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Much of the current interest in nitroheterocyclic
compounds focuses on their potential role in the
treatment of malignant disease. Originally this
interest centred on their ability to sensitize normally
radioresistant hypoxic cells to the lethal effects of
radiation with little or no sensitizing effect on aerobic
cells [1, 2]. In this situation the agents were assumed
to mimic the electron-affinic properties of oxygen
and radiosensitizing efficiency showed a strong cor-
relation with electron affinity [3]. Such sensitization,
which may be described as oxygen-mimic radio-
sensitization or dose-multiplication sensitization, can
be detected within milliseconds of mixing drugs and
hypoxic cells [4] and therefore almost certainly arises
from the interaction of the unaltered parent com-
pound with radiation induced products or lesions
within the cell.

While oxygen-mimic radiosensitization arises
directly from the parent compound there are a var-
iety of biological properties which arise from drug
metabolism, almost certainly reductive metabolism.
In addition to oxygen-mimic radiosensitization, the
biological properties which are of most interest to
cancer diagnosis and therapy are:

(1) cytotoxicity under aerobic and hypoxic
conditions;

(2) dose additive radiosensitization;

(3) chemopotentiation;

(4) loss of intracellular thiols;

(5) binding to cellular constituents;

(6) normal tissue toxicity.

Each of these phenomena will be discussed briefly
with reference to pertinent publications and recent
reviews. In general, these phenomena are pref-
erential for hypoxic cells, are slow to develop, are
often strongly correlated with electron-affinity, and
are associated with the formation of a variety of
reduction products. Consequently, it has become
common to assume that they are related to reductive
metabolism of the agents and we will discuss some
of the reduction chemistry of 2-nitroimidazoles which
may underlie these phenomena.

BIOLOGICAL EFFECTS OF NITROHETEROCYCLICS

Aerobic and hypoxic cytotoxicity

Early in the evaluation of nitroheterocyclics as
possible clinical radiosensitizers it was recognized
that cytotoxicity might prove to be a significant limi-
tation. Initial studies were confined to examinations
of cytotoxicity in aerobic cells but relatively early on
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it was shown that the agents demonstrated a marked
preferential toxicity to hypoxic as compared to aero-
bic cells [5-7]. This observation, which has had a
major impact on subsequent studies and interest in
the nitroheterocyclics should not have been sur-
prising since nitroheterocyclic compounds have
played major roles in the treatment of anaerobic
infections.

Dose additive radiosensitization

Once it became apparent that the nitrohet-
erocyclics exhibited both radiosensitizing ability and
preferential hypoxic cell toxicity it posed the question
as to whether prolonged exposure to nitrohet-
erocyclics under hypoxic conditions might affect the
nature or degree of radiosensitization. In a series of
experiments [8] it was shown that this was indeed
the situation. If mammalian cells are exposed to
nitroheterocyclics under hypoxic conditions for pro-
longed periods of time then a second type of radio-
sensitization is seen which manifests itself primarily
as a reduction in the shoulder of the survival curve
seen with low doses of radiation. This radio-
sensitization, which has been referred to as dose
additive sensitization, may be of major clinical sig-
nificance since its magnitude may be greater than
that of the oxygen effect and since it is most pro-
nounced at radiation doses typical of those used in
conventional radiation therapy [9].

Chemopotentiation

Hypoxic cell populations within tumours, in
addition to their intrinsic resistance to radiation
damage, are often refractory to the cytotoxic actions
of conventional chemotherapeutic agents [10]. Such
resistance may arise from reduced drug penetration,
reduced drug activation or a reduced response of
non-cycling cells to the cytotoxic effects of agents
which are specific to one phase of the cell cycle or
which are preferentially toxic to rapidly proliferating
cells. Given this situation an enhanced tumour
response might be expected from combining the
hypoxic cell killing ability of the nitroheterocyclics
with agents known to be effective against non-
hypoxic and accessible tumour cells. Beneficial
effects of such drug combinations have been seen
in experimental tumours [11, 12] but it now seems
apparent that, although cell killing by nitrohet-
erocyclics can be seen in the hypoxic regions of
tumours, the benefits of combining nitrohetero-
cyclics with other chemotherapeutic agents do not
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arise solely from the cytotoxic effects of the nitro-
heterocyclics on hypoxic cells. It now seems clear
that, while the presence of hypoxic cells may be
necessary in order to detect any benefit, the benefits
may arise from any one or a combination of factors
including: hypoxic cell toxicity; enhanced total cellu-
lar damage; reduced repair capacity; removal of
intracellular protective agents or altered phar-
macokinetics of one or other agent, and indeed evi-
dence for all of these phenomena has been observed
{10]. Whatever the mechanism of the apparent
chemopotentiation, its appearance has helped to
prompt a growing interest in agents which might
require bioreductive metabolism for activation and
whose cytotoxic properties might be preferentially
expressed in hypoxic and surrounding aerobic
tumour cells.

Depletion of intracellular sulphydryls

It has been known since the early work of Patt
[13] that sulfhydryl compounds such as glutathione,
cysteine and cysteamine are capable of protecting
biological systems from the damaging effects of radi-
ation. It has also been established that these agents
protect against a variety of chemotherapeutic agents
[10]. Whether the sulfhydryl compounds act as rad-
ical scavengers, hydrogen donors or inhibit oxidative
activation has not been clearly established. Pro-
longed exposure of mammalian cells to nitro-
heterocyclics under hypoxic conditions leads to mar-
ked reductions of intracellular sulfhydryl levels
[14,15] and there has been considerable interest in
the possibility that such loss might play a major
role in the radiosensitizing and chemopotentiating
properties of the nitroheterocyclics. This is almost
certainly not the explanation for the oxygen-mimic
type of sensitization and cannot be the total expla-
nation for dose additive radiosensitization and
chemopotentiation. What is clear, however, is that
because nitroheterocyclics do reduce intracellular
sulthydryl levels and because sulfhydryls do protect
against several of the biological effects of the nitro-
heterocyclics the compounds do in fact modulate
their own biological activities.

Binding to cellular macromolecules

Prolonged exposure of hypoxic cells to nitro-
heterocyclics containing radioactivity leads to mar-
ked binding of the radioactivity to various intra-
cellular constituents including DNA, RNA, protein
and non-protein sulthydryl compounds [16, 17]. The
biological consequences of such binding are unclear.
However, because binding is so much more efficient
in hypoxic cells it opens up the interesting possibility
that, in combination with autoradiographic tech-
niques the phenomenon can be used to locate regions
of hypoxia within tumours [18]. Also, if appropriate
y-emitting isotopes can be incorporated into the
nitroheterocyclics then the compounds might be used
in the detection and evaluation of human tumours.
However, because a variety of factors, including
intracellular sulfhydryl levels may affect such binding
and because potential binding agents may migrate
from hypoxic regions, care must be exercised in
interpreting the biological significance of such
observations.

Normal tissue toxicity

Current clinical interest in the nitroheterocyclics
as radiation sensitizers has focused on the 2-nitro-
imidazoles because of their greater radiosensitizing
ability vis a vis other 4- or 5-nitroimidazoles. With
misonidazole, the prototype 2-nitroimidiazole, drug
dosage in the human was limited by the onset of
peripheral neurotoxicity [19] and it has been common
to assume that neurotoxicity may be the major clini-
cal limitation to the use of all hypoxic cell sensitizers.
However, with metronidazole, a 5-nitroimidazole,
the limiting toxicity was seen in the gut [20] and there
is evidence that this may also be true with some of
the newer 2-nitroimidazoles currently undergoing
limited chemical evaluation.

It must be remembered that any nitroheterocyclic
compound of biological interest basically consists of
two major components, the nitroheterocyclic moiety
which is the major determinant of electron affinity
and a side chain which is a major determinant of
various pharmacological and pharmacokinetic
properties such as tissue distribution, excretion rate,
etc. It may be that neurological symptoms are charac-
teristic responses to the 2-nitroimidazoles but not
nitroheterocyclics. It may also be that the intro-
duction of various active functions, e.g. alkylating
groups, into the side chain or modification of the
side chain to alter lipid solubility or acid-base proper-
ties will play a major role in determining the site of
limiting clinical toxicity or the drug doses at which
such toxicities become important [21]. In the light of
the very limited clinical data currently available it
seems premature to assume that neurotoxicity will
be the major limitation to the clinical use of all
nitroheterocyclics.

NITRO REDUCTION AND BIOLOGICAL EFFECTS

It is apparent that the nitroheterocyclic com-
pounds are capable of inducing a variety of biological
effects and that for the majority of the phenomena
discussed above the effects are exacerbated in
hypoxic cells. Since reduction of the nitro group is a
major pathway of metabolism in hypoxic cells [22],
it seems probable that the effects arise as a result of
the reduction per se or the formation of toxic
products. It may be tempting to assume that
reduction and biological effect will occur within the
same cell. This need not always be the case since
there is evidence with 2-nitroimidazoles that acti-
vation within hypoxic cell populations can be fol-
lowed by toxicity in adjacent non-hypoxic cell popu-
lations [23, 24]. This contrasts with results seen with
most chemotherapeutic agents and leads to the
observation of drug-induced tumour destruction
extending away from sites of necrosis [24] or out
from the centres of spheroids [23] rather than being
most pronounced on the outer spheroid surface or
adjacent to blood vessels. These observations also
suggest that toxicity and perhaps other biological
phenomena arise as a result of the formation of
reactive and potentially diffusible toxic products
formed during the course of reduction. The question
now arises as to the nature of the reduction process,
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the chemical species formed and the ability of such
species to account for the various biological effects
observed.

REDUCTION CHEMISTRY OF NITROHETEROCYCLIC
COMPOUNDS

By analogy with the nitrobenzenes and based on
evidence obtained from a variety of chemical, radio-
lytic, electrolytic and enzymatic reduction systems,
it is apparent that reduction of nitroheterocylic com-
pounds proceeds stepwise and involves the formation
of three relatively stable reduction species, the
nitroso, hydroxylamine and amine derivatives cor-
responding to two, four and six electron reductions,
respectively. In addition reduction also leads to the
formation of a radical anion, RNO; and possibly
two other radical species corresponding to three and
five electron reductions {25]. A simplified reduction
scheme is illustrated in Fig. 1. While it would appear
that, under appropriate conditions, all of the
reduction species illustrated in Fig. 1 may be formed,
all species may not be formed in all reduction systems
and because of their reactivity, the amounts and
types of products formed and their subsequent life-
times may be highly dependent upon the conditions
of reduction. Oxidation reactions, which at least
partially reverse the whole process, are also possible.

Figure 1 indicates that, in the presence of oxygen,
formation of the radical anion, RNO;, leads to a
futile recycling which prevents further reduction and
leads to the formation of superoxide. If the biological
effects referred to earlier result from reduction pro-
cesses, then the futile recycling will prevent their
occurrence. Whether or not the limited toxicity seen
in aerobic systems results from the formation of
active oxygen species during the futile reduction or
from inefficient reduction has not been determined.
If, however, aerobic toxicity results from the for-
mation of active oxygen species the relatively low
level of aerobic toxicity would suggest that the active
oxygen species are relatively non-toxic, compared to
the process or products of reduction.

O2e_____02
A. RNO2

RNO3 RN =0

RNHp =—— RNHOH — Rﬁl -0
H

B. RN =0+ RNHOH —= RN = NR
0
RN - NR —— RN = NR
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Fig. 1. (a) Postulated pathway for the reduction of nitro-

heterocyclic compounds and (b) for the formation and

subsequent reduction of the bimolecular, azoxy, azo and

hydrazo derivatives. Figure 1(a) also shows the “futile
reduction” reaction.
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Fig. 2. Schematic representation of possible biologically
important reactions of 2-hydroxylaminoimidazoles.

REACTIONS OF 2-HYDROXYLAMINOIMIDAZOLES

On the assumption that the biological phenomena
described earlier arise as a result of the formation of
reactive species during the process of reduction, we
chose to focus on reactions of the hydroxylamine.
This choice was predicted on several factors. The
hydroxylamine is known to be reactive whereas the
amine has proven to be relatively inactive. The
nitroso derivative is highly electron-affinic and there-
fore in most reducing situations will be rapidly
reduced to the hydroxylamine. For these reasons
we have chosen to investigate the reactions of 2-
hydroxylaminoimidazoles, and Fig. 2 summarizes
the types of reactions investigated and described
below. In situations where the reactions appeared to
be of possible biological significance, we have looked
for evidence of similar reactions in biological
systems, in vitro, in vivo and in clinical situations.

Preparation

Rapid reduction of 2-nitroimidazoles in dilute
solution by zinc dust in the presence of ammonium
chloride provides aimost quantitative yields of the 2-
hydroxylaminoimidazoles [26]. Radiolytic [27], elec-
trolytic [28] and enzymatic [29] reductions are also
capable of producing the hydroxylamine derivatives.
However, because of the extreme reactivity of
2-hydroxylaminoimidazoles, there may be very
marked loss of the product during the course of
reduction. In general, the hydroxylamines are more
stable as the hydrochlorides [30].

Early studies with *C-misonidazole labelled at the
2 position indicated that, upon reduction by zinc and
ammonium chloride, incubation with DNA, RNA
or protein led to macromolecular binding of radio-
activity [16, 31]. The precise chemical nature of this
covalent binding, especially to nucleic acid, remains
unknown.
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Oxidation

When aqueous solutions of 2-hydroxylamino-
imidazoles are exposed to air under neutral
conditions, formation of the azoxy derivative is
detected [30]. The azoxy derivative almost certainly
arises from an initial oxidation of the hydroxylamine
to the nitroso derivative followed by a condensation
of nitroso with hydroxylamine (see Fig. 1B). During
the course of oxidation to the nitroso, there is con-
comitant formation of H,0,, itself a potentially bio-
logical reactive species. Therefore, should the
hydroxylamine find itself in an aerobic (non-reduc-
ing) environment, some of the biological con-
sequences might arise from the formation of H,0,,
an excellent source of hydroxyl radicals.

Reactions in aqueous solution

As mentioned earlier, the hydroxylamines are
relatively stable in dilute HCI. Presumably at low
pH the imidazole nitrogen is protonated (II; Fig. 3)
and this prevents molecular rearrangement.
However, at neutral pH the formation of a stabilized
nitrenium ion (III, IV) permits nucleophilic attack
on the imidazole ring resulting in the formation of a
Bamberger type rearrangement (V, VII) which on
addition of water yields the dihydroxy derivative
(VD) [32]. The dihydroxy derivative in turn may
undergo fragmentation to yield glyoxal (IX) and a
guanidine derivative (VIII) although the equilibrium
of this reaction favours the dihydroxy form. The time
scales of the reactions shown in Fig. 3 are highly pH
dependent and at neutral pH the lifetime of the 2-
hydroxylaminoimidazole is likely to be of the order
of minutes or less and may vary somewhat with the
nature of the N, substitution [30, 32].

Evidence for the formation of the glyoxal deriva-
tive came first from reactions of reduced 2-nitro-
imidazoles with guanine derivatives [33]. Such reac-
tion produced a two carbon addition fragment across
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Fig. 4. Structure of the guanine-glyoxal adduct.

the N, and N2 positions of guanine (Fig. 4), a product
identical to that produced by reaction of glyoxal with
guanine [34]. Evidence for a glyoxal-like reaction
has been seen with all 2-nitroimidazoles tested and
in all types of reduction systems including homo-
genates of cells exposed to misonidazole under
hypoxic conditions [35]. The product has also been
seen in cellular nucleic acids following misonidazole
exposure [36]. While the ultimate product of the
reaction with guanine is similar to that produced by
glyoxal and there is some evidence of free glyoxal
[37] in all reduction systems the largest part of the
reaction with guanine occurs slowly and must involve
a precursor of glyoxal [35]. It should also be stressed
that a glyoxal-like reaction cannot account for the
binding of 2-['*C] referred to earlier.

Reactions with GSH

We have mentioned earlier that the presence or
absence of glutathione modulates the toxic effects
of 2-nitroimidazoles [10] and also that prolonged
exposure of mammalian cells to 2-nitroimidazoles
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Fig. 3. Postulated reaction scheme illustrating reaction of 2-hydroxylaminoimidazoles in aqueous
solutions under hypoxic conditions.
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Fig. 5. Postulated reaction scheme iliustrating reactions of 2-hydroxylaminoimidazoles with glutathione.

under hypoxic conditions reduces the intracellular
level of glutathione [14, 15]. In an attempt to under-
stand these phenomena better we have investigated
the reactions of reduced 2-nitroimidazoles with glu-
tathione [38, 39]. Our conclusions as to the likely
interactions of the hydroxylamine with glutathione
are summarized in Fig. 5. A comparison of Figs 3
and S suggests that in many respects GSH mimics
the reactions of the hydroxyl group. Initially the
GSH reacts with the hydroxylamine to produce an
unstable GS conjugate. In the presence of excess
GSH, this product undergoes further reactions to
yield two stable GS adducts (XIV, XV) and a satu-
rated product (XIII) which may also undergo loss of
GSH to produce one of the two stable amino prod-
ucts containing a GS adduct on either the 4 or 5
position of the imidazole ring. While it is likely that
these latter two products constitute effective means
for detoxifying the hydroxylamine the initial
hydroxylamine-GS adduct (XI) is a reactive species
which may be capable of transferring toxic species
from a site of origin to a site of action. Certainly this
species, on exposure to air under neutral conditions,
forms the azoxy derivative, and, on reacting with
guanine, forms the guanine-glyoxal adduct (Fig. 4).

REACTIONS OF HYDROXYLAMINES IN RIOLOGICAL
SYSTEMS

Up to this point we have presented evidence that
reduction of 2-nitroimidazoles is similar to that of
the nitrobenzenes and follows the general reduction
scheme shown in Fig. 1. We have also shown that,
once formed, the hydroxylamines are highly reactive
and can undergo a complex variety of reactions and
give rise to a variety of potentially reactive deriva-
tives. In particular we have attempted to describe
derivatives and reactions which might be of potential
biological significance. However, in order to estab-
lish better the potential biological importance of the
hydroxylamine, it seemed important to demonstrate
that the reactions which we have associated with
the hydroxylamine can be observed in biological
systems. In order to do this, we have carried out
studies in mammalian cells irn vitro, in experimental
animals and in patients undergoing radiation therapy
in combination with misonidazole. Perhaps the ear-
liest indication that reduction of 2-nitroimidazoles

did occur in biological systems was the finding of the
amine derivative in homogenates of cells exposed to
misonidazole under hypoxic conditions [22]. Later
experiments demonstrated the existence of the amine
in the urine of animals [22] and patients [40, 41]
following exposure to the same agent. Because the
amine is the terminal step of the reduction reaction,
its formation can be taken as an indication of the
formation of its precursor, the hydroxylamine.

Reference has already been made to studies both
by ourselves [16] and others [17] that demonstrate
binding of radioactively labelled misonidazole to
macromolecules in cells exposed to misonidazole in
vitro and to tumours and normal tissues of animals.
While binding of a glyoxal-like derivative to nucleic
acids or proteins could explain the binding seen with
non-specifically tritiated misonidazole, it could not
explain the binding seen with 2-{1C} since the radio-
active carbon does not form part of the glyoxal
adduct [34]. The precise chemical nature of the bind-
ing of 2-[**C] to nucleic acids and proteins remains
to be further elucidated but, since similar binding to
macromolecules in solution can be seen with miso-
nidazole reduced to the hydroxylamine [16], it seems
likely that the intracellular binding may be attributed
to reactions of the hydroxylamine.

Additional evidence for the formation and possible
importance of the hydroxylamine in in vivo situations
comes from attempts to look for glyoxal or its pre-
cursor in cells, animals and humans exposed to
misonidazole. These studies have indicated the pres-
ence in cellular homogenates [36] and in the urine
of patients [42] exposed to misonidazole of a product
which, on subsequent addition of guanine deriva-
tives, gives rise to the guanine-glyoxal product of
Fig. 4. We have also seen evidence for the existence
of the guanine adduct in the nucleic acids of cells
exposed to misonidazole under hypoxic conditions
[36]. In addition to providing strong evidence for
the initial formation of the hydroxylamine in these
situations and for formation of a DNA adduct, the
urine studies provide evidence that potentially toxic
products once formed are capable of migration far
from their initial site of formation.

In an attempt to evaluate the possible biological
significance of the glyoxal derivative on its precur-
sors, we have attempted to determine to what extent
a glyoxal-like reduction product could mimic the
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biological effects of the 2-nitroimidazoles. These
investigations [36] indicate that glyoxal is toxic to
both aerobic and hypoxic cells and that the pattern
of toxicity as a function of age in the cell cycle
mimicked that of misonidazole. Glyoxal also
removes the shoulder on radiation survival curves
and DNA repair-deficient mutant cells show
enhanced sensitivity to both misonidazole and
glyoxal. These observations suggest that a reduction
product with the properties of glyoxal could account
for all of the biological properties seen with exposure
to 2-nitroimidazoles under hypoxic conditions. They
do not, however, establish the biological importance
of reactions of this type.

Reference has already been made to the fact that
the presence or absence of GSH profoundly modifies
the biological activity of the 2-nitroimidazoles and
that hypoxic incubation of mammalian cells with
misonidazole reduces the level of intracellular GSH.
Both of these observations are consistent with the
formation of hydroxylamine-GSH conjugates.
Analysis of the homogenates of CHO cells exposed
to misonidazole indicates the presence of the stable
GS conjugates XIV and XV of Fig. 5 [30]. Addition
of increasing amounts of GSH to the cells prior
to incubation with misonidazole also increases the
formation of these stable conjugates, an observation
which is consistent with the concept that reaction
with GSH and the formation of stable conjugates
is an effective means of detoxifying the reduction
products of the 2-nitroimidazoles. In addition to the
formation of the stable GSH conjugates, there is also
evidence for the existence in cell homogenates of an
unstable GSH conjugate, probably XI of Fig. 5. This
evidence comes from the fact that if homogenates
of cells exposed to misonidazole are subsequently
incubated in the presence of GSH, increased for-
mation of the stable conjugates XIV and XV is
observed. Since there is unlikely to be free hydroxyl-
amine in such situations, the likely precursor of the
reaction would appear to be structure XI.

If we return now to Fig. 2, which summarizes
known reactions of the 2-hydroxylaminoimidazoles
in chemical systems, it now appears that all of the
reactions summarized there, with the exception of
oxidation to the nitroso derivative, have been iden-
tified in biological systems exposed to 2-nitro-
imidazoles under hypoxic conditions. Overall, this
confirms that reduction is an important metabolic
pathway for 2-nitroimidazoles and that reduction
proceeds at least to the hydroxylamine and some-
times to the amine stage. Once formed, the hydroxyl-
amine, because of its reactivity, is capable of reaction
with a variety of biologically important molecules,
including nucleic acids, proteins and various sulfhy-
dryl compounds.

CONCLUSIONS

If we attempt to summarize briefly, 2-nitro-
imidazoles, under conditions of hypoxic metabolism,
are capable of producing a variety of biological
effects, some of which have been listed earlier. Since
under aerobic conditions the parent nitro compounds
are relatively inert biologically, it appears that the
compounds require bioactivation. Since bioactiv-
ation occurs preferentially under reducing conditions
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and since the available evidence overwhelmingly
indicates the presence of reductive metabolism, it
seems likely that the activation results from a biore-
ductive pathway leading to one or more reactive
species. Since the amine derivative has proven to be
relatively inert in most chemical tests and, in any
reducing situation, the nitroso derivative is likely
to be rapidly converted to the hydroxylamine, the
hydroxylamine would appear to be the most likely
candidate for the active species. This conclusion is
supported by the data presented here which indicate
that the hydroxylamine is capable of reaction with a
variety of biologically important molecules in chemi-
cal systems and that the existence of a variety of
these same reactions can be demonstrated in cell
systems, in whole animals and in human patients.
Furthermore, these reactions can easily account for
the observed binding to intracellular macromolecules
and the loss of intracellular thiols. Since exposure
to the 2-hydroxylaminoimidazoles leads to product
formation with both nucleic acids and proteins, it
seems reasonable that cytotoxicity, dose additive
repair and chemopotentiation could arise either from
the production of DNA lesions or by inhibition of
the repair of lesions formed by other agents. This
conclusion is supported by the evidence that glyoxal,
which reacts with DNA and proteins and which is at
least a minor product of the breakdown of hydroxyl-
aminoimidazoles, is capable of inducing these bio-
logical phenomena. Further elucidation of the exact
mechanisms underlying these biological phenomena
is required and it seems likely that such studies
may well make use of various purified reductive
metabolites, repair-deficient mutant cells and tech-
niques involving plasmids or other biologically active
DNA species.

Up to this point, we have said little about the
production of biological phenomena in normal tis-
sues such as gut, brain and nervous tissue. At the
present time it is not clear whether these toxicities
have a common mechanism, whether they arise
directly from the parent compounds or whether they
arise as a result of bioactivation, reductive or other-
wise, either in the target tissue or at a distance. In
this latter connection, it is perhaps pertinent to point
out that several of the reactions we have described
for the 2-hydroxylaminoimidazole could give rise to
chemical species capable of reaction at some distance
from their cell of origin, either in neighbouring aero-
bic tumour cells or even in different organs. This
may be true of the hydroxylamine itself or its RNH-
SG derivative (XI) which, although reactive, may
diffuse some distance from their cell of origin before
reacting. It is certainly true of the precursor of the
glyoxal-guanine adduct (Fig. 4) since this product
can be detected in the urine of animals and patients
and hence must circulate freely in the bloodstream.

In conclusion, it seems certain that nitrohet-
erocyclic compounds do undergo bioreductive acti-
vation and at least in the case of the 2-nitroimidazoles
it would appear that a major reactive product is the
hydroxylamine. The hydroxylamine, either as such
or as its reactive derivatives could account for many
of the biological phenomena reported for the 2-
nitroimidazoles. The exact mechanisms by which
some of these occur has yet to be elucidated.
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