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FOREWORD 

In July 1979, the Faculty of Pharmacy of the University of 
Bologna received a proposal from Professor Breccia to hold an 
International Conference on "Nitroimidazoles: Chemistry, 
Pharmacology and Clinical Application". 

Because of the great interest in these drugs in various 
fields, I was very pleased to accept the proposal and to give to 
the Conference, the sponsorship of the University of Bologna. It 
was an added pleasure to accept the chairmanship of the meeting, 
together with Professors Sensi and Adams. 

At the same time, the Minister of Education approved the 
proposal also from the Faculty of Pharmacy, to offer an advanced 
Course on the tOpic: "Radiosensitizers of Hypoxic Cells". This 
Course was subsequently approved by a special Committee of the 
NATO Scientific Programme as an Advanced Study Institute. Since 
the subject matter of both the Conference and the Course are 
closely inter-related, it was logical to plan the Conference as 
part of the overall Course. 

Bringing together specialists from quite different and 
apparently unrelated fields of research, but all with an interest 
in the study and application of one single group of drugs, is a 
novel idea with intriguing possibilities. The volumes of the 
proceedings include contributions from experts with such diverse 
interests as synthetic chemistry, mechanism of drug action, 
parasitology, anaerobic bacteria and protozoa, pharmacology and 
toxicology, radiation sensitizers for use in radiotherapy and the 
development of drugs for use in cancer chemotherapy generally. 

I would like to congratulate the members of the Scientific 
Committees on the manner in which they haye designed the scientific 
programme. I would also like to thank the Committees, the 
speakers, chairmen and coordinators for so successfully bringing 
together such a high standard of scientific and clinical 
experience from many different countries of the world. 

v 
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I would like to say a few words about the 'region in which the 
meetings took place. Cesenatico is part of the Romagna which is 
one of the most famous of all the Italian Rivieri. It is, 
however, not just a holiday area but a scientific one also. As 
some of you may know, one of the most advanced University Centres 
of Marine Biology is located in this town. Conference 
initiatives such as this one are fairly frequent, for example a 
Meeting on Polyammines in Cancer Research will take place soon in 
nearby Rimini. 

I am sure that the interest in the topics in these proceedings 
will not be limited only to the information about research already 
carried out but will be the basis for a better development of new 
drugs in cancer therapy. 

Professor Carlo Rizzoli 
Rector 
University of Bologna 
Italy 



PREFACE 

The Advanced Study Institute sponsored by NATO, on 
Radiosensitizers of Hypoxic Cells, was divided into two sections. 
The first section of the Institute consisted of an International 
Conference on Nitroimidazoles which brought together a broad 
range of interests in the chemistry and pharmacology of these 
compounds and in their application in various fields in chemical 
medicine. 

The second section was concerned with a series of papers on 
the general subject of Radiosensitizers of Hypoxic Cells. It 
included lectures and workshops on th.e chemical, biological and 
clinical developments in this field. For convenience, and also 
because of the large number of papers presented, the total proceed
ings of the Institute are published in two volumes. 

A. Breccia 

B. Cavelleri 

G.E. Adams 
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THE PHARMACOLOGY AND TOXICOLOGY OF 5-NITROIMIDAZOLES 

G.L. Biagi 

Istituto di Farmacologia 
Universita di Bologna 
Italy 

INTRODUCTION 

The nitroimidazoles belong to the group of nitroheterocyclic 
compounds which play an important role as drugs in chemotherapy. 
The first heterocyclic compound to be used in human medicine was 
nitrofurazone, a nitrofuran derivative employed during the war for 
its antibacterial properties for the topical treatment ,of burns and 
wounds (1). The discovery of the antibacterial properties of the 
nitrofurans stimulated interest in nitroheterocyclic compounds as 
chemotherapeutic agents. As a consequence, several series of 
nitroheterocyclic compounds were studied. In particular, nitro
imidazoles gained importance because of their antiprotozoal 
activity. The purpose of this paper is to provide a basic intro
duction to the pharmacology and toxicology of nitroimidazoles as an 
aid in the study of more detailed aspects which will be covered in 
the other papers in this Conference on nitroimidazoles. 

Finally, when dealing with the structure-activity relationships 
of 5-nitroimidazoles some data describing our own work will be 
presented. 

PHARMACOLOGICAL EFFECTS AND THERAPEUTIC USES 

Antitrichomonal activity (2) 

The discovery of the antiparasitic activity of azomycin 
(2-nitroimidazole) has resulted in many compounds possessing 
interesting biological activity. Workers at Rhone-Poulenc dis
covered metronidazole which is now the drug of choice for the 
treatment of human trichomoniasis. A series of investigations at 



2 G.L. BIAGI 

Merck resulted in the discovery of very active 2-substituted 
l-methyl-S-nitroimidazoles such as flunidazole, "MF" nitromidazole, 
ronidazole. 

Metronidazole R = CH 2CH 2OH; R2= CH 3 I 

RI = CH2CH 2OH; R = -< }F 
2 

Flunidazole : 

Ronidazole : R = 
I 

CH3 ; R = 
2 

CH 2OCONH2 

"MF" nitroimidazole R = 
I 

CH3 ; R = 
2 -< )-F 

Tinidazole R = 
I 

CH2CH2S02CH3 ; R2= CH3 

R = r\ R = H 
I N ° 

; 
2 

Nimorazole 

'--I 

The simplest structural requirement for biological activity is 
the l-alkyl-5-nitroimidazole unit. Moreover the nitro group 
should not be sterically crowded. Development of this theme 
resulted in the discovery of tinidazole and nimorazole as effective 
drugs for human trichomoniasis. 

Antiamoebic activity (2) 

Laboratory tests showed that metronidazole was amoebicidal in 
vitro and effective against intestinal amoebiasis in rats and 
hepatic amoebiasis in hamsters. The initial clinical trials 
indicated that it was effective in invasive amoebic dysentery and 
amoebic liver abscess. Subsequently metronidazole has been estab
lished as the drug of choice in the treatment of all forms of 
amoebiasis. 

Among the metronidazole derivatives, panidazole, tinidazole, 
nimorazole, flunidazole, ronidazole and "MCA" nitroimidazole were 
found to be effective as antiamoebic drugs. In particular, 
panidazole has an activity comparable to that of metronidazole 
against hepatic amoebiasis in hamsters. Tinidazole is active in 
amoebiasis in rats, hamsters, and humans. Nimorazole is active 
against intestinal and hepatic amoebiasis in humans. 
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However none of these compounds was shown to be superior to 
metronidazole. 

Panidazole "MCA" nitroimidazole 

Antigiardial activity (2) 

3 

Metronidazole has been shown to be effective in treating 
giardiasis, which is an infection of the intestinal tract of man 
caused by a protozoan flagellate, Giardia lamblia. Nimorazole is 
equally effective. The clinical effectiveness and the lower 
toxicity of metronidazole and nimorazole in giardiasis therapy pre
sages their replacement of quinacrine. 

Antihistomonal activity (2) 

Histomoniasis is a disease of poultry, particularly of turkeys, 
caused by Histomonas meleagridis. The first really effective 
agent used for the control of Histomonas was 2-amino-nitrothiazole. 
The discovery of the prophylactic activity of dimetridazole led to 
the study of a new series of 5-nitroimidazole derivatives among 
which ipronidazole and ronidazole proved to be most effective. 

Dimetridazole Ipronidazole 
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Antitrypanosomiasis and antidracontiasis activity (3,4) 

Although the 5-nitroimidazo1es do not play any important role 
in the treatment of human trypanosomiasis, compounds such as 
f1unidazo1e, "MCA" nitroimidazo1e and ronidazo1e show also some anti
tripanosomia1 activity which seems to be due to inactivation of 
glycolytic enzymes. Finally metronidazole has been used with 
varying degrees of success in the treatment of dracontiasis. This 
is a nematode disease caused by Dracunculus medinensis. The mode 
of action of the 5-nitroimidazo1es as antihe1mintic agents is not 
clear. It might be due to an anti-inflammatory effect rather than 
a direct antihe1mintic effect. 

Antibacterial activity (1) 

Investigations showed that nitroimidazo1es also are active as 
antibacterial agents. In particular metronidazole and ronidazo1e 
were IShown to be active against Gram-negative organisms. However 
toxicological studies revealed mutagenic or carcinogenic activity 
for many of these compounds. Therefore, since the mutagenic and 
antibacterial activity are intimately related at the molecular 
level, it does not seem likely that important non-mutagenic anti
bacterial nitroimidazo1es will be found. As a consequence at the 
present moment the clinical status of metronidazole and ronidazo1e 
as antibacterial agents is not yet clear. 

ABSORPTION, FATE AND EXCRETION 

Among the 5-nitroimidazo1es, metronidazole is the compound 
most studied from a pharmacokinetic paint of view (4). The 
absorption after oral administration is usually very good and low 
concentrations of metronidazole appear in the saliva and in the 
breast milk during treatment. The metabolites result from oxi
dation of side chains and glucuronide formation. Both metronida
zole and metabolites are excreted in the urine. The presence of 
pigments derived from the drug, makes the urine of some patients 
reddish-brown in colour. 

TOXIC EFFECTS 

The toxic effects induced by metronidazole can be taken as a 
guide to the study of the toxicology of other 5-nitroimidazo1es(4) . 
The most common side effects involve the gastrointestinal tract: 
nausea, anorexia, diarrhea, epigastric distress, abdominal 
cramping, metallic taste, dryness of the mouth. Vomiting is rare. 
Furry tongue, glossitis and stomatitis may be due to a sudden 
intensification of moniliasis. 

As regards the CNS, dizziness, vertigo, parasthesia of an 
extremity and, very rarely, ataxia have been reported. Treatment 
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should be discontinued promptly if ataxia or any other symptoms of 
CNS involvement occurs. Moreover metronidazole is contra-indicated 
in patients with active disease of the CNS. In the genitourinary 
tract, dysuria, cystitis, a sense of pelvic pressure, dryness of the 
vagina or vulva have been observed. Orticaria, flushing and 
pruritus are not rare. 

While related chemicals have .caused blood dyscrasia, serious 
difficulties have not been reported with metronidazole. In all 
cases, the white-cell count returned to normal after the course of 
medication was completed. .However metronidazole is contra
indicated in patients with evidence or a history of blood dyscrasia. 
In some individuals the consumption of alcoholic beverages with 
metronidazole may produce a disulfiram-like effect. Metronidazole 
does not affect either the cardiovascular system or the respiratory 
apparatus. Metronidazole passes rapidly into the foetal 
circulation. However there is no evidence that its administration 
during pregnancy is responsible for foetal abnormality, prematurity 
or post-natal incident. 

Carcinogenic effects due to the Medical use of metronidazole 
have not yet been reported (5). However the question may be 
raised whether the nitroimidazoles are indeed so harmless as 
generally supposed. In fact daily quantities of 2000 mg sometimes 
used in. the treatment of certain forms of amoebiasis may cause 
serum levels as high as 30-45 ~g/ml corresponding to a potential 
risk of increase of the mutation rate by a factor of 5 to 10. 

It is also noteworthy that metronidazole increases the 
incidence of lung cancer in mice and that nothing is known about 
the potential mutagenic effect of the metabolites of metronidazole 
that appear in human urine. 

STRUCTURE-ACTIVITY RELATIONSHIPS 

Quantitative structure-activity relationship studies (QSAR) 
pOinted out the importance of phYSico-chemical parameters in 
determining the biological activity of nitroimidazoles. In 
particular the importance of the lipophilic character and electro
negative groups in the Rl position for the antischistosomal and 
antiprotozoal activity have been discussed (6,7). A relationship 
between antibacterial activity and electro-reduction has been 
pointed out by Chien et al (8). The frontier electron-density 
was shown to play a role in protein binding of metronidazole 
derivatives (9). 

At the present time we are investigating the antibacterial and 
mutagenic activity of a series of 5-nitroimidazoles. The purpose 
of our work is to correlate activity with physico-chemical 
parameters such as the partition coefficient, the determination of 
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which is in progress in our laboratory. Therefore, only very 
preliminary data are presented in this paper on nitroimidazoles. 
In Table 1 data are reported describing the antibacterial and 
mutagenic activity of some of the compounds we are investigating. 

TABLE I 

Mutagenic Antibacterial 
activity activity 

Compound log P 
1 1 log - a log - b em Ca 

1) Azanidazole 7.387 4.439 0.85 
2) Ronidazole 4.881 2.074 -0.38 
3) l-Methyl-2-formyl-5- 4.441 1.519 0.83 -nitroimidazole 
4) Ipronidazole 4.358 1.699 1.06 
5) Carnidazole 4.058 1.561 0.90 
6) l-Methyl-2-hidroxymethyl-5- 4.146 1.294 -0.03 -nitroimidazole 
7) Ornidazole 4.022 1.247 0.60 
8) Tinidazole 4.183 1.210 -0.36 
9) Metronidazole 3.733 0.874 -0.10 

10) Nimorazole 3.735 0.880 0.07 
11) 5-Nitroimidazole 0.863 -0.16 
12) 2-Methyl-5-nitroimidazole 1.104 0.49 

a Cm is the concentration (~M/l) increasing 5x spontaneous 
retromutations; 

b Ca is the concentration (~M/l) determining an inhibitory 
zone of 30 rom diameter on solid saline media. 

The relationship between mutagenic and antibacterial activity 
is described by equation 1. 

1 
log em 

1 2.772 + 1.025 log
Ca 

(n= 10; r= 0.991) 

1 

where Cm and Ca are the molar concentrations producing the 
biological responses described in Table 1, n is the number of data 
points and r is the correlation coefficient. 

The highly significant (F = 450.9) linear relationship between 
mutagenic and antibacterial activity as expressed by eqn.l, 
supports the finding that the mutagenic and antibacterial modes of 
action are intimately related at the molecular level (1). The 
log P values, i.e. the partition coefficients in an octanol/water 
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system, reported in Table 1 do not appear to correlate with either 
type of activity. 

7 

Compounds 11 and 12, which are among the most hydrophilic ones, 
have a very lOW mutagenic activity when compared with compounds 2 
and 8, both of which are hydrophilic but show a much higher 
mutagenic activity. Therefore other factors must be taken into 
conside~ation in order to explain the mutagenic and antibacterial 
activity. of 5-nitroimidazoles. The presence of a 502 group and/or 
H bonding could play an important role. 
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NITROIMIDAZOLE CHEMISTRY I: SYNTHETIC METHODS 

Bruno Cavalleri 

Via Durando 38, 20158 Milano, Italy 
Research Laboratories, Gruppo Lepetit S.p.A. 

The first report (1) on the antitrichomonas activity of 
Azomycin*(I), obtained from fermentation of a strain of Nocardia 
mesenterica (2,3), appeared in 1956', and the first publications on 
synthetics (4) dealt with some transformations of natural 2-nitro
imidazole. 

Although nitration of imidazoles had been reported quite a long 
time ago (5,6), a patent application for the first compounds syn
thesized with the aim of finding drugs with antitrichomonas activity 
was filed (7) in 1957 and the synthesis published in 1961 (7) and 
in 1966 (8). Metronidazole**(II) was among these compounds. 

* 
** 

R~~V ----==" R'lJN~ 14 311..- ;\ 
N N-H 

R = NO Z' R'. alkyl 

R= alkyl, R' • NO Z 

H 
I 

6Y02 
azomyeln (I) 

(Z-nl tro-l H- I mldazol e) 

Isolation: Maeda. 1953 

Structure: Nakamura. 1955 

Synthesis: Lencini, 1965. Beaman. 1965 

2-nl tro-4( 5) -al kyl Iml dazol e 

2-al kyl-4(1)-nl trolml dazol e 

fHZ-CHZOH 

~'L~H3 
metronidazole (II) 

(Z-methyl-S-nl tro-l H-Iml dozole-l-ethanol) 

Synthesis: Jacob, Regnier, 
Crl.an , 1961 

2-nitro-1H-imidazole. 
2-methyl-5-nitro-1H-imidazole-l-ethanol. 

9 
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Since then, the synthesis of 2-, 4- and 5-nitroimidazoles has 
undergone considerable development. Dinitro- (9,10) and halogeno
nitroimidazoles (11), which have been studied relatively little, 
have recently received new attention as potential radiosensitizers. 
Research efforts have produced several drugs that are in use today 
in the clinic or are being evaluated. 

As the study of the relationships between the biological acti
vity and the physico-chemical properties developed, some lines to 
pursue in the synthesis of new compounds became apparent. Some of 
the basic problems in the chemistry of the nitroimidazoles, 
especially those related to the existence of tautomeric forms (i.e. 
prototropic forms) of the compounds that do not have nitrogen sub
stituents, were outlined by Hofmann (12). 

Since 1963 many thousands of compounds have been synthesized, 
with 28 applications concerning 2-nitroimidazoles, mostly obtained 
by Hoffman-La Roche and Lepetit. For the 4- and 5-nitroimidazoles, 
the period of intensive development was between 1970 and 1975, and 
314 patients had been filed, 65 of them by Merck. 

II' 

PATENT APPLICATIONS 
40 

30 

20 

0 

PJi I • I • Il. 
1963 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 year 

o 4-and &-N02 • 2-1102 
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SCHEME I 

I. 2-NITROIMIDAZOLES 

A. Introduction of the Nitro Group 

It is well known that direct nitration of imidazole and of 
some of its derivatives leads to the introduction of the nitro group 
into either pOSition 4 or 5, when these are free, and that there is 
no electrophilic substitution into position 2 even when 4 and 5 are 
occupied. 

B. Biological Conversion of 2-aminoimidazoles 

Lancini et al. (13) established that the addition of 2-amino
imidazole (III; R,R',R"=H) to cultures of an azomycin-producing 
Streptomyces strain resulted in increased yield of azomycin (I). 

It was then demonstrated by Seki et al. (14) that 2-amino
imidazole (III) was accumulated, partly in the culture medium and 
partly in the mycelium, during fermentation of Streptomyces 
eurocidicus, and that this was converted to 2-nitroimidazole by 
washed cell suspensions. The microbial transformation of 2-amino
imidazoles was further investigated (15) (Table 1): Substrates 
carrying an alkyl group in the 4 (5)-position were oxidized, the 
efficiency decreasing with the length of the chain (from methyl 
to ~-butyl) • 4,5-Dimethylimidazole gave lower yields, while no 
transformation was detected when there was a methyl group in 
position 1 or a phenyl in 4(5)-position. Substrate concentration 
also has a considerable effect. 
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TABLE I 

BIOLOGICAL OXIDATION OF 2-AMINOIMIDAZOLES 

RU RH 
A R' A 

R[:' r· NH Hel ~yN02 I I 2Streptomyces(l) I I 
N LE/334Z· N 

R 
(III) 

R R' ROO yield(%) 

H H H 31.6 (azomycin, I) 

CH 3 H 35.6 

CZH5 H H 38 

!!C 3H7 H H 30 

!C3H7 H H 5.8 

!!C 4H9 H H 

CH3 CH 3 H 8.4 

0 H H no transforHation 

H H CH~ no transformation 

(I) growing cultures or washed mycelium suspension 

Lancini et aL (1966.1968) 

C. Chemical Conversion of 2-aminoimidazoles 

B. CAVALLERI 

The 2-aminoimidazoles, approaches to whose syntheses will be 
discussed later, are also the intermediates for chemical synthesis 
of 2-nitroimidazoles. There are only a few examples in the 
literature of the oxidation of an amino group in position 2 of the 
imidazole ring. 

l-Benzyl-2-aminobenzimidazole (IV) can be transformed into the 
corresponding 2-nitrobenzimidazole (V) by treating it with liquid 
ammonia in the presence of metallic sodium (16), but this method 
does not apply to 2-aminoimidazoles (Scheme IIJ Eq. 1). 

2-Aminoimidazoles cannot be oxidized by peroxytrifluoroacetic 
acid, which gives a good yield with some other heterocyclic rings, 
because imidazole has the amino group on a carbon atom adjacent to 
the two heteroatoms (17) (Eq. 2, 3). 
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The transformation of the 2-amino group on the imidazole into a 
2-nitro has been achieved through diazotization followed by the 
Gattermann reaction with sodium nitrite. Azomycin (I), and its 
N-methyl derivative, have been obtained by reacting the corresponding 
2-aminoimidazoles at low temperature in fluoboric acid with sodium 
nitrite and treating the solution of the diazo intermediates with an 
excess of sodium nitrite in the presence of copper powder (18) (Eq. 4). 

The same procedure has been applied to a series of 2-amino
imidazoles with different substituents, in suLfuric acid and in the 
presence of cupric sulfate (19). Both of these methods, with " minor 
modifications, have been applied until recently to the synthesis of 
a large number of variously substituted 2-nitroimida:z;oles, with 
yields varying from 20 to 50% (Table 2). 

The same reaction ht! also been applied to the preparation of 
compounds labelled with C at the 2-C of imidazole ring (26). 

When carbons 4 and 5 of 2-aminoimidazole car.ry two cyano 
groups, the corresponding 2-diazoimidazole (VII), although highly 
shock sensitive, was isolated (27). Treatment with sodium nitrite 
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TABLE II 

CHEMICAL CONVERSION OF 2-AMINOIMIDAZOLES 

RI R2 I1t. 

H H H 18,19 

CH3 H 18,19 

H(CH 3 CH 3(H) 20 

H CH3 CH3 20 

CH3 or C2HS H CnH2n+ I 21 

CH3 , C2HS CH 2CH 2X(X-OH,CI) 21,22 

CH 3 CH2CHOH-CH3 21 

CH 2COOC 2H5 H CH3 or C2HS 21 

CH3 H COOR3 (R3-CH3 ,C 2H5) 23,22 

CH3 H (CH3)2C(OCH3)- 24 

CH3 H CH3-CH(CH2OH)- 25 

led to the 4,5-dicyano-2-nitro-imidazole (VIII), recovered as the 
tetraethylammonium salt (28) (Scheme III; Eq. 5). 

A few examples have been given of the introduction of the nitro 
group by procedures different from those described above. The oxi
dation of the nitro group in position 2 by means of persulfuric 
acid has been reported (29) for 2-amino-4,5-dicarboxyimidazole (IX) 
(Eq. 6). 

By treating 4(5)-methyl-5(4)-formylimidazole oxime (XI) with 
nitrogen tetroxide in acetonitrile the introduction of the nitro 
group in position 2 occurs (30), together with the transformation 
of the formyloximic group into a trinitromethyl (Eq. 7). Nitrogen 
tetroxide has also been applied (31) (Scheme IV; Eq. 8) to the 
2-lithium derivative of l-methyl-(or phenyl) imidazole (XIV). 

l-Me~hyl-5-isopropyl-2- nitroimidazole (XIX) has been prepared 
(32) (Eq. 9) by a similar procedure, starting from the corresponding 
2-bromoimidazole (XVIII). The method of synthesis of the latter 
intermediate from the dinitrile(XVI) is also interesting. 
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(XXI) 

R.H.I1kyl 

R' 'Ilkyl 

SCHEME V 

ZOS HCl 

R-CHO 1) NaZS ZO.S..... R_C.(CN 

Z) KCN 'NHR' 
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NHR1 -c:t:r' R' NHR' / 1 )NH CN R-CH-CH Hz ·Hel 

Ii· ......!!!!4 R-fH-fH- CH --!.- I I 
R""-.A bH R' "-cHO 2)HCl OH R" 

o (60S) 

(XXIV) (XXV) 

B. CAVALLERI 

Recent publications show that the nitrogen tetroxide route can 
be widely applied, even with use of suitable protecting groups on the 
ring nitrogen (33). Recently (34), 2-nitroimidazoles have been 
obtained in 40~70% yields by treating the lithium salts of N-trityl 
derivatives of 4-substituted (CH3 ,CH20H) imidazoles with ~-propyl 
nitrate. 

D. Synthesis of 2-aminoimidazoles 

Alkyl- and aryl-2-aminoimidazoles can be obtained by condensa
tion of cyanamide with a-amino carbonyl compounds (15,35,36). In 
detail (Scheme V), a-amino- and a-alkylaminoaldehydes (XXII), 
prepared by dilute acid hydrolysis of the corresponding acetals (XX) 
(21,22) or by Akabori reduction of suitable a-alkylaminocarboxylic 
esters (XXI) (21), are treated with cyanamide without being isolated. 
Accurate control of the pH of the reaction mixture is required. The 
method can also be applied to hydroxylalkyl-, carbalkoxyalkyl
and carbalkoxy-a-aminocetals. A particularly advantageous way to 
prepare the intermediate a-alkylaminoaldehydes is by catalytic 
reduction of the a-alkylaminonitriles (XXIII) under controlled 
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+ (11 iyi 
H:.C~N 

(XXVIII) (XXVII) 

conditions (24,37). Akabori reduction of a-alkylaminoactones (XXIV) 
gives the a-alkylaminohydroxyalkylaldehydes (XXV), which are conden
sed as above to give 5-hydroxyalkyl-l-alkyl-2-aminoimidazoles (21,25). 
In some cases the 2-aminoimidazoles are isolated as picrates and then 
converted into the hydrochlorides. 

The relatively simple 2-aminoimidazoles that were transformed 
into the corresponding 2-nitroimidazoles, as described in the 
previous section, were obtained by the methods outlined above. 

Some other routes for synthesizing variously substituted 
2-aminoimidazoles are also reported in the literature (38,39,40). 

E. N-Substitution of 2-nitroimidazoles 

The synthetic pathways described in Section C are almost the 
only ones that give 2-nitroimidazoles with substituents on both the 
5-position of the nucleus and on the imine nitrogen. Methylation 
of 4(5)-methyl-2-nitroimidazole (XXVI) with methyl iodide in the 
presence of silver nitrate gives 1,4-dimethyl-2-nitroimidazole(XXVII) 
while with diazomethane, one obtains a 40/60 mixture of (XXVII) and 
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H 

yj~ 
RZ 

R1"RZ"H,alkyl 

SCHEME VI 

NlOH 

Cl (CHZ'.-tOR 

('YNOZ 

L! 
CICHZCOOH, ZIO· 

~~ 

of 1,5-dimethyl-2-nitroimidazole (XXVIII) (4). 

B. CAVALLERI 

When there are no substituents in the 4(5)~position or when 
both positions have the same substi.tuent, there is nb problem of 
isomer formation. Therefore, a large number of 2-nitroimidazoles 
with substituents on the imine nitrogen have been reported in papers 
and in several patent applications (largely from Hoffmann-La Roche) • 
They were prepared by reacting various alkylating agents (halides, 
epoxides, alkyl sulfates) (20,41,42,43) with sodium salts or in a 
basic medium. One of these 2-nitroimidazoles is Misonidazole* 
(Scheme VI). Azomycin-riboside has been prepared by fusion of a 
mixture of 2~nitroimidazole and tetra-o-acetyl-a-D-ribofuranose in 
the presence of a catalytic amount of chloroacetic acid (44). 

F. 2-Nitroimidazole-5-carboxaldehydes 

Although 2-nitroimidazoles whose 1 and/or 5 positions carry 
substituents that have functional groups have been transformed into 

* a-(methoxymethyl)-2-nitro-1H-imidazole-l-ethanol. 
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Ca.aller! et al. (1972) 

(I) Asato and 8erltel_r(1972) 
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many different compounds (21,22,23,41,42,45), it became possible to 
synthesize a large series of derivatives in position 5 only after 
l-methyl-2-nitro-5-carboxaldehyde.(XXX) had been synthesized. 

In fact, one of the reasons for the relatively minor development 
of the 1,5-disubstituted 2-nitroimidazoles is that each compound can 
be made only by first making the corresponding intermediate. It has 
been reported (4), and recently confirmed (46) that hydroxymethyla
tion of 2-nitroimidazoles does not give the suitable intermediates 
for oxidation to the aldehydes. Several attempted synthetic routes, 
such as oxidation of 1,5-dimethyl-2-nitroimidazole (XXXI) with 
selenium dioxide, chromic anhydride or cerium ammonium nitrate were 
unsuccessful. 

The compound was obtained (22,23) through the 5-vinyl inter
mediates (XXIX, XXXII), as shown in Scheme VII. 

G. Derivatives in Position 5 

In Scheme VII are shown some of the derivatives that can be 
synthesized from l-methyl- and l-ethyl-2-nitro-5-carboxaldehydes 
(22). Among these is a large series of hydrazones with various 
substituents (47,48,49), nitrones (49,50), Schiff's bases (48,51), 
oximes (48) and vinyl homologues (52). S-Carboxaldehyde (XXX) is 
also an intermediate for preparing 2-nitroimidazoles bound through 
a carbon-carbon bond to another heterocyclic ring (XXXIII(23), 
XXXIV (52) , XXXV(53». 5-Hydroxymethyl-l-methyl-2-nitroimidazole 
(XXXVI) has been obtained by NaBH4 reduction of (XXX) (45) . 



20 

SCHEME VIII 

(XXXIII) 

I-I flt3 

¢IL'! 
R (XXXY) 

II. 5-NITROIMIDAZOLES 

A. Introduction of the Nitro Group 

R 
R' -III-N-Clt

x"lI-N-Clt......, 
R'-I-CH-

R'O!I-Clt-

02N-~CH-
R' -tH(OH)-CH

R'-CH·CH

OHC-CH-Clt-

R' r _ a-CH-

B. CAVALLERI 

Ever since the earliest work of pyman (54), it has been known 
that nitration of imidazoles by conventional methods leads to intro
duction of a nitro group into the equivalent positions 4 or 5, if 
the imine nitrogen is not substituted. 

By some variations aimed at controlling the reaction (8,55-58), 
various 4- and. 5-nitroimidazoles carrying halogen, alkyl (8,56,59), 
aryl (57-60), imidazolyl (61,62), 1,3,4-thiadiazolyl (58) or 
nitro (9) substituents have been prepared. Some, especially those 
with 2-methyl or 2-isopropyl chains, have been widely used as 
intermediates. 

When the imine nitrogen is substituted, isomers are formed and 
the nitro group may enter either position 4 or 5. In general, the 
4-nitroimidazoles predominate (12). Selective nitrations have 
been reported. Treatment of l-phenylimidazole (XXXVII) with 
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nitronium tetraf1uoborate in chloroform gives the 5-nitro compound 
(63) (Scheme IX). 

For the 2,2'-biimidazo1es (XXXVIII), the orientation is 
determined by the presence of substituents and by the ratio of 
substrate to nitric acid (61,62). 

A highly specific procedure for nitration at C-5 of 2-amino-5-
(1-methyl-2-imidazo1y1)-1,3,4-thiadiazo1e (XXXIX) consists of heating 
the compound with acetic anhydride and then adding acetic acid and 
a large excess of 70% nitric acid (58). When 1-a1kyl-2-imidazo1y1 
sulfides are treated at 1000 with aqueous nitric acid, the 5-nitro 
derivative is formed preferentially (64). 

A specific way to obtain 4-nitroimidazo1es is by thermal 
decomposition of the quaternary iodides to give the thermodynamically 
more stable 4-isomer (65). This method has been applied (66) to the 
preparation of 1-methyl-2-isopropyl-4-nitroimidazo1e (XL) isomer 
free (Scheme IX; Eq. 10). 1-Methoxymethyl-2-(4-f1uoropheny1)-4-
nitroimidazo1e (XLI), an intermediate for the synthesis of 
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SCHEME IX 

r y 

cro 
(XXXVII) (XXXVlII ) (XXXIX) 

10 ) 

11) 

75% 25% (XLI) 

Flunidazole*, was obtained (67) by heating a mixture of the two 
isomers prepared by alkylation (Eq. ill. 

An atom of iodine can be displaced by the nitro group at room 
temperature (68). This method has been used (69) to prepare 
2-[1-methyl-l-hydroxy (or methoxy)-ethY~-4(5)-nitroimidazole (XLII) 
(Scheme X). 

B. N-Substitution of 4(5)-nitroimidazoles 

The N-alkyl-substituted 5-nitroimidazoles cannot be made 
practically by nitration of the N-alkylimidazoles. However, the 
conditions for selective alkylation of 4(5)-nitroimidazoles to give 
l-alkyl-4-nitro- or l-alkyl-5-nitroimidazoles are quite well defined. 
The initial observations (65,70), that the reaction of methyl 
sulfate with 4 (5)-nitroimidazole gave l-methyl-4-nitro- or l-methyl-
5-nitroimidazole, depending on whether or not base was added, have 
been followed by investigation by many other researchers (71-74). 
The effects of pH of the medium on the site alkylated has been 
established (8,55,59,61,62,67,75,76): alkylation with alkyl halides 
or sulfates under alkaline conditions gives primarily the 4-nitro 
isomer, because in the anion, the nitrogen in position 3 is the 
more basic and therefore the more nucleophilic. Under neutral or 
weakly acidic conditions, the un-protonated nitrogen is alkylated, 
depending more on the tautomeric equilibrium. If an excess of the 

* 2-(4-fluorophenyl)-5-nitro-1H-imidazole-l-ethanol. 
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TABLE III 

N1-SUBSTITUTION IN 4(S)-NITROIMIDAZOLES 

":(\,_ ~1?r:",., '1)~ 
0ZN 0ZN 0ZN 

R = H, alkyl, aryl, NO Z' CHZOH, I, Cl, imidazolyl 

Rl = H, aryl, styryl, SR3 ,SOZNH Z 

Alkylating agents 

(CH 30)ZSOZ 

ClCHZOCH 3 

[:>-CH3BF 4-

,1H- R3 

H3>=N 
Br(CHz)nN~~1 

°z';= 

BrCH zoOR3 

oj] 

Alkylating agents 

o 
°z 

BrCHZCHZSCZH S 

TSCH ZCH 20H 

OCO-N~ 

ACOY°\-cl 

oH 
~ 

CI(CH2 ) -N X 
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N02 

H,-" 
(CHZ>n~~ 

CHz00R3 

CH 2CH 2COOH 

CH 2CH ZSC ZHS 

CH 2CH ZOH 

HOll°,,-

u.--~ 

B. CAVALLERI 
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alkylating agent is added, the 4-nitro compound is again favoured. 
Finally, under strongly acidic conditions, the 5-nitro compound is 
formed preponderantly. There are some limitations to these "rules". 
Kaifez (75) has studied the effects of steric hindrance from the 
sUbstituent groups on position 2. 

4(5)-Nitroimidazoles with various types of substituents on 
carbon-2 or on the free carbon of the ring, or on both positions 
have been reacted (Table 3). 

The various substituents include alkyl groups (8,55,59,75-78), 
styryls (79,80), aryls (60), imidazoles or nitroimidazoles (61,62), 
sulfonamide (81), nitro (9,10), iodo (68), alkoxy (68) and 2-amino-
1,3,4-thiadiazole (58). Some examples of the alkylating agents 
that have been used are shown in the Table. They include alkyl (8) 
and aryl halides, sulfates and tosylates (8,59), lactones (55), 
1,2-epoxides (59,77), dichloroalkanes (76), haloalkylacetates (76), 
haloalkylamines (78), haloalkylethers (67,76), onium salts (67), 
glycosides (82), haloalkylacetals (83), haloalkylsulfides (84), 
haloalkylimidazoles (85) and N-benzoylaziridine (86). 

The substituents that have been introduced onto the ~m~ne 
nitrogen to give 5-nitro and 4-nitroimidazoles include hydroxy-, 
chloro-, bromo-, thio-, alkoxy-, carbalkoxy-, cyano-, amino-alkyls 
and -aryls, alkylsulfones, etc. Some of the compounds prepared 
are in therapeutic use, while others are intermediates with func
tionaL groups that make it possible to obtain a very large number 
of derivatives. 

A survey of the physico-chemical properties of the nitro
imidazoles has been made by Sunji6 (87). The introduction of the 
nitro group reduces the basicity of the imidazole itself. The 
presence and the pOSition of the nitro group and, when present, of 
other substituents on the ring nitrogen, cause differences that can 
be utilized both for separation of the isomers (basicity, solubility) 
and for analytical identification (pKa , UV, IR, NMR, El/2). 

C. 5-Nitroimidazoles with Functional Groups in Position 2 
(CHOH,CHO,CH2Cl) 

In 1964 Merck applied for a patent (88) for l-methyl-5-nitro-
2-carboxaldehyde (XLIV) opening the way for synthesis of l-alkyl-5-
nitroimidazoles with different substituents in position 2 (Scheme XI) . 

Several procedures (88,92) have been used for the preparation 
of (XLIV), but the one that gives 5-nitro-2-carboxaldehydes 
N-substituted with alkyls, benzyloxy- and acetoxy-alkyl, hydroxyethyl 
(after hydrolysis), or allyl groups, in fairly good yields, is 
oxidation of the corresponding 2-hydroxymethylimidazoles (XLIII) 
with manganese dioxide (90,91) or lead tetraacetate (92) (Eq. 14). 
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SCHEME XI 
Lit. 
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88 

R· CH3 

93 

Rufer described (93) an interesting approach in which 2-(2-dimethyl
aminovinyl)-1-methyl-5-nitroimidazole (XLV), obtained by condensation 
of· t-butoxymethylene-bis-dimethylamine with 1,2-dimethyl-5-nitro
imidazole, is oxidized with ozone or with osmium tetroxide-sodium 
periodate (Eq. 15). As mentioned above, 5-nitroimidazoles with a 
hydroxymethyl in position 2 are the most widely used precursors for 
the synthesis of 2-aldehydes. l-Methyl-2-hydroxymethyl-5-nitro
imidazole (XLIII), described (94) for the first time in a patent in 
1964, can be prepared by treatment of l-methyl-5-nitroimidazole 
(XLVI) with paraformaldehyde in various solvents (DMF(95), DMSO 
(90,92), or chlorinated benzenes (96». 

Hydroxymethylation of 5-nitro-, 4(5)-nitro- and 2-nitro
imidazoles has been recently reinvestigated (46). While it does 
not go in the last two cases, it gives 60-70% yields when applied 
under the conditions outlined above to 5-nitroimidazoles with alkyl, 
hydroxy-, acetoxy-, chloro-, benzyloxyalkyl or allyl groups in 
position 1 (Scheme XII) . 

The 2-hydroxymethyl function present in variously l-substituted-
5-nitroimidazoles has been converted by conventional chemical pro
cedures into 2-chloromethyl (98) and 2-carbonyl chloride (99), while 
the 2-carboxaldehyde has been transformed into the 2-carbonitrile 
directly by treatment with hydroxylamine-O-sulfonic acid (46) or 
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indirectly through the corresponding 2-carboxaldehyde-oxime (61, 
100) . 

D. Derivatives in Position 2 
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The possibilities for synthetic transformations offered by the 
2-substituents described above, and particularly by 2-carboxy
aldehyde, have been widely exploited (Scheme XII and XIII) • 
Winkelmann has reviewed (101-104) a large number of derivatives, 
some of them previously described in patent applications. 

From 2-hydroxymethyl-S-nitroimidazoles, by reaction with aryl 
intermediates having reactive halogen (fluorine or chlorine), a 
series of substituted 2-oxymethyl derivatives has been prepared 
(103) . 2-Chloromethyl-S-nitroimidazoles have been reacted with 
hydroxy intermediates (alcohols, phenols) (102,103), with amines, 
heterocyclic bases or mercapto compounds (101-104). 2-(1,2,4-
OXadiazolyl)-{105), 2-imidazolyl-(61), and 2-benzimidazolyl-5-
nitroimidazoles (100) have been obtained by 2-carbonitrile trans
formations. A few examples of derivatives obtained by the reaction 
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of N-substituted-5-nitroimidazo1e-2-carboxa1dehydes with suitable 
reagents are summarized in Scheme XIII. ·The substituents are linked 
to the nitroimidazo1e nucleus through a methylene or directly through 
a carbon-carbon bond. Among these are N-substituted nitrones (91), 
oximes (101) , hydrazones (101), aminomethy1- and a1ky1thiomethy1-
oxazo1idinones (90,106,107), indanones (92), amino-1,3,4-oxadiazo1es 
and amino-1,3,4-thiadiazo1es (108), pyrazo1es (109) , amino- and 
a1koxyamino-indanones, tetra10nes and acetophenones (110,111), tetra
lones, benzofuranones, chromanones and some thioana1ogues (112), 
~2-1,3,4-oxadiazo1ines (113) and thiazo1opyridazines (114). 
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CHEMICAL PROPERTIES AND REACTION MECHANISMS OF NITROIMIDAZOLES 

A. Breccia 

University of Bologna 

Italy 

INTRODUCTION 

The chemical and physico-chemical properties of nitroimidazoles 
can be considered in terms of two principal aspects : 

i) properties that can be correlated with the molecular 
structure, these are useful in guiding the synthesis, 
separation and identification of new derivatives; 

ii)' properties that influence their pharmacological behaviour. 

The first aspect has been discussed by Dr. Cavalleri; the second 
forms part of the subject matter of this paper. 

The reaction mechanisms of nitroimidazoles which will be 
discussed will concern therefore, the reactivities of these 
compounds with chemical species involved in the biological systems 
in which the nitroimidazoles can function as drugs. 

The general molecular structures of nitroimidazoles from which 
all other derive, are 2-, 4-, and S-nitroimidazoles. The first 
natural nitro-compound containing imidazole studied pharmacologic
ally was the antibacterial agent, azomycin (2-nitroimidazole) (1) . 
This was followed by metronidazole (2) (Flagyl) a'S-nitroimidazole 
derivative which, in many respects, is still the best available 
drug for the treatment of many anaerobic bacterial diseases. 

In 1974 a new 2-nitroimidazole derivative, misonidazole, was 
first investigated clinically as a hypoxic cell sensitizer for use 
in radiotherapy. The structures of these drugs are shown below. 
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H 

t" ·ONO, HZ.)_NO, 
02N N)- CH3 N 

I I / H CH2CH2OH CH2CHOHCH2OCH3 

Azomycin Metronidazole Misonidazole 

Subsequently, many other derivatives have been prepared containing 
2-, 4- and 5-nitro and dinitro groups. A few of these are already 
in use in pharmacology and others are under investigation as is 
discussed in the paper by Biagi. 

RELATIONSHIP BETWEEN CHEMICAL, PHYSICO-CHEMICAL AND 
PHARMACOLOGICAL PROPERTIES OF NITROIMIDAZOLES 

The nitroiminidazoles are widely used in different fields of 
pharmacological interest. They include: anaerobic infections 
such as tricomoniasis, amoebiasis and other diseases arising from 
obligate anaerobes and protozoa; hypoxic cell radiosensitizers in 
radiotherapy and possibly as adjuncts with various other anti
cancer drugs. Other applications have been suggested in some liver 
diseases and in arteriosclerosis where it is believed hypoxic cell 
may be present. 

T.he pharmacological acti vi ty of the ni troimidazoles is confined 
mainly to cells or tissues where oxygen is absent or present only 
at a very low level. From the view po~nt of studying chemical 
mechanisms, it is necessary therefore to use model systems under 
anaerobic conditions. 

The main structural characteristics for the biological activity 
of these molecules appear to involve the presence of one or more 
nitro-groups giving the molecules a high (less negative) one
electron reduction potential. In some systems the steric 
protection of the N02 group by a side chain is necessary in order 
to reduce the rate of some metabolic processes and to influence 
acid/base properties. 

It is also necessary to have information available on the 
physico-chemical properties of the biomolecules with which the 
nitroimidazoles react in biological systems. The majority of 
living organism or tissues require rather strict physico-chemical 
conditions although there are exceptions. In table 1, the 
minimum and maximum values or some relevant factors are shown (1). 



REACTION MECHANISMS OF NITROIMIDAZOLES 37 

Table 1. Range of environmental conditions 

Factor 

Temperature 

Redox 
potential 

pH 

Hydrostatic 
pressure 

Salinity 

Water 
activity 

Lower limit 

-18oC (fungi, bacteria) 

-450 mV at pH 9.5 (sul
phate reducing bacteria) 

o (Acontium velatum, 
fungus 0, Thiobacilus 
thiooxidans) 

Essentially zero 

Double distilled water 
(heterothropic bacteria) 

0.65-0.70 (Aspergillus 
glaucus) 

Upper limit 

o . 
+ 104 C (sulphate reducing 
bacteria under 1000 atm 
hydrostatic pressure 

+ 850 mV at pH 3 (iron 
bacteria) 

13 (Plectonema nos to corum) 

1400 atm (deep-sea 
bacteria) 

Saturated brines 
(Ounaliella, halophyllic 
bacteria, etc.) 

Essentially 1 

Information is available for some biological systems where 
nitroimidazoles have a demonstrable function. For example the 
redox potentials of some contents of the intestinal tract, necrotic 
tissues and abscess cavities are in the range -150 to -250 mV (2). 
This indicates the presence of hypoxia and in some cases, the local 
oxygen concentration can be as low as 10 ppm. Generally, the 
extra-cellular pH is lower as would be expected in oxygen-deficient 
regions. Cellular membrane potentials can be important also in 
influencing drug transport. For example the membrane potential of 
the organism Trichomonas Vaginalis is in the range 3-8 mV. 
Electrochemical properties are clearly particularly important in the 
interaction between nitroimidazoles and biological systems. Model 
systems suitable for studying these processes include electrochemical 
and radiation chemical methods where electron reactivity and electron 
transfer processes can often be measured directly. 

Stradins and co-workers (3-10) carried out systematic 
investigations of the cathodic reduction of 2-nitrofuran derivatives 
at a dropping mercury electrode (OME) using classical and oscillo
graphic polarography, cyclic voltammetry and other physico-chemical 
methods. The studies were aimed at investigating the role of redox 
potential in determining antibacterial activity. Later Stradins 
and co-workers (11) found that reduction of the N02 group or its 
elimination, led to the loss of biological activity. They extended 
their conclusions to other nitroaromatic derivatives and suggested 
two reaction mechanisms which may be partially applicable. Their 
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conclusions were as follows: 

a) The primary electrochemical process in aqueous solutions of 
materials of biochemical interest consists of the 4 e reduction of 
th~ nitro group to the hydroxylamine group. At more negative 
potentials, a further electroreduction to the amino group is 
possible with the reductive cleavage of the azomethine bond. 
However the last process takes place only at considerably higher 
cathodic potentials and are not of any direct interest to the 
biochemist. 

b) The 4-electron reduction process consists of successive stages 
which vary in character according to the structures of the 
derivative and the solvent. The overall electrochemical process 
is irreversible although the first electron is transferred 
reversibly. Initially, a nitrofuran-anion-radical is formed, 
whose potential determines that of the total oxidation-reduction 
process. Transfer of the second electron proceeds irreversibly and 
is the cause of the irreversibility of the whole electrochemical 
process. 

c) Nitrofuran molecules are strongly adsorbed at the charged 
electrode surface at the electro-reduction potential of .the nitro 
group. Their electro-reduction is facilitated by superficial pro
tonation of the nitro group and proceeds in the adsorbed state. 
Addition of a large quantity of an organic solvent or of a surface
active substance may lead to the partial desorption of nitrofurans. 
In turn, this inhibits electrochemical processes following the 
transfer of the first electron and thus protects the primary 
particles (free radicals and radical ions) from immediate 
conversion. 

d) Suppression of the superficial protonation of nitrofuran 
molecules or of the radical-ions initially formed (pKa ~ 5) allows 
a gradual change from the four electro-reduction process to occur 
which ~stablishes conditions for the accumulation of .free radicals. 

A mechanism was proposed for the interaction of nitrofuran with the 
NAD and FAD redox enzyme systems which have redox potentials of the 
same order as that of the nitrofuran', see Plate A. 

A second mechanism proposed concerned the chemistry of the 
polarographic reduction of 5-nitrofuran and its derivatives 
involving the formation of RN02-. This is shown in the scheme 
below. 



REACTION MECHANISMS OF NITROIMIDAZOLES 

Inhibition of redox enzymes, FAD and NAn by nitrofuran 

Mechanism of the polarographic reduction of 5-nitrofuran and its 
simplest derivatives 

AR = xD 
J 0 

y 
fRNO] ADS 

+2e ,+2H+ It -2e, -2H+ (.O,lV) 
REDUCTION 'R~DUCTS 
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In 1963 Adams and Dewey suggested that a relationship existed 
between the ability of some chemical compounds to radiosensitize 
hypoxic cells and the electron affinities of these compounds (12). 
A correlation has been demonstrated experimentally (Fig.l) between 
the monoelectron reduction potentials, E7, and sensitizing 
efficiency in irradiated mammalian cells (13) and in Fig.2 for E'pc 
measured in an aprotic system (14). 

The basis of all these mechanisms for anaerobic antibacterial 
and sensitizing effects is the occurrence of electron transfer 
processes in the cells. Chapman has discussed interaction with 
radiosensitizers according to the scheme shown below (15). 

The first intermediate in the reaction mechanism for 
reduction of nitroaromatics, in particular nitroimidazoles, is the 
anion RN02-. The electron which reacts with these compounds 
derives from two sources : one from biochemical systems, the other 
from radiation effects. 

In the mechanism of the cytotoxic action in anaerobic bacteria 
only cellular electron donors are i.nvolved. In radiosensitization, 
both sources provide electrons to the system. There should be 
therefore two different mechanisms for the formation of 'RN02- anions 
with probably different rate constants, i.e. the interaction of 
nitro-derivatives with redox biological systems and the reaction 
of radiation-reduced electrons or radicals with the compound. 

Cellular 

A erated Cells ~ 
Electron 

Donors 1 
) .-'{ ;; .-

Nitro 
Reductase 

e:z Ol: H(+) 

Je:ze-
J!C~ 

HYpOXic Cells 

Reduction 

Products 
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Fig.l Dependence of radiosensitiza~ion efficiency in V 79-379A cells 
on one-electron reduction potential at pH = 7 for oxygen and 
other sensitizers. 

n.~ 

, ,/, 

I ., 
I , 
11, • 

• ,1/ 

Fig.2 Peak potentials for the first cathodic process in DMF 
solution plotted against the sensitizer concentration for 
E.R. = 1.6 . All compounds give reversible reactions 
with electrons except L 8711. 
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The rate constants of the last reactions are very fast as can 
be seen in Table 2 (16). 

Table 2. Rate constants for reactions of e 
========~==~~==============~.~ 

compounds Rate constants for 
reactions with e~ 

Compounds k (M-l s -1) 

p. nitrotoluene 1.9 x 1010 

Nitrobenzene 3.0 x 1010 

Picric Acid 3.9 x 1010 

O2 2.0 x 1010 

DNA 1012 

Metronidazole 2.2 x 1010 

DA 3827 1.8 x 1010 

Imidazole 3.7 x 107 

DA 3838 2.6 x 1010 

Piridine 1.0 x 109 

Adenosine 3.0 x 1010 

The speed of these reactions requires the use of fast-response 
techniques such as pulse radiolysis. The steps which occur after 
the formation of the radical-anion RN02- can be different. One 
route involves the formation of the nitrite ion, NOZ, and the 
imidazolyl radical. In y-radiolysis this accounts for 40-100% of 
the total transformation as is shown in Table 3. 

Table 3. 

coltpou.noJa Dose Co p. 11' .. 1 Ct j! .'81 CRO, 
-P .'111 cr:o• - /' C(\!IIPDUft' 

kr,.,". trftJl!!ror:ned 

1~0 4.61 4.29 0.8) 100 ", 
"Pot ron1d"zole 50 0,1 0.0(0 0,021 ~~ 

)20 4.£1 ).91 0.1t 95 " 
160 1.00 0.(0 0.15 $0 . 

Ni flttnic1lllzol. 50 .0,1 0,0(9 0,01) 4~ 
)20 1.00 0.(0 0.2) 40 " 

01 5402Ci 160 0.4~ 0.25 0.22 90 .. 
t 5,nltro .• ' 50 .0,1 O,U51 0,045 30" 

'20 0.49 0.15 0.24 70 " 
nesmethyllDieo. 50 0,10 0,0)4 0,014 4011 

L d7 11 50 0,042 0,025 0,0104 71" 
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Another route involves the further reduction of RN02 to nitroso, 
the hydroxylamine and probably the amine. For metronidazole, but 
not for most other nitroimidazoles, the nitrite ion is formed during 
electrochemical reduction in a yield of 10% of the total yield of 
reduced compound (17). It is likely that the mechanism of 
formation of N02 !rom metronidazole follows the scheme suggested 
below in which N02 is formed as a result of oxidation by the OH 
radical (18). 

1) RN02 + e • RN02 aR + 

~ \+B+ 
nH+ cell damage -RN02H ~ successive reductions 

R imidazolyl group 

2) RN02 + OH --..... R(OH)NO; 
+ 

-----.. H + N02 + R ° 
Electrochemical methods are very useful for the study of the 
interaction of nitroimidazoles with other biological molecules 
e.g. DNA (see Edwards this volume) . A summary of the electro
chemical methods available for the study of reaction mechanisms of 
nitroimidazoles is shown below. 

Polarography 

Cyclic voltammetry 

Coulometry 

Controlled potential 
electrolysis 

Et; E' with surface active substances 
(tylose) 

Electron reaction reversibility; 

Et in aprotic systems; 

Reaction mechanisms of catalytic processes 

n (number of electrons per mole of 
app reduced compound) 

n for large quantities; app 

reduced derivatives production. 

With respect to coulometry Table 4 shows results of 
calculations of the number of electrons involved in the reduction 
(19) . Four electrons should be involved in the reduction of 
metronidazole to the corresponding hydroxylamine, but on the bases 
of napp only three are involved. This means that no hydroxylamine 
is formed as was confirmed by chemical analysis. 
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Table 4. Electrochemical effects of sensitizers on cells 
(Euglena g) 

Cell surviving 
E for napp with napp without Compounds (Euglena) after 

electrolysis electrolysis cells cells 

Control 9.3 x 10 -1 V 

Metronidazole 4.2 x 10 -0.7 V 4.2 3.0/Mole 

Misonidazole 0.9 x 10 -0.7 V 4.3 3.8/Mole 

L 87 11 0.6 x 10 -0.5 V 4.2 3.8/Mole 

DA 38 29 2.5 x 10 -0.7 V 4.5 3.9/Mole 

DA 38 38 0.9 x 10 -0.7 V 4.6 3.8/Mole 

CM 54020 -1.4 x 10 -0.7 V 4.4 ·3.9/Mole 

However the reduction of the compounds in the presence of cells 
appears to involve more than four electrons. The overall process 
leads to cell killing, indicating that the toxic product produced 
in cellular reactions involving the radiosensitizer is a reduced 
compound. 

The pulse radiolysis method (20) is a good tool for the study 
of many fast reactions and processes such as the measurement of 
one-electron potentials, the calculation of rate constants of elec
tron reactions or the kinetics of transient species. The tech
nique gives information on the molecular structure of short-lived 
intermediates such as free radicals or radical-ions. It is not 
limited by the time required for delivery of the radiation which 
produces many transient species in the irradiated system. Pulse 
radiolysis data are valuable therefore for studying primary 
radiation sensitization effects, for example when the mechanism of 
action is still at an early chemical stage (21). 

Lipophilicity and aCid/base equilibrium 

Lancini and colleagues suggested that the regions of the 2-
and 5-nitroimidazole structures involving C2' C5 and Nl, are 
important in the interaction of these molecules with molecular 
receptors (22). Blazevic and co-workers (23) proposed that the 
-N02 group in the 2 or 5 position with a side chain at the other 
position are the lipophilic sites. This is shown in Fig.3. 

The lipophilicity of a substance is expressed by the 
partition coefficient P, which is the ratio of the equilibrium 
concentrations of the compound in octanol (lipid phase) and 
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Fig. 3. Site of interaction of 2- and 5-nitroimidazoles 
with cellular receptors. 

aqueous phase at a pH of 7.4. The higher the value of P, the 
more lipophilic is the compound. Data of Wardman (23) are shown 
in Fig.4, in which the values of log P are plotted against the 
Hantsch ~ substituent constant. 

-1 

Fig. 4. correlation of measured values of the octanol:water 
partition coefficient P with the Hansch ~x substituent 
constant (2 ). 

45 
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It was concluded that the magnitude of P for substituted 
nitroimidazoles is influenced by (i) the position of the N02 group 
in the ring and (ii) by other substituents. For nitroimidazoles 
with identical sidechains,Rl at N-l (R ~ H) the lipophilicities 
P for 2-,4- and 5-nitrosubstituents are in· the approximate ratio 
1:0.5:1.8 respectively. 

It seems that the lipophilicity due to the -N02 group may be 
important for tissue penetration in regard to radiosensitizing 
effects but it does not seem to be important for the trichomonacide 
effect (25). 

ACid/base equilibria are much influenced by the position of the 
N02 group in the molecule. This group, because of its electron 
affinity increases the acidic properties of the molecule. 

Substitution in position 1 changes the basicity of the 
compounds in regard to loss of the acidic proton. Isomers of 4-
and 5-nitroimidazole derivatives show a difference of basicity in 
the pKa range 2-2.5 (26). Until now no general correlation has 
been found between pKa and trichomonal or sensitizing activity. 
Studies are in progress on the effect of lipophilicity and pKa on 
the neurotoxic properties of nitroimidazoles (26). 
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IN VIVO TESTING OF RADIOSENSITIZERS 

Juliana Denekamp 
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Most anticancer drugs are designed to exploit the more rapid 
proliferation of tumour cells than of normal cells, and are cyto
toxic in certain phases of the cell cycle. Nitro-imidazoles as 
tumour radio sensitizers are quite different since they have an equal 
sensitizing action on cycling and non-cycling cells, and on cells at 
any stage in their cell cycle. Their tumour-specific action relates 
to the presence of a large fraction of hypoxic cells in tumours, 
and not in normal tissues. 

Hypoxic cells develop in tumours because of the unbalanced 
growth of the tumour cells and of the vascular components needed to 
provide an adequate blood supply. The production of new capilla
ries is inadequate, both in number and distribution; tumour cells 
become deprived of oxygen (and other nutrients) as the intercapillary 
distance becomes greater than 2oo-3OO~. This results from the 
rapid utilization of oxygen by the cells lying in a cuff around 
each capillary. The effect is illustrated in Figure 1. 

In many tumours cords of viable cells are observed around 
capillaries, with necrotic areas lying at a distance of 90-l50~ from 
the vessels (1). Thus tumour cells will die of their hypoxia in an 
untreated tumour and might be considered irrelevant. However, 
this hypoxia makes them extremely resistant to radiation (by a factor 
of about three). If a tumour is irradiated, the oxygenated radio
sensitive cells adjacent to the capillaries are most readily killed. 
When they die, the oxygen diffusion path-length increases and the 
doomed hypoxic cells are rescued by a process of "reoxygenation", 
so that they can act as a nucleus of surviving cells from which • 
tumour regrowth can occur. 

49 
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Fig. 1. 
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Schematic representation of the cuff of viable cells 
around a tumour capillary. The oxygen tension falls in 
successive cell layers as it is utilized. When it 
reaches a critical concentration the cells become radio
resistant. This is believed to occur in 1-2 layers 
adjacent to areas of necrosis. 

The electron-affinic radiosensitizers, including the nitro
imidazoles, can mimic oxygen by interacting with radicals at the 
site of radiation damage and physico-chemically fixing the damage. 
They do not replace oxygen in the metabolic pathways however, and 
can therefore diffuse through the cords of metabolising cells around 
each capillary, and can reach the distant hypoxic cells. The 
radiosensitizing action of the nitro-imidazoles occurs only in 
hypoxic cells; it is not observed when oxygen is present to exert 
its own radiosensitizing action. In general the effectiveness of 
the nitro-imidazoles as sensitizers is lower than that of oxygen, 
but their advantage lies in their ability to diffuse to poorly 
vascularised hypoxic regions. 

The systems in which radiosensitization has been shown to occur 
are listed in Table 1. In all cases the effect has been demonstrated 
to be specific for cells deprived of oxygen, i.e. hypoxic cells. 

The hypothesis that the radiosensitizing action of a number of 
nitro-containing, heterocyclic, organic compounds resulted from 
their electron affinity was first proposed by Adams and Dewey in 
1963 (2). Since then hundreds of compounds have been shown to be 
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Table 1. Test Systems Which Have Shown Radiosensitization 

In culture Hypoxic Bacteria 

Hypoxic Mammalian Cells 

Hypoxic Broad Bean Roots 

In Mice 

In Man 

Artificially Hypoxic Skin 

Artificially Hypoxic Tumours 

Naturally Occurring Hypoxic Cells in Tumours 
(Single Doses) 

Naturally Occurring Hypoxic Cells in Tumours 
(Fractionated Doses) 

Artificially Hypoxic Skin 

Subcutaneous and Pulmonary Tumour Nodules 
(Single Doses) 

Glioblastoma Multiforme (9 Fractions) 

effective on bacterial cells; dozens of these are also effective 
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on mammalian cells in vitro (3). For in vivo use however the con
straints are much greater. The compounds must be non-toxic to the 
animal, must not bind to serum proteins or be rapidly metabolised, 
must be water soluble and freely diffusible through extracellular 
fluid and through cell membranes. These additional requirements 
have limited the number of compounds found to be useful in vivo. 
The group fulfilling these characteristics best seems to be the 
nitro-imidazoles, including *metronidazole (a 5-nitro-imidazole), 
and its 2-nitro analogue *misonidazole. These compounds were first 
tested in the early 1970's. Willson had recognised from the existing 
preclinical and clinical toxicology data, that lack of toxicity 
associated with Flagyl might enable this compound to be administered 
as a sensitizer in vivo if it was as electron affinic as its chemical ---structure suggested. Table 2 shows the speed with which the first 
in vitro and in vivo laboratory studies led to clinical testing of 
both metronidazole and misonidazole as adjuncts to radiotherapy of 
human cancer. Since then many other compounds have been tested in 
mice but as yet no more effective or less toxic substitute for 
misonidazole has been found. 

The first in vivo experiments were performed on a normal tissue 
(mouse skin), made~ificially hypoxic for the irradiation. This 
system was chosen because it forms a half-way step between in vitro 
studies and studies on tumours. It enables quantitative estimates 

* metronidazole Flagyl (May & Baker Ltd.) 
misonidazole (Ro-07-0582) (Roche Ltd.) 
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of the survival of individual epithelial cells to be made with great 
precision, and is fairly rapid, yielding results within three weeks 
(5,6). Defined areas of epithelium are isolated from the surrounding 
epidermis by a "moat" of heavily irradiated cells and then graded 
doses of radiation are given to these test areas and the number of 
islands regrowing as microscopically visible clones are scored from 
12-21 days after irradiation (Fig. 2). 

Fig. 2. Five epidermal clones regrowing into macroscopically 
visible islands at about 2~ weeks after irradiation. 

The depletion of epidermal clones is observed in mice breathing 
oxygen at doses below 2 krad whereas if the mice are made hypoxic 
(by breathing nitrogen for 35 seconds) the skin becomes 2.7-2.9 
times more resistant and 5-6 krad are needed to eliminate most of 
the epidermal cells. Figure 3 shows the response of mice irradiated 
in oxygen or nitrogen, either without a radiosensitizer or after 
administration of metronidazole or misonidazole. 

No radio sensitization was observed in mice breathing oxygen, 
or if the drug was administered 5 minutes after irradiation. If the 
drug was administered before irradiation, however, the degree of 
sensitization of hypoxic cells was considerable. With both drugs 
it increased with increasing drug dose and was more effective with 
misonidazole than with metronidazole. 

From a series of such experiments the radiosensitizing action 
of these two drugs (and several others) was determined as a function 
of drug dose administered. Fig. 4 shows the comparison. Misonida
zole (0582) was more effective than metronidazole (Flagyl), and 75% 
of the oxygen effect could be achieved at doses below the LD50 value. 
Two other compounds, NDPP and nifurpipone, were similarly effective 
but their use was limited by their toxicity. 
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Fig. 3. 
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The percent of epidermal islands regrowing as a function 
of dose. The inhaled gas and the drug dose administered 
(in mg/g body weight) are indicated against each line. 
Misonidazole (Ro 07-0582) is clearly more efficient than 
metronidazole. (Redrawn from ref. 7.) 

These animal experiments were soon followed by Phase I and II 
clinical studies. In the study of Dische et al. (8) a similar model 
using hypoxic human skin was devised in order to determine whether 
sufficiently high drug concentrations could be achieved clinically 
to produce sensitization of artificially hypoxic cells. Small areas 
of skin on a patient's limb were irradiated with a strontium ~
emitting plaque, either under conditions where the skin was well 
oxygenated, or where it was made hypoxic by the application of a 
tourniquet and by surrounding the limb in an atmosphere of flowing 
nitrogen. Nine patients were treated in this way and the degree 
of reddening of the areas of skin was scored over the following 3 
months. Dose response curves were obtained and enhancement ratios 
were derived for several different concentrations of metronidazole 
and misonidazole. These clinical results are compared with the 
mouse skin data in Figure 5. It is clear that the effects in mouse 
and in man are quantitatively similar. More than 50% of the full 
sensitization achievable with oxygen was achieved with doses of 
misonidazole that were tOlerated in patients as a single adminis
tration. 
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Fig. 4. The sensitizing efficiency of four compounds expressed as 
a percent of the efficiency of oxygen. The single dose 
acute LD values are indicated by arrows. (From ref. 7) 
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The sensitizing efficiency of misonidazole and metronida
zole expressed as a percentage of the efficiency of oxygen. 
The lines represent the data from hypoxic mouse skin. The 
points represent the results from human skin made artifi
Cially hypoxic for the irradiation. (Data from refs 7,8). 



56 J. DENEKAMP 

Although it was important to demonstrate the feasibility of 
radiosensitization of hypoxic cells in artificially hypoxic tissues, 
the important question was, of course, whether such radiosensitiza
tion could be demonstrated in tumours, particularly in the naturally
occurring hypoxic cells believed to exist at 6-10 cell diameters 
from the nearest capillary. To this end many studies were undertaken 
at the Gray Laboratory and elsewhere, on a wide variety of animal 
tumours. Dose response curves for increasing tumour damage with 
increasing dose were constructed by scoring a variety of endpoints. 
These included regrowth delay, the percentage of locally controlled 
tumours, the loss of incorporated radioactivity or the survival of 
tumour cells when excised and assayed quantitatively in vitro or. in 
recipient mice. All of these studies have demonstrated that misoni
dazole and metronidazole are effective radiosensitizers, with the 
2-nitroimidazole being more effective than the 5-nitro compound. 
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Fig. 6. Regrowth delay (lower panell and local tumour control 
(upper panel} of a mouse squamous carcinoma. Curves are 
shown for animals treated with X-rays alone, with misoni
dazole given before irradiation (SER 2.0-2.2), or given 
after irradiation to demonstrate the hypoxic cell cytotoxic 
action of the drug. (Date from ref. 9). 
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An example of regrowth delay and cure data from the same set of 
tumour experiments is shown in Figure 6. At low radiation doses a 
small delay in the time taken for the tumour to reach a certain size 
is observed, this delay increases with increasing radiation dose 
and. eventually some of the tumours fail to regrow at all, i.e. are 
local cures. Thus at the higher doses the percent of locally 
controlled tumours can be scored as a function of dose. 

The cure data and the upper part of the regrowth delay data 
demonstrate that a large degree of radiosensitization of the natur
ally occurring hypoxic cells is achieved with a large drug dose 
(1 mg/g body weight of mice). At the bottom end of the regrowth 
delay curves the sensitization is less marked. In this region the 
tumour response is mainly due to the radiation induced killing of 
the well~oxygenated cells forming the cuff around each capillary, 
and these cells are not sensitized. Thus it is only when the hypoxic 
radio-resistant cells begin to dominate the response that marked 
sensitization is observed. This is exactly what would be predicted 
from a consideration of the survival curves for a mixed population 

Fig. 7. 

PROPN 
OF 

CELLS 
SURV. 

(LOG 
SCALE) 

x - RAY DOSE (RADS) 
1000 2000 3000 

Schematic representation of the survival curves for oxy
genated or hypoxic cells, or for a mixed population con
taining 20% hypoxic cells. If a sensitizer giving a full 
SER of 1.6 is used together with 1000 rads of radiation, 
a smaller SER' of only 1.2 will be observed because of 
the masking effect of the oxic cells. 
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of well-oxygenated and hypoxic cells, as illustrated in Figure 7. 
Because the radiosensitizing action of the drug is limited to the 
hypoxic sub-population it is only observed when the response of this 
sub-population is expressed. 

Figure 8 shows a comparison of the regrowth delay '(with and 
without misonidazole) in tumours that have been clamped to occlude 
their blood supply and render all the cells hypoxic, or have been 
irradiated under normal aerobic conditions. In the clamped tumours 
a large degree of sensitization is observed at all dose levels, 
being similar at high and low doses. This, compared with the curve 
for unclamped tumours, again illustrates the singular effectiveness 
of these radiosensitizers against hypoxic, and not oxic, cells. 

One of the most complete sets of data on the radiosensitizing 
action of nitro-imidazoles on a mouse tumour comes from Sheldon and 
Hill (10). Two sets of their early data are shown in Figure 9, where 
the percentage of MT tumours locally controlled by X-rays alone or 
after administration of various doses of metronidazole or misonida
zole are illustrated. The increasing sensitization with increasing 
dose is clearly demonstrated, and the greater effectiveness of the 
2-nitro-imidazole is seen here, as in the skin and in the mammalian 
systems tested in vitro. ----

70 70 

;;; ;;;6 
?i 

?i e e III co: 
~50 ~50 

:I s 
c 0 
;; 

0582 ~ 
~40 :140 
:I • • • e Q 
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~ :I .. ;: 
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2 3 4 5 
DOSE (KILORADs) 

Fig. 8. Regrowth delay as a function of dose for the mouse mammary 
carcinoma MT. The left hand panel shows tumours made 
artificially hypoxic by clamping. The right hand panel 
shqws the biphasic curve characteristic of a mixed oxic 
and hypoxic population. (Data from ref. 11). 
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Fig. 9. Local control of the anaplastic MT tumour after irradiation 
with X-rays alone or after the stated doses of metronidazole 
or misonidazole (0582). The hatched area in the lower 
diagram indicates the sensitization that should be achiev-
able with large single doses in patients. (Data from 
ref. 10.) 

Since the effectiveness of the hypoxic cell sensitizer depends 
upon the presence of hypoxic cells in tumours it seems pertinent at 
this point to ask whether hypoxic cells exist in all tumours, and 
whether they have been demonstrated in man, or are simply inferred 
from the corded structure illustrated in Figure 1, which is some
times seen in both human and murine tumours. Table 3 is a summary 
of the hypoxic fraction estimates for a wide range of animal tumours 
and for a few human tumours. Hypoxic cells clearly exist in signifi
ca~t proportions in most tumours; these cells are radioresistant and 
may limit the local control that can be achieved clinically. 

This uniformity of tumours in terms of the presence of such 
hypoxic cells is illustrated in Figure 10,where the results of many 
studies of sensitization as a function of drug concentration have 
been summarised. For single doses of radiation and of drug the 
degree of sensitization increases with increasing drug dose, to 
between 1.7 and 2.4 in different tumour systems at a dose of 1 mg/g. 
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Table 3. Hypoxic fraction estimates in mouse and human tumours. 

Mouse a) 

Human 

Published estimates 
reviewed by Fowler and 
Denekamp (ref. 4) 

Gray Laboratory tumour 
sublines (12) 

The range of values comes 
from different methods of 
estimating hypoxic 
fractions 

Data of 
Thomlinson et al., (13) 

and 
Ash et al., (14) 
analysed as described 
in Denekamp et al., (15) 

Sarcomas 
% 

~ 50 
14 
15 
14 
17 
12 
35 

<10 
50 

1 

0-0.01 
1-10 
4- 8 

10-30 
1- 3 
5-20 

30-70 
0-20 

23-50 
5-25 

~ 12 

1-20 
50-80 

1 

Carcinomas 
% 

21 
0.2 

18 
20 

5 
19 

1 
17 

6 
'1 
)46 

5 
1 

10-30 
2-25 
7-15 
5-20 

12-20 
<1 
50-70 
10-35 
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l-A-

MT' 

DOSE OF Ro-07- 0582, mg/g i.p. 

Fig. 10. Enhancement ratios for misonidazole measured by three 
different types of assay in a wide variety of different 
tumour types. (For references see ref. 4). 

Although sensitization has been demonstrated in most ani~al 
tumours (see ref. 4 for review) the effect on human tumours is, of 
course, much more difficult to quantitate. A number of studies of 
regrowth delay in patients with multiple subcutaneous tumour nodules 
have been performed by Thomlinson et al. (13) and by Ash et al. 
(14). In these studies sensitization by a factor of 1.2-1.6 has 
been observed with single doses of radiation and large drug doses. 
Thus, although mouse tumours differ from human tumours in many 
respects (Table 4), the similarity of the critical diffusion path
length for oxygen through metabolising tissue makes mouse tumours 
a good model for predicting the response to electron-affinic 
radiosensitizers. 

The presence of hypoxic cells and the ability of nitro
imidazoles to diffuse to them in adequate concentrations to achieve 
radio sensitization has been clearly demonstrated. However the drug 
doses needed are high, and cannot be used repeatedly in man because 
of the troublesome peripheral neuropathy encountered if a dose in 
excess of 12 g/m2 is administered over the course of 4-6 weeks (16). 
Fractionating the drug dose does not diminish its neurotoxicity, 
although it does diminish its radiosensitizing action if reoxygena
tion occurs between the repeated small doses. This leads the 
clinician to ask how he should best use misonidazole, and whether 
a better drug is just around the corner. The approaches that are 
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currently being used in the controlled clinical trials around the 
world range from the use of unconventional radiation schedules, 
e.g. 6 large doses of 600 rads in 3 weeks, each accompanied by a 

Table 4. Proportionality of Tumour Models. 

Mouse Man Ratio 

Weight Body wt. 20-40 g 50-100 kg X 2,500 

Tumour wt. 0.1-1.0 g 0.01-1.0 kg X 10-1000 

Tumour wt. 1% 0.1% X 0.1 Body wt. 

Time Host's life 2.5 years 75 years X 30 
span 

Tumour TD 1-10 days 20-100 days X 10-20 

Tumour TC 12-14 hours 24-80 hours X 2 

Size Tumour mean 1 cm 10 cm X 10 diameter 

Microscopic 
distance 

60-100 /lIIl 100-150 /lIIl X 2 blood vessel 
to necrosis 

large drug dose of 2 g/m2 , to using small doses of 0.4 g/m2 with 
each of the conventional 30 fractions of 200 rads given over a six
week period. The question of which schedule is likely to produce 
the best clinical result has recently been tackled in a computer 
simulation of several proposed treatment schedules (17). The most 
advantageous schedule will depend to some extent on the survival 
curve characteristics of the human tumour cells, and to a large 
extent on their reoxygenation pattern. Unfortunately, information 
is lacking on both these aspects. In general, a larger degree of 
sensitization will be observed with a few large fractions, each 
with a large drug dose. However, there may be disadvantages of 
changing to an unorthodox fractionation scheme which may counteract 
this greater sensitization. In many of the simulations the most 
effective treatment was that using conventional schedules (each 
fraction with a small drug dose) even though the sensitization 
observed was then much smaller. 

The time of administration of the drug before irradiation is 
also of importance, since an adequate time for absorption, 
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distribution and diffusion to the hypoxic cells must be allowed, but 
not so long that the drug concentration is diminished because of 
metabolism or excretion. In the mouse, the half life of misonida
zole is about 1 hour (18) and the optimal interval is 36-60 minutes 
(Table 5). In man the half life is much longer (10-18 hoUrs), and 
the peak tumour concentration occurs at 2-4 hours. It has there
fore become an accepted convention to irradiate 3-4 hours after 
oral administration of the misonidazole. This timing is based on 
BPLC estimates of drug concentrations in human tumours, although 
these represent concentrations in 'the bulk of the tumour and may not 
be an accurate reflection of the concentration in the critical 
hypoxic cells. 

The search for new drugs continues in the laboratory. Many 
other nitro-imidazoles have been identified which will give a similar 
degree of radiosensitization on an equimolar basis to that obtained 
with misonidazole. The choice of a better compound to replace 
misonidazole clinically will depend upon achieving a greater thera
peutic index (i.e. less toxicity for the same sensitization) or a 
compound that is much more efficient (i.e. in which less drug will 
be needed). The toxicity aspect of this search has been hampered 
by the lack of a suitable animal model for the sensory peripheral 
neuropathy which is dose-limiting in the clinic. In mice, nerve 
conduction velocity experiments have demonstrated different toxici
ties of several compounds but have not produced the lesser toxicity 
with metronidazole than with misonidazole that has been observed in 
clinical practice (19,20). This may be because of the artefacts 
resulting from the drop in body temperature that accompanies large 
drug doses, or it may be because in this respect the mouse is a poor 
model for man. Other tests have included the sWimming response of 
goldfish, the ability of chickens to walk up ladders, the ability 
of mice to stay on a rotating rod as it accelerates, or to walk 
along a narrowing plank, and the histochemical assessment of lyso
somal damage in excised nerves. These latter two tests seem to be 
the most promising and will hopefully lead to a more rational 
ranking of potential new radiosensitizers than has been possible 
up to now using single dose LDSO values as the index of toxicity 
(21) • The search for better sensitizers is currently focussed on 
designing nitro-imidazole molecules with a lower lipophilicity so 
that they will not readily enter nervous tissue, but will retain 
their electron affinic radiosensitizing properties (22). 

The experience with misonidazole in the preclinical radio
biology has shown us that chemical synthesis, pharmacology, toxi
cology and radiobiology must proceed hand in hand. So far, the 
screening of potential compounds on mammalian cells in vitro has 
been a good guide to the radiosensitizing action that can be 
achieved in vivo (e.g. ref. 23), but a detailed knowledge of the 
toxicity,-of the half life in serum and in tumour and of the optimum 
time for drug administration are needed before a better sensitizer 
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can be identified with certainty. 
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NITROIMIDAZOLES AS HYPOXIA-MEDIATED DRUGS IN CANCER CHEMOTHERAPY 

I. J. Stratford and G. E. Adams 

Institute of Cancer Research 
Clifton Avenue, 
Sutton, Surrey, UK 

INTRODUCTION 

There is abundant evidence that suman tumours, even of 
quite small size (2 mm) contain a significant proportion of celis 
that are deficient in oxygen (1). These hypoxic cells are 
radiation-resistant and are believed to limit in some instances 
the effectiveness of the treatment of cancer by radiotherapy. 
Several of the papers presented in this Conference have discussed 
how nitroimidazoles might be used to overcome this problem by 
specifically increasing the radiation sensitivity of the resi.stant 
hypoxic cells. This paper is concerned, however, with the 
potential use of nitroimidazoles in cancer chemotherapy. 

There are reasons for suspecting that hypoxic cells may be 
resistant to some drugs often used in cancer chemotherapy. These 
cells tend to be located in relatively poorly-vascularised 
regions of tumours, hence they may be less accessible to cytotoxic 
drugs. Further, hypoxic cells are out of cycle or at least have 
their progression slowed down and hypoxia may substantially affect 
the activity of a given drug, particularly if oxygen-dependent 
energy requirements are to be met. 

Cyclophosphamide has been reported to preferentially kill the 
oxic cells in a transplantable rat tumour (2) and a similar effect 
was noted for the action of BCNUagainst the B16 melanoma (3). 
Table 1 summarises the results of investigations of this effect in 
oxic and hypoxic mammalian cells treated with a variety of anti
cancer drugs. 

67 
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Table 1. The cytotoxic effect of some commonly used cancer 
chemotherapeuti.c agents on aerobic and hypoxic mammalian 
cells in vi.tro 

Drug 

Adriamycin 

Bleomycin 

Actinomycin D 

Vincristine 

5-Fluorouracil· 

Methatrexate 

Procarbazine 

Streptonigrin 

BCNU 

Cis-Pt(II) 

Mitomycin C 

Thio-tepa 

Melphalan 

Response of acutely hypoxic 
compared to exponentially 
growing aerobic cells 

Sensitive 
No difference 
Resistant 

Resistant 

No di.fference 
Resistant 

No difference 
Resistant 

No difference 

No difference 

Resistant 

Resistant 

No difference 

Sensi.tive 
No difference 

Sensitive 

Sensitive 

Sensitive 

Cell lines used: Refs. 4,5: 
6: 

7,8,10-12: 
9: 

EMT6 
CHO 
V79 
WHFIB 

References 

5 
4,7 
6,9 

5,6,8,10 

4 
5,11 

4 
5 

4,5 

4,5 

5 

5 

4,5,6 

12 
4,5,6 

5 

8 

8 

It is clear from the data in Table 1 that the gaseous 
environment in which the cells are treated can affect their 
response to some cytotoxic drugs. However, it is also apparent 
that, even for the same cell-line, results from different 
laboratories show different effects of hypoxia. This can be due 
to differences in experimental design since it is known that the 
degree and duration of hypoxia to which cells are exposed can 
profoundly affect their response to treatment with cytotoxic drugs. 
This is illustrated by the study by Smith et al. (7) of the effect 
of the duration of hypoxic exposure on cells treated with 
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adriamycin. The cytotoxic effect of this drug on aerobic Chinese 
hamster V79 cells_was the same as that when cells were rendered 
hypoxic for one hour before treatment with adriamycin under 
hypoxia (acutely hypoxic) • HOwever, when cells were rendered 
hypoxic for six hours or more, prior to treatment with the drug 
(chronically hypoxic) they were much more resistant to the cyto
toxic effects. These data and some of the responses summarised 
in Table 1, indicate therefore that in tumours, the presence of 
hypoxic cells can influence overall tumour response to cytotoxic 
drugs. If this is so, it follows therefore· that an improved 
anti-tumour effect could be achieved if chemotherapeutic agents 
were used in combination with a compound, or compounds, which are 
specifically cytotoxic towards hypoxic cells. 

CYTOTOXICITY OF NITROIMIDAZOLES 

It is now well-established that many nitroimidazoles are con
siderably more toxic to mammalian cells in hypoxia than they are 
under oxic conditions. This has been demonstrated in various 
Single-cell cultures in vitro (13-16), in cultures of multi
cellular spheroids (17-19) and in vivo (20,21). It has been 
demonstrated both in experimental animals and in man that miso
nidazole in some respects has favourable pharmacological properties 
for the study of interactions of drugs with hypox~c cells. It is 
relatively stable and does not undergo protein-binding. For 
these and other reasons, mi.sonidazole is able to diffuse efficiently 
through poorly-vascularised regions of tumour tissue and can there
fore reach hypoxic cells. It has been shown, for example, that 
the distribution of misonidazole in large human tumours is such 
that drug concentrations in regions where hypoxic cells are 
expected to occur, are often as high. as the concentrations in blood 
plasma (22). 

CHEMOPOTENTIATION BY NITROIMIDAZOLES 

General background 

In view of its properties, misonidazole has been selected by 
most authors for studies of the combined cytotoxic effects of nitro
imidazoles and other anti-cancer drugs. Initially, the rationale 
behind these studies was based simply on the assumption that the 
differential hypoxic cytotoxicity of misonidazole would lead to a 
greatly-enhanced anti-tumour effect by removing the sub-population 
of cells (hypoxic) th.at mi.ght be resistant to attack by the second 
drug. It has now been amply demonstrated that such enhanced 
anti-tumour effects occur in a variety of experimental tumours 
treated with combinations of misonidazole and one of a series of 
anti-cancer drugs, particularly alkylating agents. It is now 
clear that these phenomena cannot be explained entirely in terms 
of the separate cytotoxic actions of each drug with different 
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cellular sub-population in the tumour, i.e. oxic and hypo~ic cells. 
Rather, there is substantial evidence that misonidazole and other 
nitroimidazoles actually potentiate the cytotoxic action of the 
second drug. 

Results of experiments in vivo were first reported by Rose 
et al. (23) and by Clement et al. (24). These authors reported 
that misonidazole substantially enhanced the anti-tumour effects 
of cyclophosphamide lCY), melphalan, methyl CCNU, aziridinyl
benzoquinone and 5-fluorucacil. These early studies also showed 
that the increased anti-tumour effect was not accompanied by a 
corresponding increase in normal tissue damage indicating some 
degree of tumour selectivity. 

Interaction of misonidazole and cyclophosphamide in vivo 

Table 2 includes data showing the potentiating effects of 
misonidazole on some experimental tumours in mice treated with 
CY. In these studies which employed either clonogenic cell-assay 
or regrowth delay as end-points, enhancement ratios up to 2.6 have 
been observed. However, clearly the magnitude of this potentiat
ing effect depends upon several factors. These include a) tumour 
type, b) tumour size, c) timing between administration of miso
nidazole and the other cytotoxic agent, and d) the concentration 
of misonidazole. 

The studies of Clement et al. (24) utilised four different 
tumours. The M5026 and the Lewis lung tumours were implanted sub
cutaneously (sc) and treated when they had grown to a size of 
between Band 9 mm in diameter. Th.e B16 tumours were implanted 
intramuscularly (im) and treated 6 days later before they had 
become palpable. Further, the drug combination was tested in 
the L1210 leukaemia system growing as ascites tumours. The 
greatest enhancement was seen for the M5026 tumour but much less 
was seen in the Lewis lung system. No potentiation was observed 
either in the early B16 or in the L1210 tumours. 

Other studies with the Lewis lung tumour (23,27) have shown 
enhancement ratios of ~2.0 and in the same series of investiga
tions even greater potentiation was observed on a human pancreatic 
tumour growing in immune-deprived mice (27). Variation in the 
magnitude of potentiation of CY by misonidazole has also been 
reported by Twentyman (30) who showed an enhancement ratio of 2.0 
in the RIFl tumour but substantially less in the KHT tumour. 

Variations in chemopotentiation have also been Observed in 
two human melanoma xenografts treated with melphalan and miso
nidazole. Tumours HX34 and HX47 showed enhancement ratios of 1.3 
and 2.0 respectively when compared with the responses to melphalan 
alone (33). 
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Effect of tumour size 

For a given tumour type, the size at the time of treatment 
influences the magnitude of the response to combination treatment. 
For example, the Lewis lung tumour shows a greater response to 
melphalan and misonidazole when the tumour is grown as a large 
intramuscular tumour (0.2-0.4 g) compared with that seen when the 
tumours are treated as small lung colonies. In similar experi
ments Martin et al. (28) used th.e COmbination of CY and misonida
zole to treat the WHFIB tumour either implanted sc on the Chest of 
mice (6-8 mm diameter) or as 2 mm lung tumours. The enhancement 
of CY damage was 2.0 in the large tumours but only 1.4 in the 
small lung nodules. However, this is not a general phenomenon 
since Tannock (26) did not observe any difference in response to 
misonidazole plus CY in both. large (0.2-0.3 g) and small (non
palpable) KHT tumours. 

Effect of drug-dose and timing 

It has been clearly demonst~ated that radiosensitization by 
nitroimidazoles in vivo is strongly dependent on the interval 
between drug administration and irradiation (35,36). The depend
ence of the extent .of "chemosensitization" by nitroimidazoles on 
timing has also been demonstrated (23,28,29,31). Generally, the 
optimum sequence is for misonidazole to be given up to 1 hour 
before administration of the cytotoxic agent, although significant 
enhancements have still been observed when misonidazole is given 
up to 6 hours before CY (28) or up to 6 hours after BCNU (31). 

The magnitude of th.e enhancement by misonidazole of damage 
caused by cytotoxic agents can also depend upon the dose of miso
nidazole. Typical data showing such dependence are given in Fig. 
1 (34), where the response of the anaplastic MT tumour to melphalan 
has been assessed using th.e soft agar cloning technique. Tumours 
were treated at a mean diameter of 6-7 mm and mice were injected 
ip with either misonidazole or Ro 05-9963 (desmethylmisonidazole) 
dissolved in DMSO immediately before administration of 5 M9/9 
melphalan. No significant toxicity was seen for misonidazole or 
Ro 05-9963 alone but cell survival was reduced to 3.6 x 10-2 for 
melphalan alone. However, when the ni troimidazoles were admini
stered with the melphalan, tumour cell survival was greatly 
reduced. For 1 mg/g misonidazole the enhancement ratio is about 
2 and even at one-tenth of this dose (100 M9/9), an enhancement 
ratio or dose-modifying factor (DMF) of 1.5 is still evident. 
This suggests that potentiation may be achievable with misonida
zole at doses within the clinical range. 

A similar concentration dependence was observed by Law et al. 
(29) for the combination of CY and misonidazole and by Siemann (32) 
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..................................................... ~.M~g .. ~ .. M~~~.':I.~.~.~~ ... Q.~.~ Y. 
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0-25 0-5 0-75 

MIS DOSE (mg/g) 

Fig. 1. Potentiation by misonidazole (or Ro 05-9963) of the 
cytotoxic effect of melphalan in MT tumours in WH 
mice (34). 
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for the combination of CCNU and misonidazole. Both these studies 
were carried out with th.e RIF 1 tumour. In contrast, other work 
with CY (28,30) showed that the enhancing action of misonidazole 
is reduced considerably as the dose of nitro compound is decreased. 

Nitroimidazoles other than misonidazole have been shown to 
potentiate the cytotoxic action of some alkylating agents in vivo 
(25,26,28,29,31) • Data for desmethylmisonidazole are shown in 
Fig. 1 indicating the compound to be as effective as misonidazole 
at a similar administered dose, in enhancing the action of 
melphalan. Misonidazole and desmethylmisonidazole also show 
comparable enhancement of BCNU-induced damage in the KHT tumour 
(31) • However, this is not so in the WHF1B tumour where 
desmethylmisonidazole is much less effective than misonidazole in 
potentiating CY (28). 

Various factors have been discussed that can influence the 
potentiating effect of nitroimidazoles on damage induced by 
alkylating agents. However, the nature of the cytotoxic drug 
itself can also greatly influence the magnitude of the potentia
tion as illustrated by the data of Mulcahy, Siemann and co
workers (31,32). 

These authors examined the effect of misonidazole on the 
action of the nitrosoureas BCNU and CCNU against the KHT tumour 
and it was shown that misonidazole plus CCNU provided sub-
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stantially greater regrowth delay than any combination of BCNU and 
misonidazole. The wide variation in responses observed with 
different tumours, timing and drug dose, suggest that for a given 
drug combination there will be a wide spectrum of effectiveness. 
Further any therapeutic value will depend upon the enhancement of 
tumour response being greater than any enhancement of normal 
tissue damage. 

Evidence in favour of a differential tumour effect does exist, 
although more information is required. Table '3 includes some 
qualitative data indicating that a differential effect occurs in 
some experimental tumour systems. 

With the exception of the results of Tannock (25,26), the 
data generally support the existence of a therapeutic gain. It 
has been pointed out, however, by Law et al. (29) that the con
clusions of Tannock regarding th.e combination of misonidazole plus 
CY may be misleading since the comparison between normal tissue 
damage and tumour response was made by comparing the effects of 200 
mg/kg CY alone with 75 kg/kg CY plus 1 mg/g misonidazole. The 
data of Law et al. (29) showed that in their system, the greatest 
enhancements of tumour response by misonidazole occur only at doses 
of CY.;E75 mg/kg. At higher doses of CY, they found that the 
enhancement became smaller and at doses ~150 mg/kg, there was no 
longer any therapeutic gain. 

MECHANISMS OF CHEMOPOTENTIATION 

Various mechanisms have been proposed for the chemo
potentiation phenomenon. These may be briefly reviewed. 

Selective killing by nitroimidazoles of drug-resistant hypoxic 
cells 

Studies involving the in vitro assay of tumour response to 
cytotoxic drugs in vivo generally do not indicate a large degree 
of sparing of hypoxic cells (2,3). Nitro compounds could 
selectively kill these cells but there is no other evidence to 
suggest that the observed enh.ancements are due to an additive 
response. Indeed, in some circumstances the nitro compounds 
alone cause no measurable cell killing, but nevertheless signifi
cant potentiation is still observed (see, for example Siemann (32». 

Changes in drug pharmaco-kinetics 

It is possible that the administration of a nitro compound, 
misonidazole in particular, may cause a change in the pharmaco
kinetic behaviour of the second drug. Support for this comes 
from the work of Clutterbuck et ale (33) who showed increased 
plasma levels of melphalan when this drug was given to mice 
together with 1 mg/g misonidazole. 
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Further, Tannock (26) reported that mi.sonidazole prolonged the 
presence of active metabolites in the serum of mice. These 
effects may be due, in part, to the high doses of misonidazole lead
ing to a reduction in the body temperature of mice (37}. Alth.ough 
this may account for the small enhancements of normal tissue damage 
sometimes observed (23-26,28-30,32} it is unlikely to explain the 
differential effect on tumour cells compared with normal cells. 
Evidence suggesting that a change in pharmacokinetics may be no 
more than a partial explanation, comes from the observation that 
the 2-nitroimidazole SR 2508, which. does not cause any temperature 
decrease in mice, sensitizes the RTF 1 tumour to CY to a similar 
degree as misonidazole (29). Further, the shape of dose response 
curves for misonidazole (see, for example Fig. 1) indicates miso
nidazole can still be active at low doses, where one would expect 
that any effect of misonidazole on the pharmacokinetics of the 
alkylating agent would be much reduced or even absent. 

Interference with the repair of PLD 

Evidence that misonidazole may suppress or interfere with the 
capacity of the cell to repair potentially-lethal damage (PLD) 
comes from the work of Law et al. (29). These authors used the 
clonogenic assay for cell survival to show that when tumour-bearing 
mice were treated with CY alone, th.e extent of cell-killing 
decreased as the interval between drug-treatment and excision of 
the tumour for assay was increased from 6-24 hours. This was 
attributed to the repair of CY-induced PLD. No such time
dependent decrease in the extent of cell-killing was observed for 
mice given a combined treatment of misonidazole and cyclophosphamide. 
However, not all tumours exhibit repair of PLD and this includes 
the Lewis lung tumour where misonidazole has been shown to produce 
large enhancements of cytotoxic damage (23,27). 

Hypoxia-mediated potentiation 

Another mechanism which may play a part in the observed in 
vivo responses is strongly supported by some in vitro experiments 
which implicate a hypoxia-mediated phenomenon (38,39). It was 
noted that the shape of the survival curve for Chinese hamster 
cells exposed to misonidazole under hypoxic conditions showed an 
initial lag period after which survival decreased exponentially as 
a function of contact time with drug. It was suggested that this 
lag period in the survival curve might be due to the time required 
for the build-up of some toxic metabolite,of misonidazole and/or 
the accumulation of sub-lethal damage (SLD). Experiments were 
carried out in which cells were exposed to misonidazole for a time 
that was not sufficient to cause much. cell-kill. These treated 
cells were then subsequently exposed to melphalan or other cyto
toxic agents. The cells showed much greater sensitivity to the 
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second cytotoxic treatment compared with cells not receiving the 
pre-treatment with misonidazole. Data showing the increased cell 
killing that can occur are given in Table 4. For both exponent
ially-growing and plateau-phase cells, pre-treatment with miso
nidazole greatly increases the cell killing effect of melphalan, 
even though treatment with misonidazole alone has relatively little 
effect. Other nitro-compounds, such as metronidazole and 
nitrofurazone, also show this pre-incubation effect. The 
potentiation is likely to be redox-related since for a given degree 
of potentiation the required exposure (Le. concentration x time) 
to the nitro-compound decreases with. increasing electron-affinity 
of the compound. 

THE ROLE OF SULPHYDRYL COMPOUNDS 

One of the effects of misonidazole pre-treatment may be to 
oxidise glutathione (GSH) and other non-protein sulphydryls (NPSH). 
It is known that cells lose endogenous NPSH following hypoxiy 
treatment with misonidazole (40) and that addition of exogenous 
sulphydryls protects against this depletion. Regeneration of GSH 
after misonidazole treatment can occur and does so over a period 
of several hours (Bump and Brown, personal communication) . Our 
own experiments show that the sub-lethal damage caused by mil?o
nidazole under hypoxic conditions is repairable in cells harvested 
from exponentially-growing cultures and that the time scale of 
this repair is 2 to 4 hours (39). Since there is good evidence 
to suggest that the presence of sulphydryls can also affect the 
response of cells to alkylating damage (41) it is possible that 
intracellular thiol levels can influence not only the in vitro pre
incubation effect but also influence the chemopotentiating effect 
observed in experimental tumours in vivo. 
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METRONIDAZOLE AND MISONJ:DAZOLE IN CANCER CHEMOTHERAPY 

EFFECT OF CELL DENSITY ON DRUG ACTIVITY 

J. S. Mahood and R. L. Willson 

Biochemistry Department 
Brunel University 
uxbridge, Middlesex, U.K. 

INTRODUCTION 

Metronidazole (Flagyl) has been widely used for many years 
for the treatment of in~ections by anaerobic microorganisms (1). 

The original choice of the drug for laboratory screening as a 
hypoxic radiosensitiser (2) was based on the fact that it contained 
a "nitro" group and was therefore likely to sensitise by interfering 
with free radical reactions according to the 'electron affinity' 
and 'fixation' models previously proposed C3-5). Although the drug 
was known to be selectively cytotoxic to anaerobic microorganisms 
(6) hope that it might be of use as a cytotoxic agent for hypoxic 
cells was soon dampened: in radiosensitising studies the drug 
showed little toxicity at concentrations up to 10 mM in the 
absence of radiation, towards V.79 Chinese hamster cells exposed 
for 2 hours at room temperature under nitrogen 5% CO2 on glass 
dishes in minimal medium supplemented with 15% serum (7). Hopes 
were raised again however when in the absence of radiation it was 
found that an increased rate of cell loss from tumours occurred 
when animals were given metronidazole ca) and in spheroid culture 
non-cycling mammalian cells were selectively killed (9). 

Since this time the toxic action of metronidazole and the 
related nitroimidazole,misonidazole, towards hypoxic cells both 
in vitro and in vivo has been demonstrated in many laboratories 
(10-21) • Evidence reported to date indicates that misonidazole 
is the more potent cytotoxic agent towards hypoxic mammalian 
cells in~. ~ vivo, however, studies in which tumour-bearing 
mice were given a course of each drug followed by radiation treat
ment after an interval sufficient to allow the drug to metabolise, 

83 



84 J.S. MAHOOD AND R.L. WILLSON 

indicate that metronidazole is the more effective (11,14). This 
higher activity of metronidazole has also been observed in several 
anaerobic bacterial and protozoal systems as well as with the 
bacteria Serratia marcescens, E. coli B/r and E. coli WP.2 incubated 
under hypoxic conditions (6,18). 

We now present evidence that the cytotoxicity of metronidazole 
towards hypoxic mammalian cells is dependent on cell density. We 
have also shown that the cell killing at high cell density can be 
duplicated at low density by addition of 20 mM sodium lactate to 
the medium. Under these conditions the activity of metronidazole 
approximates to that of misonidazole. 

MATERIALS AND METHODS 

CHO-Kl cells were grown in Ham F.12 medium (Flow Laboratories) 
supplemented with 10% foetal bovine serum at 370 C in an atmosphere 
of 5% CO2 : 95% air. Viable cells were determined by colony 
counting after serial dilution and growth for 7-10 days on 5 cm 
dishes. Cells were suspended at the appropriate density at 370 C 
in medium containing 7% serum in 50 ml Bellco spinner flasks and 
gently stirred at 120 r.p.m. with 95% N2 , 5% CO2 (1 l.per min) 
flowing over the surface of the medium. Metronidazole was kindly 
supplied by May and Baker Ltd. and misonidazole by Professor G. E. 
Adams and Roche Products Ltd. Lactic acid (Sigma L+) was titrated 
to pH = 7.4 with sodium hydroxide before use. 

RESULTS 

The effect of metronidazole (5 mM on the viability of hypoxic 
cells incubated at low and high cell densities is shown (Fi~. 1). 
The absence of significant killing at the density of 2 x 10 cells 
per ml is in accord with the results of other workers (12,21). At 
a density of 5 x 106 cells per ml little killing occurred over 2 
hours: significant killing then took place. 

The effect of metronidazole and misonidazole on the viability 
of hypoxic cells incubated at a density of 2 x 104 cells per ml in 
the absence and presence of 20 mM sodium lactate is shown (Fig. 2). 
In the absence of lactate misonidazole (5 mM) showed little toxi
city up to 6 hours: significant killing then followed. In the 
presence of lactate, however, the activity of both drugs increased 
considerably, the cell viability after 10 hours falling from 55.4 
to 0.16% in the case of metronidazole and from 7.5 to 0.09% with 
misonidazole. In both instances the apparent drug resistance at 
shorter times of incubation was removed almost entirely. Sodium 
lactate (20 mM) alone showed little toxicity over 10 hours of 
incubation. 
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Fig. 1. Percentage viability of hypoxic CHC cells incubated at 
different initial cell densities with 5 mM metronidazole. 

DISCUSSION 

The present results clearly indicate that in assessing drug 
activity the cell density must be taken into account. It was 
initially thought that the increased killing at high cell density 
was due to the increased probability of possible traces of oxygen 
being removed by metabolism: oxygen is known to inhibit the cyto
toxic action of the drug (11,13,17,18). However, in view of the 
results with lactate it is thought that the increased cell killing 
is more likely to be associated with the greater production of this 
metabolite. 
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Percentage viability of hypoxic eHO cells incubated with 
5 roM metronidazole or misonidazole in the absence and 
presen~e of 20 roM sodium lactate (initial cell density 
2 x 10 cells/ml). 

This dramatic effect of lactate (Fig. 2) must be of relevance 
to the in vivo situation. It as seems likely, solid tumours con
tain relatively high lactate concentrations, metronidazole may be 
at least as effective as misonidazole in combination therapy. 

The possibility that the observed increase in activity is 
due solely to a fall in pH associated with the production of lactic 
acid rather than lactate itself is considered unlikely in view of 
the buffering capacity of the system. We feel it is more likely 
that the 'lactate effect' is due to an increased activation of the 
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drugs and/or an increased sensitivity of the cells to them with the 
lactate-pyruvate redox couple catalysed by the enzyme lactate dehy
drogenase CLDHI being somehow involved. 

lactate + 
LDH 

NAD+ «==::::!' pyruvate NADH 

Through this equilibrium the reduction potential of the cell may be 
increased leading to an increased activation of the drug. The 
presence of excess lactate is also likely to lead to an increase 
in the levels of the LDH-NADH complex known to be sensitive to free 
radical attack (23). The free radical RN0i- , the nitroimidazole 
analogue of the oxygen radical, O2- has been suggested as a toxic 
intermediate. One of the few oxidative reactions of O2- documented 
is that with the LDH-NADH complex. The following chain reaction 
occurs : 

LDH + NADH ~ LDH NADH 
"'" 

O· - ~ 00; NAD· + LDH NADH ... + LDH + 2 
LDH - NAD· + O2 

~ LDH NAD+ o· -... 2 
and HO- H2O :l> H20 2 OH -+ ... + 2 

An analogous chain reaction with RN02 replacing O2 can be 
envisaged with the formation of the nitro so compound instead of 
hydrogen peroxide. 

RNO· - NADH~RN02H - NAD· 
2 

+ LDH + LDH 

LDH NAD· -.I- RN02 < 
:. LDH NAD+ + RNO· 

2 
RNO H- :. RNO + OH 2 ... 

In the presence of acid, synergism may occur since the protonated 
elec~ron adduct RN02H· is likely to be a stronger oxidant than 
RN02 . Pulse radiolysis and related stationary-state studies are 
currently being used to investigate the likelihood of these 
reactions. 

SUMMARY 

The cytocidal action of metronidazole on hypoxic mammalian 
cells in vitro has been found to be strongly dependent on cell 
densit~ The activity at high. cell density can be duplicated at 
low density by the addition of 20 mM sodium lactate to the incuba
ting medium. The effect of lactate on the cytotoxicity of misoni
dazole is less pronounced. The results suggest that the present 
preferential use of misonidazole in cancer therapy may need to be 
reassessed. 
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The development in recent years of nitroimidazo1es as chemo
therapeutic agents has been extensive. The·'inteiest in thi,s class 
of compounds apparently was raised in 1955 by the elucidation of 
the structure of the antibiotic Azomycin by Nakamura(l) and the 
discovery of the in vivo activity of 5-nitro-imidazo1es against 
Trichomonas vagina1is(2). Since then an ever growing number of 2-
and 5-nitro-imidazo1es have been synthesized. 

1{'tJ. 
~NO. 

H 

Azomycln 

Due to major difficulties met in the synthesis of the 2-nitro
imidazo1es developments have occurred mainly in the group of 
5-nitro-imidazo1es. Among the most interesting compounds introduced 
on to the market or into clinical evaluation are the following 5-
nitro-imidazo1es: dimetridazo1e, metronidazole, ronidazole, 
tinidazo1e, ornidazo1e, ipronidazo1e, nimorazo1e; the 2-nitro
imidazo1es : benznidazo1e and misonidazo1e. 

The purpose of our presentation is to briefly review present 
knowledge of their metabolism. Dimetridazo1e (=EMTRYL) and metro
nidazole (=FLAGYL, CLONT) both synthesized by Rhone Pou1enc, were 
the first compounds of this group to be investigated as to their 
fate in the living organism. 

Dimetridazo1e, found to be active against a protozoan flagellate, 
the agent of histomoniasis in turkeys, was investigated in this 
species. Using the drug labelled with 14C at position 2 both in the 
ring and in the methyl group(3,4) it was found that the main 
metabolic pathway involved oxidation of the 2-methy1 to 2-hydroxy
methyl group, which in turn was conjugated to sulphuric or glucuronic 
acid or further oxidised to the corresponding carboxylic acid. 90% 
of the excreted drug-related material consisted of metabolites which 
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°2N 
, 

r R2 N02 

Rl Rl 

Rl R2 GeneT 1c name (trade name) Rl Generic name (trade name) 

-CH3 - CH3 Dimetridazole (EMTRYL) -CH -CO-NH-CH ~ 2 2_ 
Benznidazole (RADAUIL) 

- CH3 -CH2-o-~-NH2 Ronidazole (RONIDAZOLE) -CH2-CHOH-CH2 -OC"3 Misonidazole 

-C~ -CH(CH3) 2- Ipronidazo!e (IPROPAN) 

-CH2-CH2 -OH -C~ Metronidazol e (FLAGYL) 

- (CHi) 2-s02-CH2-CH3 -CH) Tinidazole (FASIGYN) 

-CH2-CHOH-CH2Cl -CH) Ornidazole (TlBERAL) 

-CH2-CH2- NJ -H Nimorazole (NAXOGIN) 

had retained the nitro-imidazole structure. No evidence of a 
reduction of the nitrogroup could be detected. The metabolic scheme, 
although incomplete, may be summarized as follows : 

DIrnIiIIIdezoie 

.JO-.. 
02N _I CH. 

CH. 

qlJ._ )(~ • 
--. 02N~CH20H --. OoN r OOH 

CH. CH. .. 
Sulphate 

(Glucuronide) 
+ 3 unidentified 

metabolites 

A large number of publications by several groups of investigators 
have dealt with the metabolism of Metronidazole. Among others 
Stambaugh et aleS) studied the fate of the drug in humans with non
labelled material, whereas Ings et al(6) conducted similar studies 
in rats with metronidazole l4C-labelled at position 2 in the ring. 
From their data a general scheme, common to both species, may be 
deduced : 

1 
Glycine 
conjugate 

1 
Sulphate or 
Glucuronide 
conjugates 

1 1 
? 

fo2NA:~{l 
[ - Hl'CH2J 

d-lacton 
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No evidence was found for the fo~ation pf the amino analogue of 
metronidazole as a metabolite(5,6). However, because of the known 
instability of 5-amino-imidazoles, the authors(5) do not exclude 
that such a metabolite may have undergone rapid degradation and thus 
escaped identification. 

More recently Koch et al.isolated small amounts o~ N(2~hydroxy
ethyl)-oxamic acid(7) and acetamid(8) from the urine of rats given 
metronidazole orally, indicating cleavage of the rin9 : 

o N~"CH -----+ 2 I 3 

'rH2 
CH20H 

tCOOH 
I 
NH 
I 
«H2 
CH20H 

+ 8-CH3 
I 
NH2 

Ronidazole, a 5-nitro-imidazole, has revealed useful antiparasitic 
activity in the treatment of enterohepatisis of turkeys. 
Rosenblum et al(9,10) conducted extensive metabolic studies of the 
drug in this species. They used 14C-Ronidazole labelled either in 
the N-methyl group (= I) or at position 2 in the ring" (= II) : 

O NMcH2-o1-NH2 
2 I 

O NMcH2-0-~-NH2 
2 I 

'CH3 
CH3 

With each of the labelled compounds 80% of the administered 
radioactivity was excreted with the urine and the feces, while 
approximately 1-2% were slowly exhaled as 14c02 • The following 
labelled metabolites were detected and identified by TL-chromatograph: 
or reverse isotope dilution technique : -~ \? 

02N I CH2°-C-NH2 

"cH3 

"co, CO, 
® 
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Structures in square brackets represent postulated intermediates which 
have not been identified. 

On the basis of the structures isolated using the two labelled 
preparations three possible types of metabolic cleavage of the 
imidazole ring were considered : 

Because of the large consumption of turkey meat, particular emphasis 
was further given to tissues. Radioactivity was found to be 
associated with the C2 pool and with a number of intermediates of the 
glutamic, aspartic and citric acid cycles. The authors therefore 
concluded that 14C-containing fragments of the drug, identical to 
endogenous compounds, were incorporated into body constituents (8) • 
Recently this has been further substantiated (11 ,12) . The metabolism 
of Tiniqazole was studied in the rat and in the dog by Wood et al(13) 
using 35S-labelled drug. The main route of excretion of radio
activity in both species was in the urine. About half of the urinary 
radioactivity was found to be associated with the unchanged drug. 
In addition four metabolites were detected, two of which were 
identified as the 2-hydroxymethyl derivative and its glucuronide : 

Tinidazole 

o W--C"CH OH ----t Glu?uronide 
2 I 2 * conjugate 

CH2-CH2-S02-CH2-CH3 

+ 2 unidentified metabolites 

The remaining 2 unidentified metabolites "did not appear to be simple 
nitro-imidazoles" and were assumed to be "products of reductive bio
transformation probably followed by ring openinif(13). No evidence 
for a reduction of the nitrogroup could be detected. (*Fig. 9}. 

The metabolism of Ornidazole was studied in the rat, in the dog 
and in man by Schwartz et al(14,15) using the drug labelled with 14C 
at position 2 in the ring. Metabolites were extracted and isolated 
from urine and their structure determined by mass- and NMR-spectros
copy. The metabolic pattern of each species, although qualitatively 
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similar, was quantitatively different. The following general meta
bolic scheme was proposed : 

M4 

~l 
02N N""'CH3 

~ 

M3 

CHOH 
I 
CH~H 

i Hydrolysis 

~ . 
• C-CH3 Oxidation. 

I 
NH 
I 
CH2 

6HOH 
I 
CH~I 

(Reduction) 71 
Hydrolysis 

Oxidation • 

M5 

Structures in square brackets represent postulated intermediates 
which have not been identified. 

In addition to free metabolites, conjugates (glucuronides, or 
sulphates) of ornidazole and of the metabolites Ml' M2' M3 and M4 
were detected in the urine. 

Metabolites of imidazole structure with a substituent derived 
from the nitrogroup by reduction were not seen in any of the examined 
species. However the formation of the metabolites M3 and MS 
indicated metabolic cleavage of the ring between N1/CS and C2/N3, 
confirming thus one type of rupture of the ring previously 
postulated by Rosenblum et a1(9,10). There was no indication of 
other scissions of the ring. 

The metabolism of F1unidazo1e was studied in rats, dogs and 
humans by Zacchei et a1(16) using the drug labelled with 14C at 
position 2 in the ring. F1unidazo1e formed a glucuronide which 
prevailed in the urine of the dog and of man while it was absent in 
that of the rat. In addition the following two metabolites were 
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detected in the urine in all three species. 
larger proportions by the rat : 

Runldazole 

o 
.11 

~HrC~ 
CH2 F 
I 
CH20H 

N-(~-hydroxyethyl)
p-lluorobenzamide 

They were formed in 

+ 

p-fluorobenzamide 

Both compounds fit a metabolic scheme similar to that suggested for 
Ornidazole(14) and further substantiate the cleavage of the ring 
between Nl/C5 and C2/N3. 

Two metabolites of Ipronidazole have been identified. The 
unchanged drug and metabolite Ml were quantitatively measured, using 
gas chromatography, in the tissues of turkeys(17,18) and pigs (19) 
given the unlabelled drug; M2 was isolated from the feces of bile 
cannulated rats given 2_14C-labelled ipronidazole (20). . Structures 
of both metabolites were established by mass and nuclear magnetic 
resonance spectroscopy. M2 may possibly be formed from Ml by 
addition of water. 

Ipronldazole M1 

Oxidation. 

HO M2 

)(NH CH 
I \...H/ 3 

+ 0 N -""'C-OH 2 I , 
CH3 CH3 

The metabolism of Nimorazole (= Nitrimidazine) was studied by 
Giraldi et al(21) in humans using the unlabelled drug. Two 
metabolites still carrying the nitrogroup were isolated from urine 
and their structure determined. Metabolites 1 and 2 accounted for 
9% and 25% respectively of the dose. 
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Metabolic studies of 2-nitro-imidazoles are still very scarce. 
Flockhart et al investigated the metabolism of Misonidazole in mice, 
rat, baboon and man using the drug 14C-labelled at position 2 in the 
ring(22). In general the preferred route of excretion was in the 
urine. Metabolites which had retained the nitroimidazole structure 
accounted for more than half of this radioactivity. The following 
metabolites were identified : 

misonidazole 

Misonidazole and desmethyl-misonidazole were also excreted in 
small amounts in the form of conjugates in the urine. 

Metabolic studies of Benznidazole have been conducted in rats, 
dogs, monkeys and humans with the drug 14C-labelled at position 2 in 
the ring. The following metabolites were identified in the urine 
of all 4 species(23). 

benznidazole 

C,l C-,l C-,lOH I NH2 ! N02 I IH2 
+--

IH2 
-+ r2 

co co co 

Jm 
red. I hydro 1. I 

iH NH 
I I 

0 0 0 ~I ~I ~I 

The metabolism of l-methyl-2-nitro-5-isopropyl-imidazole, a 
constitutional isomer of ipronidazole, was studied in dogs using 
2-14C-labelled drug (24,25) • In addition to the parent compound, 
3 metabolites could be extracted from urine and their structures 
determined by infrared, mass and nuclear magnetic reson~nce 
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spectroscopy. The compound indicated in square brackets represents 
a postulated non-identified intermediate. M2 was assumed to be also 
excreted in the form of conjugates in the urine. Metabolite Ml 
proved to be less toxic but essentially as active as the parent drug, 
while M2 showed a low degree of activity in vivo (26) • 

M1 

M2 

1 
conjugate 

Let us now consider a particular aspect of the metabolism of 
nitro-imidazoles, namely that of the nitro group. The metabolic 
reduction of aromatic nitro compounds to their corresponding amines 
is well documented(27,28,29) and has been observed both in vitro 
(30,31) and in vivo(32,33,34). One would therefore expect nitro
imidazoles' to undergo a similar type of enzymatic reduction in the 
organism. Indeed this has been observed, as already pointed out, 
in the case of 2-nitro-imidazoles. 

Metabolic reduction of 5-nitroimidazoles has been proven by the 
fortuitous isolation by Baker et al(35) of the acetamido metabolite 
formed by reduction and acetylation of l-methyl-5-nitro-2-(2'
pyrimidyl)imidazole in the rat and in man. The fact that 
5-aminoimidazoles have never been detected as metabolites is not 
surprising in view of their well-known instability. These 
compounds decompose in aqueous solution at neutral pH by scission of 
the ring giving rise to the formation of several small fragments(36, 
37,38). Such fragments have also been observed as metabolic 
cleavage products in vivo with ronidazole(9,10), ornidazole(14), 
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flunidazole(16), and metronidazole(7). These observations may be 
taken as circumstantial evidence for the formation of aminimidazoles 
as transient, unstable metabolic intermediates. 

f7* O~> 
i I 

1 hydrol. 

However, hydrolytic substitution of the nitro group is also a 
well-known chemical reaction of nitro-imidazoles. In the case of 
S-nitro-imidazoles the products formed, S-hydroxy-imidazoles, 
similarly to S amino-imidazoles, are unstable and could equally well 
decompose under scission of the ring. Metabolic cleavage of the 
imidazole ring may therefore alternatively result from an hydrolytic 
displacement of the nitro group with formation of nitrite ion and 
S-hydroxy-imidazoles. 

In the case of 2-nitro-imidazoles the corresponding 2-hydroxy
imidazoles are more stable and formation of this type of metabolite 
has indeed been observed with benznidazole(23). 

Cleavage of the imi.dazole ring after reduction or hydrolysis of 
the nitro group by conventional chemical methods is known to occur 
between Nl/CS, C2/N3, and Nl/C2(36,37,38). The formation of 
metabolite M3 from ornidazole and of N-(2-hydroxyethyl)-p-fluoro
benzamide from flunidazole(14,16) conforms to this type of 
cleavage. A different type of scission has been observed by Koch 
et al(7,8) with metronidazole. It was found to occur in conven
tional, but not in germfree, rats and therefore appears to be 
mediated by the intestinal microflora. The scission products 
isolated require, in addition to cleavage between Nl/C2 and N3/C4, a 
formal oxidation at C-4. 
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The fate of the nitro group is of particular interest also for 
pharmacological and toxicological reasons: Nitro-imidazoles have 
antiparasitic, antibacterial and radiosensitizing properties, while 
the corre~onding amino analogues are devoid of such activities. 
One must therefore assume that the nitro group is essential for such 
activities. On the other hand nitro-imidazoles, when given over a 
long period of time and at high doses, disclosed carcinogenic 
properties in mice but rarely in other species. For all these 
reasons, knowledge of the metabolic fate of the drug in various 
species may be of prime importance. The use of 5-nitro-imidazoles 
labelled at position 5 in the ring may give some information on the 
fate of the other fragment of the molecule, but it will probably not 
disclose the mechanism by which the drug deploys its activitiy or 
toxicity. Indeed, the reduction of the nitro to the amino group 
involves a number of transient reactive intermediates such as various 
radicals, radical ions and the more stable nitroso- and hydroxylamino
derivatives. These highly reactive species may be trapped in 
several types of reactions and therefore escape identification. 

In vitro incubation of ornidazole with rat or dog liver super
natant under aerobic conditions did not produce evidence of any 
metabolic degradation. In contrast the drug, when incubated under 
anaerobic conditions, disappeared while no metabolite with a nitro
imidazole structure could be detected(39). Similar observations 
were made with misonidazole (T.R. Marten, personal communication) • 
Marked toxicity differences were observed when incubating BeLa or 
Chinese hamster ovary cells with misonidazole under aerobic or 
anaerobic conditions(40). In this respect it is of particular 
interest to mention that microsomal nitro-reductases are stable only 
in the absence of oxygen(31,41). 

Further aspects of the metabolism of nitro-imidazoles remain to 
be clarified. Recent experiments indicate that at least some of 
these compounds undergo entero-hepatic recycling(42). Micro
organisms of the gastro-intestinal tract are known to possess a large 
number of enzymes capable of inducing an impressive variety of 
reactions, including the reduction of the nitro group(43). There
fore it is highly probable that microorganisms in the gut will have 
an influence on the metabolic pattern of nitro-imidazoles in mammals, 
as suggested by the experiments of Koch et al(7,8) and of Searle 
and Wilson (44) • 

SUMMARY 

Depending on their structures, 2- and 5-nitro-imidazoles are 
metabolized to various extents in the organism. The majority of the 
compounds examined were found to be excreted only in minor amounts as 
unchanged drug in the urine. Conversion to highly polar metabolites 
and incorporation of small fragments of the drug molecule into normal 
body constituents were also observed. 
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Drugs carrying an alcohol group were found to form conjugates, 
this metabolic pathway being more important in man than in the rat. 
A methyl group at position 2 was a favourable point for oxidation. 

Cleavage of the imidazole ring was demonstrated for a number of 
5-nitro-imidazoles. This reaction may follow reduction of the nitro 
group. Such a reduction, likely to occur under the influence of 
some microsomal nitro-reductases either of the host or of some micro
organisms present in the gut, would involve a number of highly 
reactive intermediates. The fact that no 5-amino-imidazoles could 
be isolated as metabolites is not unexpected in view of their well
known chemical instability. However, the isolation of the acetamido 
metabolite of l-methyl-5-nitro-2-(2'-pyrimidyl)imidazole from rat and 
human urine and the formation of the stable 2-amino-imidazoles as 
metabolites of 2-nitro-imidazoles clearly show that the nitro group 
can be reduced in vivo. Alternatively, ring cleavage may occur by 
way of hydrolytic displacement of the nitro group with formation of 
the hydrolytically unstable 5-hydroxy-imidazoles. 

Experiments with drugs labelled at position 4 or 5 in the 
imidazole ring will allow further investigation of the mode of 
cleavage of 5-nitro-imidazoles. Studies with germ-free rats should 
give additional information on the relative importance of the 
mammalian and bacterial nitro-reductase for the rupture of the 
imidazole ring in vivo. 

A big challenge lies ahead : that of elucidating the structures 
of the intermediates probably responsible for the manifold 
activities of these drugs. 
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MECHANISM OF CYTOTOXICITY OF NITROIMIDAZOLES 
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Chemotherapy Research Unit, North East London Polytechnic 
Romford Road, London E15 4LZ, England 

INTRODUCTION 

The nitroimidazole group of drugs are extensively used for the 
chemotherapy of anaerobic bacterial and protozoal disease and also 
for the radiosensitization of hypoxic tumours. In the treatment of 
hypoxic tumours, of particular clinical value are metronidazole 
(1-~-hydroxy-ethyl-2-methyl-5-nitroimidazole) and misonidazole 
(2-nitro-l-imidazolyl-3-methoxy-2-propanol) • Both these drugs are 
important in that they exert a cytotoxic effect in addition to the 
radiosensitizing effects. 

The primary target of the cytotoxic effect is DNA, both in 
hypoxic tumour cells and in anaerobic bacteria and protozoa and is a 
consequence of the reduction of the nitrogroup (2-5). In anaerobic 
pathogens reduction of the nitrogroup is mediated by redox processes 
of relatively negative potential including those involving ferre
doxins and other iron-sulphur electron transport carriers, or by 
the pyruvate dehydrogenase complex (2,4,5,6). In hypoxic tumour 
cells the components responsible for nitro group reduction are 
unknown although it has been established that radiation causes 
nitro group reduction anoxically (7). Ferredoxin-linked reactions 
capable of reducing nitroimidazoles are inhibited vis-a-vis electron 
transport, but recover once all the drug is reduced (3). The 
biochemical lesion responsible for cytotoxicity is thus due to a 
diffusable reduction component and not transiently inhibited elec
tron transport mechanism. In 1974 Ings et al. (8) suggested DNA 
as the target of cytotoxicity on the basis that metronidazole 
inhibits incorporation of labelled thymidine into the DNA of anaero
bic protozoa and bacteria. Subsequent studies have shown that 
existing DNA is degraded in susceptible cells indicating this to 
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be a general property of nitroimidazoles (9). 

NITROIMIDAZOLE-INDUCED DNA DAMAGE 

Initial attempts to characterize the effects of reduced nitro
imidazoles on DNA involved in vitro reduction of the drug with 
dithionite under anoxic conditions and subsequent analysis of DNA 
damage. Such studies (10) showed that the midpoint of the helix
coil transition (the Tm value) was decreased and the melting range 
of DNA increased. In contract to the changes in the heating 
profile the cooling profile of DNA was unaffected. These results 
indicated that nitroimidazoles (metronidazole) did not act as inter
calators, since these tend to increase the Tm value, nor did they 
act by cross-linking the DNA helix as do alkylating agents because 
the cooling curves were unaffected. The general effect of such 
drugs, which was confirmed by sucrose gradient sedimentation, was 
to cause strand breakage of DNA. However, in vitro experiments 
utilising dithionite are difficult to assess unambiguously since 
dithionite itself causes strand breakage (11). 

In order to study the effect of reduced nitroimidazoles on DNA 
in the absence of chemical reducing agents our laboratory has 
developed an electrolytic reduction technique whereby the potential 
chosen for reduction is related to the polarographic halfwave 
potential (E~) and corresponds to the plateau region of the wave 
of each drug. Provided the voltage is not more negative than 
-l.lV, which causes degradative conformational changes in DNA at the 
Hg electrode (12,13), the reduction may be carried out in the presence 
of DNA. Generally, the conditions chosen are those in which the 
drug-nucleotide ratio is 1:1 and corresponds to 20 ~ moles of drug 
and 10 mg DNA in 67 ml 0.1 SSC buffer pH 7.0. Such conditions 
enable reduction to occur· slowly during which period drug reduction 
can be monitored spectrophotometrically as a decrease in the extinc
tion of the nitro group, and samples removed to assess the extent 
of DNA damage. No DNA damage is observed in oxic conditions, nor 
by the conditions of electrolytic reduction in the absence of drug. 
Consequently the effects described below may be solely attributed 
to the formation of reduced products of nitroimidazoles. 

Damage to DNA may be observed by measuring a decrease in 
viscosity, Tm value, or in the ability of the molecule to renature 
after heating to the Tm value (14-17). Both viscosity and Tm 
determinations yield a general index of damage and reflect the 
integrity and stability of the helix. These effects may be attri
buted either to the possibility of DNA helix 'bending' (18) or to 
scission of the phosphodiester bonds, i.e. strand breakage. That 
the latter occurs may be assessed by hydroxyapatite chromatography, 
which measures the single strand content of DNA, by sucrose gradient 
sedimentation centrifugation which can detect single and double 
strand breaks, or by agarose gel electrophoresis which detects 
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changes in the molecular weight of DNA. These techniques have 
revealed that the major effect of nitroimidazoles is to destabilize 
the DNA helix, lower the molecular weight average and increase the 
molecular weight range of DNA - all of which is caused by the forma
tion of single and double strand breaks. Such effects are observed 
with misonidazole, metronidazole, 4, (S)-nitroimidazole, tinidazole, 
ornidazole, M&B 4998 (1-e-hydroxyethyl-4-nitro-pyrazole) and 
8609RP (1,2-dimethyl-4-nitroimidazole) (15-17,19). 

PROTECTION OF DNA DAMAGE BY AMINOTHIOLS 

Aminothiols such as cysteamine are known to inhibit both the 
radiosensitizing and cytotoxic effects of nitroimidazoles (20). 
This effec"t also occurs in the in vitro electrolytic reduction 
system and cysteamine will not only protect against reduced drug
induced DNA damage, but will delay drug reduction. The degree of 
protection measured by those techniques mentioned above" varies with 
the nature of the nitroimidazole. Thus cysteamine delays the reduc
tion of metronidazole and 8609RP and protects DNA efficiently 
against DNA damage, but fails to delay reduction or protect against 
the effect of benznidazole. Figure 1 shows that the amount of 
protection irrespective of which techniques are used to measure DNA 
damage depends upon the difference in redox potential (E~) of the 
drug and cystamine-cysteamine couple. 

a = Benznidazole 

b Misonidazole 
80 c = Dinitroimidazole (1st N02 

60 
group) 

I: 
.!l! d Ornidazole .. 
~ 40 cu e = Metronidazole .. 
0 20 .. 

f 8609 RP CI. 
,0 a 

0 0 g Dinitroimidazole (2nd N02 
-200 -400 -600 group) 

E1" pH 7 
2 

(mV) h = 4, (5)-nitroimidazole 

Fig. 1. The protective effect of cysteamine against nitroimidazole
induced DNA damage measured as the decrease in relative 
viscosity of E.coli DNA at a drug-nucleotide ratio of 0.75 
and a cysteamine-nucleotide ratio of 2. The arrow shows 
the E~ of the cystamine-cysteamine couple. 
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Fig. 2. Relationships between the reduction potential E~ in mV at 
pH 7 and DNA damage by reduced nitroimidazoles. 
(A) reduced nitroimidazole concentration (expressed as the 
reduced drug-nucleotide ratio DIN) to produce a 50% decrease 
in the relative viscosity of E. coli DNA. (B) reduced 
nitroimidazole concentration (expressed as the reduced drug 
nucleotide ratio) to produce a 50% increase in the single 
strandedness of E. coli DNA. 

Thus, only those drugs having redox potentials close to that of 
cystamine will be efficiently protected. Whatever the mechanism of 
the protective effect it may be germane to the effectiveness of 
nitroimidazoles as chemotherapeutic agents. 

MECHANISM OF DNA DAMAGE 

The action of reduced nitroimidazoles in causing DNA damage 
depends upon the nature of the drug and the base composition of the 
DNA. Misonidazole, for example, damages DNA from Clostridium 
perfringens, calf thymus, Escherichia coli and Micrococcus 
lysodeikticus in decreasing order of efficiency, irrespective of 
which methods are used to assess DNA damage. These organisms have 
DNAs of % A + T 72, 60, 50 and 28 respectively, suggesting that the 
drugs do not cause strand breakage randomly, but that there is a 
specific target of the cytotoxic effect (21). The A + T content 
of DNAs from various sources may be directly correlated with DNA 
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damage indicating that the target is A or T or both {211. 

Recently ,the target has been identified as the thymine ring 
system of DNA (22). At reduced drug-nucleotide ratios of one, 
sufficient strand breakage and degradation of DNA occurs such that 
the products may be dia1ysed from DNA, separated and identified. 
Using Sephadex chromatography Knox et a1. (22) have shown that the 
only products of DNA degradation re~d are thymine derived. At 
these drug concentrations the thymine is released (irrespective of 
the A + T content of the DNA) as d-thymidine-3-phosphate (32%), 
d-thymine-5-phosphate (22%), d-thymine-3,5-diphosphate (15%), 
d-thymine (18%) and thymine (3%). These values may vary by 5-10%. 
The amount of total thymine-derived products released is about 5% 
at drug-nucleotide ratio of one and correlates not only with DNA 
base composition but also the extent of DNA damage. This effect 
occurs both with misonidazo1e and metronidazole, and relative data 
are shown in Table 1. These nitroimidazo1es do not damage poly 
(dG-dC) or apyrimidinic acid indicating that the effect is thymine 
specific. However, release of uracil-derived products is observed 
from RNA (R.J.K. and D.I.E., unpublished) suggesting that the speci
ficity of the cytotoxic effect does not involve the 5-methy1 group 
of thymine but the uracil nucleus. In this respect the specific 
nuclease action of nitroimidazo1es resembles that of bleomycin and 
may well be of value in designing logical multi-drug combination 
therapy for hypoxic tumours. 

The figure of about 5% thymine derived products released from 
DNA (with the exception of poly (dA-dT» represents no statistically 
possible base sequence. Such results may be caused by a reduced 
species of relatively short half-life in which the time taken to 
find thymidine attached phosphodiester bonds is rate limiting. This 
may explain the constant release at relatively low A + T levels but 
would not hold for high levels, e.g. with poly (dA-dT). Such an 
explanation is purely conjectural at this time. 

NATURE OF REDUCED NITROIMIDAZOLES 

In 1978 Whitmore~. (23) reported the presence of at least 
three reduction products of misonidazo1e obtained by chemical reduc
tion and by exposure to hypoxic cells. These products were con
jectured to be the fully reduced amine and intermediate reduction 
products. Electrolytic reduction of gram quantities of nitroimida
zoles reveal considerably more than three reduction products as 
adduced by paper chromatography. Misonidazole produces seven 
reduced products which make up 90% of reduced material. Many of 
these are unstable in air and are highly deliquescent. Of these 
none correspond to the amine based on chromatographic, fluorescent 
and chemical criteria and we are unable to prepare a picrate 
derivative which would be possible if the amine was present. We 
have, however, tentative evidence for the formation of methyl 
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Table 1. Reduced Misonidazole-induced Release of Thymine-derived 
Products from DNA 

Relative (a) % thymine (d) % total thymine 
DNA % A & T released from DNA damage in dialysate (b) 

Micrococcus 28 0.40 84 5.1 

E. coli 50 0.71 86 5.0 

E. coli (c) 50 - - 4.9 

Calf thymus 60 0.86 83 5.1 

Clostridium 72 1.13 85 5.6 

poly (dA-dT) 100 7.10 95 25.0 

(a) relative damage is expressed as the relative integrated peak 
areas of eluted dialysable material, see ref. 22, (b) includes 
all thymine derived products as mentioned above; (c) data for 
single stranded DNA, (d) includes all thymine-derived products. 

acetamide and dimethyl acetamide from 8609 RP and dimetridazole 
(1,2-dimethyl-5-nitroimidazole) respectively based on infra red 
spectra, and the presence of a characteristic odour. Acetamide 
has also been detected as a product of metronidazole reduction by 
intestinal micro flora (24) and suggests that the imidazole ring 
undergoes fission. 

A different approach to the study of drug reduction is the 
utilization of a coulombmeter in the electrolytic reduction circuit. 
This enables the measurement of the apparent number of electrons 
(n app) involved in the reduction process to be measured. As an 
example misonidazole is completely reduced with an electron require
ment of 4.01 indicating that a major reduction product would be 
the hydroxylamine. This has also been detected by HPLC post-colUmn 
derivatization techniques (P. Wardman, personal communication). 

Table 2 indicates that misonidazole is reduced to the hydroxyl
amine and suggests that the other six reduction products arise from 
decomposition of this product. Metronidazole gives a non-integral 
value which may represent a distribution of 2, 4 and 6-electron 
reduction products since 4(5)-nitroimidazole readily yields the 
amine (6-electrons)". In contrast, in the presence of DNA at a drug 
nucleotide ratio of one the n app. value changes. It should be 
noted that in these experiments a change in coulombmeter reading 
of ca. 58,000 is required for a I-electron addition and consequently 
the non-integral values are significant. With the exception of 
metronidazole it appears that, because n app. decreases in the 
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Table 2. Electron Requirements for Nitroimidazole Reduction 

Reduction 
compound E~,V{a) potential n app. Comments 

V 

Misonidazole -0.272 -0.8 4.01 pH 6.8-8 
II and DNA -0.272 -0.8 3.88 pH 6.6-10 

Metronidazole -0.382 -0.9 3.51 pH 7 - 10 
.. and DNA -0.382 -0.9 3.68 

4 (5) nitroimidazole -0.545 -1.0 6.08 pH 7.1-8.4 
.. and DNA -0.545 -1.0 5.50 pH 6.9-10.5 

2-nitroimidazole (Azomycin) -0.375 -0.9 3.80 

2,5-dinitroimidazole -0.308 -1.0 8.0 pH 6.0-8.5 
and -0.535 

(al The polarographic half wave potentials (E~) ane electrolytic 
reduction potentials are those based on an Ag/AgC12 reference 
electrode and differ from the standard calomel electrode by 
approximately -40 mV. E~ values are quoted at pH 7.0. 

presence of DNA, damage may be caused by electron donation from DNA 
to the active reduction intermediate. The reduced intermediate may 
either subsequently decompose or undergo further reduction as shown 
below 

DNA 

reduction > 
Damaged DNA (-e) 

reduction"\ reduction 
Nitroimidazoles _____ ~) active _____ ~) n=? ---~) n=? 

n=? intermediate 

! 
decom

position 

1 
decom-

position 

The anomalous behaviour of metronidazole in having an increase 
in n app. in the presence of DNA may be explained if the active 
intermediate rapidly decomposed to give products unable to undergo 
further reduction. 

The nature of the active reduction intermediate is unknown but 
it is unlikely to be a 4- or 6-electron product since the final 
stable reduction products show no cytotoxicity towards Clostridium 
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or E. coli when grown anaerobically, or E. coli aerobically. A 
likely candidate may be the I-electron radical anion, the 3-electron 
nitroso radical, which requires proton addition to enable further 
reduction to occur, and would therefore be relatively stable or the 
nitroso derivative itself. The imidazole radical which is formed 
together with the nitrite ion both by y-radiolysis and electrolytic 
reduction (A. Breccia, personal communication) is an unlikely 
candidate since its formation would not alter n app. in the presence 
of DNA. 

CONCLUDING REMARKS 

It has already been established that a correlation exists 
between the I-electron. redox potential of nitroimidazoles and their 
radiosensitizing efficiency as well as their aerobic cytotoxicity 
(25,26) . Following the demonstration that misonidazole shows a 
greater cytotoxic effect in hypoxic than oxic cells (27)attempts 
have been made to correlate hypoxic cytotoxicity with the I-electron 
redox potentials. cytotoxicity of nitroimidazoles is dependent 
upon different parameters from radiosensitization. Thus, in cells 
the effect is slow compared to radiosensitization and appears to be 
temperature-dependent (28). The differences may lead one to expect 
that hypoxic (or anaerobic) cytotoxicity may not be correlated with 
I-electron redox potentials but may be related if the formation of 
the l-e radical anion is rate limiting. Figure 2 shows that there 
appears to be no apparent correlation between the drug concentration 
(expressed as the drug-nucleotide ratio) and the E~ of a variety 
of nitroimidazoles (which is closely related to the l-e redox 
potential) for two major biological effects of the cytotoxic mechan
ism viz: the drug concentration required to produGe a 50% decrease 
in the relative Viscosity of DNA, and the concentration required to 
produce a 50% increase in the single strandedness of DNA. 

It should be emphasized that in correlations of the anaerobic 
or hypoxic cytotoxic effect the concentration of reduced drug must 
be taken into account. Otherwise, if relative rates of drug 
reduction are ignored an automatic correlation with I-electron redox 
potentials will be found since this governs the ease or difficulty 
of drug reduction. The results shown in Fig. 2 indicate that the 
cytotoxiCity of nitroimidazoles at the biological target is 
independent of the redox potential and is of approximately equal 
activity once the active reduced species has been formed, irrespec
tive of the nature of the drug molecule from which it derived. 
Further studies to substantiate or refute this possible mechanism 
is necessary to establish which occurs in hypoxic cells. 
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NITROIMIDAZOLES AS ANTIPARASITIC AGENTS 

I. de Carneri 

Department of Parasitology 
University of Pavia 
Italy 

The nitroimidazoles were launched on their pharmacological 
career in 1956 when azomycin or 2-nitroimidazole, a natural product 
obtained by fermentation, was found active against certain bacteria 
and Trichomonas. For a decade, nitroimidazole derivatives were 
used only to combat protozoa of the Trichomonadida order (1) (including 
Histomonas meleagridis in veterinary medicine), and for Vincent's 
angina, a spirochaetal infection. Subsequently their use was 
extended to other parasitic infections (2), mainly amoebiasis and 
giardiasis, and only in the last five years have they been definitely 
employed in bacteriology (3) (Fig. 1) and as radiosensitizers. 

In the field of antiparasitic therapy, I should like to dis
tinguish two periods in the history of the nitroimidazoles. 

1) The first period started at the end of the fifties, and had 
reached its climax in the sixties when for the first time drugs 
became available for both vaginal and extra-vaginal localizations of 
Trichomonas vaginalis, such as the urethra and Bartholin's and 
Skene's glands, not reached by topical treatments. Such drugs are 
easily absorbed after oral administration, guarantee high levels of 
active substances in vaginal fluids (Fig. 2), are excreted mainly 
in microbiologically active form by the kidneys and pass through 
the urethra. For the time being, these drugs are irreplaceable, 
because intensive research for alternative chemical structures has 
failed to produce anything worthwhile. Research for new trichomona
cidal nitroimidazoles (an economically profitable field) has been 
continued, although less vigorously, throughout the seventies, but no 
decisive further improvements have been achieved. In fact, we do 
not consider an advantage the prolongation of the half-life obtained 
with certain new 5-nitroimidazoles with respect to, say, nimorazole, 
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Fig. 1. Activity spectrum of nitroimidazoles. 
nimorazole is given in ~gJml.l 

I. de CARNERI 

CThe activity of 

which despite its very short half-life guarantees good clinical 
results after a single dose. In our mind, nitroimidazoles for such 
mild parasitoses as trichomoniasis and giardiasis should act promptly 
(Figs 3-8) and be excreted rapidly in order to limit side-effects. 
These are features suitable for "hit and run" treatment tactics (4). 
There are fortunately no immediate problems of "wear" on these drugs 
due to resistance arising in clinical practice because, though 
resistance of Trichomonas vaginalis can easily be induced in vitro 
and in experimental infections, as we reported several years ago 
(5,6), it appears to be still rare in human infection (7). Besides, 
it is now confirmed that other nitroimidazoles, with different 
physicochemical properties, preserve various degrees of activity 
against resistant strains (Figs 9,10,11) . 
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Fig. 2. 
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Oral administration of 2g nimorazole to 4 healthy female 
subjects. Average levels of activity against Trichomonas 
vaginalis in serum and vaginal secretion, collected by 
Tampax plugs for 24 hours, extracted with methanol and 
determined in vitro (3). 
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Fig. 4. 
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Trichomonas vaginalis in culture; a number of electron
dense hydrogenosomes (H), vacuoles (V), part of the costa 
(e) and the nucleus (N) are visible. X 9,000. 

The use of the same drugs in giardiasis is based on their 
marked specific activity (we have found nimorazole active in vitro 
on pure cultures of Giardia intestinalis, Fig. 12, at a concentration 
of 0.5 ~g/ml for 24 h, Fig. 13 (8,9) and on the fact that almost all 
the alternative drugs present toxicity problems. After the treat
ment in vitro of Giardia trophozoites with nitroimidazoles, the 
most conspicuous observable phenomena are the appearance of pseudo
myelinic figures in a swollen cytoplasm (Figs 14,15,16), which sub
sequently empties (Fig. 17), and, on the other hand, alteration of 
the cell profile, which becomes undulated (Fig. 18). The projections 
forming on the cell surface probably peduncularize and detach, 
forming half-moon shaped bodies peripheral to the cell (Fig. 19) -
which we have described elsewhere for Giardia muris (10). In man, 
required treatment ranges from a single dose to 2-3 days therapy. 
Longer treatments should be avoided, and in such cases paromomycin, 
for example, appears preferable. 



NITROIMIDAZOLES AS ANTIPARASITIC AGENTS 119 

Fig. 5. 

Fig. 6: 

Trichomonas vaginalis treated in vitro for 3 hours 
6 ~g/ml of Nimorazole. The cytoplasm is pasty and 
dilated; phagocytosis vacuoles (Vf) are evident. 
vacuole, H = hydrogenosomes. 

with 
abnormally 
V = 

Trichomonas vaginalis treated for 6 hours with 6 ~g/ml of 
Nimorazole. The cytoplasmic matrix is empty. A swollen 
vacuole (V) is evident. x 7,800. 
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Fig. 7. 

Fig. 8. 

I. de CARNERI 

Trichomonas vaginalis treated in vitro for 8 hours with 
6 ~g/ml of Nimorazole. The phagocytosis vacuoles have 
grown abnormally. Some hydrogenosomes (H) are almost 
intact. x 8,000. 

Trichomonas vaginalis treated in vitro for 6 hours with 
9 ~g/ml of Nimorazole. The cell is completely damaged. 
We can only recognize some cytoplasmic residuals, as 
"ghosts" of hydrogenosomes (H). x 6,300. 
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Fig. 9. A. Minimum sterilizing concentrations lMSCl in vitro of 
metronidazole on Trichomonas vaginal is after many 
passages in CPLM medium (---) and in the same medium 
with increasing concentrations of M (metronidazole---). 

B. Effective oose50 (with 95% fiducial limits) in mice 
infected with the two branches of the strain of 
Trichomonas vaginalis described in Fig. A. 

In amoebiasis, it is not wise to shorten treatment this way, 
and larger doses of metronidazole, nimorazole, tinidazole, etc. are 
required. The use of nitroimidazoles is thus only fully justified 
in invasive intestinal amoebiasis and in extraintestinal forms. 
For amoebic infections confined to the intestinal lumen, as most are, 
other drugs can be used, e.g. dichloroacetamide derivatives. In 
particular, long-term daily use of nitroimidazoles for months on end, 
as has been done in Mexico for chemoprophylaxis of amoebiasis (11) 
is not justified. 

A dampening of the old enthusiasm for nitroimidazoles against 
amoebiasis is noticeable in the USA (12), where the FDA seems also 
to be cautious in allowing registration of new analogs for treatment 
of trichomoniasis. 

The use of nitroimidazoles is fully justified in balantidiasis, 
a severe condition in which these drugs, nimorazole in particular 
(Fig. 20), have proved their worth in Mexico (13) and Colombia (14). 

In cutaneous and mucocutaneous leishmaniasis, on the other 
hand, the hopes raised by reports some years ago on the efficacy of 
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Fig. 10. Induction of resistance in 4 strains of Trichomonas vagina
lis in 1971 (61 by means of subcutaneous passages in mice 
treated with increasing doses of Metronidazole. At the end 
these strains became resistant in similar tests in vivo, 
but not in normal tests in vitro, in anaerobiosis. This 
fact was explained only years later (7). 
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EDS variations of metronidazole and nimorazole on 4 strains 
ofOT. vaginalis made resistant to Metronidazole by subcu
taneous transfers in mice. Plotted on the ordinates are 
values and confidence limits(for P = 0.05) of the ratios 
between activities on the resistant and on the sensitive 
branch in mice (ref. 6). 
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Fi.r;. 12. 

• 

Section of Giardia intestinalis cultured in Diamond's 
medium, illustrating elements of the "sucking disc" (SO), 
dorsal cisternae (~) and a lateral flagellum (LF). 
x 8,500. 

the above mentioned, basically anti-trichomonad drugs seem not to 
have been founded. Similarly, these classic nitroimidazoles have 
only marginal activity against nematodes. It is still debated 
whether metronidazole is really effective against Dracunculus 
medinensis, but whatever the verdict, after treatment with metroni
dazole the worm must still be extracted by traditional methods (15). 
But this, I believe, is where we move into the second phase of the 
story of nitroimidazoles as antiparasitic agents. 

2) The second period is marked by research for nitroimidazoles 
active against other severe, but rare parasitoses which promise no 
economic rewards for the pharmaceutical firms engaged in this type 
of research. This field of research is concerned with American 
trypanosomiasis (Chagas' disease) and African trypanosomiases 
(sleeping sickness, trypanosomiases of cattle) as well as various 
forms of leishmaniasis and filariasis. At this point we may look 
back to the fact that some nitroimidazoles with a certain thera
peutic promise against the trypanosomiases had already been identified 
in the sixties. Among the compounds that may be of interest in this 
respect are some 2-nitroimidazoles, a category that was difficult to 
synthesise until a few years ago. This, and the lack of interest 
in development of drugs against parasitoses prevalent among the less 
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Protozoocida1 activity of some nitroimidazo1es on pure 
cultures of Giardia intestina1is (5.000 protozoa/m1) 
after 24 hours contact at 37°C in Diamond's medium. 

affluent peoples of the Third World, have hampered this line of 
research for more than ten years (with few exceptions: benznidazo1e, 
active on Trypanosoma cruzi, went through 10 years of laboratory 
studies, then field trial in South America). 

The catalyzing effect of WHO, now backed by World Bank funds 
for the Special Programme for Research and Training in Tropical 
Diseases, has given new courage only recently to the few pharmaceu
tical manufacturers who did not drop research on such antiparasitic 
drugs. In connection with this Programme, centres like those of 
the Liverpool School of Tropical Medicine, then directed by Prof. 
W. Peters, and of the University of Georgia in Athens, USA, directed 
by Prof. W. Hanson, had the courage to pursue the task, not strictly 
academic, of screening new antiparasitic agents, in this case 
against leishmaniasis. As a result of these initiatives, we hope 
that the new nitroimidazo1es that hold out some promise as effective 
trypanocidal or antifi1aria1 agents will no longer be considered 
"orphan drugs" in the sense suggested by Lasagna (16,17). 
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Fig. 14. 

Fig. 15. 

® 
Section of Giardia intestinal is treated in vitro for l~ 
hours with 30 ~g/ml of Nimorazole. Note the swelling of 
the cell. Nucleus (N), "sucking disc" (SD). x 9,000. 

Section of Giardia intestinalis treated in vitro for l~ 
hours with 60 ~g/ml of Nimorazole. In the partially 
emptied cytoplasmic matrix, cytolisosomes appear (~ ). 
x 15,000. 
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Fig. 16. 

Fig. 17. 

I. de CARNERI 

Enlargement of Fig. 15. Note the winding and the 
adhesion of the membranes (~l. x 28,000. 

Section of Giardia muris treated in vitro for l~ hours 
with 60 ~g/ml of Nimorazole. Cytoplasmic extrusions 
(Cel are evident. x 12,000. 
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Fig. 18. 

Fig. 19. 

Section of Gi.ardia muris treated in vitro for 11::1 hours 
with 90 j..I.g/ml of Nimorazole. Note the cytoplasmic extru
sions lee) half-moon shaped on the cell surface. x 27,000. 

Section of Giardia muris treated in vitro for 11::1 hours 
with 90 j..I.g/ml of Nimorazole. The cell is destroyed; the 
cytoplasmic matrix is deeply damaged. Only the "sucking 
disc"(SD) and flagella(F) are still visible. x 20,000. 
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Fig. 20. Speed of protozoocidal activity of some nitroimidazoles 
on monophasic cultures of Balantidium coli (3.000 
protozoa/ml) at 37oC. 

Biochemical knowledge in this field of parasitology is scant, 
and as studies of these drugs make progress, our general knowledge 
increases too. This already happened for the hydrogenosomes of 
Trichomonadida, and for the anaerobic metabolism in trichomonads 
and Entamoeba, responsible for activation of nitroimidazoles in these 
microorganisms. The Trypanosomatidae to not possess ferredoxin. 
One of there enzymes, a-glycerophosphate oxidase, might reduce and 
activate certain nitroimidazoles. Our understanding of the life 
cycles of African trypanosomes also gains from this therapeutic 
research. A certain activity of a derivative of 5-imidazole
hexamethylene-isoxazoline (18) against Trypanosoma brucei in the 
central nervous system is perhaps due to the presence in the brain 
of amastigotes of this species (though their existence has not yet 
been demonstrated) able to activate the nitroimidazoles. Similarly, 
Malanga et ale (in press), continuing studies started more than 10 
years ago (19), found an activity of some nitroimidazoles on the 
amastigotes of Trypanosoma cruzi, responsible for Chagas' disease. 
From the first laboratory tests in mice, also Fexinidazole (20), one 
of the many nitroimidazoles synthesized by Winkelmann (Arzneimittel
Forschung, between 1977 and 1978), seems to be of some interest. 
Benznidazole, a 2-nitroimidazole with a minimal trypanosomicidal 
concentration of 3-6 ~g/ml in tissue cultures, is now used in South 
America for the treatment of this condition. However, de Maar (21) 
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Fig. 21. Simplified scheme of hydrogen gas liberation in some 
anaerobic microorganisms and interference of nitroimida
zoles, which are reduced to active compounds. F = 
ferredoxin or ferredoxin-like enzymes. 

of WHO warns that this drug needs proof of sufficient activity 
against tissue forms in humans and has problems with patient accept
ance (at daily doses of 5-7 mg/kg for one month). Objectively, 
therapy of chronic Chagas' disease is an extremely difficult task 
(see the empty space left by "The Medical Letter, 1979, for drugs 
against this condition) (22) • Besides, for mass campaigns directed 
to the 12 millions of mainly rural South American patients, simple 
and short schemes of treatment are needed. 

The 2-nitroimidazoles are now being studied under the auspices 
of the UNDP/World Bank/WHO's Special Programme for Research and 
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Training in Tropical Diseases, as potential filaricides. They are 
still at the stage of laboratory screening. 

According to Polak et al. (23) the 2-nitroimidazoles act by means 
of a direct mechanism, different from that responsible for the action 
of the 5-nitroimidazoles, which is based on their intracellular reduc
tion to cytotoxic compounds. Should this be so, then for these 2-
nitroimidazoles there would be different, and promising, pharmaco
logical and toxicological prospects. But the observations published 
by Goldstein et al.(24) indicate that the 2-nitroimidazoles' nitro
group must also be partially reduced by target organisms. 

In summary, the rules of the game for finding new nitroimida
zoles for use in parasitology seem obvious enough - to identify 
substances with a redox potential such that the protozoon or meta
zoon in question can reduce them (Fig. 21), but which will not be 
reduced by normal cells of the human body. The candidate compounds 
must also be well absorbed and distribute appropriately after oral 
administration, its half-life and length of treatment should" place 
it mid-way between the opposing requirements of hitting the parasite 
and not harming the host, and it should not present other toxicity 
or safety problems. The task is not easy. As is so often the 
case in the chemotherapy of parasitic infections, here again we are 
apparently caught between Scylla and Charybdis. 

However, some new epidemiological evidence is now available 
which indicates that any risk of cancer in humans is not perceptible 
(25) • 
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RESISTANCE TO 5-NITROIMIDAZOLES IN PATHOGENIC MICROORGANISMS 

ABSTRACT 

MiklOs MUller 

The Rockefeller University 
New York, N.Y.1oo21, USA 

Resistance (lowered susceptibility) to metronidazole and other 
5-nitroimidazoles occurs, albeit infrequently, in clinical 
isolates of the normally susceptible anaerobic microorganisms, 
Trichomonas vaginalis and Bacteroides spp. Such resistance has 
been induced by in vivo drug pressure in T. vaginalis and 
Tritrichomonas foetus and by in vitro drug pressure in B. fragilis. 
All organisms studied showed cross-resistance to other 5-nitro-
imidazoles expressed to a different degree. The detection of 
resistance depends on the assay method used. The mechanism of 
resistance in natural isolates and in strains of trichomonads 
developed in vivo is unknown but seems to be connected with aerobic 
conditions. Resistance of in vitro developed T. foetus strains 
and of all B. fragilis strains studied is related to a decreased 
activity of pyruvate:ferredoxin oxidoreductase, responsible for 
the metabolic activation of 5-nitroimidazoles. 

INTRODUCTION 

Microorganisms often develop lowered susceptibility (i.e. 
resistance) towards antimicrobial agents. Metronidazole and 
related 5-nitroimidazole derivatives have been in clinical use 
against infections due to anaerobic protozoa and bacteria for 
about twenty years. Several authors warned that 5-nitroimidazole 
resistance will emerge, especially since microorganisms with 
lowered susceptibility can be obtained in laboratory experiments 
relatively easily. In this paper we will review this question 
based on data selected from studies in which the microorganisms 
were characterized in some detail (Table 1). Most data refer to 
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Table 1. Strains of Microorganisms Characterized in 
this Review 

Species Strain 

Trichomonas ATCC 30001 
vaginalis 

A 
E 
NYH 209 
NYH 272 
NYH 286 

F 
Du 

F 60 

Du 45 

IR-78 
BO 
Boston 
Albany 
Fall River 

Tritrichomonas KVl 
foetus 

KV1-Ml00 

KV1-MR-l00a 

KVcl-MR-2 

Bacteroides AM 17 
fragilis AM 78 

AM 75 
AM 78.5 

Origin Ref. 

Standard strain from the American 1 
Type Culture Collection (Rockville, 
MO) • 
Random isolates used as controls 
from Vienna, Austria. 

from New York, NY. 

from Paris, France. 

1 
2 
3 

4 

From F under in vivo metronida- 4 
zole pressure. 

From Du under in vivo metronida-
zole pressure. 

Isolates from treatment failures 
from Vienna, Austria. 1,5 
from Gottenborg, Sweden. 6 
from the named cities, MA & NY. 3 

Clone of isolate from Karlovy 
Vary, Czechoslovakia. 
From KVl under in vivo (mouse) 7 
metronidazole pressure. 
From KVl under in vitro metro- 8 
nidazole pressure. Highest drug 
concentration used was 100 ~g/ml. 
From a clone of KVl as above. 8 
Highest concentration used was 
2 ~g/ml. 

Wild type isolates. 9 

Metronidazole resistant derivatives 9 
of AM 17 and AM 78 obtained through 
mutagenesis and selection under 
drug pressure. 

metronidazole. In view of the fundamental similarities in the 
mode of action of 5-nitroimidazoles (10) used in anaerobic infect-
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ions, the general conclusions drawn are likely to be applicable 
to all these compounds. Honigberg analysed in detail the drug 
resistance in trichomonads giving an extensive bibliography through 
1977 (11), thus no comprehensive coverage is attempted here. 
Therapeutic and other clinical studies, although of great importance, 
will not be discussed. We will concentrate on Trichomonas 
vaginalis, for comparative purposes on Tritrichomonas foetus, a 
parasite of cattle and on Bacteroides fragilis. Although informa-
tion on other anaerobic protozoa (Entamoeba histolytica and Giardia 
lamblia) would be of great importance, practically no data are 
available on this topic. 

Abbreviations used in this review are as follows: CDSO and 
CD9S: oral doses necessary to cure 50% or 95% of the infected 
animals. Mice were used in all tests quoted. CD (d) : dose in 
mg drug per kg body weight per day~ CD(t): single dose administered 
three times (2, 16 and 24 hours after infection) in mg drug per kg 
body weight. MLC and MIC: minimum lethal concentration and minimum 
inhibitory concentration in ~g per ml. MLC24 and MLC48: MLC 
values determined after 24 hr or 48 hr incubation, respectively. 

DETERMINATION OF S-NITROIMIDAZOLE SUSCEPTIBILITY 

Resistance of certain strains of a protozoan or bacterial 
species normally susceptible to an antimicrobial compound is usually 
a relative property, i.e. a susceptibility which is lower, often by 
one or more orders of magnitude, than that of the majority of the 
strains. If development of such strains was achieved or observed 
under controlled conditions, when the initial strain remains avail
able for comparison, then even relatively small changes in 
susceptibility can be detected and studied. In surveys of clinical 
isolates of a given species, however, the observed susceptibility 
levels will show a considerable variation and any definition of 
resistance will include a significant pragmatic element, i.e. the 
ease and safety of achieving in the host a drug level higher than 
that necessary to inhibit or kill the microorganism. These self-
evident points are emphasized here because they help to clarify 
certain conflicting issues in the literature. 

Results of in vitro assays are not always easy to interpret, 
thus, in vivo assays can be of great importance. In studies on 
S-nitroimidazole resistance of trichomonads subcutaneous or intra
peritoneal inoculation of the pathogen into mice, followed by 
various schedules of drug administration was used most frequently 
( 4,7,12,13,14). Intravaginal infections are difficult to 
obtain (15). Absence of microorganisms at the site of inoculation 
is scored as cure and the results are expressed as CDSO or CD9S 
values. Interestingly, different doses are necessary to cure the 
subcutaneous and intraperitoneal infections (1,2). In vivo assays 
were not used to test S-nitroimidazole resistance of B. fragilis. 
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Methods used to determine the in vitro nitroimidazole suseept
bility of microorganisms vary from laboratory to laboratory and 
results reported by different groups are difficult to compare. Of 
great significance are the following factors: 

(a) The composition of the gas phase in the assay system. 
Aerobiosis strongly inhibits the antimicrobial action of 5-
nitroimidazoles possibly because oxygen competes with the 
reductive activation (10). Poor anaerobiosis in the assay 
has been reported to give unexpectedly low susceptibility 
values for anaerobic bacteria (16). In the study of 5-nitro
imidazole resistance o£ trichomonads, however, aerobic assays 
(1,3,17) proved to be of great value, as discussed below. Such 
assays are performed in plastic microtiter plates, the wells of 
which contain 1.5 ml of less of medium, kept in aerobic 
incubators. The medium equilibrates with air and thus the 
conditions are essentially aerobic. The conditions in this 
assay are, however, suboptimal for the trichomonads. No MIC 
but only MLC values can be obtained for most T. vaginali$ 
strains because they do not multiply under aerobic conditions. 

(b) Size of the inoculum. The antimicrobial activity of the 5-
nitroimidazoles depends on their metabolic activation producing 
short-lived toxic intermediates and biologically inactive end-
products. If susceptible organisms are present at high 
numbers in a medium containing a 5-nitroimidazole in a relative
ly low concentration, the drug will be rapidly converted to 
inactive products and its concentration in the assay system will 
not be constant (18,19). 

(c) Composition of the medium used in the assay. This effect has 
been observed often but has not been explored in a systematic 
way. It is clear, however, that the presence or absence of 
certain components of culture media can markedly affect the 
5-nitroimidazole susceptibility of microorganisms. The effect 
of ascorbate on T. foetus will be quoted as an example. 

It is not the aim of this review to discuss the pharmaco
kinetics of 5-nitroimidazoles (20-22). It is to be mentioned only 
that the peak serum levels of the order of 20 ~g.ml-l or above can 
easily be reached with standard single dose (2g) therapy with metro
nidazole and with other 5-nitroimidazoles. Peak levels increase 
proportionally with increasing doses administered. Tissue levels 
are usually similar to levels determined in serum. On this basis, 
microorganisms showing in vitro MIC values lower than 20 ~g.ml-l 
are usually regarded as susceptible to the drugs in question. In 

vivo CD values obtained in mice cannot be directly extrapolated to 
humans because of different pharmacokinetic behaviour of 5-nitro
imidazoles in various mammals. CE95 (t) values of less than 35 
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mg.kg-1 can be regarded as reflecting normal susceptibility in T. 
vaginalis. No similar estimates are available for the other --
microorganisms discussed. 

CLINICAL ISOLATES WITH WWERED 5-NITROIMIDAZOLE RESISTANCE 

The clinical efficacy of 5-nitroimidazoles in infections 
caused by anaerobic protozoa and bacteria is consistently high, 
suggesting that only few strains of the susceptible microorganisms 
are resistant to these drugs. Isolates with lowered susceptibility 
were detected, however. 

Several T. vaginalis isolates obtained from persistent cases 
and from cases refractory to treatment were found to show lowered 
metronidazole susceptibility in in vivo mouse assays (Table 2) (1, 
3,5) . The demonstration of more than an order of magnitude higher 

Table 2. Metronidazole Susceptibility of Trichomonas vaginalis 
isolatesa 

In vivo test In vitro test 
in mice aerobic anaerobic 

CD95 (t) 

SUSCEPTIBLE 

ATCC 30001 not infective 2 
NYH 209 9.0 25 
NYH 272 6.2 6 
NYH 286 8.5 10 
A 15 5 

Random isolates 

RESISTANT (n=70) >35c 

IR-78 »800 150 
BOd 100 
Boston 103 75 
Albany 81 60 
Fall River 150 250 

aFrom reference (3). 
bMLC values in brackets from reference (1). 
cFrom reference (2). 

MLC24 

0.5 
1 
1 

0.5 
(3.1)b 1 

(100) 4 
5 
5 
4 
2 

dData from author's laboratory on an isolate from case 
described in reference (6). 

(0.4) 

(0.4) 
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CD values for these isolates than for the control strains strongly 
suggests that the lowered susceptibility of the protozoon contribu
ted to the therapeutic failure. Increased doses of metronidazole 
proved to be curative in the patients in question, supporting the 
above conclusion. 

One of the above isolates studied in more detail showed lowered 
in vivo susceptibility not only to metronidazole but also to tini-
dazole and nimorazole (Table 3) (1). The degree of resistance was 
highest for metronidazole, intermediate for tinidazole and lowest 
for nimorazole. Comparative studies on a large number of similar 
isolates and with additional nitroimidazoles are needed before any 
therapeutic implications can be drawn. 

Table 3. Efficacy of S-nitroimidazoles on Subcutaneous 
Trichomonas vaginalis infections in mice 

Strain 
Susceptible Resistant Relative resistance 

DEVELOPED UNDER METRONIDAZOLE PRESSUREa(Resistant/susceptible) 

F 
CDSO(d) 

F60 

Metronidazole 8.5 460 
Nimorazole 11 450 

DEVELOPED UNDER NIMORAZOLE PRESSUREa 

Du 
CDSO (d) 

Du4S 

Metronidazole 7.5 500 
Nimorazole 15 500 

FRESH ISOLATESb 

E 
CDSO (t) 

Metronidazole 11 (lS)C 
Nimorazole 40 (48) 
Tinidazole 10 06) 

aFrom reference (4) 

bFrom reference (1) 

IR-78 

>800 ( 122) 
146 (90) 
136 (74) 

cData in brackets represent values from 
intraperitoneal infections. 

59 
26 

67 
34 

>72 (8.1) 
3.7(1.9) 

14 (4.6) 
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In vitro assays present serious difficulties in the assessment 
of 5-nitroimidazole susceptibility of trichomonas isolates. Assays 
performed under anaerobic conditions show MLC and HIC values falling 
within a relatively wide range (Table 2) (3) which, however, are 
almost entirely within the range regarded to reflect normal sus
ceptibility. Thus T. vaginal!s strains, whether susceptible or 
resistant to metronidazole in vivo, will be regarded as susceptible 
if assayed anaerobically. 

MtC values obtained in the aerobic assay permitted the classi
fication of the isolates into susceptible and resistant groups in 
a small study (3). There was a clear qualitative correlation 
between the assignment made on the basis of the aerobic in vitro 
assay and that made on the basis of the mouse assay. The values 
obtained, however, cannot be converted to drug blood levels 
necessary to eliminate the infection in the patient. Thus at 
present the only usefulness of the assay is that it detects strains 
with lowered susceptibility. Further detailed studies on a signi
ficant number of strains are needed to define the correlation 
between in vitro MLC values obtained with various methods and in 
vivo susceptibility. Although the aerobic assay seems to provide 
clearer indication of lowered in vivo susceptibility in T. vaginalis, 
probably special attention should be paid to the anaerobic assays 
in which certain strains give MIC values, although within the 
"susceptible" range, but significantly higher than the average 
values. 

The frequency of 5-nitromidazole resistance in T. vaginalis 
cannot be assessed yet. The resistant strains discussed above 
were isolated from selected cases. A survey performed with in 
vivo and in vitro assays in Vienna detected no resistance among-94 
fresh isolates (2). The question can be answered only through an 
extensive survey of random populations and through a careful study 
of treatment failures. 

There are no conclusive experimental studies on the occurrence 
of 5-nitroimidazole resistance in other anaerobic protozoa. Since 
5-nitroimidazoles are extensively used in the treatment of infec~ions 
due to such microorganisms (E. histolytica and G. lamblia) studies 
on treatment failures would be highly desirable. Suitable assay 
methods were developed recently for E. histolytica (23). G. lambia, 
an organism notoriously difficult to isolate, can be assayed only on 
samples obtained directly from patients (24). 

5-nitroimidazole resistance in clinical isolates of normally 
susceptible anaerobic bacteria has been reported only in exceptional 
cases. High MIC values were reported for a B. fragilis strain 
isolated from the colon of a patient undergoing long term metro
nidazole therapy for Crohn's disease (70 ~g/ml) (25), for another 
from a urinary tract infection (150 ~g/ml) (9), and for a B. 
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distasonis strain isolated from the peritoneum of an untreated 
patient (64 Mg/ml) (26). The lowered susceptibility remained 
stable on subcultures. The resistance of the first of these 
strains could not be transferred and proved to be not mediated by 
a plasmid. The frequency of such strains is unknown but must be 
low since extensive screening programs for antibiotic susceptibility 
detected only few resistant strains. 

IN VIVO DEVELOPMENT OF RESISTANCE 

Several authors succeeded in increasing the 5-nitroimidazole 
tolerance of T. vaginalis and T. foetus by serious infection and 
subcurative treatment of laboratory animals (mice, hamster, etc.) 
(7,11-14). The development of resistance required several 
passages in each case and when studied showed a gradual increase. 
The increase varied from study to study. In T. vaginalis the 
maximum increase observed was thirtyfold (13) and in T. foetus 
the highest reported relative resistance exceeds 68 (7). 

Lowered susceptibility to metronidazole is accompanied by 
lowered susceptibility to other 5-nitroimidazoles (Table 4) (7). 
Cross resistance in T. vaginalis was also demonstrated by exposing 
one strain to metronidazole and another to nimorazole (4). The 
in vivo susceptibilities to either drug changed to the same extent 
in both strains (Table 3). 

Table 4. Efficacy of 5-Nitroimidazoles on Intraperitoneal 
Tritrichomonas foetus Infections in Micea 

Substance Strain 

KV1 KV1-M100a 

COSO (t) 

Metronidazole 11.7 > 800 
Nimorazole 24.3 > 800 
Tinidazole 3.5 140 
Ornidazole 6.5 180 
Panidazole 7.9 137.5 
Flunidazole 12.1 302 
MK 910 2.5 80 
Ronidazole 1.7 42 
Dimetridazole 7.5 200 

aFrom reference (7) • 

Relative 
resistance 

(KV 1-M100/KV 1) 

> 68 
> 33 

40 
28 
17 
25 
32 
25 
27 
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In vitro testing of the various resistant strains gave similar 
results as obtained in clinical isolates. With standard assays 
most strains exhibited MIC or MLC values regarded as reflecting 
susceptibility (4,11-14). An anlysis of the susceptibility 
pattern of the in vivo developed resistant T. foetus strain 
revealed that standard assays performed in test tubes and in micro
titer plates under anaerobic conditions give similar values for this 
strain and its susceptible parent. Under aerobic conditions, 
however, the resistant strain showed high MLC values (Table 5)(17). 
The selection of the medium was of importance, too. In media con-
taining ascorbic acid, no or little difference was seen between the 
two strains (17). 

These results gave the impetus to test the aerobic assay and 
T. vaginalis too, as discussed before. Unfortunately, no 
similar in vitro data are available for T. vaginalis strains which 
developed resistance under in vivo drug pressure. 

Table 5. Metronidazole Susceptibility in vitro (tray test) of 
Tritrichomonas foetusa 

Medium 

aerobic 

Fluid thioglycolate 
+ 0.1% ascorbic acid 

1.6 
1.6 

CACH (MUller & Gottschalk)0.8 
- ascorbic acid 3.1 

TYM (Diamond) 

TTYS (Diamond) 
+ 0.1% ascorbic acid 

a 
From reference (17). 

1.6 

1.6 
0.4 

MLC48 

anaerobic 

1.5 

1.0 

}(!Vl-M100 

aerobic 

100 
25 

0.8 
50 

50 

100 
1.6 

anaerobic 

1.0 

1.5 



142 M. MULLER 

IN VITRO DEVELOPMENT OF RESISTANCE 

Development of resistance was achieved in T. foetus and ~ 
vaginalis by exposing the organisms in culture to sublethal con
centrations of metronidazole over a large number of subcultures. 
Relative resistance in T. vaginalis was usually moderate (14,27) 
in T. foetus; however, spectacular results were obtained (Table 6) 
(8) • Authors assume that resistance arises by mutation elicited 
by metronidazole, and is then selected for by the presence of the 
drug. 

In B. fragilis other mutagens were used before selection 
with metronidazole was applied (Table 6) (9). The data do not 
permit the determination whether the frequency of appearance of 
resistance is compatible with rates expected for mutations. 
Irrespective of the mode of appearance, several strains showing high 
in vitro resistance were obtained. The resistance is stable and 
usually is not lost during cultivation in absence of drug. 

MECHANISMS OF RESISTANCE TO 5-NITROIMIDAZOLES 

Most organisms are but little affected by metronidazole and 
other 5-nitroimidazoles (10). The absence of susceptibility in 
these organisms is connected with two factors: (a) their metabolism 
is characterized by the absence of enzymatic systems (or more pre
cisely of electron carriers) which can reductively activate the 5-
nitroimidazoles with great efficiency; and (b) they live under 
aerobic conditions, mentioned above as being greatly inhibitory to 
5-nitroimidazole action. As an oversimplification, an anaerobic 
organism which developed lowered 5-nitroimidazole susceptibility 
is somewhat "less anaerobic" than its wild type predecessor. 

Table 6. In vitro Development of Metronidazole Resistance 

Parent organism MIC Treatment Derivative MIC Ref. 

Tritrichomonas 
foetus K)/1 

1.0 

Bacteroides 
fragilis AM 17 1.0 

AM 78 2.5 

Increasing metro- KV1-MR100a 400 
nidazole concen-
tration up to 
100 J.Lg/ml 

Mutagenesis and 
selection on 
plates with 
metronidazole at 

25 J.Lg/ml 

10 J.L9/ml 

AM 75 

AM 78.5 

100 

25 

8 

9 
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The microbicidal activity of 5-nitroimidazoles is related to 
the efficient reduction of the nitro-group by electrons generated 
in certain key steps of the energy metabolism (10). In tri
chomonads and in B. fragilis this step is the oxidative decarboxy
lation of pyruvate by pyruvate:ferredox in oxidoreductase leading 
via additional steps to the formation of acetate. Ferredoxin and 
similar low redox potential electron transport proteins function as 
the proximal reductant for the nitro group of the drugs. In T. 
foetus strains made resistant in vitro and in highly resistantlB. 
fragilis the activity of this enzyme is not detectable or several 
orders of magnitude lower than in the parent strains (Table 7) (8, 
9,28) • Decreased metronidazole reduction and low nitroreductase 
actiVity, probably reflecting the same process, was observed in one 
of the clinical B. fragilis isolates (29). In moderately resistant 
strains of both organisms the activity is Significantly lower than 
in the parent strains. In both the protozoon and the bacterium 
the pattern of eliminated end products of carbohydrate metabolism 
changes (8,30). In agreement with the enzyme deficiency less or 
no acetate is produced and much of the carbon which would end up as 
acetate is eliminated as ethanol. Anaerobic activation of metro
nidazole is markedly decreased in the resistant B. fragilis (29). 
Although other enzyme changes are also observed in resistant T. 
foetus, their significance in the mechanism of resistance remains 
to be elucidated. 

In contrast to the simple enzyme deficiency possibly underlying 
the resistance apparent in vitro under anaerobic conditions, no such 
changes could be detected yet in the T. vaginalis strains that show 
significant resistance only under aerobic conditions. Pyruvate: 
ferredoxin oxidoreductase shows some strain dependent variation in 
T. vaginal is but susceptible and resistant strains show no system
atic differences in the activity of this enzyme (Table 7) nor in the 
elimination of acetate (31). Thus an intact low redox potential 
system is present and the anaerobic activation of metronidazole (as 
measured by the intracellular accumulation of [14Cjmetronidazole 
(32) by resistant trichomonads is similar to that in susceptible 
strains (Table 8). In view of. the marked effect of aerobiosis 
observed in resistant trichomonads, the respiration and the activity 
of the major terminal oxidase, the cytoplasmic NADH oxidase has been 
determined (Table 7). Again the small variations observed could 
not be correlated with the level of susceptibility. 

The only difference between the resistant and susceptible ~ 
vaginalis strains is that aerobiosis inhibits the metabolic activa
tion of metronidazole to a significantly greater degree in the less 
susceptible strains (Table 8) (31). Although this observation 
might explain the observed aerobic resistance, the molecular 
mechanisms underlying this effect remain obscure. 
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Table 7. Enzyme Activities in Anaerobic Microorganisms 

Pyruvate: ferredoxin NADH oxidase Catalasea 

Tritrichomonas foetusb 

SUSCEPTIBLE 

KVl 
RESISTANT 

KVl-MR-l00a 
KVcl-MR-2 

Trichomonas vaginalisc 

SUSCEPTIBLE 

ATCC 
NYH 
NYH 
NYH 

30001 
209 
272 
286 

RESISTANT 

IR-78 
Boston 
Albany 
Fall River 

Bacteroides fragilisd 

SUSCEPTIBLE 

AM 17 
AM 78 

RESISTANT 

AM 75 
AM 78.5 

aArbitrary units 

bFrom reference 

cFrom reference 

dFrom reference 

oxidoreductase 

(8) 

(31) 

(9) 

273 

<0.1 
6.4 

106 
121 
121 
85 

97 
108 
111 
139 

<0.1 
5.1 

nmol • min- 1 • mg- 1 protein 

576 

1.1 
1.3 

20 
370 
550 
380 

830 
730 
310 
410 

340 

0.44 
608 
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Table 8. Uptake of [14Clmetronidazole by Trichomonas vaginalis 
isolatesa 

SUSCEP'l'IBLE 

A'l'CC 30001 
NYB 209 
NYB 272 
NYB 286 
A 

RESISTANT 

IR-78 
Boston 
Fall River 

Anaerobic Aerobic 
conditions 

~ drug • 15 min-1 • mg-1 
protein 

4.26 0.42 
3.00 0.26 
3.75 0.40 
3.63 0.23 
1.86 0.12 

3.22 0.05 
1. 70 0.07 
2;02 0.05 

aFrom reference (31). 

CONCLUSIONS 

Anaerobic 
Aerobic 

10 
11 
9 

16 
15 

65 
26 
42 

The findings summarized above demonstrate that organisms 
normally susceptible to antimicrobial 5-nitroimidazoles can 
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acquire lowered susceptibility. The development of resistance 
can be achieved in laboratory experiments relatively easily. 
Resistant strains of Bacteroides spp. and of T. vaginalis were 
isolated from patients as well. The frequency of occurrence of 
such resistant strains is not known but the relatively unchanged 
clinical efficacy of metronidazole during the past two decades 
suggests that it is low. A detailed survey of metronidazole sus-
ceptibility of clinical isolates With appropriate test methods 
seems to be warranted for T. vaginalis, and, whenever suitable 
methods become available, for other susceptible protozoa. Since 
a 5-nitroimidazole is usually included in susceptibility surveys 
of anaerobic bacteria, data accumulate rapidly. 

The clinical significance of 5-nitroimidazole resistance is 
not known. In human trichomoniasis treatment failures were 
usually attributed to other causes in the past (33,34). Only 
further studies can establish the relative contribution of drug 
resistance and other factors to therapeutic difficulties observed 
in different populations. In the absence of non-nitroimidazole 
drugs effective in trichomoniasis, this is an important question. 
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The availability of several antibiotics against anaerobic bacterial 
infections makes the question of the S-nitroimidazole resistance in 
various Bacteroides species less urgent, though increasing use of 
these drugs might reveal more cases of therapeutic problems. 

Studies on some S-nitroimidazole resistant microorganisms 
provide interesting data supporting our current understanding of 
the mode of antianaerobic action of 5-nitroimidazoles, and should 
give further insight into this important question. 
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In this paper I want to try and show how a knowledge of the 
metabolism and pharmacokinetics of a compound helps us to understand 
the reasons why it mayor may not satisfy the criteria desired of a 
particular drug. How we want a drug to behave depends on the use 
we have in mind for it. For example, in Fig. 1, are shown the 
plasma profiles for two nitroimidazole drugs which are used for the 
treatment of Trichomonas vaginalis. In this indication it is 
important to maintain plasma levels above the minimum inhibitory 
concentration (MIC) for as long a time as possible. It can be 
seen from the Figure that this level will be maintained longer when 
the compound with the longer elimination half-life, the time taken 
for the plasma concentration to drop to half its value, is admini
stered. There is also the advantage that the peak levels are 
approximately equal for both compounds so the therapeutic ratio for 
ornidazole should be better than for metronidazole. 

For a compound to be a successful radiosensitizer, one would 
like completely the opposite type of profile. Fig. 2 shows the 
optimum picture which one would like to see: a rapidly achieved 
peak level of the drug, which, ideally, would be in equilibrium 
with the tumour, followed by removal of the compound from the body 
as quickly as possible. This ensures high levels of the sensi-
tizer, and hence a good enhancement ratio, and a short half-life 
which minimises the exposure and hence th.e side effects. However, 
it is almost impossible to achieve this type of profile from an 
orally administered drug and one is more likely to obtain the type 
of plasma picture shown in Fig. 1. 
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Fig. 1. Plasma levels of unchanged drug measured in the plasma of 
volunteers given 750 mg doses of ornidazole (. .) or 
metronidazole (<) .••••• <>J orally. 
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Fig. 2. Most desirable profile for a radiosensitizer. 

I want to analyse the pharmacokinetics of misonidazole 
(Fig. 3) in humans, explain how the body copes with the compound 
and then show how we can use this information to choose an 
improved radiosensitizer. 

Fig. 4 shows the type of plasma profile that is seen when 
misonidazole is given to humans. Firstly, we see that we need 
to give high doses to achieve levels of the drug in blood and in 
the tumour, where levels comparable to those reached in plasma 
have been found, in order to give a marked sensitizing effect. 
In theory, of course, we could carry on dosing until we reached 
higher levels, but this is not possible in practice because of the 
side effects of the drug. Secondly, although we get dose-related 
peak plasma levels of the compound, the half-life shows a tendency 
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Fig. 4. Plasma levels following the oral administration of 
misonidazole. 

to increase with increasing dose. This, coupled with the fact 
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that there is a metabolite, desmethylmisonidazole (Ro 05-9963) 
(Fig. 3), present in the plasma at iow and fairly constant levels, 
suggests that there is some relatively slow process which controls 
the elimination of misonidazole. We have shown in rats, and 
others have shown in mice (1), that this step is the O-demethylation 
of misonidazole to give desmethylmisonidazole. 

Table 1 shows some of the pharmacokinetic parameters that may 
be derived following the intravenous administration of misonidazole 
to volunteers. The volume of distribution is a value which gives 
some indication of the volume throughout which the drug is distri
buted, and suggests that misonidazole is distributed throughout 
total body water, not unexpected for a compound which is non
protein bound and i~ of medium polarity (octanol:water partition 
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Table 1. Pharmacokinetic parameters of misonidazole in man 

Half-life 10 - 14 hours 

Volume of Distribution 

Plasma Clearance 

Percentage of dose excreted 
unchanged in the urine 

Renal Clearance 

40 - 50 1i tres 

40 - 70 ml/min 

15 20% 

7 - 15 ml/min 

coefficient = 0.4). The plasma clearance value is a description 
of the ability of the system to eliminate the drug and this 
relatively low value suggests that the elimination of the compound 
is not dependent on the flow of the blood through either of the 
two main organs of elimination, the kidney or the liver. We can 
see that relatively little of the administered compound finds its 
way into urine. As the compound is not significantly protein
bound, it will all be filtered out of the blood by the kidney 
glomerulus but the low renal clearance value indicates that the 
majority of the compound is reabsorbed in the tubule and does not 
reach the urine. The kidney is therefore not a particularly 
important organ for the elimination of the unchanged drug from the 
body. 

The bioavailability, a measure of the amount of unchanged 
drug which reaches the circulation following an oral dose as com
pared to that following an intravenous dose, is high so the low 
amount of unchanged material excreted in the urine suggests that 
there must be other pathways of metabolism and indeed this is the 
case (Fig. 3). If we turn to the behaviour of the only 
metabolite detectable in the plasma, desmethylmisonidazole, a 
rather different picture is seen. Although much the same per-
tentage of the dose is eliminated as this metabolite (Table 2), the 
renal clearance value is much higher. This shows that the kidney 
is much better able to eliminate this compound into the urine than 
the parent drug. In the case where the clearance approaches the 
glomerular filtration rate (~125 ml/min) there is probably no re
absorption of the drug by the kidney. 

Table 2. Pharmacokinetic parameters of desmethylmisonidazole 
derived from misonidazole 

Percentage of misonidazole dose excreted 
in the urine as desmethylmisonidazole 

Renal clearance of desmethylmisonidazole 

20 - 25% 

60 - 100 ml/min 
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This compound has been orally administered to several humans 
and the pharmacokinetic data are summarised in Table 3. Un
fortunately we do not know what the bioavailability of desmethyl
misonidazole is but a large proportion of the dose is eliminated 
unchanged in the urine and this is accompanied by a reasonably high 
renal clearance value. The plasma clearance value can only be 
quoted relative to the bioavailability but even if this is complete 
it is obvious that the kidney is an important organ for the 
elimination of this compound. Unlike misonidazole (Fig. 3) no 
glucuronide metabolite· of this compound has been detected either 
in animals or man after receiving misonidazole or desmethyl
misonidazole, indicating that the body does not have to increase 
the water solubility of this compound any further. 

Table 3. Pharmacokinetic parameters of desmethylmisonidazole 
in man 

Half-life 5 - 6 hours 

Plasma clearance 115- 130 ml/min 
Bioavailability 

Percentage of the dose eliminated 
unchanged in the urine 50 60% 

Renal clearance 60 - 70 ml/min 

The following summarises the results that have been found 
with misonidazole. The long half-life is due to reabsorption 
of the compound in the kidney and to a saturable metabolic pathway 
to desmethylmisonidazole. Although this compound is well cleared 
by the kidney, its rate of elimination in this instance is governed 
by its rate of formation from misonidazole and is therefore limited 
to a small proportion of the dose. The remaining misonidazole is 
eliminated by a number of pathways (Fig. 3). Although desmethyl-
misonidazole would appear to be a better compound on pharmaco
kinetic grounds, its intrinsic radiosensitization is no better than 
misonidazole and this probably mediates against its clinical use. 

In order to choose a suitable successor to misonidazole a 
number of experiments in animals are carried out to compare new 
compounds with misonidazole. Table 4 outlines a number of the 
parameters, which were measured in humans and which have been 
measured in dogs both at Roche and by White et al. (3,4). As 
you will see, the overall pattern for misonidazole and desmethyl
misonidazole is very similar to that in man. Data are also 
included for a compound, Ro 03-8799, which we are currently 
investigating. The salient pharmacokinetic features are its 
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Table 4. Pharmacokinetic parameters in the dog 

Desmethyl-
Misonidazole misonidazole 

Half-life (h) 4 - 5 2 - 3 

Plasma Clearance 
(ml/min/kg) 1 - 2 2 - 3 

Percentage excreted 
unchanged in the 
urine 5 - 7 75 

Renal clearance (ml/ 
min/kg) 0.08-0.09 2-2.5 

Oral Bioavailability High Medium-High 

Structure of Ro 03-8799 and its 
major metabolite 

Ro 03-8799 

Ro 31-0313 

Ro 03-8799 

1.5 

27 

13 

3.4 

Low 

short half-life and its high plasma clearance. It is interesting 
to note that the renal clearance is relatively low and, if we con
sider the extra-renal clearance value, we get a figure which 
approximates to a value of hepatic blood flow (25 ml/min/kg) • 
This suggests that metabolism in the liver must be an important 
route of removal of the drug from the body and, indeed, a major 
metabolite of Ro 03-8799 is the N-oxide, Ro 31-0313. There is, 
however, one problem with this compound and that is its low bio
availability. It seems that because the compound is a good 
substrate for hepatic metabolism, there is a high first pass 
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effect and little of the unchanged drug reaches the circulation. 
This, combined with slow absorption, which we have confirmed by 
in situ gut studies in rats, gives very low blood levels of the 

155 

unchanged compound. However, because of the high radiosensitiza-
tion afforded by this compound, we are considering developing this 
compound as an intravenous preparation so that we can achieve high 
initial levels, which we have already shown to give good tumour 
levels, and follow this up by rapid elimination. If we examine 
Fig. 2 we see that the desired profile has very nearly been 
reached. By abolishing the rapid absorption by giving the drug 
intravenously we achieve the profile that, by oral administration, 
would be almost impossible. 
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Because the effectiveness of a hypoxic cell sensitizer of the 
imidazole class depends directly on its concentration in serum and 
within the tumor, the pharmacologic distribution of these drugs is 
of extreme importance. Numerous reports including those originally 
of Adams and colleagues (1), McNally (2) and of Denekamp (3) have 
indicated as well as have the skin experiments of Dische and 
colleagues (4), that the enhancement ratio observable is closely 
tied to the concentration in tumor and serum. The concentrations 
versus effectiveness curve for misonidazole rises steeply so that 
enhancement ratios between 1.3 and 1.5 may be observed at con-
centrations as low as 25-30 ~g/ml within tumor. For these reasons, 
the determination of concentration within tumor and serum, a more 
readily-measurable quantity, has been extremely important in the 
Phase I and II studies of the RTOG (5-9). 

METHODS OF DRUG LEVEL MEASUREMENT 

As its inception, the RTOG Phase I evaluation of misonidazole 
employed both high performance liquid chromatography (HPLC) and 
ultraviolet spectrophotometric measurements of misonidazole con
centration. Marques et al. at UCSF were first to describe the 
HPLC method for the determination of misonidazole and their 
metabolites in plasma and uring (10,5). Although both the ultra
violet spectrophotometric and HPLC methods have been employed in the 
RTOG, the HPLC method is favored since there are fewer pitfalls in 
its application and there is less error introduced by sample 
hemolysis. Both methods are outlined in detail in Tables I and 2 
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AVERAGE SERUM LEVELS IN PHASE I AND PHASE II RTOG TRIALS 

Misonidazole is absorbed from the gastrointestinal tract after 
oral administration rather slowly. Although 90% of the peak level 
may be reached at approximately one hour, a plateau then ensues while 
further absorption occurs and this plateau may last from 4-6 hours 
after initial ingestion and is somewhat longer at higher total 
doses. Sinca the 4-6 hour period appears optimal for the administr
ation of radiotherapy, it has been general practice in the RTOG 
trials to obtain serum samples in Phase I and II studies at the time 
of irradiation 4-6 hours after oral ingestion of the tablets or 
capsules. Table 3 shows the relationship between total ingested 
dose in g/m2 and the mean 4-6 hour serum level with the standard 
deviation and observed ranges. Three-fourths of these deter-
minations were done by HPLC and the figures quoted for levels include 
both misonidazole and desmethylmisonidazole (Ro 07-0582 and Ro 05-
9963) . 

When these studies were expanded from the two initial institu
tions (5,8) (University of California at San Francisco and Roswell 
Park Memorial Institute, New York) to the entire RTOG (approximately 
26 institutions) the majority of determinations shifted from HPLC to 
UV (9). It was then necessary to compare the serum mean 4-6 hour 
levels seen in the Phase I study to those seen in the Phase II study. 
This comparison is made in Table 4. It can be seen that levels 
were comparable in spite of the fact that levels were now being 
measured in 26 different laboratories rather than two initial 
laboratories of the Phase I study. 

Mean 4-6 hour serum levels were 76 ~g/ml for Phase I versus 68 
~g/ml for Phase II at 2 g/m2 and 46 ~g/ml versus 44 ~g/ml at 1.25 gl 
m2 , a very small difference. 

In order to insure comparability of laboratories, the RTOG has 
employed a cross-calibration system. In this system, each member 
institution was required to set up and standardize its laboratory 
against pure drug obtained from the National Cancer Institute. The 
laboratory then requested a series of known and unknown samples from 
the standardization laboratory at UCSF, measured these levels and 
reported the results back to the standardization laboratory. If 
discrepancies were noted, consultations occurred and the methodology 
of the member laboratory was corrected. This system appears to 
have worked well since the vast majority of levels are in good agree
ment with the Phase I measurements done in only two institutions. 
A few exceptions to this have occurred, problems have been identified 
and corrected. The majority of level problems have occurred with 
ultraviolet spectrophotometry in which improper standards were 
utilized, hemolysis had occurred in samples and other pitfalls listed 
in Table I had occurred. 
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Forty-one measurements were made of the serum half-life in 
which samples were obtained every hour for the first few hours and 
then every four hours for the ensuing 24 hours on patients admitted 
to the Clinical Research Center at UCSF or to the Roswell Park 
Memorial Institute. The mean serum half-life was 13.8± 5.1 hrs 
(standard deviation) (7). In eight-patients serial half-life 
determinations were available and there was no evidence of change in 
the half-life due to the induction of enzymes by the misonidazole 
(causing shortening of the half-life) • There was a tendency to 
shorter half-lives with smaller total doses but in no case was this 
significant. 

In patients in whom. the major metabolite of misonidazole, 
desmethylmisonidazole, was measured using the HPLC method it was 
found to reach approximately 10% of the misonidazole level and 
thereafter parallel the misonidazole level. Since it is an equally 
effective sensitizer its concentration was combined with that of the 
misonidazole in the totals shown in the various tables. 

The urinary excretion of misonidazole and desmethylmisonidazole 
was measured in 22 patients using 24-28 hour urinary samples with 
4-hourly collections. An average of 30 ± 13% of the total admini-
stered drug was identifiable in the urine over the first 24 hours. 
Fifty-seven per cent of this material was desmethylmisonidazole and 
43% misonidazole. Thus the excretion favored the metabolite 
although its concentration was only 10% of the parent compound of 
the serum. It is clear therefore that this more polar compound is 
more readily excreted by the kidneys and would necessarily have a 
shorter half-life if employed alone as the major sensitizer. It is 
also clear that a large portion of the parent compound is further 
broken down into fragments not detectable in the HPLC analysis. In 
a small number of patients tested, no detectable compound was found 
in the stool. This is not surprising since many bacterial species 
in the stool may break down misonidazole if it were to be excreted 
there by the 1i ver . 

Tumor levels were determined in three excised superficial tumor 
nodules and in all cases were found to be 80-90% of the peak serum 
level obtained simultaneously. One sample of pleural fluid was 
also examined six hours following oral ingestion of misonidazole and 
it exhibited 100% of the simultaneous serum level. 

COMPARISON OF THE BIOAVAlLABILITY OF MISONIDAZOLE IN TABLET AND 
CAPSULE FORM 

After the first 102 patients were studied for misonidazole 
toxicity and pharmacology using enteric coated tablets, it was 
decided to switch the formulation to 500 and 100 mg capsules. In 
order to establish that this format gave similar blood levels, a 
second study of bioavailability was initiated which enlisted 43 
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patients (11). Patients were given various regimens and in 
addition, the administration of daily doses of 400-500 mg/m2 was 
explored. This study also involved 9 children as well as 34 
adults since the initial study had not involved testing for 
toxicity or pharmacology in children. 

The mean 4-6 hour serum levels achieved with various dose 
schemes are shown in Table 5. For daily administration in adults 
it is interesting to note that 400 mg/m2 gave levels of 15 and 16 
~g/ml and that 500 mg/m2 19 ~g/ml. In both situations the levels 
measured on Friday after 5 daily doses were higher than on Mondays 
indicating some slight build-up of the compound with daily admini-
stration. With intermittend administration there was no evidence 
of any difference between the capsule and tablet form when larger 
numbers of patients were studied. 

For children, daily misonidazole again gave somewhat higher 
levels on Fridays after 5 days of administration than after the 
first day. There was no significant difference between capsules 
and tablets in terms of the mean 4-6 hour blood level. Of the 34 
adults, 25 had comparisons of tablets and capsules and of the 9 
children, 5 had such comparisons as shown in Table 5. 

Complete pharmacology curves were available in a limited number 
of patients receiving capsules and tablets as shown in Table 6. 
The mean half-life in adUlts was 12 ± 3 hours for capsules and 13.8 
± 4.8 for tablets. In children, the corresponding values are 
10.9 ± 5.3 for capsules and 9.6 ± 5.5 (standard deviation) for 
tablets. Thus, there is no evidence of any difference in the 
half-life or the mean 4-6 hour serum concentration for capsules 
versus tablets and it is clearly safe to switch the formulations. 

SUMMARY 

The pharmacologic evaluation conducted by the RTOG in its 
Phase I studies have indicated essentially 100% bioavailability of 
misonidazole and no evidence of difference between capsule and 
tablet form. Serum half-lives were found to be slightly shorter 
in children than in adults and levels on Fridays slightly higher 
than on Mondays with daily administration in both groups. Tumor 
levels were found to be approximately 80-90% of mean plateau serum 
values. Desmethylmisonidazole was found to be an important 
metabolite of misonidazole representing 10% of the serum level but 
60% of the urine level. There was no evidence for a change in the 
mean 4-6 hour level caused by phenytoin sodium and dexamethasone 
but half-life determinations were not made in the presence and 
absence of these compounds (12). Workman et al. have found a 
shortening of serum half-life with the compound (13). Extension of 
the Phase I studies to Phase II and now Phase III has revealed con
sistence in the serum levels among the large number of member 
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institutions in the RTOG. The few discrepancies have been 
corrected by inter-comparison studies with a reference laboratory. 

Table 1. Misonidazole and Desmethylmisonidazole Analysis: 
U • V. Spectrophotometric Methods 

A. Blood (Serum or Plasma) Determinations 

Whole Blood 

Clot ~ Centrifuge 

Serum ~ Plasma 

Macro 1.0ml 1.0 ml 
ETOH (100%) 

9.0 ml 
S.micro 0.5 ml 0.5 ml 
Micro 0.2 ml",,---- OJ ml 

~VORTEX 
.J, 

Let Stand 15 Minutes 

~ 

10 sec./' 

4.5 ml 
1.0-1.8 ml 

Centrifuge at 2500-3000 x g for 20 minutes to pellet protein 

The optical density of the supernatant is measured at 318-325 
nm. The exact value should be established for each 
laboratory at the peak of spectrophotometric absorption of a 
standard sample. The blank cuvette should contain an 
identical aliquot of the patient's own serum (plasma) obtained 
prior to any misonidazole administration and treated in the 
identical fashion shown above. 

Using this method, a standard curve is set up by placing 
various quantities from 10-200 ~g/ml of misonidazole in the 
blood prior to preparation. The readings of the standard 
curve are then compared to the reading of the unknown to 
determine the quantity of misonidazole and desmethylmisonidazole. 

B. Precautions and Pitfalls 

1. Do NOT use plastic tubes or containers as misonidazole may 
adsorb to different plastics to a different degree. 

2. A variation of up to ± 0.8 ~g/ml misonidazole is not un
common for different reference sera (plasma). 
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Table 1. Contd. 

3. Keep kit samples frozen until used as bacteria grow rapidly 
and destroy misonidazole. If freshly drawn patients' 
serum (plasma) cannot for some reason be read at once, it 
must be refrigerated. If the delay in reading the 
optical density on the U.V. spectrophotometer is going to 
be more than a few hours, the sample must be frozen. 

4. This method will never distinguish between misonidazole and 
its primary metabolite, desmethylmisonidazole. Thus, any 
desmethylmisonidazole will contribute to the misonidazole 
absorbance. The HPLC assay will separate these compounds. 

5. Don't let the blood hemolyze. A pink plasma sample may 
change the absorbance at 323 nm by 0.1 absorbance units 
and a red sample will lead to larger errors. The HPLC 
assay for misonidazole is not sensitive to sample hemolysis. 

6. The sample may continue to become turbid or crystals may 
form after centrifugation. Make sure the sa~ple is clear 
just prior to reading its absorbance. If not, both the 
unknown sample and the blank must be recentrifuged again at 
2500-3000 x g for 15-20 minutes to remove any additional 
crystals (uric acid) • These microcrystals, which may also 
form during the storage of the processed serum (plasma) at 
lowered temperature, will give a false high reading. Cold 
stored samples must be centrifuged and allowed to return to 
room temperature before determining the optical density in 
order to minimize the interference which additional 
crystallization would impart. 

7. Be sure to obtain a sufficient amount of the patient's 
serum (plasma) prior to the administration of any miso
nidazole to supply sufficient standards (blanks) to carry 
out the entire series of UV analyses throughout the complete 
course of radiotherapy. 

8. Remember that both misonidazole and desmethylmisonidazole 
are quite photosensitive and must be protected from light. 
Serum (plasma) samples (whether already processed or not) 
which are being allowed to equilibrate with room temper
ature must be kept completely shielded from the light. 

C. Tissue Determinations 

1. Samples of 0.5 to 1 gm of tissue are mlnced with scissors 
in 9 (or 4.5 of 1.0-1.8) cc of ethanol (see Flow Sheet in 
A above) . As much blood as possible should be allowed to 



CLINICAL PHARMACOLOGY OF MISONIDAZOLE 

Table 1. Contd. 
drain from the sample before preparation; then loose 
blood should be blotted from the surface. 

2. Samples should be allowed to stand for one to two hours. 

3. Samples are then centrifuged at 2400 x g for 10 minutes. 
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4. The optical density of the supernatant is measured at 318-
325 nm. The exact value should be established for each 
laboratory at the peak of spectrophotometric absorption of 
a standard sample as outlined above. 

5. A standard curve is set up in the manner similar to that 
for blood and used to determine the exact· level in the 
unknown sample. 

Table 2. Misonidazole and Desmethylmisonidazole Analysis 
(High Pressure Liquid Chromatographic Procedure) 

Concentration Range of Analysis: 
Misonidazole 10-200 ~g/ml 
Desmethylmisonidazole 5-50 ~g/ml 

Quantitation of misonidazole and desmethylmisonidazole may be 
achieved using either an internal standard or external standard 
method; however, the latter is preferred to maximize accuracy of 
the measurement. 

A. Reference Compounds 

1. Misonidazole (1-[2-nitroimidazol-1-yl}-3-methoxy-propran-
2-01) 

2. Desmethylmisonidazole (1-[2-nitroimidazol-1-yl}-3-
hydroxypropran-2-ol) 

3. Internal Standard (1- [2-nitroimidazol-1-yl}-3-chloro
propran-2-ol), (1-[2-nitroimidazol-1-yl}-3-fluoropropran-
2-01), or a 3-alkoxy substituted analog of misonidazole. 

B. Instrumental Parameters 

1. Column: ~ Bondapak C18 column (Central Reference Laboratory 
at NCI uses a Whatman Partisil PXF 5/25 ODS, Whatman, Inc., 
Clifton, NJ). 

2. Eluting Solvent: 5% acetonitrile, 95% 0.45 Macetate buffer, 
pH 4.5. This solution is prepared by adding 30g anhydrous 
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Table 2. Contd. 

sodium acetate and 30 ml glacial acetic acid to 1500 ml of 
distilled water to a final volume of 2 litres. 

3. Solvent flow rate: 2.0 ml/min. 

4. Wavelength: 324 nm. 

5. Elution times on NCI Central Reference Laboratory column: 

Desmethylmisonidazole 
Internal Standard (Fluoro Analog) 
Misonidazole 

C. Standard Solutions 

1. Internal Standard - 10 ~g/ml in 100% MeOH. 

3.0 min 
5.1 min 
7.7 min 

2. Misonidazole - 10,40,80,120,160,200 ~g/ml in pooled human 
plasma or serum. 

3. Desmethylmisonidazole 5,10,20,30,40,50 ~g/ml in pooled 
human plasma or serum. 

D. Blood (Serum or Plasma) Procedure 

Ir -------------------------- Whole Blood-------------------------------;l 
~ clot centrifuge 

serum----------------------~r------------------------plasma 
(0.2 ml) ! (0.2 ml) 

Add (O.8 ml) 

100% MeOH (the extracting solvent contains internal standard if 
~ using this method) . 

VORTEX (15 sec) 

~ 
Centrifuge at ~ 2,000 x g for 2 min 

.v 
Inject 20 ~l of supernatant into HPLC for quantitation 

E. Calibration Curves 

For both the internal and external standard methods of both 
misonidazole and desmethylmisonidazole, the standard solutions 
described in item C should be analyzed and calibration curves 
generated. This is necessary to determine that the analysis 
is linear over the concentration range expected for the method. 
Each standard solution should be analyzed as outlined in item D 
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and the peak height or area of the recorder response measured. 
For the external standard method, a calibration curve is con
structed by plotting the peak height or area of the reference 
compound in the sample vs. its known concentration. For the 
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internal standard method, the peak height or area of both the 
reference compound and that of the internal standard are measured. 
A calibration curve is then constructed by plotting the peak height 
or area ratios of either misonidazole Or desmethylmisonidazole and 
that of the internal standard vs. the known concentration of each 
standard solution. The calibration curves should be linear and 
pass through the origin. Once linearity has been established, a 
single standard solution of misonidazole and one of desmethyl
misonidazole should be analyzed each day prior to quantitating 
patients' samples to provide a check on the reliability of the 
method. 

F. Calculations 

1. Graphic - After analyzing an unknown sample, the peak 
heights or areas recorded are measured and the con
centration of either misonidazole or desmethylmisonidazole 
is obtained directly from the respective calibration curves. 

2. Calculation from Slope of Calibration Curve - Once the slope 
of the calibration curve is determined, the concentration 
of misonidazole or desmethylmisonidazole .in the unknown 
sample can be computed using the following relationships: 

For the external standard method: 

sample concentration (~g/ml) = (slope) x (sample peak 
height or area) 

For the internal standard method: 

sample concentration (~g/ml) 
= (slope) x (sample peak height or area) 

(internal standard peak height or area) 

Note: Previous data on patients rece~v~ng misonidazole 
i.v. shows that the ratio of desmethylmisonidazole 
to misonidazole in plasma averages 0.12 and 0.26, 
4 hours and 24 hours, respectively, after dosing 
with misonidazole. 
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METRONIDAZOLE AND MISONIDAZOLE : ABSENCE OF CYTOGENETIC EFFECTS IN 

A EUOXIC BACTERIAL AND A MAMMALIAN CELL SYSTEM IN VITRO 

J.R. Dunlop, J.S. Mahood and R.L. Willson 
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Uxbridge 
Middlesex, U.K. 

INTRODUCTION 

The drug metronidazole (Flagyl) has been widely used for many 
years in the treatment of trichomoniasis amoebiasis and giardiasis 
and is currently proving of considerable benefit in the treatment 
of anaerobic infections generally (1). Along with a related com
pound misonidazole (Ro-07-0582) it is also presently undergoing 
trials as an adjunct in cancer radiotherapy (2-4). Concern about 
its use has been expressed, however, particularly in the United 
States because of the reports of its mutagenic and carcinogenic 
activity in bacterial and animal systems (5-12). The relevance of 
these reports to the human situation has been the subject of much 
discussion (1,13). An increase in chromosome aberrations above 
untreated controls has been found in patients undergoing treatment 
for Crohn's disease (14) although a similar study in patients being 
treated for Trichomonas vaginalis no increase was detectable (15). 
Like metronidazole, misonidazole has also been shown to be active 
in bacterial and mammalian systems in vitro (16,17). 

We now report a further assessment of the cytogenetic activity 
of metronidazole and some related drugs with particular emphasis on 
the role of oxygen. Two systems have been used. First a 
bacterial system similar to the histidine-dependent Salmonella 
system used in the well-known Ames' test has been employed. 
Measurements have been made of the ability of metronidazole and 
misonidazole to cause a relatively stable tryptophan requ~r~ng 
mutant E. coli WP2 to revert to a prototrophic state in which it no 
longer requires the amino acid for growth. Second, a mammalian 
cell system has been employed in which the ability of metronidazole, 
misonidazole and some related compounds to increase the frequency 
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of sister chromatid exchanges has been assessed. Although the 
genetic significance of this process is not fully understood, it is 
attracting considerable interest as a possible indicator of the 
effects of mutagens and carcinogens on eukaryotic chromosomes. It 
appears that the exchanges, observed by selective staining of the 
separate chromatids, can be correlated with events such as muta
genesis which are associated with cell survival, in contrast to 
chromosome aberrations which are often associated with cell death. 

EXPERIMENTAL 

Metronidazole was kindly supplied by May & Baker Ltd., and 
Misonidazole by Professor G.E. Adams and Roche Products Ltd. 

Bacterial mutation. The treat and plate method used was 
essentially similar to that described previously (18). Aerobic or 
anaerobic cultures of E. coli WP2 were harvested by centrifugation 
and resuspended in growth medium to give a final concentration of 
~ 2 x 109 cells per ml. Suspensions were gently bubbled with air 
or nitrogen for 60 minutes and the drug then added. The number of 
revertants were obtained by spreading 0.2 ml of undiluted cell 
suspensions onto triplicate plates containing agar supplemented with 
tryptophan (0.25 ~g/ml) sufficient to allow original mutants to 
undergo a few divisions but only revertants to form a visible 
colony. Control samples were also spread onto unsupplemented agar 
to correct for mutants present in the culture before drug treatment. 
Additional aliquots of suspensions were sequentially diluted and 
plated on nutrient agar to determine the number of cells present and 
the extent of any toxic activity. Mutagenic activity was sub
sequently calculated in terms of the induced mutation frequen9Y (IMF), 
the number of revertants above background per 108 cells. 

Sister chromatid exchange (SCE). Chinese hamster ovary (CHO) 
cells were cultured as monolayers in glass roller bottles at 370C 
in an atmosphere of 5% CO2. Medium (Ham F.12 Flow Labs. supple
mented with 10% foetal calf serum but no antibiotics) was used 
throughout the study: the cell doubling time was 11 to 15 hours. 
Asynchronous cells (~5 x 104) in the exponential growth phase 
were incubated in the dark on 10 em dishes for 24 hours in medium 
containing 1 ~M bromodeoxyuridine (BUdR) and various concentrations 
of drug. In stUdies of the effect on hypoxic cells (ca 5 x 106 ) 
were incubated in sealed vials with BUdR and metronidazole for 
8 hours the gas space above the medium being previously purged with 
a 95% N2 5% C02 mixture. Cells were then incubated for 24 hours 
with BUdR. After incubation, colchicine (0.2 mg/ml) was added to 
arrest cells in metaphase and samples of mitotic cells removed 
2 hours later, by shaking. Sister chromatids were differentially 
stained using the'Fluorescence plus Giemsa' technique (19). Air
dried slides were stained for 12 min with Hoechst 33258 (50 ~g/ml) 
rinsed in distilled water, placed in a shallow tray, flooded with 
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O.lM McIlvaine buffer pH 7.4 and illuminated witb a 40W fluorescent 
lamp for 4 hours. Slides were then rinsed, dried and stained for 
6 min with 5% Giemsa made up in MIlS S~rensen buffer (pH = 6.8) • 
Slides were rinsed, air dried, mounted permanently wi th DPX coded 
and scored by one observer. A minimum of 20 usually 40 well-spread 
metaphases were analysed for each data point (20). 

RESULTS 

Preliminary experiments were undertaken to determine the 
toxicity of metronidazole and misonidazole towards E.coli WP2. 
Plots showing the percentage cell survival with time on incubation 
of cells at different drug concentrations are shown (Figs.l,2). 
With metronidazole (0.5-1 mM) little toxicity was apparent over 
5 hours. However, with 5 mM drug considerable killing was apparent 
when cells were incubated under nitrogen. In contrast misonidazole 
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Fig. 1 Viability of E.coli WP2 incubated with metronidazole under 
hypoxic conditions. 
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Fig. 2 Viability of E.coli WP2 incubated with misonidazole under 
hypoxic conditions. 

was non-toxic at concentrations up to 15 roM even under nitrogen. 
Neither drug showed any toxicity when cells were incubated in the 
presence of air. 

In the light of the above toxicity experiments determinations 
of induced mutation frequency were limited to drug concentrations 
up to 1.0 roM and 30 minutes after incubation. Again, neither drug 
showed any activity in the presence of oxygen. Metronidazole, but 
not misonidazole, showed activity under nitrogen. With metronida
zole, the induced mutation frequency increased with increasing drug 
concentration (Fig. 3). 

The frequency of sister chromatid exchanges occurring in CHO 
cells incubated under air for 24 hours in the absence and presence 
of metronidazole, misonidazole and other nitroimidazoles in the 
concentration range 0-1000 ~M is shown in table 1. Previous 
studies had shown that under these conditions negligible cell 
killing occurred, (plating efficiency > 90%). Examination of the 
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176 

Fig. 3 Induced mutation frequency per 108 cells in hypoxic and 
euoxic E.coli WP2 incubated with metronidazole for 30 mins. 

data by analysis of variance using the protocol of Woolf (21) for 
partitioning sums of squares showed that the difference in frequency 
between drug treatments and control are not significant (P > 0.05) • 
In this system even when cells were incubated with metronidazole 
under nitrogen for 8 hours no significant increase in frequency was 
apparent, although the control level was slightly raised. To check 
that the system could detect an increase in induced mutation 
frequency confirmatory experiments were undertaken with mitomycin c. 
When cells were incubated with the drug at a concentration of O.Ol~M 
under air, the induced mutation frequency increased from the back
ground level of 7.0 to 26.4 per cell. 
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Table 1. Sister Chromatid Exchanges Per Cell 

DRUG (24 hrs) CONTROL 10JJM 100JJM 1000J,lM 

METRONIDAZOLE 6·811·0 7·510·8 6·811·1 7·310·9 

MISONIDAZOLE 6·911·5 7·010·5 7·510·5 6·610·5 

DIMETRIDAZOLE 7·710·2 7·71 1·4 6·210·4 6·810·9 

TINIDAZOLE 7·011·1 5·511·4 5·510·4 6·810·9 

METRONIDAZOLE 
9·210·4 - - 9·710·3 

(N2. 8hrs ) 

0·01JJM MITOMYCIN C (24 hrs): 26·411·1 

DISCUSSION 

The observed lack of cytogenetic action of any of the drugs 
studied here under aerobic conditions, is in accord with previously 
reported studies in which metronidazole failed to induce dominant 
lethal genes in embryos (22) unscheduled DNA synthesis in cultured 
human fibroblasts (22) or micronuclei in mammalian cells in vivo (23). 
The fact that metronidazole in the present study only increased the 
induced mutation frequency in bacteria incubated under hypoxia is 
in agreement with previous studies with E.coli and with intestinal 
bacteria showing that drug reduction only occurs in the absence of 
oxygen and that nitro group reduction is a necessary prerequisite 
for damaging activity (24,25). The lack of activity of misonida
zole towards E.coli WP2 compared to metronidazole is surprising in 
view of the fact that misonidazole is reduced more rapidly by these 
bacteria, but is in agreement with previous studies with Serratia 
marcescens, E.coli B/r and with protozoa (24,26). 

Although the exact mechanism of action of metronidazole remains 
to be elucidated, interference with electronic transport systems and 
the formation of toxic products in the absence of oxygen are 
generally thought to be involved. Iron-sulphur centres or reduced 
flavins are likely candidates as sites of reduction (27-30). In 
addition to nucleic acid, toxins produced may damage enzyme systems 



METRONIDAZOLE: ABSENCE OF CYTOGENETIC EFFECTS 171 

sensitive to oxidation such as pyruvate dehydrogenase or lactate 
dehydrogenase nicotinamide adenine dinucleotide complexes, .and so 
interfere with cell metabolism with damaging consequences (29,31). 
The fact that misonidazole is non-damaging in some bacterial systems 
suggests that reaction of the toxic products formed with this drug 
take place at non-critical sites. This would be in agreement with 
its high electron affinity (39) and the probability of it being less 
fastidious in its site of reduction (24). 

SUMMARY 

The cytogenetic activity of metronidazole, misonidazole and 
some related nitroimidazole drugs have been assessed in bacteria 
using the mutant E.coli WP2 and in mammalian cells in vitro by 
measuring the frequency of sister chromatid exchange. Although 
metronidazole was active in the bacterial system it was so only in 
the absence of oxygen. Neither metronidazole nor misonidazole 
showed any cytogenetic activity in the mammalian cell system even 
when oxygen was absent. 

ACKNOWLEDGMENTS 

Financial support from the Cancer Research Campaign and the 
International Atomic Energy Agency is gratefully acknowledged. One 
of us, JSM, is supported by a SRC. C.A.S.E. Studentship in 
conjunction with May & Baker Ltd. We are indebted to Dr. M. Green 
of the M.R.C. Cell Mutation Unit, Sussex for helpful discussion. 

REFERENCES 

1. E.J. Baines, Metronidazole, Excerpta Medica, 
S.M. Finegold, ed. p.6l and refs. cited. (1977) • 

2. C.R. Wiltshire, P. Workman, J.V. Watson and N.M. Bleehen, 
Clinical studies with misonidazole, Br. J. Cancer 37 
Supple III, 286 (1978). 

3. R.C. urtasun, J.D. Chapman, P. Band, H. Rabin, C. Fryer and 
J. Sturmwind, Phase 1 Study of high-dose metronidazole on 
in vivo and in vitro specific radiosensitizer of hypoxic 
cells. Radiology 117 :127 (1975). 

4. S. Dische and M.I. Saunders, Clinical experience with 
misonidazole. Br.J. Cancer 37 Suppl.III, 311 (1978). 

5. C.E. voogd, J.J. Van Der Stel and J.J.J.A.A. Jacobs, The 
mutagenic action of nitroimidazoles, I. Metronidazole, 
nimorazole, dimetridazole and ronidazole, Mutation Res. 
26:483 (1974) • 

6. M.S. Legator, T.H. Connor and M. Stoeckel, Detection of 
mutagenic. activity of metronidazole and niridazole in body 
fluids of humans and mice, Science 188:1118 (1975). 



178 J. R. DUNLOP ET AL. 

7. W.T. Speck, A.B. Stein and H.S. Rosenkranz, Mutagenicity of 
metronidazole : presence of several active metabolites in 
human urine, J. Natl. Cancer Inst. 56:283 (1976). 

8.a H.S. Rosenkranz and W.T. Speck, Mutagenicity of metronidazole: 
activation by mammalian microsomes, Biochem.Biophys.Res. 
Commun. 66:520 (1975). 

8.b D.G. Lindmark and M. Muller, Antitrichomonal action, 
mutagenicity and reduction of nitroimidazoles, 
Antimicrobiol Agents Chemotherapy 10: 

9. J.B. Chin, D.M.K. Sheinin and A.M. Rauth, Screening for the 
Mutagenicity of Nitro group containing Hypoxic Cell Radio
sensitizers using Salmonella typhimurium strains TA.1OO and 
TA.98. Mutation Res. 58:1 (1978). 

10. Tong-Man Ong, B. Slade and F.J. de Serres, Mutagenicity and 
mutagenic specificity of metronidazole and niridazole in 
Neurospora. Crassa. J. Toxicol.Environ.Health 4:815 (1978). 

11. M. Rustia and P. Shubik, Induction of lung tumors and 
malignant lymphomas in mice .by metronidazole. J. Natl.Cancer 
Inst. 48:721 (1972). 

12. M. Rustia and P. Shubik, Experimental induction of hepatomas, 
mammary tumors and other tumors with metronidazole in non
inbred Sas:MRC (WI) BR rats. J. Natl. Cancer Inst. 63:863 
(1979) . 

13. C.M. Beard, K.L. Noller, W.M. O'Fallon, L.T. Kurland and 
M.B. Dockerty, Lack of evidence for cancer due to use of 
metronidazole. New Eng. J. Med. 301:519 (1979). 

14. F. Mitelman, B. Hartley-Asp and B. Ursing, Chromosome 
aberrations and metronidazole. Lancet October 9th p.802 
(1976) . 

15. B. Hartley-Asp, Mutagenicity of metronidazole. Lancet 
February 3rd, p.275 (1979). 

16. W.D. Rupp, Z. Mroczkowski and K.C. Agrawal, Hypoxic radio
sensitizers: prospects for effective compounds with fewer 
toxic side effects. Br. J. Cancer 37 Suppl.III, 60 
(1978) . 

17. E.J. Hall, R. Miller, M. Astor and R. Rini, 
as radiosensitizers and cytotoxic agents. 
Suppl. III, 120 (1978). 

The nitroimidazoles 
Br •. J. Cancer 37 

18. M.H.L. Green and W.J. Muriel, Mutagen testing with Trp+ 
reversion in Escherichia coli. Mutation Res. 38:3 (1976). 

19. P. Perry and S. Wolff, New Giemsa method for the differential 
staining of sister chromatids. Nature 251:156 (1974). 

20. P. Perry and H.J. Evans, Cytological detection of mutagen
carcinogen exposure by sister chromatid exchange. Nature 
258:121 (1975). 

21. C.M. Woolf, Principles of Biometry. 
pp. 106 and 116. 

D. Van Nostrand Co. Ltd. 

22. R.G. Bost, Metronidazole. S.M. Finegold ed. Excerpta 
Medica p.126, (1977). 



METRONIDAZOLE: ABSENCE OF CYTOGENETIC EFFECTS 179 

23. R.J. Trzos, G.L. Petzold, M.N. Brunden and J.R. Stenberg, 
The evaluation of sixteen carcinogens in the rat using the 
micro-nucleus test. Mutation Res. 58:79 (1978). 

24. S.H. Basaga, J.R. Dunlop, A.J.F. Searle and R.L. Willson, 
Metronidazole (Flagyl) and misonidazole (Ro-07-0582): 
reduction by facultative anaerobes and cytotoxic action on 
hypoxic bacteria and mammalian cells in vivo. Br.J.Cancer 
37, Suppl.III, 132. (1978). 

25. A.J.F. Searle and R.L. Willson, Metronidazole (Flagyl) 
degradation by the intestinal flora. Xenobiotica 6:457 
(1976) • 

26. H.N. Prince, E. Grunberg, E. Titsworth and W.F. Delorenzo, 
Effects of 1-(2-nitro-l-imidazolyl)-3-methoxy-2-propanol and 
2-methyl-5-nitroimidazole-l-ethanol against anaerobic and 
aerobic bacteria and protozoa. Applied Microbiol. 18:728 
(1969) • 

27. R.L. Willson and A.J.F. Searle, Metronidazole (Flagyl): iron 
catalysed reaction with sulphydryl groups and tumour radio
sensitisation. Nature 255:498 (1975). 

28. D. Bahnemann, H. Basaga, J.R. Lunlop, A.J.F. Searle and 
R.L. Willson, Metronidazole (Flagyl) misonidazole (Ro-07-
0582), iron, zinc and sulphur compounds in cancer therapy. 
Br. J. Cancer 37:Suppl.III 16 (1978). 

29. R.L. Willson, Metronidazole (Flagyl) in Cancer Radiology in: 
"Metronidazole", S.M. Finegold ed. Excerpta Medica p.147 

(1977) • 
30. E.J. Clarke, K.H. Golding and P. Wardman, Anaerobic production 

of nitroimidazoles by reduced flavin monocleotide and by 
xanthine oxidase. Biochem. Pharmacol. In press. 

31. J.S. Mahood and R.L. Willson, Cytotoxicity of metronidazole 
(Flagyl) and misonidazole (Ro-07-0582) enhancement by lactate. 
Br. J. Cancer Submitted. 

32. P. Wardman, The use of nitroaromatic compounds as hypoxic cell 
radiosensitizers. Curr.Top.Radiat.Res.Quat. 11:347 (1977). 



INVESTIGATIONS WITH N!TROIMIDAZOLES IN CLINICAL ONCOLOGY 

ABSTRACT 

Raul C. urtasun 

Cross Cancer Institute, University of Alberta 
Edmonton, Alberta, Canada 

Clinical investigations on the usefulness of nitroimidazole 
compounds in cancer therapy were initiated more than six years ago. 
The first drug to be used was metronidazole. The feasibility of 
using this compound at doses ten times higher than what was currently 
used as an anti-trichomonal and anti-amebic agent was assessed by 
performing Phase I toxicological and pharmacokinetic studies in blood 
and tumor tissues. At the completion of this initial study it was 
established that at doses of 6 g/m2 of surface area, peak plasma 
levels were obtained in the order of one millimolar with a 
distribution within tumor tissues of approximately 80-90% of the blood 
levels. Pilot clinical Phase II trials were initiated in order to 
assess the efficacy of this agent as a radiosensitizer of hypoxic 
tumor cells. Shortly thereafter and while these Phase II studies 
were conducted a new nitroimidazole, misonidazole, was available for 
toxicity and pharmacokinetic studies. It was soon discovered that 
misonidazole when given in multiple dose schedules reaching total 
dose of 11-12 g/m2, in addition to acute G.I. toxicity, peripheral 
neuropathies, ototoxicity and CNS symptomatology were the limitations 
for any further dose escalation. Within that dose limitation this 
new compound was tested for effectiveness as an enhancer of tumor 
response when combined with radiotherapY,in the hope of improving 
the therapeutic ratio between normal and tumor tissues. In the 
interval of four years the studies with misonidazole have gone from 
initial toxiCity and pharmacokinetic studies to Phase II and Phase III 
clinical studies. Presently there are five multiple institutions, 
cooperative groups in North America and two in Europe conducting 
clinical trials in order to assess its value as a radiosensitizer. 
This, in addition to at least 15 large medical cenners in both North 
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America and Europe that are conducting specific studies. Close to 
1,000 cancer patients have already been treated with metronidazole or 
misonidazole used in high doses. Early results have shown an 
encouraging trend and it is expected that within the next one to two 
years definitive results on the Phase II and III clinical trials will 
become available. In the meantime, new drugs with the same or more 
effectiveness and likely less toxic are becoming available for 
initial clinical investigations. One of these drugs, the metabolite 
of misonidazole, desmethyl misonidazole, is presently available for 
clinical toxicity and pharmacokinetic studies. 

In addition to their use as radiosensitizers of hypoxic tumor 
cells the nitroimidazoles are being tested as enhancers of cancer 
chemotherapeutic agents in man. Their pharmacological interaction 
and possible improvement of the therapeutic ratio in tumors when used 
with agents such as Cyclo9hosphamide and 5-FU are currently being 
assessed. 

INTRODUCTION 

Chronically hypoxic cells are present in solid tumors of animal 
tumor models and in man (1-4). Whether or not the radioresistance 
of such cells is a limiting factor in the local control of these 
solid tumors is the subject of current debate. If it is, different 
approaches are potentially available to lead to improved results. 
One of them, the use of chemical sensitizers, appears to be promising 
because of its simplicity, low cost and easy availability. 

For the past several years, considerable interest has been 
directed towards the nltroimidazole class of drugs which has been 
found to have chemotherapeutic and radiosensitizing properties against 
hypoxic cells in vitro (5-10) and acceptable pharmacological 
properties in animal models (11). Two of these nitroimidazole 
compounds (misonidazole and metronidazole) have been investigated in 
Phase I and II clinical trials and are undergoing Phase III trials 
in both Europe and North America. The use of these nitroimidazole 
compounds, either in combination with conventional radiation or large 
fractions of radiation, in combination with local hyperthermia and 
with presently available cancer chemotherapeutic drugs is undergoing 
extensive clinical evaluation. 

METHODOLOGY 

Available Formulations 

Both oral and parenteral formulations are available for metro
nidazole and misonidazole (Table 1) . The pharmacokinetic studies 
have been performed in blood and tumor tissues for both the oral (12-
15) and parenteral administration (16-17). The most current 
available methodologies for the clinical measurement of the drug in 
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Table 1. Available Formulations for currently used Nitroimidazole 
Compounds 

FORMULATION FOR CLINICAL INVESTIGATIONS 

Metronidazole 

Oral 
LV. 

Misonidazole 

Oral 
LV. 

500 mg tablets 
500 mg/100 ml solution 

500 mg and 100 mg tablets and capsules 
500 mg/20 ml solution 

Desmethyl Misonidazole (9963) 

I.V. 500 mg/10 ml solution 

blood, tissues and cerebral spinal fluid are the spectrophotometric 
assay, the polarographic assay and the high performance liquid 
chromatographic assay (HPLC). The HPLC method is preferable since 
it differentiates between the primary compound and its metabolite. 
The spectrophotometric assay is fast and could be used in urgent 
situations w~ere levels of drug are needed immediately and no HPLC 
is available. 

The areas of interest where work has been focussed are: 
a) blood kinetics and drug metabolism; b) agents that affect the 
drug metabolism; c) tumor-tissue kinetics in relation to kinetics 
of the drug in blood; d) timing of radiation treatment in relation 
to the blood and tumor tissue drug levels; e) toxicity of these 
compounds and its possible modification by drugs that affect its 
metabolism; f) interaction of mitroimidazoles with cancer chemo
therapeutic agents in regard to the kinetics of either compound; 
g) studies on drug efficacy such as Phase II pilot trials aiming to 
demonstrate a sensitizer enhancement ratio or Phase III clinical 
trials to compare the results of this new modality with the results 
of conventional well-established methods of treatment. 

RESULTS 

Extensive pharmacokinetic studies have been performed with the 
oral and parenteral administration of high dose metronidazole and 
misonidazole. The results have demonstrated that with the oral 
formulation of either of these compounds peak plasma levels occur two 
to four hours after administration with the plasma half-life ranging 
between 9 and 17 hours. Tumor tissue kinetic studies have 
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established that a great vari~ility occurs from tumor to tumor, 
although in general it can be said that drug concentrations of any
where between 60 and 90% of the blood values can be easily obtained 
in tumor tissues. In our experience the drug appears to distribute 
uniformly in all compartments of solid tumors. Although it has been 
suggested by other studies (18) that reasonably high levels of the 
drug cannot be obtained in the necrotic areas of the tumor. Both in 
our studies and in other centers the measurements were done of the 
bound and unbound drug. Studies are currently being conducted in 
our Institution to measure only the bound drug and so far these 
findings are suggestive that the cell bound drug distributes only in 
the hypoxic but viable intermediate zone with no evidence of 
concentration in either the necrotic areas or in the well-oxygenated 
regions. 

The time of maximum tumor tissue levels does not correlate with 
the time of maximum blood levels showing generally a lag-time of 2-6 
hours. The disappearance of the drug in tumor tissues parallels the 
disappearance of the drug in blood. Tissue levels of one of the 
metabolites of misonidazole, desmethyl misonidazole were found in 
tumor tissue in lower proportions than in blood. Only the ethoxic 
metabolite of metronidazole was found to be present in tumor tissues 
and again at lower levels than in blood. Recognizing this lag-time 
it has been concluded that a period of time between 2 to 4 hours 
longer than the time of maximum blood concentrations should be 
allowed before proceeding with radiation treatment. 

When either metronidazole or misonidazole are administered 
intravenously, the alpha t~ has been calculated to be 8 minutes and 
that for beta phase t~ has been calculated to be 6 hours (16-17). 
Time of maximum tumor tissue concentration of the drug when 
administered intravenously depends on the speed of the administration 
as well as its volume. We have found that with the constant 
infusion time interval of 30 minutes there was still a 3-to-4 hour 
lag-time between blood and tumor tissue similarly as was seen with 
the oral preparation (16). However, more extensive studies have 
been done with misonidazole (17), in which the medication was 
administered over a shorter period of time and in a smaller volume. 
Higher concentrations in both blood and tumor tissues were found with 
almost no lag-time between maximum levels in blood and tumor tissues. 

Attempts have been made also to administer these compounds into 
natural cavities ·such as the intravesical administration of misoni
dazole (19) and intrarectally (J. Pedersen, personal communication). 
Levels of the drug in carcinoma of the bladder, drainage nodes, 
normal tissues and lymph nodes were determined. The findings 
suggest that there is a higher concentration of the drug in both 
lymph nodes and tumor tissues with a much lower concentration in 
normal tissues. This route of administration will certainly offer 
its advantages with certain types of tumors. 
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Acute toxicity with the single oral formulation is mainly G.I. 
tract in the form of nausea and vomiting. They all occur hours after 
drug administration and are transient. Multiple dose sChedules 
revealed that the dose-limiting toxicity is either acute G.I. 
toxicity, sensory peripheral neuropathy, ototoxicity and CNS symptoms 
of encephalopathy (ataxia, confusion, disorientation, tremors and 
occasionally convulsions) • The peripheral neuropathy observed with 
both misonidazole and metronidazole are of a mixed type (sensory and 
motor) with the major component being sensory. It is known that in 
man, the pathological .findings are of peripheral nerve demyelination 
and axonal degeneration (20). Since a decrease in the incidence of 
peripheral neuropathies was seen in patients receiving concomitant 
dexamethasone and phenytoin, pharmacokinetic studies were initiated 
in several centers to assess the potential use of these drugs to 
reduce the toxicity of nitroimidazoles either by modifying the 
kinetics of the drug or by modifying the already established cell 
membrane damage (21). 

Although pilot clinical experimental work 'has shown encouraging 
results suggestive of an enhancement of radiation response in 
artificially hypoxic normal tissues (22) in small subcutaneous tumor 
nodules (23-24) as well as in one early clinical Phase II study in 
brain tumors (25) there has not yet been more conclusive results 
from the on-going Phase II and III clinical studies. 

DISCUSSION 

Up to the present time the mechanism of the peripheral and 
central nervous tissue damage is not known although some theories 
have been postulated such as the inhibition of neuronal protein 
synthesis secondary to binding of metabolic products into RNA (26-27). 

It is apparent that by administering the medication parenterally 
the acute G.I. toxicity as well as peripheral neuropathies has not 
been circumvented. One can conclude also, that plasma levels 
following high dose intravenous administration of nitroimidazoles are 
less influenced by interfering absorption patterns and therefore a 
truer distribution and elimination curve results in more accurate 
kinetic estimates. With the advent of new nitroimidazoles which are 
more hydrophilic than those presently available, more experience will 
be needed in the future in the intravenous use of these drugs. 

It could be assumed that some of the reasons that more 
definitive evidence of the effectiveness of these drugs as radio
sensitizers has not yet been reported is that most of these trials 
have been started not more than two years ago and more time is needed 
for patient accrual and analysis of their survival. It is also 
likely that the reason that some of the recent preliminary results 
are not showing a big therapeutic effect in the sensitizer group is 
that either the fractionation of radiation or the administration of 
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the drug is not the optimal one. Further studies are needed to 
establish the optimal scheduling of administration of the radiation 
and the drug. As well, there is a need for further studies in 
order to investigate the feasibility of decreasing the toxicity of 
these drugs, so higher doses can be administered with the radiation. 
In the meantime, new drugs with equal or more effectiveness and less 
toxicity are becoming available for clinical testing. One of them, 
the desmethylated metabolite of misonidazole (RO-05-9963) has shown 
equal sensitizing effectiveness in vitro and in vivo but less 
toxicity and is now undergoing early clinical studies. 

Recently, great interest has been developed in using nitro
imidazoles as enhancers of cancer chemotherapy agents when used a few 
hours prior or simultaneously with agents such as Cyclophosphamide, 
Adriamycin, 5-FU and BCNU. The mechanism of this interaction is not 
known at the present time and studies are being conducted to assess 
the possible changes in pharmacokinetics of either misonidazole or 
the cancer chemotherapeutic agent when used together. From the 
animal studies done to date, the enhancement effect is seen mainly 
in the tumor with only a small amount of enhancement seen in normal 
tissues. This of course depends strictly not only on the type of 
experimental tumor but in the use of a chemotherapeutic agent which 
is already proven to be effective against that particular tumor 
(Minutes, Radiosensitizers/Radioprotectors Group,N.C.I.(U.S.A.) , 
Bethesda, July 1980). 
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INTRODUCTION 

The role of hypoxic cell radiosensitisers in the management of 
cancer in patients has been the subject of several meetings (1,2) 
including the present one. This report concerns itself with some 
clinical studies carried out by the author and his colleagues at 
Cambridge, England, principally with misonidazole (Ro 07-0582 Roche 
Laboratories, N.S.C. 261037) and more recently with its O-demethylated 
metabolite, desmethylmisonidazole (Ro 05-9963, Roche Laboratories, 
N.S.C. 261036). 

Studies on the plasma pharmacokinetics of misonidazole and the 
influence on it of hepatic microsomal enzyme inducers such as pheny
toin and phenobarbitone are presented. The concentration of misoni
dazole achieved in tumours and in particular those of the brain have 
been studies as part of a series of randomised clinical trials on the 
use of misonidazole. The results of one small study in grade 3 and 4 
astrocytomas which has now been completed, are discussed. Some results 
of these investigations have already been reported elsewhere (3-6). 

Desmethylmisonidazole is also an active radiosensitiser in model 
systems (7-9), and has recently become available for limited clinical 
trial. We have commenced Phase 1 studies with the drug and our pre
liminary data are also presented. 

189 
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METHODS AND MATERIALS 

Nitroimidazole Assay 

Reverse-phase high performance liquid chromatography (10) was 
used for all estimations of the concentration of misonidazole or 
desmethylmisonidazole in fluid and tissue samples. Heparinised 
blood samples were centrifuged at 4°C to obtain plasma. Tissue 
samples were kept on ice immediately after biopsy until homogenised 
in double distilled water by ultrasonic disintegration using an MSE 
150 watt ultrasonic disintegrator. All samples were stored in the 
dark at -20oC until analysed. Full experimental details have been 
reported elsewhere (3,4). 

Pharmacokinetic Studies 

All patients gave informed consent when agreeing to participate 
in these investigations. For a complete study various blood samples 
were taken at 0.5, 1, 2, 3, 4, 5, 6, 12 and 24h., but this was not 
feasible in all patients. When sufficient values were available, it 
was possible to calculate both the half life (t~) and the area under 
the curve (AUCo- oo)' However, for many patients only values at 
around the time of treatment or tumour biopsy could be obtained. 
Doses of misonidazole ranged between 0.45 and 3g/m2 with a total dose 
never exceeding l2g/m2 over a minimum of three weeks. Desmethyl
misonidazole was given as single doses of 19/m2 • Both drugs were 
given by mouth after a light breakfast. Results are expressed as 
±l standard deviation and statistical analyses for differences 
between plasma nitroimidazole levels was by student test. 

RESULTS 

Misonidazole Pharmacokinetics 

There is a clear correlation between the administered dose of 
misonidazole, as g/m2 , and the peak and 4h plasma concentrations of 
the drug in 128 patient investigations (correlation coefficients of 
0.774 and 0.873 respectively). These mean values are presented in 
Table 1 for patients who are not known to have been taking microsomal 
enzyme inducing drugs such as phenytoin or phenobarbitone. The 
relationship is almost as clearly defined when the dose is given as 
mglkg body weight (6). We have not seen any significant difference 
in the concentrations achieved after repeated dosage by the drug 
either given as a tablet or capsule preparation (3). 

The mean t! of plasma misonidazole in patients not on anti
convulsants was 11.5 ± 3.8h. This does not appear to be dose 
dependent over the range of doses used (0.4 - 3 g/m2 ). However, 
in a series of 16 patients with malignant gliomas, who were being 
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Table 1. Relationship between plasma misonidazo1e concentrations and 
administered o~al dose at peak and 4h times. Patients were 
not on known enzyme inducers. 

Plasma Misonidazo1e Concentration (~g/ml) 
Misonidazo1e dose 

g/m2 
Peak Time 4h 

0.5 20.6 ± 4.1 15.4 ± 2.6 

0.6 30.8 ± 9.3 24.4 ± 5.8 

1.5 70.3 ± 14.4 62.3 ± 15.3 

3.0 116.3 ± 47.5 101.9 ± 34.3 

given dexamethasone and either or both anticonvulsants, phenobarbi
tone or phenytoin, we observed that the t~ was reduced to 8.6 ± 0.6h 
(6). There was no difference between the peak plasmamisonidazole 
concentrations achieved for a comparable dose (3g/m2) in either 
group. The 4h misonidazo1e concentrations for 23 patients on dexa
methasone but not on anticonvu1sants, was 103.1 ± 31.8 Vg/m1 and 
for 15 patients on anticonvu1sants as well, was reduced to 87.1 ± 
20.3 ~g/m1. However, this difference is not statistically signifi
cant (P < 0.09). There was a significant increase in the plasma 
concentration of desmethy1misonidazo1e from 8.0 ± 2.6 in 21 patients 
to 13.9 ± 5.4 vg/m1 in 14 patients (P < 0.001) suggesting increased 
metabolism of misonidazo1e in the patients on anticonvu1sants. 

Both phenobarbitone and phenytoin are known to induce hepatic 
microsomal enzymes which are involved in the 0-demethy1ation of 
misonidazo1e to desmethy1misonidazo1e. This is one of the main path
ways for metabolism of the drug and about half of the misonidazo1e 
given by mouth can be recovered in the urine as desmethy1misonidazo1e. 
Animal experiments with mice in our 1aborato~ (11) clearly showed 
that enzyme induction by phenobarbitone or phenytoin reduces the t~ 
of misonidazo1e without affecting peak tumour concentrations of the 
drug. 

We confirmed the relevance of these observations by a study on 
6 volunteer patients in whom we determined the plasma pharmacokinetics 
of misonidazo1e before and after a 14 day course of phenytoin 100 mg 
t.d.s. Full details have been published elsewhere (5). In brief, 
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the results showed that there were no significant changes in the peak 
and 4h plasma misonidazo1e concentrations. By contrast, there were 
significant decreases in the mean tl from 11.1 ± 3.7 to 7.S ± 1.4h 
(P < 0.001) and the AUCo- oo from 2030 ± 643 to 1367 ± 261 ~g/m1 x h 
(P < 0.01). The effect on o-demethy1ation was confirmed by signifi
cant rises in the desmethy1misonidazo1e concentrations at peak and 4h 
times. 

We have recently completed a similar series of experiments in 
which 7 volunteer patients were given phenobarbitone 30mg 3 times a 
day. There was around a 20% reduction in the plasma misonidazo1e ti 
from the control pre-induction concentrations. This reduction was 
maximal by one week after starting to take the phenobarbitone and was 
not increased after a further 2 weeks. It is of interest to compare 
the mean reduction after 14 days of 21.4 ± 4.7% with that after a 
similar time on phenytoin in the previously reported series (5) of 
30.7 ± 3.7%. 

The significance of these observations for clinical therapy are 
still not clear. We were alerted to the possibility of the effect by 
reason of the fact that we had not observed any significant neuro
pathic complications associated with misonidazo1e therapy at a total 
dose of 12 g/m2 in our glioma study patients. On the basis of the 
reported experience (12) ,and our own in patients not on anticonvu1-
sants, we would have expected to have seen several cases. It seems 
reasonable to explain this effect by the reduction in the AUC of 
plasma misonidazo1e caused by the anticonvulsant therapy received by 
the glioma patients. 

An additional explanation may relate to the fact that all patients 
were receiving dexamethasone. This has also been reported to reduce 
the incidence of misonidazo1e neurotoxicity but not the plasma misoni
dazo1e tl (13). Experiments in mice have confirmed the lack of a 
significant effect of dexamethasone on plasma tl but have shown a 
small reduction in the drug concentration in normal brain tissue (14). 

One may speculate as to the feasibility of deliberately attempting 
to reduce the incidence of neurotoxicity in patients receiving misoni
dazo1e by using such drugs. However, the administration of either 
steroids such as dexamethasone or anticonvu1sants such as phenytoin or 
phenobarbitone, are not without risk. One cannot envisage the routine 
use of such drugs in all patients. However, if newer hypoxic cell 
radiosensitisers do not reach clinical practice without major toxici
ties, then it may be desirable to try increasing misonidazo1e dosage 
by the use of such strategems. It is also possible that there may be 
other less toxic but equally efficient hepatic microsomal enzyme 
inducers which could be employed. 
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The determination of plasma pharmacokinetics requires repeated 
blood sampling. We therefore investigated the possibility of using 
saliva samples to measure the plasma tj (4). In a series of 10 
patients, at misonidazole doses of 0.5 - 3.0 g/m2, a dose correlation 
was found between the salivary and plasma misonidazo1e concentrations. 
However, there are still some inter-patient variations and we have not 
used this technique as a routine method, although it could be of value 
in situations where repeated blood sampling may present problems. 

We have had the opportunity to study 2 patients who have had one 
kidney removed some time before and a third who had one transplanted 
kidney. The t! in these patients were not significantly outside our 
normal range although two of them were on the high side (Table 2). 
Plasma urea and creatinine concentrations were at the upper limit of 
normal in two of these patients and within normal limits in the third. 
It is of interest that significant neuropathy developed in two of 
these patients. One had abnormal renal function but a t! well within 
normal limits and the other a normal renal function but a t! towards 
our upper limits of normal. 

Peripheral neuropathy has not been a major problem in our practice 
probably due to the selective nature of patients treated and limitation 
to a total dose of 12 g/m2. Most patients have either been receiving 
dexamethasone or anticonvu1sants. Apart from minor degrees of neuro
pathy and those observed in the above patients with one kidney, our 
most significant effects have been in the only two patients with head 
and neck cancer we treated with misonidazole. 

Table 2. Plasma tl misonidazo1e in three patients 
• 2 • 

w1th only one k1dney 

Patient 

A.M. 1 

T.N. 1 ,2 

F.F. 

Drug dose Total dose 

g/m2 g/m2 

1.5 10.5 

2.0 10.0 

1.5 1.5 

Developed neuropathy 
2 Transplanted kidney 

Tl 
2 

(h) 

10.9 

14.6 

15.2 
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Tissue Misonidazole Concentration 

Studies on biopsy specimens of tumour taken at times after 
misonidazole have suggested that an optimum useful plasma concen
tration in tumour is reached around 4h after oral administration 
of the drug (15,16). Our limited studies on 3 patients (one each 
with primary adenocarcinoma of breast, secondary adenocarcinoma of 
colon and undifferentiated lung cancer confirmed a similar situation 
(3). Most clinical studies therefore now involve radiation treat
ment around 4 - 5h after oral misonidazole. 

There is much less information available about misonidazole 
concentration in brain tumours. We have recently completed a study 
on 31 patients from whom biopsies were obtained during surgery after 
misonidazole administration. Because repeated samples cannot be 
obtained in the same patient, it is not as easy to present data in 
terms of the optimum treatment time for an individual patient. It 
is, however, possible to compare the tissue/plasma misonidazole 
concentration ratios in different patients with biopsies taken over 
a wide range of times after the drug. On occasion it has also been 
possible to obtain samples from normal brain, cyst fluid or cerebro
spinal fluid (CSF). Detailed results will be reported elsewhere but 
a brief summary is given in Table 3 and illustrated for patient A 
in the top panel of Fig.l. A wide range of results is seen but on 
average highest tumour/plasma ratios were seen between 3 - 5h. Peak 
plasma concentrations were seen at 1.5 - 2h although the difference 
at 4h was not large. Consequently, in terms of optimal tumour 
misonidazole concentrations, radiation treatment at around 3 - 5h 
after oral administration of the drug seems appropriate. 

Table 3. Ratio of tissue/plasma misonidazole concentration in brain 
tumour patients at various times after administration of 
misonidazole. Values are expressed as a mean percentage 
for (n) patients. 

Ratio of tissue/plasma misonidazole concentration (%) 
Tissue at a median biopsy time in hours 

2h 3h 4h 5h 6h 

Tumour 65 (3) 68 (10) 76 (7) 80 (4) 44 (3) 

Brain 69 (3) 81 (8) 52 (2) 91 (3) 85 (1) 

Cyst Fluid - 34 (3) 31 (1) - -

C.S.F. - 99 (3) 70 (1) - 104 (1) 
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It is of interest to note that the mean concentrations in normal 
brain were similar to those seen" in tumour although this relationship 
varies considerably from patient to patient. Concentrations in CSF 
also varied but with one exception were virtually the same as that 
in plasma. Of interest was the relatively low concentration seen in 
the cyst fluid taken from tumours in 4 patients. 

These findings suggest that it is necessary to make direct 
estimations of misonidazole concentrations or indeed of other radio
sensitisers in the tumour tissue of interest rather than assume that 
CSF or cyst fluid can give a reasonable approximation to that concen
tration. The arbitrary selection of a treatment time of 4h after 
misonidazole in our glioma study seems to have been fortunate and 
probably not too far off the peak tumour concentration, although we 
have not been able to assess this time with precision. 

CAMBRIDGE GLIOMA STUDY 

Misonidazole is undergoing study in a number of clinical trials 
around the world. Interest in its use in malignant brain tumours has 
been engendered by the extremely poor prognosis of patients with the 
higher grade tumours receiving currently accepted therapy by surgery 
and radiation. A report showing some small transient improvement in 
the results of treating patients with glioblastoma multiforme using 
radiotherapy and metronidazole (17) led to optimism that misonidazole 
might be as, or even more, effective. 

The Cambridge glioma study was commenced in 1976 and closed to 
entry of new patients at the end of 1978. Details of this protocol 
have been reported previously (3,6). 55 patients over the age of 18, 
with histologically proven supra-tentorial grade 3 and 4 astrocytomas, 
were randomised to receive one of three treatment schedules. Two 
control radiation schedules were given without radiosensitiser and 
the one with misonidazole as follows : 

Group 1: 5656 rad in 28 fractions of 202 radslfraction 
over 5~ weeks. 120 patients were allocated 
to this treatment. 

Group 2 4352 rad in 12 fractions over 4 weeks, given 
so that the largest fraction was on Fridays 
as follows : Monday 294 rad; Wednesday 294 
rad; Friday 500 rad. There were 18 patients 
treated on this schedule. 

Group 3 The same schedule as for Group 2 but in 
addition misonidazole was given 4h before 
the SOO rad fractions on Fridays at an oral 
dose of 3g/m2. The total cumulative drug 
dose was thus l2g/m2. 17 patients were 
randomised to this group. 
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The radiation doses in both schedules 1 and 2 were calculated to be 
the equivalent of 1702 ret. 

There were no major differences in the distribution of patients 
between the groups with respect to age, sex, initial performance 
status, site of disease, extent of surgery and pathological grade. 
All patients received dexamethasone 2mg three times a day during and 
for a period after treatment. 

The results are disappointing in that all patients have now died. 
There is no obvious difference in the survival curves of the three 
treatment groups. The median survivals are : Group 1, 251 d; Group 2, 
220 d; Group 3, 270 d. 

The failure to demonstrate any improvement in our study is perhaps 
surprising in view of the favourable report already cited in the 
studies using metronidazole with a smaller number of patients (17). 
This latter study, in spite of the reservations about the low radiation 
dose, would tend to confirm the likelihood of significant radiobio
logical hypoxia in gliomas. The usual presence of extensive areas of 
necrosis also suggest the validity of this assumption. 

One must look therefore for other reasons to explain our results. 
Firstly, if the potential gain is not large then the numbers of 
patients may well have been far too small. Thus, in the current 
Medical Research Council (MRC) Glioma Study, the planned entry is 
400 patients into two treatment groups. Secondly it is by no means 
certain that the two radiation dose schedules were biologically the 
same as far as the central nervous system or tumour is concerned, as 
we do not have suitable data available. The use of the NSD concept 
based on equivalence of doses for subcutaneous tissue and skin may 
be inappropriate for the nervous system. There are, in fact, some 
data to suggest that this discrepancy may well exist (18;19). 

Our study was based on the concept that maximal radiosensiti
sation would be achieved with large doses of misonidazole and hence 
high drug concentrations in tumour at the time of treatment. This 
necessitated treatment with misonidazole on only a few occasions in 
order not to exceed a tolerance dose of the drug. This resulted in 
the unorthodox fractionation schedule selected. It has now been 
claimed that multiple small doses of the sensitiser with a larger 
number of radiation fractions will achieve the same enhancement 
effect (20). Several new studies, including the current MRC trial, 
have opted for this type of schedule. 

It seems unlikely the results can be explained on the basis of 
an inadequate concentration of sensitiser in tumour as our tumour 
biopsy study confirmed reasonable drug penetration at around the 
time selected for treatment. It is still possible that a slightly 
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higher tumour concentration would have been employed if the treatment 
time was 3 - 4h rather than 4 ~ 5h but our data are not that precise. 

We have also demonstrated similar penetration of drug into 
normal brain tissue. Although misonidazole is not thought to sensi ... 
tise euoxic tissues(21),it remains a possibility that radiation 
damage could be enhanced in normal nervous tissue. This has indeed 
been reported for the spinal cord of anaesthetised rats (22) but in 
this situation may relate to anaesthetic induced hypoxia. 

There is, therefore, no clear explanation as to whether or not 
the negative results of this study represents a true failure of 
misonidazole to improve control in patients with the type of cerebral 
tumours treated. It seems more likely that the study was inadequate 
for some of the reasons listed above; and in particular the fraction
ation schedule and inadequate number of patients entered into the 
trial. It is to be hoped that the several new studies on patients 
with this tumour now in progress, will soon yield a definitive answer. 

DESMETHYLMISONIDAZOLE 

We have recently commenced early clinical studies with desmethyl
misonidazole given as an oral suspension to volunteer patients. 
Interest in the drug arises from the observations that its acute 
LD50 in mice is greater than that of misonidazole but that it is 
as effective a hypoxic cell radiosensitiser (7-9). Observations 
in dogs have shown it to have a shorter tl than misonidazole; its 
penetration into CSF and central nervous tissue was reduced because 
of its decreased lipophilicity, whils t penetration into a variety of 
spontaneous canine tumours remained adequate (23). 

Our preliminary studies are confirming the findings report in 
dogs. The plasma tl in patients is around 6h as compared with 
approximately double that previously seen for misonidazole. In one 
patient with a squamous carcinoma of a pilonidal sinus mUltiple 
tumour biopsies after a dose of desmethylmisonidazole of 19/m2 showed 
peak tumour concentrations of the drug of 119, 130 and 133% of the 
plasma levels at 2, 3 and 4h respectively after oral administration 
(patient D, Fig.l). The plasma tl in this patient was 6.3h (5.9 -
6.7) • 

In another patient with a cerebral astrocytoma (patient C, Fig.l), 
biopsies were taken of normal brain and tumour 3h after an oral dose 
of 19/m2 of the drug. Tumour concentration was 82% of that of plasma 
whilst that in brain was only 19%. A sample of CSF contained only 18% 
of the plasma concentration. The levels in normal brain and CSF 
confirmed that dog data (;23) ,and the likely effect of low lipophi
licity on drug penetration across the blood brain barrier. It is of 
considerable interest, however, that brain tumour penetration remains 
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Tissue concentrations of drug in four patients receiving either 
misonidazole or desmethylmisonidazole : 

patient A (glioma) given 19/m2 misonidazole 

patient B (breast carcinoma) given 3g/m2 misonidazole 

patient C (glioma) given 19/m2 desmethylmisonidazole 

patient D (squamous carcinoma) given 19/m2 desmethylmisonidazole 
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high, presumably because the barrier is no longer intact at this 
site. We are currently extending this series of biopsy data. 

Details of two other patients ~,B) given misonidazole are 
also presented in Fig.l (upper panel) for comparison. 
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If the incidence of neurotoxicity is related to lipophilicity 
as has been postulated(23)~d also the AUC of the plasma drug 
concentrations (24), then desmethylmisonidazole is less likely to 
produce neuropathy than misonidazole. We are currently testing 
this hypothesis clinically. Of course the real criteria of value 
of the drug will be if its therapeutic gain factor is increased 
over that of misonidazole. This will take much longer to determine 
as we have yet to prove a clinical advantage for misonidazole in a 
major clinical trial situation. Nonetheless, neurotoxicity is the 
major dose limiting complication for misonidazole and it may well 
be possible to use higher doses of desmethylmisonidazole without a 
comparable increase in its toxicity. 

SUMMARY AND CONCLUSIONS 

A review is presented of clinical data obtained from the 
author's studies with the hypoxic cell radiosensitiser, misonidazole. 
It has been shown that the plasma pharmacokinetics of the drug may be 
modified by prior induction of hepatic microsomal enzymes with either 
phenytoin or phenobarbitone. Biopsy of brain and other tumour samples 
has shown good penetration of the drug at 3 - 5 h after oral admini
stration. Similar drug concentrations are also seen in normal brain 
and CSF. Preliminary results of a similar study with desmethylmisoni
dazole are reported. 

The results of a randomised trial of radiotherapy with or without 
misonidazole in a total of 55 patients with grade 3 and 4 cerebral 
astrocytomes are presented. No improvement in survival was seen as 
a result of the radiosensitisation and the significance of this 
observation is discussed. 

This paper has only reviewed limited aspects of the clinical 
studies with two hypoxic cell radiosensitizers, one of which is a 
metabolite of the other. Many centres are actively involved in 
pursuing such studies and it is likely that definitive answers, 
at least for misonidazole, should be available within. the next year 
or so. Clinical studies take a long time to implement; complete; 
analyse and assess the significance of their results. It may be 
that the improvements in results from the use of misonidazole will 
not be as good as early expectations. If this is the case, it is 
important not to let this influence enthusiasm for further trials. 
Many new drugs are being developed and tested experimentally. 
Desmethylmisonidazole is only one such agent which has now reached 
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clinical investigation but there may be others even more prom1s1ng. 
It is therefore most important that th.e next generation of clinical 
radiosensitis.er trials is only entered upon after very vigorous 
review of all the newly available drugs. We owe this both to the 
discipline of the science and to the well-being of our patients. 
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