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Abstract

Mechanisms of DNA adduct formation by antineoplastic 2-
chloroethyl-N-nitrosoureas (CNUs) and of DNA damage induced
by these compounds are discussed. CNUs are alkylating agents
that form DNA-DNA cross-links as well as 2-chloroethylated and
2-hydroxyethylated adducts, the N-7-position of guanine being
the predominantly alkylated site. A close correlation exists be-
tween the potential of a given compound to induce DNA-DNA
cross-links and its antineoplastic effectiveness. However, levels
of DNA-DNA cross-linking in bone marrow and extent of myelo-
suppression as measured in rodents are also closely correlated.
The design of new cross-linking analogues capable of directing
the antineoplastically relevant activity predominantly to the tar-
get tumour appears therefore to be of great promise. Cross-
linking agents have been attached to a variety of steroid hormone
carrier molecules and the conjugates have been tested in struc-
ture-activity studies using hormone-receptor containing animal
tumours. These studies have revealed that some hormone-linked
antineoplastic agents are highly effective in receptor positive
experimental tumours and are superior to mixtures of unlinked
alkylating agents with hormones. Indications for a relative en-
richment of DNA damaging effects in the tumour tissue and for
reduced myelotoxicity have been obtained with specific hormone
conjugates.

Key words: Alkylating, cross-linking nitrosoureas, estradiol-
linked, dihydrotestosterone-linked, CNC-amino acids, steroid es-
ters, mammary, prostatic cancer.

N-(2-chloroethyl)-N-nitrosoureas (CNUs) are highly ac-
tive anticancer agents with a broad antitumour spectrum
in experimental models (1). Representatives of the first-
generation in this class, such as N,N’-bis-(2-chloroethyl)-
N-nitrosourea (BCNU), N-(2-chloroethyl)-N’-cyclohexyl-

N-nitrosourea (CCNU), N-(2-chloroethyl)-N’-(4-methyl-
cyclohexyl)-N-nitrosourea (MeCCNU) (Fig. 1) were in-
troduced into the clinic in the early 60s in rapid succession
because of their activity against Hodgkin and non-Hodg-
kin lymphomas, brain tumours, gastrointestinal tumours
and some other neoplasms (2). Their clinical application,
however, is limited because they show delayed and cumu-
lative toxic side effects, bone-marrow suppression being
prevalent and dose-limiting.

In the last 20 years, much effort was put forth by many
groups to understand the molecular mechanisms in their
actions and to obtain new congeners with higher effective-
ness and/or lower toxicity (3-7). Many mechanistically
important findings applying also to other agents have
been obtained with this group of compounds. Among the
CNUs of the second generation, 2-(N-(2-chloroethyl)-N-
nitrosoureido)-p-deoxyglucopyranose  (Chlorozotocin),
N-(2-chloroethyl)-N’-(2-hydroxyethyl)-N-nitrosourea
(HECNU), and N’-(N-(2-chloroethyl)-N-nitrosocarba-
moyl)-glycinamide (CNC-glycinamide) are all character-
ized by their good solubility in water (Fig. 1). Chlorozoto-
cin is a water soluble CNU analogue tested clinically (3),
because it appeared to be less myelotoxic in animal ex-
periments. It was, however, also less active in experimen-
tal tumour systems than CNUs s of first generation (4-6). In
clinical studies Chlorozotocin did not show reduced mye-
lotoxicity (7).
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Fig. 1. Structures of some N-(2-chloroethyl)-N-nitrosoureas
(CNUs).

Part of our own work has been devoted to the synthesis
of water soluble analogues which, unlike chlorozotocin,
should retain, as far as possible, their lipophilic proper-
ties. Lipophilicity is considered to be essential to the
antineoplastic effectiveness of such compounds, especial-
ly against intracerebral tumours. By exchanging a chlo-
rine atom in BCNU in the chloroethyl group at N’-posi-
tion against a hydroxyl group, a new congener, HECNU,
was obtained. HECNU is about 30 times more water
soluble than BCNU, but still possesses a high lipophili-
city, as exemplified by a log P (octanol/water) of 0.3 (8).
The biological activity and some results from studies on
the mechanism of the action of HECNU will be described
below.

Mechanism of action

The molecular mechanisms by which CNUs exert their
antitumour and toxic effects are rather complex. They are
monofunctional as well as bifunctional alkylating agents,
DNA alkylation and cross-linking being considered an
important factor in their activity. Pathways of CNU-de-
composition to highly reactive alkylating and carbamoy-
lating species that have been proposed by several groups
are summarized in Fig. 2. Chloroethyldiazohydroxide and
hydroxyethyldiazohydroxide or the equivalent bifunc-

tional electrophiles and chloroethylisocyanate are consid-
ered the main ultimate reactive agents. The monofunc-
tional alkylating intermediate hydroxyethyldiazohydrox-
ide alkylates RNA and DNA, forming monoadducts,
whereas the bifunctional alkylating intermediate chloro-
ethyldiazohydroxide alkylates RNA and DNA, forming
monoadducts and DNA-DNA interstrand or DNA-pro-
tein cross-links. The isocyanate carbamoylates the func-
tional groups of peptides or proteins (Fig. 2) (9).

According to Buckley (10) formation of a gem-diol or
diolate tetrahedral intermediate, as first proposed by Sny-
der & Stock (11) and by Lown & Chauhan (12), appears
the most probable pathway, since the collapse of this
intermediate accounts for all products derived from
CNUs (Fig. 3).

CNUs are known to produce DNA-DNA cross-links
and good correlations have been observed between killing
of various cell lines and the production of interstrand
cross-links (13). Interstrand cross-link formation by
CNUs is a two-step process involving rapid alkylation
through the ultimate electrophile, 2-chloroethyldiazohy-
droxide or the like, followed by a much slower second
alkylation through nucleophilic displacement of the chlo-
rine at the beta carbon by an appropriate site of a DNA
base (14). Hydroxyethylation represents by far the great-
est proportion of DNA alkylation in vitro. The process of
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Fig. 2. Possible reactions of derivatives of N-(2-chloroethyl)-N-
nitrosoureas in vivo (according to (12)).
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generating hydroxyethylating electrophiles from 2-ha-
loethylnitrosoureas is impressively effective: even g-flu-
orine, an atom normally bound firmly to carbon, can
easily be replaced by a hydroxyl group. Hydroxyethyl
derivatives are not formed hydrolytically from haloethyl
derivatives of DNA bases (14). Instead, intermediate for-
mation of 3-nitroso oxazolidine derivatives appears to be
responsible, as has been shown by Lown & Chauhan (12),
who synthesized these compounds and elucidated their
reactivity towards nucleophiles (Fig. 3).

The biological consequences of hydroxyethylation have
been investigated by a comparative study on the antileu-
kemic activities of CNUs and their respective N-(hy-
droxyalkyl)-N-nitroso isomers (15). As can be seen in
Table 1, there is a clear difference between N-(2-chlor-
oethyl)-N-nitrosourea analogues and their 2-hydroxyethyl
counterparts: the former, with the intrinsic ability to
cross-link, are much more active. It can be concluded
that, if at all, 2-hydroxyethylation contributes only to a
small extent to antileukemic activity, as shown here for
rat leukemia L 5222. On the other hand, N-(2-hydroxy-
ethyl)-N-nitrosourea analogues have been found to be
strongly mutagenic and carcinogenic (16, 17), suggesting
that 2-hydroxyethylation probably is a lesion more rel-
evant for malignant transformation than for antitumour
efficacy.
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Fig. 4. Proposed mechanism of (2-hydroxyethyl)-phosphotries-
ter decomposition.

Furthermore, the DNA phosphate groups also can be
alkylated by alkylating carcinogens (18, 19). Lown &
McLaughlin (20) distinguished 2 rates of DNA strand
cleavage in vitro induced by CNUs. A relatively fast
single strand scission at high pH that is caused by hydro-
lysis of the alkali labile phosphotriesters and a second one
which is a much slower process generated by apurinic
sites. Studies on the stability of 7-alkylated guanosines
have been reported (21). A quantitative study on the rates
of hydrolysis of di(2’-deoxythymidine)-phosphotriesters,
generated by alkylation with methylnitrosourea (MNU) or
2-hydroxyethylnitrosourea, showed that the methylphos-
photriester was stable for more than 3 days at pH 7.4
whereas the corresponding 2-hydroxyethyl analogue was
much more unstable with a half-live of 60 min at pH 7.4
22).

A strong instability of the 2-hydroxyethylphosphotries-
ters can be reconciled with intermediate formation of a
dioxaphospholane ring that decomposes into phosphodies-
ters, releasing (2'-deoxythymidine)-5'-(2-hydroxyethyl)-
phosphate ((he)pdT), and 2'-deoxythymidine (dT) as shown
in Fig. 4 (22). Obviously, introduction of 2-hydroxyethyl
phosphotriester groups strongly decreases the stability of
the sugarphosphate back bone of DNA, eventually result-
ing in DNA single strand breaks (23).

In addition to alkylation, carbamoylation by isocya-
nates also induces a multiplicity of biomolecular effects. It
has been shown, for instance, to inhibit the ligation of
DNA strand breaks induced by x-rays (24), to inhibit
repair of alkylated DNA (25) and to inhibit excision repair
of UV-irradiated DNA (26). Moreover, reduction of gluta-
thione levels in rodent liver (27) inhibition of glutathione-
reductase in erythrocytes (28, 29) and other effects due to
carbamoylation of proteins (30) have been described.

Inhibition of glutathion (GSH) reductase is a well
known side effect of strongly carbamoylating CNUs, such
as BCNU. In the lung this has been found to be a risk
factor in inducing pulmonary fibrosis seen in about 30%
of patients treated with this drug, most probably by inacti-
vating a very important defense mechanism against oxida-
tive stress (31).

A comparison of GSH reductase inhibitory effects in
lung and brain of rats shows that the strongly carbamoy-
lating agent BCNU causes a strong inhibition of GSH
reductase in these organs whereas practically no effect is
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Table 1

Antileukemic activities of N-(2-chloroethyl)-N'-hydroxyalkyl-N-

nitrosoureas and their isomeres N-hydroxyalkyl-N'-(2-chloro-
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Fig. 6. Model of oestrogen action. Plasma oestrogen (E) diffuses
directly into the nucleus, where it binds with nuclear oestrogen
receptor (R), and initiates protein synthesis and cell proliferation
(according to (38)).

Table 2

Relative binding affinities of estradiol (E,) derivatives to oestro-
gen receptors of calf uterus cytosol

Substance RBA-value
(%)
3-CNC-L-alanyl-E, 4.7
17-CNC-L-alanyl-E, 0.8
3,17-bis-(CNC-L-alanyl)-E, 0.05
3-CNC-L-alanyl-L-alanyl-E, 10.0
17-CNC-vr-alanyl-L-alanyl-E, 2.8
6a-CNC-L-alanyl-E, 0.28
E, 100

seen after HECNU application, although the latter is pen-
etrating much easier the blood/brain barrier (Fig. 5).
Therefore, inhibition of GSH reductase appears to be a
factor probably of relevance in determining differential
toxicity of these agents, especially after repeated adminis-
tration.

Furthermore, reaction products of various isocyanates
with glutathione have been studied for chemical and bio-
logical activities (32). In general, reaction with glutathione
represents an important detoxification pathway for isocy-
anates generated in vivo by nitrosourea decomposition.

However, 2-chloroethylisocyanate, the decomposition
product of BCNU, reacts with glutathione by forming 2-
chloroethyl-S-carbamoyl glutathione. This GSH adduct is
exceptional because it reacts with DNA-bases as an alkyl-
ating agent, transferring a 2-aminoethyl group to N7 of
guanosine (32). This lesion can either lead to depurina-
tion, creating an apurinic site in DNA, or might even more
easily lead to imidazole ring opening (21). As could be
expected, 2-chloroethyl-S-carbamoyl glutathione was
found to be a strong mutagen in the Ame’s test and a
potent inducer of DNA strand breaks in a human
lymphoid cell line. In summary, whereas for all other

CNUs GSH-carbamoylated adducts were either not geno-
toxic or were not formed at all. BCNU forms a strongly
genotoxic intermediate by reaction with GSH. This might
well explain why BCNU has been found to be much more
toxic and more carcinogenic than other CNUs in com-
parative long-term studies under repeated application
(33).

Steroid linked N-(2-chloroethyl)-N-nitrosocarbamoyl
(CNC)-amino acids

Many human tumours have been found to contain hor-
mone receptors, e.g. mammary carcinoma, prostatic tu-
mours, various gastrointestinal tumours and others
(34-37). The rationale of synthesizing hormone-linked
antineoplastic agents is to benefit from the selective bind-
ing of hormones to their receptors in receptor-containing
tissues, thereby directing a cytotoxic agent more selec-
tively to target cells. A model for oestrogen action on the
subcellular level and its translocation to nuclear acceptor
sites after binding to a nuclear receptor protein is demon-
strated in Fig. 6 (38).

An important parameter for the potential value of a
given steroid-linked derivative is its affinity to the corre-
sponding hormone receptor (39). Relative binding affini-
ties (RBA-values) were measured in receptor preparations
from calf uterus cytosol according to established methods
(40). Biological activity was tested on receptor-positive
tumour models, such as MNU-induced mammary carcino-
ma in rats, MXT mammary carcinoma in mouse and
Noble Nb-R prostatic carcinoma in rats. Some results are
discussed here.

Among the estradiol (E;)-linked CNC-amino acids, a
marked influence of the position of the ester bond on the
RBA-value can be seen (Table 2). The 6-a-ester, for ex-
ample, has a very low affinity, although the OH-groups
considered relevant for receptor interaction are left free,
but this is in accordance with a rather low RBA-value for
the parent 6-a-hydroxyestradiol itself (6.3 %). On the oth-
er hand, relatively high apparent RBA-values of the 3-
esters were found to result from cleavage of the phenolic
ester bond under the incubation conditions, liberating E;
(41). This competes for the binding site, causing an appar-
ently higher RBA-value. Dipeptide esters invariably ex-
hibit higher RBA-values than the amino acid esters.

Table 3 shows the extent of DNA-DNA cross-links
induced by CNC-ala-E,-17-ester in the bone marrow and
in mammary tumours of the rat (42), in comparison with
cross-links induced in the same organs after administra-
tion of an equimolar mixture of CNC-L-alanine and E,.
Cross-links form at a much higher rate after application of
the ester, as compared to the equimolar mixture. In com-
parison to CNC-ala, the CNC-ala-E;-17-ester induces
about 3 times more cross-links in the bone marrow but
about 8 times more in the receptor-containing tumour
tissue.
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The biological activity of the E,-linked CNC-amino acid
esters in MNU-induced rat mammary carcinoma is sum-
marized in Table 4 (43, 44).

As can be seen in Table 4 remarkable differences in
biological activity became apparent with regard to the site
of binding to the carrier. The 17-position of E, is superior
to the other positions tested for linking CNC-L-alanine.
The 17-ester not only shows highest antitumour effective-
ness, but also lowest toxicity. Optimum antitumour effec-
tiveness is already reached at 75 pmol/kg. CNC-L-alanine
alone and the unlinked mixture of CNC-L-alanine and E,
are definitely inferior. The considerable tumour-inhibitory
effect of the unlinked mixture at 75 pmol/kg appears to be
a combined effect of both components. E; is known to
have tumour-inhibitory activity on hormone-dependent
mammary carcinoma at pharmacological doses. However,
toxicity of the unlinked mixture was considerably higher
at the 75 umol/kg dose level, causing 90% mortality at
week 10. Linking of CNC-L-alanine at 3-position of E;
yields a compound that exerts a moderate antineoplastic
effectiveness but is highly toxic even at the lowest dose.
The corresponding E,-3,17-diester is definitely less active,
showing a similarly high and unacceptable toxicity. The
analogue 6-a-ester displays no significant antineoplastic
effect but is highly toxic. The lack of antitumour effect of
the latter 2 compounds correlates with their lower RBA-
values. Ovariectomy had a remarkable tumour-inhibitory
effect at week 4, that, however, to a great extent was lost
at week 7 (43).

Hormonal side effects and antitumour activities appear
not to be correlated. In the Dorfman uterotrophic activity
test, the 3- and 17-ester as well as the 3,17-diester were of
similar activity, although their antitumour effects were
quite different (43).

In treatment of hormone-independent tumours the 17-
ester lost its therapeutic advantage and did not differ from

Table 3

DNA-DNA cross-links (rad-equiv.) in mammary-carcinoma and

bone marrow 16 h after intraperitoneal administration of 75

umollkg CNC-1-ala-E;-17-ester, CNC-L-alanine and of a mixture
from equimolar CNC-1-alanine and estradiol

Treatment DNA-DNA-cross-links

(rad.-equiv.)

Mamma-ca.* Bone-marrow
CNC-L-ala 7 6
CNC-r-ala + E, 14 4
17-CNC-L-ala-E, 54 19
* Pooled tumour tissue.

Table 4

Antineoplastic activity of CNC-ala esters of E,, in comparison

with unlinked single agents and ovariectomy. Compounds were

given on days 1, 8, 22, 29 after randomization in equimolar
dosage, i.p., dissolved in DMSO

Substance Dose % TIC* % mortality
(umol/kg) week week
4 7 4 7 10

Control 100 100 0 15 50
Ovariectomy 12 69 0 10 30
CNC-ala 45 62 63 0 20 50
67 38 39 20 330 70
101 32 50 70 70 9%
E; + CNC-ala 54 each 25 32 0 10 20
75 each 42 24 0 70 9%
CNC-ala- 75 48 4 10 S50 90
E,-3-ester 105 21 35 30 S50 90
147 15 23 40 70 100
CNC-ala- 38 19 51 0 30 70
Ej-17-ester 54 9 12 0 2 30
75 18 10 0 30 30
105 19 26 0 10 70
147 25 34 0 S50 9%
206 10 19 20 8 9
6a-CNC-alanyloxy 38 72 107 0 60 9
OH-E,-6-ester 75 9% 94 30 8 90
3,17-bis(CNC-alan- 54 8 97 0 20 9%
ylE, 75 28 48 0 20 80
105 16 29 0 50 100

* Mean tumour volume of treated rats in % of untreated control.

CNC-L-alanine (43). This confirms the importance of re-
ceptor contents for therapy by this agent.

To further verify the potential validity of the hormone
carrier concept CNC-amino acides of androgens were also
synthesized. Affinities to androgen, progesterone and oes-
trogen receptors were determined (Table 5). Antineoplas-
tic activity of selected compounds was tested in a prostat-
ic tumour model as well as in MNU-induced mammary
carcinoma of the rat, that also has been shown to contain
androgen receptors.
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22, 29 after randomization, i.p.; evaluation: 6 weeks after begin-
ning of therapy.

Table 5§

Receptor binding affinities of androgen-linked CNC-amino acid esters to receptor of calf uterus cytosol

Substances Relative binding affinity

to receptor (% RBA)
CNC-amino acid Steroidhormone

Oestrogen- Progesterone- Androgen-
CNC-glycine Testosterone <0.01 0.6 1.0
CNC-sarcosine Testosterone <0.01 0.2 1.7
CNC-L-alanine Testosterone <0.01 0.3 1.9
CNC-L-methionine Testosterone <0.01 0.4 2.4
CNC-glycine Dihydrotestosterone <0.01 0.7 4.3
CNC-sarcosine Dihydrotestosterone <0.01 0.2 3.5
CNC-L-alanine Dihydrotestosterone <0.01 0.12 5.0
CNC-L-methionine Dihydrotestosterone <0.01 0.4 4.5
CNC-glycine 19-nortestosterone <0.01 1.8 4.4
CNC-sarcosine 19-nortestosterone <0.01 1.7 4.7
CNC-L-alanine 19-nortestosterone <0.01 0.8 7.5
CNC-L-methionine 19-nortestosterone <0.01 2.6 6.1

As can be seen derivatives of 19-nortestosterone appear
to display higher binding affinities to both receptors, as
compared to those of testosterone or dihydrotestosterone.
There is no detectable affinity to the oestrogen receptor
(45).

Results of therapy of the Noble Nb-R prostatic carcino-
ma of the rat are shown in Fig. 7 (46).

The CNC-alanine and CNC-glycine esters of 19-nortes-
tosterone were given i.p. in DMSO at a dose of 50 mg/kg
on days 1, 7 and 21. Both substances display very high
tumour-inhibitory effectiveness, tumours being no longer
detectable after termination of therapy. Weights of pros-
tates and of seminal vesicles were not significantly re-
duced indicating low androgenic side effects. At equimo-

lar dosage, CNC-alanine was much more toxic than the
19-nortestosterone ester. Animals died before termination
of the experiment from strong systemic toxicity with a
preference for nephrotoxicity. These results show that
binding to the carrier hormone brings about a very re-
markable decrease in toxicity of this cytostatic agent.
Structure activity relationships of the steroid-linked
CNC-amino acid esters in treatment of MNU-induced
mammary carcinoma in rats are summarized in Fig. 8. It is
noticeable that at optimal dose level the dihydrotestoster-
one (DHT)-17-ester of CNC-alanine showed a tumour-
inhibitory activity comparable to that of the correspond-
ing E,-17-ester, whereas the corresponding testosterone-
(T)-17-ester and the 19-nortestosterone (NorT)-17-ester
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only had marginal activity. The 3-hydroxy-17-amino-
1,3,5(10)estratrien-(AE)-17-amide = of = CNC-L-alanine
(CNC-ala-AE-17-amide) did not show any effect. Among
the DHT-17-esters of various CNC-amino-acids there was
no remarkable difference in activity. Esters of CNC-w-
aminohexanoic acid (ahex), however, had only insignifi-
cant effectiveness. The unlinked mixture of CNC-L-methi-
onine and DHT was much less active than the correspond-
ing ester. DHT alone was totally ineffective.

Studies on bone marrow toxicity of CNC-ala and the 17-
esters of E; and DHT were carried out by measuring
effects on pluripotent bone marrow stem cells (CFU-s) in
mice. Substances were given to NMRI female mice by i.p.
injection (days 1, 8, 22, 29 at a dose of 34 mg/kg). The
results show that CNC-alanine is practically not influenc-
ing CFU-s, whereas application of E; results in some
transient depletion at day 8 with recovery at week 4. In
contrast, 17-CNC-r-alanyl-E, is cumulatively toxic,
showing a strongly damaging effect to CFU-s after 4
applications. In contrast to the E,-ester, the correspond-
ing DHT analogue behaves quite differently: initially, a
slight reduction to about 30% after the first application
was seen, but thereafter a rapid recovery back to pretreat-
ment values was observed, although treatment was con-
tinued up to the full dose (4x35 mg/kg).

This finding shows that by attachment to an appropriate
hormone carrier bone marrow toxicity of nitrosoureas can
be suppressed without concomitant loss in antitumour
efficacy. Other parameters of bone marrow function
showed essentially the same.
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