofperoxide en superoxide, en de cellulaire kinetiek van de
hydroxylamines bestudeerd in hoofdstuk 6. Alle hydroxylamines bleken afhankelijk te zijn
van oxyhemoglobine om hun toxiciteit uit te oefenen. Hemoglobine-afhankelijkheid is dus
geen verklaring voor het optreden van de verschillende toxiciteitsprofielen van
hydroxylamines.

In eerder onderzoek is aangetoond dat radicaal-tussenproducten gevormd worden in de
reactie met hydroxylamines en hemoglobine. Deze radicaal-tussenproducten zijn niet
allemaal hetzelfde en verschillen in stabiliteit, hetgeen een belangrijke factor kan zijn voor de
verschillende toxische effecten aangetoond in rode bloedcellen na blootstelling aan de
verschillende hydroxylamines. Verschillen in de productie van vrije radicalen zoals
superoxide en waterstofperoxide kan een andere verklaring zijn voor de verschillende
toxiciteitsprofielen van de hydroxylamine analogen. Superoxide radicalen werden
aangetoond bij de reactie van oxyhemoglobine met alle hydroxylamine analogen.
Waterstofperoxide werd in ieder geval aangetoond in rode bloedcel incubaties met HYAM,
OMH, OEH en NDMH.

Verschillen in de cellulaire kinetiek -opname en de reactie met oxyhemoglobine- is
waarschijnlijk de meest belangrijke factor om de verschillende toxische profielen van
hydroxylamines te verklaren. Bij de N-derivaten werd niet alleen aangetoond dat het
uiteindelijke gehalte aan methemoglobine lager is maar de reactie snelheid met
oxyhemoglobine is ook langzamer dan met HYAM en zijn O-derivaten. Dit zelfde patroon
was ook te zien in hemolysaten, behalve voor NODMH dat een verdrievoudigd effect te zien
gaf in hemolysaten ten opzichte van rode bloedcellen. Dit betekent dat cellulaire opname
een beperkende factor is voor NODMH. Concluderend kan gesteld worden dat: (1) alle
hydroxylamines afhankelijk zijn van oxyhemoglobine om hun toxiciteit uit te oefenen, (2) de



interactie met oxyhemoglobine radicaal-tussenproducten produceert en tegelijkertijd ook
superoxide radicalen en waterstofperoxide, en (3) verschillen in cellulaire opname, in de
reactie snelheid met oxyhemoglobine en in de stabiliteit van de gevormde radicalen optreden
bij de verschillende hydroxylamines en dat deze aspecten mede zullen leiden tot de
uiteindelijke verschillen in de hydroxylamine toxiciteitsprofielen.

In het laatste hoofdstuk (hoofdstuk 7) is een gemtegreerde strategie gebruikt om risico's,
gerelateerd aan OMH blootstelling in een recent opgestarte OMH productie faciliteit, te
voorkomen. De pre-start fase bestond uit een toxicologische evaluatie van beschikbare
gagevens van twee structuur-verwante analogen, HYAM en OEH. Op basis van de
structuuranalogie werd aangenomen dat het belangrijkste toxische gevaar van OMH
toxische effecten op de rode bloedcel zouden zijn en dat de potentie van OMH vergelijkbaar
is met HYAM en OEH. Dit werd bevestigd door de marginale toxische gegevens die
voorhanden zijn in de literatuur over OMH zelf en de uitgevoerde /n wfro studies zoals
beschreven in de voorgaande hoofdstukken. Op basis van deze gegevens werd voorgesteld
de maximale blootstellingconcentratie van OMH vast te stellen op 0,1 ppm. Deze fase
bestond eveneens uit het ontwikkelen van een productie plan waarbij de blootstelling tot een
minimum werd beperkt en het opzetten van werkvoorschriften die blootstelling bijna
uitsluiten. In de check-fase werd omgevings- en biologische effect monitoring uitgevoerd.
Deze monitoringstechnieken toonden aan dat de blootstellingconcentratie van OMH
beduidend lager was dan 0,1 ppm en dat geen detecteerbare biochemische effecten,
gerelateerd aan OMH, werden aangetoond. Geconcludeerd werd dan ook dat de gevolgde
strategie een acceptabele situatie verzekerde voor werknemers in de OMH fabriek.

Samenvattend, kan geconcludeerd worden dat de beschreven studies een inzicht geven in
de mechanistische aspecten van hydroxylamine-geinduceerde toxische effecten in de mens,
en bovendien laten zien wat de waarde van ;n wfro technieken bij 'hazard' karakterisering
kan zijn.
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Zoals al zo vaak gezegd is, is een proefschrift nooit het product van een persoon. Aangezien
velen na de titel en mijn naam, dit dankwoord waarschijnlijk zo'n beetje als eerste zullen
lezen is het goed om te weten dat ik er ongetwijfeld een paar zal vergeten, niet omdat zij niet
belangrijk zijn geweest, maar omdat ik er nu even niet bij stil sta. Daarvoor mijn
welgemeende excuses.

Op de eerste plaats wil ik mijn co-promotor dr. ir. Chris Evelo bedanken. Beste Chris, tijdens
mijn promotie onderzoek heb je me op je eigen speciale manier op een fijne wijze begeleid.
Je introduceerde mij in het fascinerende gebied van de toxicologie en zorgde keer op keer
dat ik vertrouwen in mezelf bleef houden. Zelfs op het gebied van computers leerde je me
dat er naast het "eenvoudig gebruik" ook een soms alles overheersende hobby kan
ontstaan, die je jammer genoeg op Rob moest overdragen. Het zij je vergeven, aangezien hij
ondertussen ook weet dat er meer is in het leven dan computers alleen. Dus Chris, probeer
er zo nu en dan vanaf te blijven!

Leo, zonder jou zouden de dagen vaak eentonig geweest zijn. Je wist me binnen enkele
seconden zowel ontzettend vrolijk als ontzettend gedesillusioneerd te maken. Wat dat betreft
doe je me denken aan mijn kleine lieve meisje dat mij zowel ontzettend gelukkig, als
ontzettend kwaad kan maken, en dat ook binnen enkele seconden. Het waren gezellige
tijden en via jou heb ik geleerd hoe je snel iets, binnen een zo traag instituut als de
Universiteit, voor elkaar kunt krijgen. Mijn eeuwige dank daarvoor. Daarnaast heb je me op
het lab menig maal de niet in boeken beschreven tips gegeven waardoor ik vaak sneller iets
onder de knie had dan bij voorbaat gedacht.

Aangezien ik grotendeels aangewezen was op hulp in het lab van studenten en stagiaires
van de studie Gezondheidswetenschappen te Maastricht, en de Middelbare
Laboratoriumschool te Sittard, wil ik deze grote groep mensen niet allemaal bij naam
noemen, maar wil ik bij deze iedereen heel hartelijk danken voor zijn of haar inzet.

Tevens wil ik mijn promotores prof. dr. Harry Struijker Boudier en prof. dr. Aalt Bast
bedanken. Harry, met name in de laatste fase van het promoveren gaf je mij vele goede tips
die zeer welkom waren. Aalt, naast mijn dank voor je suggesties, mijn dank voor het
uitvoeren van ESR bepalingen bij de faculteit Scheikunde aan de Vrije Universiteit
Amsterdam, waar je in die tijd nog werkzaam was. Bij deze wil ik ook Ingrid Dekker
bedanken van dezelfde afdeling voor haar technische assistentie.

John Neis en Jan Bakker van DSM waren niet alleen als opdrachtgever betrokken bij veel
van de uitgevoerde studies in dit proefschrift, maar hun ervaring uit de praktijk en hun
tomeloze inzet zorgden voor een plezierige en prettige samenwerking. Natuurlijk kan ik een
groot aantal mensen van DSM, omwille van privacy, niet bij naam noemen, terwijl
hoofdstuk 7 niet geschreven had kunnen worden zonder hun bijdrage. Bij deze wil ik jullie



148 ' Dankwoord
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