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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishin
format of the SERIES parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

linical results of the past decade have demonstrated that the use of 
^ chemical agents, largely in various combinations, in the treatment of 
disseminated cancer of man has resulted in a significant cure rate of 
various neoplasms, particularly the rapidly proliferating cancers of child
hood. Thus, diseases such as acute lymphocytic leukemia, Ewing's sar
coma, Hodgkin's disease, choriocarcinoma, embryonal rhabdomyosarcoma, 
Burkitt's lymphoma, Wilms' tumor, and testicular carcinoma have re
sponded dramatically to chemotherapy. Progress has been less spec
tacular with the more slowly growing neoplasms, e.g., carcinoma of the 
breast, lung, and colon, whic
lems created by cancer. 

To combat these forms of malignancy, considerable hope is placed 
upon the use of mixed modality therapy; the conceptual approach of such 
therapy is to lessen the neoplastic cell burden of the host by use of surgery 
and/or irradiation followed by chemotherapy designed to attack meta
static neoplastic cells. Although gains are to be expected from such 
therapeutic onslaughts, it seems reasonable to predict that addition of 
new agents to our therapeutic armamentarium will be of value. Thus, 
agents with biochemical mechanisms of action different from those cur
rently used in the clinic are to be sought, as well as molecular modifica
tions of existing agents designed to increase the therapeutic differential 
between the cancer and the host. In addition, the medicinal chemist may 
be required to design drugs with new actions. For example, potent anti
viral agents may ultimately be necessary as part of the treatment of dis
eases such as acute leukemia. Therapeutic approaches leading to extensive 
prolongation of survival or cure, which rely on the extensive use of 
irradiation, alkylating agents, and/or other mutagens will be expected to 
induce new cancers; therefore, effort will necessarily be required to 
develop drugs capable of preventing carcinogenesis. Finally, noncyto-
toxic therapies must be devised; here, concepts such as differentiation 
therapy designed to convert neoplastic cells to less or noncancerous cells 
should be considered. 

The proceedings of this symposium represent a sampling of a seg
ment of the current approaches to the development of new and more 
efficacious antitumor drugs. The first chapter represents a class of agents, 
a-(N)-heterocyclic carboxaldehyde thiosemicarbazones, which in theory 
should provide a useful derivative for the treatment of cancer, since the 
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molecular target for these agents, the enzyme ribonucleoside diphosphate 
reductase, is of great importance to the synthesis of D N A and cell 
replication. 

Adriamycin, perhaps the most exciting drug to appear in cancer 
therapy recently, has a wide spectrum of anticancer activity, particularly 
affecting several solid tumors. The rate-limiting cardiac toxicity of this 
material presents a challenge to medicinal chemistry, for it seems quite 
reasonable to assume that the molecular determinants of this toxicity to 
the heart are different than those responsible for cytotoxicity to tumor 
tissue. Thus, structural modification to minimize or eliminate cardiac 
toxicity should enhance considerably its clinical usefulness. For this 
reason, two chapters are included on this important antibiotic. 

The alkylating agents represent an old class of highly active agents 
in which many derivatives have been synthesized and tested. Should 
additional compounds with this type of reactivity be designed and syn
thesized? The answer i
alkylating moiety, which direct alkylating potential largely to different 
cellular targets, are employed, or if other concepts are used to enhance 
anticancer specificity. The next chapter addresses itself to this latter 
possibility, attempting in its consideration of design principle, to take 
advantage of the anticipated higher reducing potential of hypoxic cells 
of solid tumors. 

The last chapter represents an important discovery of recent years, 
the nitrosoureas, a class of agents which possesses both alkylating and 
carbamoylating activity. These materials represent a particular chal
lenge in drug design, since a large number of these compounds are 
clinically active, and selection of additional members of this class for 
trial in man has become particularly difficult. Thus, as an aid to such a 
selection, it is extremely important to understand the relative importance 
of both alkylating and carbamoylating activities to anticancer potency, 
as well as to formulate an understanding of the intracellular molecular 
target(s) of these materials and the structural features which dictate 
tissue specificity. 

It is to be expected that the tools of medicinal chemistry, particularly 
when guided by those of biochemistry and pharmacology, will provide 
new and better anticancer agents, and that the use of these materials 
with other drugs and treatment modalities will ultimately allow an 
expansion of the cure rate of various kinds of malignancy. 

November 5, 1975 A L A N C. SARTORELLI 

χ 
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1 
Development of (N)-Heterocyclic Carboxaldehyde 

Thiosemicarbazones with Clinical Potential as 

Antineoplastic Agents 

ALAN C. SARTORELLI and KRISHNA C. AGRAWAL 
Department of Pharmacology and Section of Developmental Therapeutics, Division of 
Oncology, Yale University School of Medicine, New Haven, Conn. 06510 

The initial report f the  antineoplasti  activity f
(N)-heterocyclic carboxaldehyd
1956 by Brockman and hi  (1)  reporte
mylpyridine thiosemicarbazone (PT) produced an increase i n the 
life span of mice bearing the L1210 leukemia; the further devel
opment of this compound as a potential cancer chemotherapeutic 
agent was curtailed, however, because of its relatively low ther
apeutic index. Several years l a t e r , French and Blanz (2,3) des
cribed the synthesis of 1-formylisoquinoline thiosemicarbazone 
(IQ-1) and a variety of other (N-heterocyclic carboxaldehyde 
thiosemicarbazones. These investigations demonstrated that 
several heterocyclic ring systems, including pyridine, isoquino-
l i n e , quinazoline, phthalazine, pyrazine, pyridazine, and purine 
possessed s i g n i f i c a n t antineoplastic activity when the carbonyl 
attachment of the side chain was located at a position to the 
ring nitrogen atom; attachment of the side chain β or to the 
heterocyclic Ν atom resulted in inactive antitumor agents. 

Members of this class have shown anticancer activity against 
a wide spectrum of transplanted rodent neoplasms, including Sar
coma 180, Ehrlich carcinoma, Leukemia L1210, Lewis lung c a r c i 
noma, Hepatoma 129, Hepatoma 134, Adenocarcinoma 755, and B16 
melanoma. In addition, spontaneous lymphomas of dogs have shown 
su s c e p t i b i l i t y to (N)-heterocyclic carboxaldehyde thiosemicar
bazones. Such broad spectrum activity denotes great clinical 
potential and suggests that a drug of this class may well have 
utility i n cancer therapy. 

Extensive modification of the formyl thiosemicarbazone side 
chain of IQ-1 was carried out by Agrawal and Sartorelli (4) to 
ascertain the importance of this part of the molecule for anti
cancer a c t i v i t y . A variety of the substitutions and alterations 
of the various positions of the side chain that were made are 
shown i n Figure 1; these changes uniformly led to complete loss 
or marked decrease i n tumor-inhibitory potency. In addition, 
replacement of the heterocyclic ring Ν with C also resulted in a 
biologically inactive compound. These findings indicated the 

1 

In Cancer Chemotherapy; Sartorelli, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



2 CANCER C H E M O T H E R A P Y 

Figure 1. Some modifications of the side chain of 1-formylisoquinoline 
thiosemicarbazone 
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1. SARTORELLI AND AGRAWAL Antineoplastic Agents 3 

es s e n t i a l i t y of this portion of the molecule and supported the 
i n i t i a l suggestion of French and Blanz (3) that a conjugate 
N*-N*-S* tridentate ligand system was a requisite for tumor i n 
hibitory a c t i v i t y . 

Extensive substitution of the isoquinoline and pyridine ring 
systems o f ( N ) - h e t e r o c y c l i c carboxaldehyde thiosemicarbazones 
has been carried out by our laboratory (5-10) and by Blanz et a l . 
(11,12). A detailed summary of the effects of some of these sub-
stituents on antineoplastic efficacy has been reported (13,14). 
Unfortunately, these investigations have not allowed detailed 
predictions to be made concerning the importance of these modifi
cations to the a c t i v i t y of this class of agents against neoplas
t i c c e l l s . 

The <*<-(N)-heterocyclic carboxaldehyde thiosemicarbazones 
are strong coordinating agents for a number of transition metals 
including divalent iron
ganese (3). The crysta
aldehyde thiosemicarbazanato)nicke  (II) monohydrat
termined (15), with the findings indicating that the nickel atom 
is octahedrally coordinated by the two approximately planar t r i 
dentate IQ-1 ligands. 

A number of laboratories have studied the metal ion i n t e r 
actions of PT (16-18) and 5-hydroxy-2-formylpyridine thiosemicar
bazone (5-HP) and i t s selenosemicarbazone, guanylhydrazone and 
semicarbazone analogs (19). The stoichiometry for the interac
tion of PT with Fe(II) has been reported to be three molecules of 
ligand (16,17) to one atom of metal, with the most stable complex 
having a s t a b i l i t y constant of log /β = 44.9. The exceptionally 
strong a f f i n i t y of <x-(N)-heterocyclic carboxaldehyde thiosemi
carbazones for iron was demonstrated i n vivo by French et a l . 
(20) who reported that administration to mice of a dose of 100 mg 
of 2-formylpyrazine thiosemicarbazone per kg resulted i n the 
urinary excretion of about 11 ug of iron i n 24 hours, and by 
DeConti et a l . (21) and Krakoff et a l . (22) who showed that 
treatment of cancer patients with 5-HP led to the excretion of 
sig n i f i c a n t amounts of iron (2 to 11 mg/24 hours) i n the urine, 
presumably i n chelate form with 5-HP. A direct correlation be
tween chelating a b i l i t i e s of «C-(N)-heterocyclic carboxaldehyde 
thiosemicarbazones and their antitumor a c t i v i t i e s has been shown 
(19,23). The antitumor effects of tr a n s i t i o n metal chelates of 
IQ-1 have also been reported; i n these investigations, the iron 
chelate of IQ-1 was found to be the most potent i n h i b i t o r of DNA 
synthesis of several chelates tested (24). 

Biochemical Mechanism of Action 

The ©<-(N)-heterocyclic carboxaldehyde thiosemicarbazones 
constitute, as a class, the most potent known inhibi t o r s of ribo-
nucleoside diphosphate reductase, being 80- to 5000-times more 
effective than the c l a s s i c a l i n h i b i t o r of this enzyme, hydroxyurea 
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4 CANCER C H E M O T H E R A P Y 
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Figure 3. Effect of 1-formylisoquinoline thiosemicarbazone on the syntheses of DNA, 
RNA, and protein of Sarcoma 180 and Leukemia L1210 
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1. SARTORELLI AND AGRAWAL Antineoplastic Agents 5 

(25). The reductive conversion of ribonucleotides to deoxyribo-
nucleotides by this enzyme i s a p a r t i c u l a r l y c r i t i c a l step i n the 
synthesis of DNA, since deoxyribonucleotides which are generated 
through this enzymatic reduction are present i n extremely low 
levels i n mammalian c e l l s . The central position of ribonucleo
tide reductase to the synthesis of DNA i s i l l u s t r a t e d i n Figure 
2. The r e l a t i v e importance of such a reaction to neoplastic c e l l 
reproduction has been demonstrated by Elford et a l . (26) i n a 
series of rat hepatomas of different growth rates. A positive 
correlation occurs i n these tumors between growth rate and a c t i 
v i t y of ribonucleotide reductase; whereas, two other enzymes of 
importance to DNA biosynthesis, thymidylate synthetase and thymi
dine kinase, did not demonstrate such a close degree of correla
tion with tumor growth. Thus, i t seems reasonable that a strong 
i n h i b i t o r of ribonucleoside diphosphate reductase would be a use
f u l weapon i n the therapeuti  armamentariu  against

Blockade of ribonucleotid
carboxaldehyde thiosemicarbazones results i n i n h i b i t i o n of DNA 
biosynthesis, which i s the primary s i t e of action of these agents 
(27,28); therefore, these agents exert t h e i r action i n the S 
phase of the c e l l cycle (29,50). Inhibition of the synthesis of 
RNA and protein by oC-(N)-heterocyclic carboxaldehyde thiosemicar
bazones can be demonstrated; however, these processes are consi
derably less sensitive than i s the biosynthesis of DNA (27,28, 
51-55). The r e l a t i v e s e n s i t i v i t i e s of these biosynthetic 
processes to IQ-1 i n Sarcoma 180 and Leukemia L1210 ascites c e l l s 
i s shown i n Figure 3. In Sarcoma 180, essentially complete i n h i 
b i t i o n of thymidine-Η 3 incorporation into DNA was caused by a 
single dose of 40 mg of IQ-l/kg; this degree of interference with 
DNA biosynthesis continues for 12 hours and by 24 hours after the 
drug, thymidine-Η 3 incorporation has returned to control levels. 
Depression of the incorporation of uridine-Η 3 and Ieucine-Cl4 
into RNA and protein, respectively, by IQ-1 i s delayed somewhat 
and reaches a maximum degree of i n h i b i t i o n of 50 and 35%. In the 
L1210 leukemia, DNA biosynthesis appeared to be less sensitive to 
IQ-1, with recovery occurring more rapidly; i n h i b i t i o n of 
Ieucine-Cl4 and uridine-Η 3 incorporation into protein and RNA, 
respectively, was delayed and r e l a t i v e l y weak. 

The l o c a l i z a t i o n of the s i t e of i n h i b i t i o n of DNA biosynthe
s i s at the level of ribonucleotide reductase i s the result of a 
series of investigations which demonstrated: (a) that the conver
sion of thymidine-Η 3 to deoxythymidine triphosphate (dTTP) i n neo
p l a s t i c c e l l s was not decreased by (N)-heterocyclic carboxal
dehyde thiosemicarbazones, while the subsequent incorporation of 
dTTP into DNA was markedly inhibited (31-33); (b) that incorpora
tion of dTTP-H3, i n the presence of adequate concentrations of the 
other three nonlabeled deoxyribonucleoside triphosphates, into 
DNA of isolated tumor c e l l nuclei was not decreased by r e l a t i v e l y 
high concentrations of IQ-1 (28); and (c) that the incorporation 
of cytidine-H 3 into c e l l u l a r pyrimidine ribonucleotides was insen-
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6 CANCER C H E M O T H E R A P Y 

s i t i v e to «Κ-(N)-heterocyclic carboxaldehyde thiosemicarbazones; 
whereas, the throughput of rad i o a c t i v i t y from the ribonucleotide 
pool into pyrimidine deoxyribonucleotides was strongly depressed 
(31-33). 

The k i n e t i c mechanism of i n h i b i t i o n of ribonucleoside diphos
phate reductase by <X-(N)-heterocyclic carboxaldehyde thiosemi
carbazones i s not clear. The concentrations of the nucleoside 
diphosphate substrate, the a l l o s t e r i c activator ATP, or magnesium 
ion do not influence the i n h i b i t i o n of the enzyme produced by a l l 
of the thiosemicarbazones tested to date. Interesting d i f f e r 
ences exist, however, between the ring hydroxylated and nonhydrox-
ylated o<-(N)-heterocyclic carboxaldehyde thiosemicarbazones with 
respect to the d i t h i o l s , used as model substrates i n place of the 
natural substrate thioredoxin, and to iron. IQ-1 and PT are 
similar i n action; both are p a r t i a l l y competitive with the d i t h i o l 
substrate and both prevent  stimulatio f reductas  a c t i v i t
by iron. It has been hypothesize
these derivatives i s th
the metal-charged enzyme by the i n h i b i t o r , or formation of an iron 
chelate of IQ-1, which acts as the true i n h i b i t o r at or near the 
si t e functionally occupied by thioredoxin. 

Studies conducted on the i n h i b i t i o n of ribonucleotide reduc
tase by the preformed iron chelate of IQ-1 [(Fe)IQ-l] at high and 
low concentrations of F e + + (34) have shown that (Fe)IQ-l i n h i b i 
ted enzymatic a c t i v i t y by 73% in the absence of added F e + + , but 
only 30% with F e + + ; whereas, IQ-1 decreased enzyme a c t i v i t y 65% 
in the presence of thioredoxin and F e + + , but only 40% without 
thioredoxin and only 15% without F e + + (34). The findings imply 
that Fe(II)IQ-1 i s the active form of the i n h i b i t o r and stress 
further the complexities of the mode of i n h i b i t i o n . 

The hydroxylated derivatives, 5-HP and 3-hydroxy-2-formyl-
pyridine thiosemicarbazone, show a different pattern of i n h i b i 
tion (33). They appear "competitive" with iron and either non
competitive or uncompetitive with the d i t h i o l substrate; the im
precise nature of the assay did not allow a choice between these 
alternatives. The f a i l u r e of the d i t h i o l to reverse i n h i b i t i o n 
of ribonucleoside diphosphate reductase by the hydroxylated deri
vatives implies that the interaction of these inhibitors with the 
enzyme occurs at a s i t e different from that involved i n the 
action of PT and IQ-1. The impure nature of this complex enzyme 
system, however, makes i t impossible to explain f u l l y these d i f 
ferences and further advances w i l l require the a v a i l a b i l i t y of a 
highly p u r i f i e d enzyme. 

Some of the structural features required for i n h i b i t i o n of 
ribonucleoside diphosphate reductase have been determined (35). 
These studies suggested that position 6 of PT and position 3 of 
IQ-1 are equivalent with respect to orientation of the i n h i b i t o r 
at the enzymatic binding s i t e and that l i t t l e or no tolerance 
exists for modification at this position. In addition, substitu
tion of the terminal amino group of the thiosemicarbazone side 
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1. SARTORELLI AND AGRAWAL Antineoplastic Agents 7 

chain decreased enzyme i n h i b i t i o n , supporting the presence of a 
low bulk tolerance zone i n this position (36). The results also 
indicated that IQ-1, which can be visualized as a pyridine deri
vative with a benzene ring fused across the 3 and 4 positions, 
i s about s i x - f o l d more potent as an i n h i b i t o r of the enzyme than 
i s PT, Likewise, introduction of a CH3 group on the pyridine 
ring of PT at either the 3, 4, or 5 positions resulted i n deriva
tives that were better inhibitors of ribonucleoside diphosphate 
reductase a c t i v i t y than PT. These findings suggest the possible 
existence of a hydrophobic bonding zone adjacent to the i n h i b i t o r -
binding s i t e of the enzyme. 

Although the primary biochemical lesion induced by the oC-
(N)-heterocyclic carboxaldehyde thiosemicarbazones appears to be 
at the level of the enzyme ribonucleoside diphosphate reductase, 
and studies of structure-activity relationships have indicated 
the requirement for i n h i b i t i o
a c t i v i t y (14), recent studie
IQ-1 interacts d i r e c t l y with Sarcoma 180 DNA and causes single 
strand breaks i n DNA (37). This agrees with the findings of 
Karon and Benedict (30) who have reported that 5-HP caused chro
matid breaks, primarily during the S-phase, i n hamster f i b r o 
blasts. This second s i t e of action, which may be the result of 
interference with reductase a c t i v i t y , appears to be of major 
significance to the cytotoxic mechanism of action of these agents, 
since i t creates a lesion i n the genome that i s reinforced by 
blockade of ribonucleoside diphosphate reductase. 

Phase I C l i n i c a l T r i a l s 

It seems reasonable that a potent i n h i b i t o r of ribonucleo
side diphosphate reductase would be an important addition to the 
chemotherapeutic arsenal for the treatment of rapidly growing 
cancers. In support of t h i s , three different types of drugs with 
r e l a t i v e l y weak inhibitory potency for ribonucleoside diphosphate 
reductase [i.e. hydroxyurea (38), guanazole (39), and 5-HP (33, 
4<0,41)] have a l l demonstrated some, although cl e a r l y minimal, 
a c t i v i t y i n man. 5-HP i s the only member of this series that has 
been administered to man as part of a Phase I study (21,22). The 
selection of 5-HP for c l i n i c a l t r i a l s was due to (a) i t s consi
derable a c t i v i t y against transplanted tumors (42,43) and a spon
taneous dog lymphoma (44), and (b) i t s ease of parenteral admini
stration as i t s sodium s a l t (45). The results of the two inde
pendent Phase I studies showed that transient decreases i n blast 
counts occurred i n 6 of 25 patients with leukemia, while no anti
tumor effects were observed i n 18 patients with s o l i d tumors. 
Administration of r e l a t i v e l y large doses of drug was limited p r i 
marily by gastrointestinal t o x i c i t y ; the c l i n i c a l impression was 
that this t o x i c i t y was centrally mediated. In addition, the most 
aggressive drug regimens also produced myelosuppression, hemolysis, 
anemia, hypertension and hypotension. Thus, the impressive anti-
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8 CANCER C H E M O T H E R A P Y 

neoplastic a c t i v i t y of 5-HP i n animal systems was not achieved 
in man, although i t must be stressed that i n this instance, as i n 
a l l Phase I investigations, far advanced patients were employed. 
The r e l a t i v e i n a c t i v i t y of 5-HP as an i n h i b i t o r of tumor growth 
in man appeared to be the result of (a) i t s r e l a t i v e l y low i n h i 
bitory potency for the target enzyme, ribonucleoside diphosphate 
reductase, compared to the most potent member of this class, IQ-1, 
being about 100-fold less effective, and (b) i t s short b i o l o g i c a l 
h a l f - l i f e i n man because of the rapid formation and elimination 
of the o-glucuronide conjugate (21). 

The results presented i n Table I show that the t|/2 °^ 5-HP 
i n the blood of mice was 15 minutes, while the drug had a tj/2 ^ n 

man of 2.5 to 10.5 minutes, depending upon the patient. Twenty 
percent of a therapeutic dose of 5-HP was excreted i n the urine 
of the mouse i n 24 hours; whereas, a therapeutic dose of 5-HP was 
excreted 2- to 3.5-times faster i n man  Approximately 75% of the 
material found i n the urin
onide. 

These investigations implied that the development of an e f f i 
cacious second generation ©C- (N)-heterocyclic carboxaldehyde thio
semicarbazone, which had (a) greater a f f i n i t y for the target 

Table I. Comparative Blood Levels and Urinary Excretion of 5-
Hydroxy-2-formylpyridine Thiosemicarbazone i n Mice and 
Man 

Blood Levels Urinary Excretion 
Species t l / 2 ( m i n) (% in 24 h) 

Mice 15 20 

Man 2.5-10.5 47-75 

enzyme, ribonucleoside diphosphate reductase, and (b) the 
presence of a hydrophilic group other than a phenolic hydroxy1 
function to provide for s o l u b i l i z a t i o n and formulation of these 
extremely water-insoluble compounds, might lead to a useful anti
neoplastic agent. 

To synthesize agents that are not susceptible to enzymatic 
inactivation by o-glucuronide formation, amino groups were added 
to the heteroaromatic rings of both pyridine and isoquinoline 
thiosemicarbazones. The amino function would permit water solu
b i l i t y as an acid s a l t . To enhance a f f i n i t y for the target 
enzyme, i n the pyridine series, the hydrophobic phenyl ring was 
introduced at various positions i n 2-formylpyridine thiosemicar
bazone i n an e f f o r t to take advantage of the postulated hydro
phobic interacting region between enzyme and i n h i b i t o r (46). The 
effects of these derivatives on the survival time of mice bearing 
Sarcoma 180 ascites c e l l s and on the a c t i v i t y of ribonucleoside 
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1. SARTORELLI AND AGRAWAL Antineoplastic Agents 9 

diphosphate reductase from the Novikoff rat tumor are shown i n 
Table II. 2-Formyl-4-(m-amino)phenylpyridine thiosemicarbazone 
possessed the optimum combination of structural features and was 
the most active of the m-aminophenyl derivatives as an i n h i b i t o r 
of both tumor-growth and ribonucleoside diphosphate reductase ac
t i v i t y . The ortho- and para-substituted 4-aminophenylpyridine 
thiosemicarbazones were also synthesized and tested for antineo
p l a s t i c a c t i v i t y against Sarcoma 180 (47); both derivatives were 

Table II. Effect of Substituted 2-Formylpyridine Thiosemicarba
zones on the Survival Time of Mice Bearing Sarcoma 180 
Ascites Cells and on the A c t i v i t y of Ribonucleoside 
Diphosphate Reductase from the Novikoff Rat Tumor 

Tumor-inhibitory Enzyme-inhibitory 
a c t i v i t  a c t i v i t

Compound Maximu
effectiv  (days)  (uM) 

daily dosage 

None 13.7 
2-Formylpyridine 
thiosemicarbazone (PT) 2.5 16.1 0.40 
3-(m-Aminophenyl) PT 5 18.4 3.3 
4-(m-Aminophenyl) PT 40 32.5 0.11 
5-(m-Aminophenyl) PT 20 21.5 0.74 
6-(m-Aminophenyl) PT 20 13.6 55 

*Administered once d a i l y for 6 consecutive days beginning 24 
hr after tumor implantation; dose levels were administered i n 
a range of 5-60 mg/kg for each compound. 

esse n t i a l l y devoid of antitumor a c t i v i t y . The i n a c t i v i t y of the 
ortho- and para-substituted amino derivatives conceivably i s due 
to mesomeric s t a b i l i z a t i o n of cationic species which tend to 
hinder the coordination of metals by the pair of free electrons 
on the ring nitrogen (47). 

Molecular models of 3-, 4-, and 5-(m-aminophenyl)pyridine 
thiosemicarbazone have been constructed i n an e f f o r t to v i s u a l 
ize the c r i t i c a l portions of the i n h i b i t o r molecule for enzymatic 
interaction; these structures are shown i n Figure 4. The most 
potent of these derivatives as an i n h i b i t o r of ribonucleotide re
ductase and of tumor growth, the 4-substituted molecule, i s shown 
in Panel B; the benzenoid ring constitutes the area of hypotheti
cal interaction between enzyme and i n h i b i t o r . Panel A shows the 
structure of 3-(m-aminophenyl)pyridine thiosemicarbazone; the 
r e l a t i v e l y poor inhibitory a c t i v i t y of this compound conceivably 
results from the projection of the hydrophilic amino group into 
the area of hydrophobic interaction. The intermediate potency of 
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the 5-aminophenyl substituted compound, Panel C, i s possibly due 
to the lack of s i g n i f i c a n t contribution of the benzenoid nucleus 
to the hydrophobic bonding between enzyme and i n h i b i t o r . 

The 5-amino derivative of IQ-1 (5) also appeared to be a pos
sib l e candidate as a second generation ©<-(N)-heterocyclic carbox
aldehyde thiosemicarbazone with c l i n i c a l potential i n cancer 
chemotherapy. The molecular models shown i n Figure 5 demonstrate 
the structural s i m i l a r i t i e s between 5-amino IQ-1 and 4-(m-amino
phenyl) pyridine thiosemicarbazone. 5-Amino IQ-1 required only 
0.03 uM for 50% i n h i b i t i o n of the a c t i v i t y of ribonucleoside d i 
phosphate reductase from the Novikoff hepatoma (48), making this 
agent equal to IQ-1 i t s e l f as the most potent known i n h i b i t o r of 
this enzyme. 5-Amino IQ-1 has, however, si g n i f i c a n t advantage 
over IQ-1 i n that i t can be rendered soluble as an acidic s a l t . 
The potent antineoplastic a c t i v i t y of 5-amino IQ-1 against Sarcoma 
180 i s shown i n Table III

Table III. Effect of 5-Aminoisoquinoline-l-carboxaldehyd
Thiosemicarbazone On the Survival Time of Mice 
Bearing Sarcoma 180 Ascites Cells 

Daily dose 
(mg/kg)* 

Αν. Δ 
wt. (%) 

Av. survival 
time (days) 

50-Day 
survivors/total 

0 +19.8 12.4 0/20 
5 + 3.1 27.0 0/5 

10 - 1.8 24.0 0/5 
20 - 7.8 27.4 0/5 
40 - 8.5 37.3 3/10 

*Tumor-bearing mice were treated once daily with the indicated 
dose for 6 consecutive days beginning 24 hours after the 
transplantation of about 6 χ 106 tumor c e l l s . 

Similar studies have demonstrated that Leukemia L1210, Leukemia 
P388, Hepatoma 129, Ehrlich carcinoma and B16 Melanoma are also 
susceptible to the tumor-inhibitory properties of 5-amino IQ-1. 

Since acetylation, a common enzymatic reaction, of the amino 
function of 5-amino IQ-1 results i n loss of tumor-inhibitory po
tency, a methyl group was introduced at the 4-position of the 
isoquinoline ring to create s t e r i c hinderance to acetylating en
zymes, as well as to other possible enzymatic alterations (49). 
Incubation of 5-amino-l-methylisoquinoline and 5-amino-1,4-dimeth-
ylisoquinoline with acetyl coenzyme A and rat l i v e r homogenate 
resulted i n about 20-fold higher acetylation of 5-amino-l-
methylisoquinoline. A similar experiment conducted with 5-amino 
IQ-1 and 4-methyl-5-amino IQ-1 was complicated by acetylation 
of the terminal thioamide group. 4-Methyl-5-amino IQ-1 was 
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essentially equal to 5-amino IQ-1 as an antineoplastic agent i n 
a number of transplanted rodent tumor systems and as an i n h i b i t o r 
of ribonucleoside diphosphate reductase. These findings, as well 
as the protection afforded the ring-substituted amino function by 
the r e l a t i v e l y bulky methyl group, makes 4-methy1-5-amino IQ-1 
a prime candidate as the second generation drug of this class for 
c l i n i c a l t r i a l . 
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Adriamycin 

2 

DAVID W. HENRY 
Stanford Research Institute, Menlo Park, Calif. 94025 

Introduction. Adriamyci  (1  als  called doxorubicin) is
anthracycline a n t i b i o t i
by Arcamone and colleague
tories (1,2). It is produced by a mutant st r a i n of Streptomyces 
peucetius, the microorganism that produces the closely related 
a n t i b i o t i c daunomycin (2). Daunomycin (also known as rubidomycin, 
daunorubicin and rubomycin) was independently discovered i n three 
laboratories several years e a r l i e r than adriamycin (3-5) and has 

0 OH 0 OH 

HO 

1 R = OH adriamycin 
2 R = H daunomycin 

achieved a sig n i f i c a n t place i n the treatment of acute lymphocytic 
and myelogenous leukemias (6,7). Adriamycin i s also an active 
antileukemic drug but is of much greater interest because of its 
activity against a broad spectrum of s o l i d tumors (8-10). It i s 
the objective of this paper to briefly summarize sig n i f i c a n t back
ground data on the chemical, biochemical and clinical properties 
of adriamycin and daunomycin and subsequently to describe more 
fully the status of structure-activity studies stemming from the 

15 
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parent a n t i b i o t i c s . It is appropriate and necessary to include 
considerable information on daunomycin because of the close 
relationship between the chemical and biochemical properties of 
the two a n t i b i o t i c s and because daunomycin has been available for 
study longer than adriamycin. 

The anthracycline a n t i b i o t i c s are produced by the strepo-
mycetes and are characterized by the presence of a tetrahydro-
naphthacene quinone moiety. They bear several additional oxygen 
functions i n the aromatic and saturated portions of the aglycone 
and variation i n the number and position of these substituents 
(usually hydroxyls) distinguish individual compounds. Many mem
bers of this group are known, largely through the work of 
Brockmann (11,12). Significant cytotoxic a c t i v i t y i s almost 
always associated with basic glycosides of the parent nucleus, 
rather than the aglycones themselves, and complete structural 
information i s often lackin
second group of anthracycline
toxic character are given i n Figure 1. With the exception of 
carminomycin, these compounds have been studied comparatively 
l i t t l e and they w i l l not be further discussed i n any d e t a i l . 
Carminomycin (3) has received much attention i n the USSR (13-21) 
since f i r s t reported by Gauze et a l . i n 1973 and data on i t w i l l 
be cited where pertinent. 

Chemistry. The structural assignment of adriamycin rests 
heavily on a correlation with that of daunomycin (22). Mild 
acidic hydrolysis of adriamycin yields the aglycone, adria-
mycinone (8, Figure 2), and the amino sugar, daunosamine (10)· 
The u l t r a v i o l e t and v i s i b l e spectra of 8 were id e n t i c a l to those 
of the parent and daunomycin, thus establishing the chromophore 
structure. Detailed spectral analyses of 8, 7-deoxy-adria-
mycinone (9), bisanhydroadriamycinone (11), and their acetylation 
products further established the close relationship to daunomycin 
and fixed the position of the additional hydroxyl group in the 
acetyl side chain. 

The structure of daunomycin was established i n two stages. 
The o r i g i n a l chemical publications by Arcamone et a l . (23,24) 
described the hydrolysis to the aglycone, daunomycinone, and the 
amino sugar, daunosamine. The major structural features of 
daunomycinone were determined by a combination of spectral analy
ses and chemical degradation, leaving the stereochemistry of the 
tetrahydro ring and the locations of the methoxy and glycosidic 
groups unspecified. Several years l a t e r (25,26) the I t a l i a n 
group completed the structural assignments of daunomycinone by a 
further degradative sequence yielding 1,6,10,11-tetrahydroxy-
naphthacene-5,12-dione derivatives (e.g., 12) whose spectral 
properties specified the correct hydroxylation pattern. Simulta
neously they succeeded i n f i x i n g the glycosidic l i n k at the 7-
hydroxy by careful nmr analysis of daunomycin pentaacetate and 
by c a t a l y t i c reduction of daunomycin to 7-deoxydaunomycinone. 
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0 OH 

HO 0 OH Ô 

3 carminomycin 

5 β-rhodomycin I 
(rhodomycin B) 

NMe2 

17 

MeO 0 OH ό 

NH2 
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OH 0 OH ό 

6 cinerubin A 

7 pyrromycin 

Figure 1. Some anihracycline antibiotics with cytotoxic activity 
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0 OH 

14 R = H 
15 R = Me 

Figure 2. Degradation products used for structure proof of adriamycin and daunomycin 

In Cancer Chemotherapy; Sartorelli, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



2. HENRY Adriamycin 19 

The absolute stereochemistry of daunomycin followed from the 
i s o l a t i o n of carbon atoms 6a, 7, 8 and 9 as S(-)-methoxy-succinic 
acid (13) and the s p e c i f i c a t i o n of a c i s orientation for the 7-
and 9-hydroxyls v i a acetonide 14. As daunosamine had been f u l l y 
i d e n t i f i e d i n the e a r l i e r work (24) and pmr analysis of dauno
mycin pentaacetate required the α-glycosidic configuration, 
these results f u l l y characterized a l l chemical and s t e r i c fea
tures of the molecule. Almost simultaneously Iwamoto et a l . (27) 
arrived at similar conclusions regarding the basic structure and 
r e l a t i v e stereochemistry of daunomycin through 220 Mc pmr spec
t r a l analysis of the parent a n t i b i o t i c and by preparation of 
acetonide 15. An X-ray crystallographic analysis of N-bromo-
acetyldaunomycin confirmed the assigned structure (28). 

In a formal sense a t o t a l synthesis of adriamycin has been 
completed i f the work of several groups of investigators are 
combined. Arcamone an
daunomycin to adriamyci
thus permitting the incorporation of a daunomycin synthesis into 
an adriamycin synthesis. Daunosamine was f i r s t prepared from 
L-rhamnose i n twelve steps by Marsh et a l . i n 1967 (30). A 
lengthier synthesis from glucose was reported by Yamaguchi and 
Kojima several years lat e r (31). Very recently Horton and 
Weckerle described a high-yield process for transforming D-mannose 
to daunosamine (32). Daunomycinone was prepared i n 1973 by Wong 
et a l . (33). Several related studies accompanied this major 
accomplishment (34-37), especially noteworthy being the recent 
regiospecific synthesis of 9-deoxydaunomycinone by Kende 
et a l . (38). The f i n a l segment i n the t o t a l synthesis of adria
mycin was provided by Acton et a l . who effected coupling of 
daunosamine with daunomycinone to give daunomycin (39). The syn
thesis of adriamycin provided by combining these synthetic units 
totals well over 40 steps; obviously there i s ample opportunity 
for an improved route. 

C l i n i c j l ̂  J l e ^ ^ . Although a f u l l discus
sion of c l i n i c a l results i s beyond the scope of this paper i t i s 
appropriate to b r i e f l y note the reasons for the current intense 
interest i n adriamycin as an antitumor drug. It i s not only 
active against some s o l i d tumors i n man but against a wide 
spectrum of these tumors, many of which are poorly or non-
responsive to other drugs. As a class s o l i d tumors are most 
resistant to chemotherapy and past progress has been greatest i n 
the disseminated malignancies. Table I provides selected data 
from a recent review by Carter and Blum on the use of adriamycin 
against human cancer (8). A response was defined i n this study 
as a greater than 50% reduction i n tumor mass except i n the case 
of acute leukemia. While none of these response rates approach 
100%, i t i s important to note that the results have been obtained 
in many cases from patients i n which other treatments (frequently 
including chemotherapy) have previously f a i l e d . Regarding 
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Table I. Some Human Tumors Responding 
to Adriamycin a . 

Breast cancer 
Sarcomas 
Lung cancer 
Malignant lymphomas 
Acute leukemia 

36% 
26% 
19% 
41% 
24% 

(44/121) 
(46/176) 
(44/229) 
(61/147) 
(47/195) 

aData from r e f . 8. Numbers i n parentheses 
are responding patients over évaluable 
patients. 

adriamycin's broad spectrum of a c t i v i t y Carter recently reported 
that adriamycin i s c l e a r l
on which treatment s t a t i s t i c
active i n only three of them (40). Another si g n i f i c a n t point 
regarding the data i n Table I i s that they are based upon single-
drug treatment. Many of the most effective chemotherapeutic 
regimens for cancer are now based upon combinations of drugs, 
not the use of single e n t i t i e s (41). Consequently adriamycin i s 
currently being studied i n a broad array of combination chemo
therapy t r i a l s (42,43). Among early results of these studies 
Jones et a l . report an 80% response rate i n a group of 50 breast 
cancer patients using a cyclophosphamide-adriamycin combina
tion (44). Gottlieb et a l . have shown in a spectrum of sarcomas 
that adriamycin plus 4(5)-dimethyltriazeno imidazole-5(4)-
carboxamide (DIC), with and without v i n c r i s t i n e , provides a 50% 
response rate, as opposed to a 30% response with single drugs (45). 
Combined modality approaches to cancer therapy are i n an early 
state of development but early results here are also very prom
i s i n g . Watring et a l . recently reported substantial benefits by 
simultaneous use of adriamycin with X-ray treatment i n a small 
group of patients with advanced gynecological cancers (46). 

Adriamycin i s subject to the toxic side effects common to 
many antitumor drugs. Table II summarizes the incidence of the 
most common toxic reactions, as reviewed by Carter and Blum (47). 
Although of high frequency these effects are generally reversible 
and manageable except the myocardiopathy. This i s expressed most 
often as a rapidly progressing syndrome of congestive heart 
f a i l u r e and cardiorespiratory decompensation. If detected early 
this condition may be reversible (48) but frequently has not 
responded well to treatment (49). The cardio-toxic effects are 
dose related and a cumulative dose below 500 mg/M2 yields a very 
low incidence of myocardiopathy (49). In patients receiving a 
greater t o t a l dose the incidence climbs rapidly and reached 30% 
i n one retrospective analysis (49). Cardiotoxicity i s the side 
effect most li m i t i n g to the use of adriamycin at the present 
time because treatment must be stopped while the tumor i s s t i l l 
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Table II. Incidence of Common Toxic 
Effects of Adriamycin a. 

Alopecia 
Nausea/vomit ing 
Stomatitis 
Leukopenia 

100% 
20-55% 
80% 
60-75% 

Cardiac i r r e g u l a r i t i e s 
EKG 6-30% 

0.4-1.2% Myocardiopathy 

^ a t a from ref. 47. 

responding to the drug
i s also well documente  (50)

^Shmism^^cj^Action. Di Marco and his associates have done 
the majority of mechanistic studies on the anthracycline a n t i 
b i o t i c s and Arcamone and Di Marco have recently reviewed this 
subject (51). The majority of investigations i n the area have 
used daunomycin as the subject but many studies indicate that 
adriamycin acts very s i m i l a r l y at the molecular l e v e l . Both a n t i 
b i o t i c s rapidly i n h i b i t nucleic acid synthesis i n various cultured 
c e l l l i n e s (e.g., 52-56) and i n c e l l s of tumor bearing ani
mals (52,57). This phenomenon i s thought to be the primary bio
chemical lesion caused by the drugs and to be due to selective 
binding of drug to nuclear DNA. A large body of biophysical and 
biochemical data support this conclusion. Autoradiographic 
experiments c l e a r l y show, for example, that daunomycin concen
trates i n the nuclei of tumor (KB) and normal (rat l i v e r ) c e l l s 
i n culture, and fluorescence quenching i n drug-treated c e l l n uclei 
also supports this contention (58). 

In v i t r o biophysical studies have established that daunomycin 
and adriamycin form stable complexes with native DNA and that the 
aglycone portion of the drugs intercalates between base pairs of 
the DNA helix i n the complex (51). Characteristic alterations i n 
the u l t r a v i o l e t and the v i s i b l e spectrum of the drug (bathochromic 
s h i f t and decreased absorption) demonstrate a s i g n i f i c a n t drug-DNA 
association, as does a pronounced decrease of daunomycin fluores
cence i n the presence of DNA. DNA al t e r s drug chemistry as well, 
i n h i b i t i n g ionization of the phenolic hydroxyls at high pH and 
v i r t u a l l y eliminating s u s c e p t i b i l i t y to polarographic reduc
tion (59,60). Apparent binding constants for this process 
(2.3-3.3 χ 10 6 M"1) are of the same magnitude as for the actino-
mycins, another strongly interacting group of DNA intercalating 
drugs (61). This strong binding process saturates at about one 
drug molecule per f i v e nucleotides for adriamycin and about six 
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nucleotides for daunomycin (60). At high drug:DNA ratios further 
drug binding occurs by weaker processes. Daunomycin binding to 
denatured DNA i s reduced by a factor of 20 but the number of sites 
remains the same. 

The properties of DNA are altered by complexation with dauno
mycin and adriamycin. As expected for intercalative binding (62, 
63) the complex sediments more slowly and has a lower buoyant 
density than the DNA i t s e l f . The v i s c o s i t y of solutions of 
a n t i b i o t i c complexes increases with increasing drug:DNA ratios , 
also diagnostic for i n t e r c a l a t i v e binding. In addition the drugs 
s t a b i l i z e h e l i c a l DNA to thermal dénaturâtion, increases i n melt
ing temperature (AT m) of 14.8° and 13.4° being observed for adria
mycin and daunomycin, respectively, i n 0.01 M pH 7.0 T r i s buffer 
at a drug:DNA ra t i o of 1:10 (60). 

More direct evidence for the in t e r c a l a t i v e binding mechanism 
has also been found. Dall'acqu
chroism experiments tha
adriamycin are perpendicular to the DNA helix axis (64). Waring 
demonstrated that increasing concentrations of daunomycin effect 
reversal of the supercoils of 0X174 closed c i r c u l a r DNA, a phenome
non considered highly diagnostic for intercalation (65). Pigram 
et a l . studied fibers of DNA-daunomycin complex by X-ray d i f f r a c 
tion and concluded that the patterns obtained were consistent only 
with int e r c a l a t i v e binding (66). These l a t t e r authors also pro
posed a s p e c i f i c molecular model for the complex i n which the 
aglycone was largely overlapped by adjacent base pairs and the 
daunosamine side chain of the drug projected into the major groove 
of the helix with the ammonium moiety interacting i o n i c a l l y with a 
phosphate one base pair away from the intercalation s i t e . The 
p o s s i b i l i t y of a hydrogen bond between the 9-hydroxy and an adja
cent phosphate was also suggested. It i s of interest that dauno
mycin binds only weakly to double stranded RNA and probably by a 
mechanism involving only e l e c t r o s t a t i c interactions (67). 

Consistent with the DNA complexing properties of these a n t i 
b i o t i c s several investigators have reported that DNA and RNA 
synthesis i n various isolated polymerase systems (mammalian, 
ba c t e r i a l , v i r a l ) i s inhibited by daunomycin and adriamycin and 
that this i s due to drug-template binding rather than direct 
i n h i b i t i o n of the enzyme (56,68-72). Recent evidence suggests 
that adenine-thymine templates are most sensitive to transcription 
i n h i b i t i o n by daunomycin but this point i s not firmly estab
lished (70). 

Inhibition of v i r a l polymerase systems, both RNA-directed (69, 
72-75) and DNA-directed (76), has been investigated extensively. 
In one comparative study of adriamycin and daunomycin i n h i b i t i o n 
of DNA polymerases from murine sarcoma virus, rat l i v e r and bac
t e r i a , the v i r a l enzyme was the most sensitive (69). The a n t i 
b i o t i c s have been shown effective i n vivo against tumors induced 
by murine sarcoma virus (77), Friend leukemia virus and Rous 
sarcoma virus (74,75). 
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The c e l l cycle phase s p e c i f i c i t i e s of daunomycin and adria
mycin have been investigated by several groups but general conclu
sions cannot yet be drawn. Tobey (78) and Kim et a l . (79,80) 
report both a n t i b i o t i c s to be S-phase s p e c i f i c i n Chinese hamster 
and HeLa c e l l s , respectively. Bhuyan and Fraser concluded simi
l a r l y for adriamycin i n Chinese hamster fibroblasts (81). However 
a very detailed study by S i l v e s t r i n i et a l . indicated that dauno
mycin caused detectable i n h i b i t i o n of DNA and/or RNA synthesis i n 
the G}, S and G 2 phases of the c e l l cycle i n rat fibroblasts (82). 
Mizuno et a l . (71) report no phase s p e c i f i c i t y for t r i t i a t e d 
daunomycin uptake by L - c e l l s i n contrast to the results of 
S i l v e s t r i n i et a l . (83) who found uptake maximal i n the late 
S-phase. Mizuno et a l . noted maximal cytotoxicity by daunomycin 
in the late S, G 2 and M phases but an effect was evident at a l l 
points i n the c e l l cycle (71). 

In view of the ver
adriamycin and daunomycin
determine the basis for the chemotherapeutic superiority usually 
seen with the former (2,84). At the enzymic l e v e l Tatsumi et a l . 
found the two drugs to be essentially equivalent as inhibitors of 
L1210-cell DNA polymerase (56) but Zunino and collaborators (68) 
found adriamycin a somewhat more potent i n h i b i t o r than daunomycin 
i n several c e l l - f r e e DNA and RNA polymerase systems. S l i g h t l y 
superior potency for adriamycin over daunomycin was reported 
e a r l i e r i n v i r a l DNA polymerase systems (69,76) but the d i f f e r 
ences are small and may vary with the template employed (74). 

At the c e l l u l a r l e v e l adriamycin has usually been found some
what less potent than daunomycin when judged by c r i t e r i a such as 
cytotoxicity, antimitotic index and i n h i b i t i o n of DNA synthesis, 
but the difference i s usually quite small (54,55,79,85,86) and 
not always evident (57) . Daunomycin i s i n i t i a l l y taken up by 
c e l l s more rapidly than adriamycin however (54,56,57,87) and this 
absorption difference i s cited by Zunino et a l . (68) as the 
probable reason for the apparent superiority of daunomycin i n 
L1210 c e l l systems. S i l v e s t r i n i et a l . noted that the h a l f - l i f e 
of adriamycin i n Sarcoma 180 c e l l s i n mice was substantially 
greater than daunomycin (12 hr vs 4 hr) and that adriamycin was 
inhibitory to RNA synthesis i n these c e l l s at levels where dauno
mycin was in e f f e c t i v e (57). In addition these investigators found 
that daunomycin k i l l e d c e l l s more quickly than adriamycin but that 
those c e l l s surviving the daunomycin were capable of rapidly 
resuming p r o l i f e r a t i o n . In contrast adriamycin had a slower cyto
toxic onset but fewer c e l l s were viable on attempted cloning after 
drug exposure. Razek et a l . (86) also noted s i g n i f i c a n t d i f f e r 
ences between the two drugs. They found AKR leukemia c e l l s to be 
more sensitive to both drugs than normal hematopoietic stem c e l l s 
from the mouse. However the d i f f e r e n t i a l t o x i c i t y between the two 
c e l l types (TD50 normal c e l l s / T D s o AKR c e l l s ) for adriamycin was 
nearly twice as large as that for daunomycin (6.3 vs 3.6). 
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One of the most si g n i f i c a n t differences between adriamycin 
and daunomycin l i e s i n the area of host immunosuppression. 
Casazza et a l . reported that adriamycin interfered less with the 
host-mediated spontaneous regression of murine sarcoma virus 
(Maloney) induced tumors than did daunomycin (88). Schwartz and 
Grindey found that the substantial therapeutic advantage of adria
mycin and daunomycin i n treating P288 lymphocytic leukemia i n mice 
i s lost when the host i s immunosuppressed by whole-body i r r a d i a 
tion or cyclophosphamide treatment prior to tumor implantation (87, 
89). They also found that daunomycin uptake by spleen was twice 
that of adriamycin whereas l i v e r , thymus and tumor c e l l s absorbed 
the two drugs equally. 

It i s clear that adriamycin and daunomycin have profound 
deleterious effects on nucleic acid synthesis and this property 
must be involved i n their mechanism of action. However, not a l l 
DNA-related b i o l o g i c a l
thesis i n h i b i t i o n . Fo
antimitotic effects were evident i n cultured mouse c e l l s at 
daunomycin levels much too low to affect nucleic acid synthe
s i s (82). They also demonstrated that the drug abruptly blocked 
mitosis when given only a few minutes before prophase. Similarly 
Schwartz recently noted that severe chromosome breakage was e v i 
dent i n the tumor c e l l s of daunomycin/adriamycin treated P288-
bearing mice within 1-3 hr after treatment (90). Such breakage i s 
not an i n t r i n s i c property of the drug-DNA interaction however as 
isolated DNA i s not degraded when incubated with daunomycin (71). 

Several possible mechanisms of action for the anthracyclines 
have been suggested that are apparently unrelated to DNA metabo
lism. Gosalvez et a l . investigated the effects of adriamycin and 
daunomycin on the respiration of isolated mitochondria and of 
intact normal and tumor c e l l s and found si g n i f i c a n t i n h i b i t i o n (91). 
Similarly Folkers and co-workers determined i n v i t r o that adria
mycin, carminomycin, daunomycin and adriamycin-14-0-octanoate 
inhibited succinoxidase and NADH-oxidase, respiratory chain 
enzymes that require coenzyme Qiq as cofactor (92). Comparatively 
high drug levels were required to e l i c i t these effects i n both 
studies. Alteration of c e l l surface architecture i s a new effect 
of adriamycin recently reported by Murphree et a l . (93). Using a 
new assay technique (94) they found that concanavalin A-induced 
agglutination of S180 c e l l s was enhanced severalfold following 
drug exposure. As the amount of l e c t i n bound was unchanged this 
suggests that adriamycin affects the clustering of concanavalin A 
binding s i t e s . 

The p o s s i b i l i t y that adriamycin and daunomycin act by i n t e r 
ference with microtubule function during mitosis has been raised 
by the work of Dano (95,96). Induced resistance to v i n c r i s t i n e , 
vinblastine or the two anthracyclines i n Ehrlich ascites tumors 
was accompanied by cross-resistance to each of the others; v i n 
c r i s t i n e and vinblastine are thought to act primarily on micro
tubules. 
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A l l of the above investigations on non-DNA-related effects 
of adriamycin and daunomycin are at preliminary stages but the 
p o s s i b i l i t y that these drugs act by multiple mechanisms must now 
be seriously considered. 

Molecular Models. Based upon the evidence reviewed above 
(and ô^T^so^e^^dliîa^nÎt described here) Arcamone and Di Marco (51) 
concluded that DNA-adriamycin complex involves three types of 
binding: hydrophobic interaction due to the intercalated agly
cone, e l e c t r o s t a t i c attraction between the protonated 3'-amino 
group of the daunosamine and phosphate groups of the helix, and 
hydrogen bonds of unspecified character. The molecular model 
proposed by Pigram et a l . (66) for the daunomycin-DNA complex i s 
consistent with these conclusions. The l a t t e r authors employed 
a conformation for the daunomycin A ring similar to that found i n 
the c r y s t a l structure o

Figure 3. Possible conformations of ring A of daunomycin 

If another conformation of ring A i s postulated (Figure 3b) a 
model i s possible which s i m i l a r l y permits the chromophore to 
intercalate between base pairs and the protonated amino sugar i n 
the major groove to form an e l e c t r o s t a t i c bond with a DNA phos
phate located one nucleotide away from the intercalation s i t e . 
However the l a t t e r conformation also c l e a r l y allows the 9-hydroxy 
to hydrogen bond firmly to the phosphate adjacent to the i n t e r 
calation gap and the 4'-hydroxy to probably form a hydrogen bond 
to the phosphate two nucleotides away from the int e r c a l a t i o n s i t e . 
A t h i r d hydrogen bond i s possible between the 14-hydroxyl and N-7 
of a purine base i n the adjacent base pair. This alternate model 
complex, i l l u s t r a t e d i n Figure 4, i s consistent with a l l of the 
biophysical data and especially emphasizes the importance of the 
hydrogen bonding forces that are known to contribute s i g n i f i c a n t l y 
to the s t a b i l i t y of the complex (97). 
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Figure 4. Proposed intercalative complex of adriamycin and helical B-form DNA as 
viewed from the major groove. Much DNA structure has been omitted to clarify spe
cific bonding points. Four consecutive phosphate groups from one polydeoxyribosephos-
phate chain are shown extending from the upper right to the lower middle positions of 
the drawing. The phosphate ester links in this chain are in the 3 ' —» 5 ' direction start
ing from the upper right. Part of a thymine-adenine base pair is shown immediately 

above the aglycone. The drawing is based on a CPK molecular model. 
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The drug f i t i n this model suggests a preference for an 
adenine-thymine base pair on the same side of the intercalated 
aglycone as the sugar residue, with the thymine located adjacent 
to the methoxy-bearing D-ring. However a l l combinations of 
adenine-thymine and guanine-cytosine bases around the aglycone 
can be accommodated except those that place the thymine toward 
ring A and on the same side of the molecule as the sugar residue. 
In these cases the thymine methyl s t e r i c a l l y prevents formation 
of the ionic and hydrogen bonds associated with that region of the 
complex. 

The alternate conformation postulated for ring A (Figure 3b) 
in the model of Figure 4 places the 9-acetyl group i n an a x i a l 
position and the 7- and 9-oxygen functions equatorial. This i s 
contrary to the crystallographically determined conformation of 
N-bromoacetyldaunomycin (28) and the conformation usually found i n 
other anthracyclinone A
the question of i t s probabilit
getic j u s t i f i c a t i o n has been made but the 3a ·*• 3b conformational 
change places the large sugar moiety equatorial, possibly a not-
too-unequal exchange for the a x i a l placement of the acetyl. In 
addition the s i g n i f i c a n t energy gain i n forming the complex might 
be expected to more than offset any energy required to achieve 
the new conformation. 

Overall, the proposed receptor complex pictured i n Figure 4 
seems satisfactory because a maximum number of drug functional 
groups have been used i n the binding process and there are no un
f i l l e d c a v i t ies between drug and DNA or dangling parts of the drug 
l e f t unused. The model offers something rare i n medicinal chemis
try, the opportunity to work with a reasonably possible, three-
dimensional, largely chemically-defined drug-receptor structure. 
The concept of the s p e c i f i c receptor s i t e has permeated much of 
drug research i n recent years but f u l l use of the idea has rarely 
been possible because the detailed chemical structure of the 
receptors are not known. H e l i c a l DNA i s one of the very few bio
l o g i c a l macromolecules of known importance as a drug receptor that 
can be described i n chemical and three-dimensional terms. In the 
following discourse the model w i l l be discussed i n terms of i t s 
a b i l i t y to ra t i o n a l i z e test data among anthracycline derivatives 
and analogs. 

Daunomycin and ^A^iamycin Dérivât The carbonyl group 
at C-ÎT^oT^dajji^ s e l e c t i v e l y deriva-
tized by standard carbonyl reagents and, as would be expected, 
the amino group i s also s e l e c t i v e l y attacked by acylating agents. 
For t h i s reason derivatives on these functional groups received 
early attention i n structure-activity studies (51,98). Most 
investigations on these classes of derivatives used daunomycin as 
substrate but the limited work on similar adriamycin derivatives 
suggests comparable effects. An important part of the data used 
by Arcamone and Di Marco to reach their conclusions regarding the 
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DNA binding mode and mechanism of action of the anthracyclines 
was derived from this type of derivative (51). 

In general, formation of an N-acyl derivative (amide, urea, 
thiourea) of daunomycin results i n a marked decrease or t o t a l 
loss of i n vivo antitumor a c t i v i t y i n experimental animal screens. 
Potency i s always decreased markedly and usually efficacy as well. 
That this i s not universally so, however, i s i l l u s t r a t e d by data 
on N-acetyl daunomycin (16) i n Table III. A c t i v i t y against L1210 
i s v i r t u a l l y lost i n this"derivative but s l i g h t l y superior 
efficacy results i n the P388 system at a higher dose. The result 
with the p-fluorophenylthiourea of adriamycin (17) i n the P388 
system i s more ty p i c a l with poorer efficacy at a high dose l e v e l 
being found. It i s si g n i f i c a n t however that appreciable i n vivo 

Table III  In vivo Antitumor A c t i v i t y of 

% Increased survival time 
at optimal dose (mg/kg) 

No. Compound L1210 P388 B16 

10 dauno-N-COCH3 17 (20) 91 (12.5) 2/26C -
17 adria-N-CSNHC6R\F-p - 50 (25) -
18 dauno-13=NNHC0C 6H 5 (5.9) 75 (2) 100 (3) l/10C b 

19 dauno-13=NNHC0CH20H 34 (7) 118 (2) 275 (6) 3/6C 

20 adria-13=NNHC0C 6H 5 - 152 
101 

(6) 2/6C 
(8) 1/6C 

— 

adriamycin 63 (1.7) c 112 
>140 (0.5) 3/6CD 

94 (0.5) b 

daunomycin 43 (1.7) c 70 
108 

(0.5) 
(0.25) 

188 (1) 4/10Cb 

aData from standard NCI mouse test systems using QD1-9 dose 
schedule (99). Fractions following entries indicate long term 
survivors ("cures") over t o t a l animals i n test group. Under
lined figures are averages of two or more values. 

bData from ref. 100. 
c 
Data from ref. 84. 
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a c t i v i t y i s retained after insertion of such a large and com
paratively nonpolar group. 

Carbonyl derivatization at C-13 also causes a decrease i n 
potency i n animal tests but the effect i s less than with N-
acylation and the efficacy of the derivative i s occasionally 
better than the parent a n t i b i o t i c . Table III l i s t s three carbonyl 
derivatives. Daunomycin benzhydrazone (rubidazone, structure 18) 
i s equal or s l i g h t l y superior to daunomycin i n ef f i c a c y i n the 
P388 and B16 systems but 3-6 times as much drug i s required for 
optimum a c t i v i t y . In the L1210 system rubidazone appears s l i g h t l y 
poorer than daunomycin but i t should be pointed out that both 
rubidazone (and adriamycin) are schedule sensitive and the QD1-9 
regimen i s not optimum against L1210. With dosing every three 
hours on day one after tumor implantation, for example, rubidazone 
gives an increase i n survival time of 61% vs 33% for daunomycin 
at t o t a l doses of 32 an
adriamycin provides a 156
of eight long-term survivors at 8 mg/kg (100). Daunomycin gly-
colohydrazone (19) i s c l e a r l y superior to daunomycin i n the P388 
and B16 systems according to the limited data available. Adria
mycin benzhydrazone (20) i s c l e a r l y less potent than the parent 
i n the one test system for which data are available but efficacy 
i s not seriously reduced. The data i n Table III are provided to 
give a general comparison of derivatives with the parent a n t i 
b i o t i c s . Detailed comparisons should be regarded with caution 
because the data are not drawn from single experiments that 
d i r e c t l y compared a l l compounds against each tumor. 

Rubidazone (18), o r i g i n a l l y reported by Maral et a l . (101), 
has a greater therapeutic index than daunomycin (about two-fold) 

MeO 0 OH 6 

NH2 

18 rubidazone 
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and was evaluated against acute myeloblastic leukemia by 
Jacq u i l l a t et a l . (102). While a 45% complete remission rate 
was achieved i n this preliminary c l i n i c a l study and hematological 
t o x i c i t y was lessened and better controlled with rubidazone, clear 
superiority over daunomycin was not established. Against s o l i d 
tumors results were less promising primarily due to unacceptable 
side effects (103). Resistance to rubidazone can be induced i n 
the Ehrlich ascites tumor i n vivo and reciprocal cross-resistance 
i s found with daunomycin, adriamycin, v i n c r i s t i n e and v i n 
blastine (104). 

In v i t r o inhibitory effects on nucleic acid synthesis by 
amino and carbonyl derivatives generally p a r a l l e l their i n vivo 
antitumor effects, i . e . , potency i s almost always decreased i n 
comparison to the parent a n t i b i o t i c s . Table IV l i s t s E D 5 0 values 
for DNA and RNA synthesis i n h i b i t i o n i n cultured L1210 c e l l s for 
a series of derivatives of daunomycin and adriamycin  Similar 
data for several other unmodifie
also presented for comparison
a greater loss of potency r e l a t i v e to the parent than do the C-13 
carbonyl derivatives. The f i r s t f i v e compounds i n Table IV were 
cited i n Table III for their s i g n i f i c a n t i n vivo antitumor a c t i 
v i t y . A l l of this group are inhibitory for both DNA and RNA below 
10 μΜ but i n almost every case have lost appreciable potency 
r e l a t i v e to adriamycin and daunomycin. Derivatives 21-27 of 
Table IV i l l u s t r a t e a different effect on DNA and RNA synthesis 
that frequently results upon dérivâtization. The effect on DNA 
synthesis i s greater than i t i s on RNA synthesis by a factor of 
three or more for each of these compounds. Daunomycin and adria
mycin cause equal effects on the two types of nucleic acid under 
the conditions of this assay. Since the DNA and RNA tests are 
performed under i d e n t i c a l conditions the s e l e c t i v i t y afforded by 
these compounds suggests that some aspect of their mechanism of 
action has been changed by derivatization and that this effect 
could be exploited to obtain drugs with favorably altered t o x i c i t y 
or tumor spectrum. Three of this group of derivatives (21, 23, 
25) are inactive i n vivo i n the L1210 or P388 systems but 22, 24, 
2&, and 27 retain s i g n i f i c a n t a c t i v i t y . 

It i s of interest that carminomycin i s the only compound en
countered that showed preferential i n h i b i t i o n of DNA synthesis 
over RNA synthesis i n t h i s system. A similar d i f f e r e n t i a l effect 
was also noted i n a bacterium (17). Rhodomycin, nogalamycin, and 
the cinerubins strongly favor i n h i b i t i o n of RNA synthesis. The 
high i n v i t r o potency of carminomycin i s reflected i n i t s i n vivo 
a c t i v i t y . Shorin et a l . (15) report somewhat superior efficacy 
with carminomycin against L1210 leukemia at doses about one-
seventh those of daunomycin. These authors also report s i g n i f i 
cant carminomycin a c t i v i t y i n several other experimental tumor 
systems. 

An interesting class of 14-0-acyl derivatives of adriamycin 
(Figure 5) was reported recently from the Farmitalia 
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Table IV. Inhibition of Nucleic Acid 
Synthesis i n Cultured L1210 
Cells by Anthracycline 
Anti b i o t i c s and Derivatives 3 

ΕΡςη (μΜ) 
No. Compound DNA RNA 
16 dauno-N-COCH3 7.5 6.8 
17 adria-N-CSNHCgH^F-p 1.9 0.9 
18 dauno-13 = NNHCOC6H5 2.7 2.0 
19 dauno-13 = NNHC0CH20H 3.5 2.6 
20 adria-13 =
21 dauno-N-COCH
22 dauno-N-CSNHCH3 > 100 15 
23 dauno-N-CSNH(CH2)3CH3 32 7.1 
24 dauno-N-CHO 25 8.7 
25 dauno-13 = N0CH3 2.1 0.7 
26 dauno-13 = NNHCO(CH2)6CH3 21 6.5 
27 dauno-13 = NNHCOCgH^Et-p 6.0 1.0 
1 adriamycin 0.8 0.9 
2 daunomycin 0.3 0.3 
3 carminomycin 0.04 0.2 
4 d ihydrο daunomyc i n 1.2 2.1 
5 rhodomycin B b 2.1 0.1 

- nogalamycin 0 4 0.4 
6 cinerubin A*5 0.3 0.03 

- cinerubin B b 1.5 0.2 

Determined by drug effect on incorporation of 3H-labeled 
thymidine and uridine into DNA and RNA, respectively. ED50 
i s the drug concentration effecting a 50% reduction of 
labeling i n isolated DNA and RNA. See ref. 105 for detailed 
methodology. 
'Antibiotics kindly provided by Dr. Martin Apple, UCSF. 
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Laboratories (106,107). These compounds, prepared from 14-bromo-
daunomycin by displacement with carboxylate s a l t s , frequently 

Figure 5. Adriamycin-14-O-carboxylates prepared by Arcamone 
et al (106). R = CH3, C2H,y n-C7H15, CftH5, CH2C6H,, 3-pyridyl, 

CH2(l-naphthyl). 

displayed i n v i t r o and i n vivo cytotoxic effects comparable to 
adriamycin. In some cases, notably the octanoate ester, c l e a r l y 
superior antitumor a c t i v i t y was found against Gross leukemia and 
transplanted mammary carcinoma i n the mouse. Pharmacokinetic 
studies with the octanoate demonstrate that i t has altered prop
erties r e l a t i v e to adriamycin; i n particular the derivative 
accumulates i n heart tissue to a smaller extent. Preliminary 
data suggest that the octanoate ester i s cleaved i n t r a c e l l u l a r l y 
by non-specific esterases (107). 

Another sig n i f i c a n t group of adriamycin-14-0-carboxylates 
was recently reported by Israel et a l . These investigators pre
pared a series of N-trifluoroacetylated esters (Figure 6) that 
showed cytotoxicity i n v i t r o (108) and yielded one compound, N-
trifluoroacetyladriamycin-14-0-valerate (code named AD32), that 
provided marked improvement in efficacy in their L1210 and P388 
mouse leukemia systems (109). As shown in Table V, against P388 
adriamycin at 4 mg/kg gave about one-third of the survival time 
increase of AD32 at 40 mg/kg and no 60-day survivors. The 
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NHCOCF3 

Figure 6. N-Trifluoroacetyhted adriamycin-14-O-carboxyhtes 
prepared by Israel et al (108). R = CH3, C2H5 CH(CH3)2, 

(CH2)3CH3, C(CH3)3, (CH2),CH3y (CH2)6CH3, (CH2)8CH3. 

advantage of AD32 over adriamycin was even more pronounced against 
L1210. This tumor i s i n t r i n s i c a l l y much less sensitive to anthra
cyclines and this i s shown by the low survival time increase of 

Table V. Experimental Antitumor 
A c t i v i t y of AD32a 

Optimal % Increase 60-day 
Tumor Drug Dose (mg/kg) Survival Time Survivors 
P388 adria 4.0 132 0/6 

AD32 40 429 3/5 

L1210 adria 4.0 42 0/7 
AD32 50 > 400 5/7 

aSchedule: QD1-4, i p . Data from ref. 109. 

42% and lack of long-term survivors given by adriamycin. In 
contrast AD32 gave f i v e out of seven 60-day survivors, an im
pressive result as long-term survivors with any anthracycline are 
not common i n the L1210 system. As expected with an N-acylated 
derivative optimum dose levels for AD32 are at least ten-fold 
greater than for adriamycin. 

Before leaving this group of derivatives i t should be noted 
that their b i o l o g i c a l a c t i v i t i e s are generally i n qualitative 
agreement with the receptor s i t e hypothesis discussed above. 
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Amino, C-13 carbonyl and 14-hydroxy derivatives are a l l s t e r i -
c a l l y acceptable according to molecular model studies. The amine 
and acetyl moieties are r e l a t i v e l y uncrowded i n the complex and 
can accept bulky modifications without seriously disturbing 
c r i t i c a l binding points. The markedly decreased potencies usually 
found with N-acyl derivatives are rationalized by the drug's loss 
of basic character and consequent loss of the e l e c t r o s t a t i c bind
ing component. The DNA binding constant of N-acetyldaunomycin 
for example i s about 200-fold less than that of daunomycin but the 
number of binding sites i s reduced only by one t h i r d (60). 

Table VI presents two compounds that have recently emerged 
from the Stanford Research Institute program (105). Periodate 
treatment of adriamycin provides carboxylic acid 28 i n high y i e l d 
by oxidative removal of the 14-carbon. The acid i s quite poor as 
a nucleic acid synthesis i n h i b i t o r i n v i t r o but the ester (29) i s 

Table VI
Periodate-modified Derivatives 
of Adriamycin 

ΕΡςη (μΜ) 
No. R DNA RNA 
28 OH > 100 65 
29 0CH3 2.0 0.9 

adriamycin 0.8 0.9 

% increase i n 
survival time (mg/kg)b AT m (°C) C 

63 (25) 2.6 
46 (50) 12.6 

112 (1) 17.8 

See Tables III and IV for d e t a i l s . 
bP388 mouse lymphocytic leukemia, QD1-9 schedule, ip tumor 
and drug. 
°Sonicated ca l f thymus DNA i n O.OlO M, pH 6.0 P0 4 buffer at a 
drug:DNA molar r a t i o of 1:10. 
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nearly as potent as adriamycin. Both compounds proved active 
i n vivo i n the P388 system although potency and efficacy are 
greatly reduced r e l a t i v e to adriamycin. This result i s of i n 
terest none-the-less because these compounds are the f i r s t i n 
which the carbon skeleton of the parent has been altered with 
retention of i n vivo a c t i v i t y . There are no s t e r i c constraints 
to the f i t of either 28 or 29 into the proposed receptor complex 
of Figure 4. However 28 i s probably zwitterionic at physiologi
ca l pH and the carboxylate anion would undoubtedly introduce a 
strong e l e c t r o s t a t i c repulsion to the DNA phosphates and thereby 
i n h i b i t binding. This effect i s reflected i n the r e l a t i v e a b i l i 
t i e s of 28 and 29 to s t a b i l i z e h e l i c a l DNA. The AT m of 28 i s 
only 2.62r~vs 12.6° for ester 29 and 17.8° for adriamycin under 
the standard conditions noted i n Table VI. 

In further new work treatment of adriamycin and daunomycin 
with excess methyl iodide
quaternary ammonium chloride
DNA and RNA synthesis i n h i b i t i o n i s greatly depressed by quaterni-
zation of both a n t i b i o t i c s . Reduced c e l l penetration because of 

Table VII. Bio l o g i c a l A c t i v i t y a of Quaternary 
Ammonium Derivatives of Adriamycin 
and Daunomycin. 

MeO 0 OH ^ 

NMe3 CI" 
+ 

ED .ς η (μΜ) % increase i n ^ 
survival time (mg/kg) No. _R_ DNA RNA 

% increase i n ^ 
survival time (mg/kg) 

30 OH > 100 83 90 (12.5) 
31 H > 1000 57 13 (25) 

adriamycin 0. 8 0.9 112 (1) 

aSee Tables III and IV for d e t a i l s . 
bP388 mouse lymphocytic leukemia, QD1-9 schedule, 
ip tumor and drug. 
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the f u l l and i r r e v e r s i b l e positive charge present i n the drug 
molecules i s a probable explanation for the i n v i t r o effect 
because physical data on the daunomycin derivative indicate l i t t l e 
change i n the binding properties with DNA. For example, the AT m 

for 31 i s 16.3° vs 16.8° for daunomycin. Physical data on the 
adriamycin derivative are not yet available but both 30 and 31 can 
be accommodated by the model receptor complex. Surprisingly the 
adriamycin quaternary retained appreciable i n vivo a c t i v i t y while 
the daunomycin derivative was inactive. However quaternization 
i s c l e a r l y detrimental to i n vivo a c t i v i t y i n both cases. 

Before leaving the subject of derivatives the work of Trouet 
et a l . on DNA complexes of daunomycin and adriamycin should be 
mentioned although these materials are not derivatives i n the 
chemical sense used e a r l i e r i n this section. Because tumor c e l l s 
have a higher pinocytosis rate than normal c e l l s , these i n v e s t i 
gators reasoned that complexin
ca r r i e r that could ente
in selective drug uptake by tumor c e l l s . Inside the c e l l sub
sequent lysosomal digestion of the car r i e r would occur and the 
resulting drug release would cause c e l l death. They applied this 
p r i n c i p l e , termed lysosomotropic drug action, to daunomycin and 
adriamycin v i a the drug-DNA complexes because of the high s t a b i l i 
ty of these complexes. Although the o r i g i n a l work (111) used 
daunomycin, adriamycin-DNA complex also proved advantageous over 
the free drug. Table VIII presents comparative i n vivo a n t i 
tumor test data for adriamycin and i t s DNA complex from recent 
work by Atassi and Tagnon (112). The complex i s cl e a r l y superior 
to the free drug at a l l dose levels and induced one long-term 
survivor out of ten treated animals at the highest dose. The 

Table VIII. A c t i v i t y of Adriamycin and 
Adriamycin-DNA Complex Against 
Leukemia L1210 i n DBA/2 Mice a 

Survival time increase (%) 
Dose (mg/kg) Adriamycin Adr iamy c in-DNA 

6 83 216 (1/10) 
5 141 216 
3 92 125 

aData from ref. 112. 
bDose schedule QD1-5, i v . Dose of adriamycin-DNA 
complex refers to wt. of adriamycin i n complex. 
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t o x i c i t y of the complex, based on drug content, i s reduced sub
s t a n t i a l l y . This type of result (113) led to successful c l i n i c a l 
use of daunomycin-DNA complex i n the majority of patients i n a 
group of 25 with acute leukemias (114,115). A favorable result 
with the one patient treated with adriamycin-DNA complex was also 
reported (114). Reduced t o x i c i t y was the major advantage cited 
for the complexes over the free drugs. Additional c l i n i c a l t r i a l s 
with both of these promising materials are currently underway (40). 

The p o s s i b i l i t y that the role of the DNA i n the adriamycin-
DNA complex i s not to carry the drug into c e l l s by endocytosis 
has been raised by the work of Marks et a l . They found that DNA 
injected separately before and after adriamycin, and also without 
adriamycin, increased survival time i n tumor bearing mice (116). 

Sgmij^ Within 
the d e f i n i t i o n used i n
logs are possible, thos
a daunosamine substitute and those consisting of an aglycone sur
rogate coupled to daunosamine. As the f i r s t examples of the 
former type Penco (117) coupled daunomycinone with glucose and 
glucosamine v i a a Koenigs-Knorr sequence to give compounds 32 and 
33, respectively. No reports on the b i o l o g i c a l properties of 32 

32 R = OH 
33 R = NH2 

are known to the author but the glucosamine analog has been 
studied extensively. It binds less strongly to DNA than dauno
mycin (60), i s less potent or inactive i n a variety of i n v i t r o 
assays (77,118), and i s inactive against the a s c i t i c sarcoma 180 
tumor i n mice (77). The pronounced deleterious effect of re
placing daunosamine with glucosamine i s not e n t i r e l y consistent 
with the molecular model of Figure 4 because an equatorial 

In Cancer Chemotherapy; Sartorelli, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



38 CANCER C H E M O T H E R A P Y 

2f-ammonium group can bond with the adjacent phosphate anion about 
as well as a 3'-ammonium. However, the 21-ammonium s t e r i c a l l y 
interacts with the 8-methylene of the Α-ring and a conformational 
change i n the relationship of the sugar to the Α-ring could readi
l y account for a poor f i t i n the hypothetical receptor complex. 

Very recently the Farmitalia group (119) reported semi
synthetic analogs of daunomycin and adriamycin i n which the 4 1-
hydroxyl i s inverted with respect to the parent a n t i b i o t i c s (34, 
35). These compounds were prepared by coupling the corresponding 
Ν,Ο-trifluoroacetyl-blocked chloro sugar (obtained from dauno
samine) with daunomycinone and with adriamycinone, blocked at the 
14-hydroxy group by a k e t a l . In addition to the natural a-anomers 
these syntheses simultaneously provided 3-anomers 36 and 37 i n 
lesser y i e l d s . The 4 f-epimeric a n t i b i o t i c s retained roughly com
parable a c t i v i t y to the parents as inhibitors of Murine Sarcoma 

virus (Maloney) f o c i formation and mouse embryo fibroblast p r o l i f 
eration but appeared somewhat less potent as in h i b i t o r s of HeLa 
c e l l colony formation. In vivo 34 and 35 retained substantial 
a c t i v i t y against a s c i t i c Sarcoma 180 and Gross leukemia i n the 
mouse but efficacy was moderately reduced r e l a t i v e to the parents. 
4 1-Epi-adriamycin was equally efficacious but s l i g h t l y less potent 
than adriamycin i n a Sarcoma 180 s o l i d tumor test as well. Inter
estingly the 3-anomer of 4 1-epi-daunomycin (36) retained s i g n i f i 
cant a c t i v i t y i n the various i n v i t r o tests and against a s c i t i c 
Sarcoma 180 i n vivo, despite i t s marked configurâtional difference 
from daunomycin; potency i n every test was reduced substantially 
i n comparison with daunomycin or 34. 

A very s i g n i f i c a n t finding i n this study was the lack of 
effect of 35 on the beating rate of cultured mouse embryonic heart 
c e l l s at 1 pg/ml when adriamycin showed a toxic effect at 0.1 yg/ml. 
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This c l e a r l y demonstrates that small structural modifications can 
favorably affect cardiotoxic properties without destroying a n t i 
tumor a c t i v i t y . 

Daunomycin analogs 34 and 36 were also recently prepared at 
Stanford Research Institute by somewhat different methods (120, 
121). Not unexpectedly we found that 4 T-epi-daunomycin was 
essentially i d e n t i c a l to daunomycin as an i n h i b i t o r of nucleic 
acid synthesis and also gave a AT m value nearly as high as the 
parent (Table IX). The 3-anomer (36) retained about one-tenth of 

Table IX. In v i t r o Comparison of Daunomycin 
and Two Configurâtional Isomers. 

Compound DN
34 0.7
36 6.7 2.9 5.2 

daunomycin 0.80 0.32 16.8 

aSee Table IV for d e t a i l s . 
bSee Table VI for d e t a i l s . 

of the potency of daunomycin i n suppressing nucleic acid synthesis 
and i t s AT m value was depressed by 11.5° below that of daunomycin. 
Preliminary i n vivo NCI test data indicate that both 34 and 36 
are active i n the L1210 system. 

4 1-Epi-daunomycin i s readily accommodated by the proposed 
receptor model of Figure 4 with possible loss of the 4 1-hydroxy1 
hydrogen bond as the only change. Because of i t s molecular shape 
the 3-anomer (36) cannot be f i t t e d nearly as readily as can 34. 
The aglycone residue of 36 has become equatorial to the pyranose 
ring, rather than a x i a l as i n the α-anomers. However a reasonable 
conformation for 36 that permits aglycone intercalation and forma
tion of the ionic bond and the 9-hydroxy hydrogen bond can be 
obtained by rotation about the two carbon-oxygen bonds of the gly
cosidic l i n k , thus q u a l i t a t i v e l y r a t i o n a l i z i n g the decreased 
potency and AT m. 

Structure 38 i s another semisynthetic analog derived from 
daunomycinone (122). In this compound the daunosamine moiety i s 
replaced by the basic but much simpler 3-alanine ester function. 
Because of the f l e x i b i l i t y of the acyclic 3-alanine side chain 
this compound can readily be accommodated by the receptor model. 
Compared to daunomycin 38 i n h i b i t s DNA and RNA synthesis i n 
cultured L1210 c e l l s at about ten-fold higher levels (ED 5 0 = 8.2 
and 5.7 μΜ, respectively). In vivo antitumor a c t i v i t y was also 

In Cancer Chemotherapy; Sartorelli, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



40 CANCER C H E M O T H E R A P Y 

aa 

found with this compound, giving increases i n survival time i n two 
tests of 60 and 26% at 12.5 mg/kg and 69 and 26% at 6.25 mg/kg 
(P388, QD1-9 ip regimen). The AT m value for 38 under our stan
dard conditions (Table VI) was reduced but sig n i f i c a n t at 6.3°. 
Although the i n vivo a c t i v i t y of 38 i s unremarkable compared to 
adriamycin and daunomycin i t reinforces the conclusion suggested 
previously by the propertie
nothing irreplaceable i
simply be a car r i e r for a potency-enhancing ammonium moiety. This 
point w i l l be considered further i n following discussions. 

Several esters of daunomycinone analogous to 38 but derived 
from amine-bearing cyclohexane carboxylic acids have been patented 
and claimed as effective against L1210 lymphocytic leukemia i n the 
mouse (123). 

Moving to the second type of semisynthetic analog, Table X 
presents a series of glycosides of daunosamine with a variety of 
synthetic aglycones (124). These compounds are part of a series 
designed to determine what features of the natural aglycones are 
essential for b i o l o g i c a l a c t i v i t y . Deleting a l l aromatic charac
ter and retaining only ring A of daunomycinone provided 39. V i r 
t u a l l y a l l a c t i v i t y as an inh i b i t o r of DNA and RNA synthesis i n 
c e l l culture i s lost by this s i m p l i f i c a t i o n . The AT m value for 
39 has not been determined but a low value would be expected 
because intercalation i s impossible with no aromatic group. 
Coupling of daunosamine to α-tetralol, thus reinstating a l i t t l e 
aromatic character i n the aglycone, yielded the diastereomeric 
pair, 40 and 41. Neither compound displayed si g n i f i c a n t DNA/RNA 
synthesis i n h i b i t i o n nor provided AT m values appreciably above 
baseline ( i . e . , no better than daunosamine). Extension of the 
aromatic area of the series by use of biphenyl-4-carbinol as 
aglycone provided compound 42. A nearly ten-fold enhancement of 
nucleic acid synthesis i n h i b i t i o n results from this change but the 
a b i l i t y of the compound to thermally s t a b i l i z e DNA remains i n s i g 
n i f i c a n t . Moving to anthraquinone-2-carbinol as aglycone, thus 
adding a third aromatic ring and quinonoid character to the system, 
provided analog 43. A l l a c t i v i t y parameters improved; DNA and RNA 
synthesis i n h i b i t i o n values f e l l below 10 μΜ and the ATm rose to 
the low but sig n i f i c a n t value of 2.2°. Coupling daunosamine to a 
simplified tetrahydronaphthacene quinone analog of daunomycinone 
that was prepared previously i n our laboratories (37,125) yielded 
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the diasteriomeric pair of analogs 44 and 45. Compound 44 now 
resembles the parent a n t i b i o t i c s quite closely, possessing a 
chromophore with very similar electronic character, correct 
stereochemistry at the 7-position and only lacking the 9-position 
substituents and the 4-methoxy group. These seeming advances 
toward the parent a n t i b i o t i c s improved the DNA/RNA inhib i t o r y 
character of the drug somewhat but by a factor of less than two 
over anthraquinone 43. On the other hand the AT m value for 44 
rose quite s i g n i f i c a n t l y to 12.6°. Perhaps most importantly, 
however, the diastereomer of unnatural R configuration at the 7-
position (45) was as good an i n h i b i t o r of nucleic acid synthesis 
as was 44 despite their marked stereochemical difference. The 
AT m of 45 also improved over the simpler analogs but much less so 
than that of 44. 

The AT m data are consistent with the receptor s i t e model 
given i n Figure 4. Fo
should possess an aromati
with the surrounding base pair s . This condition i s met with the 
analogs showing s i g n i f i c a n t AT m values. In addition, the correct 
configuration at the 7-position combined with the largest aroma
t i c moiety (compound 44) yielded the highest DNA s t a b i l i z a t i o n 
seen i n the series. The nucleic acid synthesis i n h i b i t i o n values 
also correlate generally with what the model would predict : 
structural features expected to give a more stable complex are 
associated with greater i n h i b i t o r y e f f e c t s . However compound 45 
i s an important exception to t h i s generalization. The inversion 
of the benzylic carbon (equivalent to C-7 of adriamycin) yields a 
molecule that e s s e n t i a l l y cannot participate i n the hypothetical 
receptor s i t e . The molecular shape of 45 d i f f e r s sharply from 
that of 44; the l a t t e r f i t s into the s i t e as easi l y as adriamycin 
(less the 9- and 14-hydroxy hydrogen bonds) while 45 can be made 
to f i t only poorly by assuming improbable conformations. Although 
i t i s possible according to model studies for analog 45 to form 
i o n i c a l l y bound in t e r c a l a t i v e complexes with DNA that d i f f e r sub
s t a n t i a l l y from that of Figure 4, adriamycin and daunomycin cannot 
be accommodated. Thus the similar E D 5 0 values for 44 and 45 
could be caused fo r t u i t o u s l y by a unique DNA complex assumed by 
45, but not by the a n t i b i o t i c s . However the data seem better 
rationalized by the proposition that adriamycin, daunomycin, 45 
and a l l of the i n v i t r o - a c t i v e analogs can affect nucleic acid 
synthesis by an alternate and comparatively nonstereospecific 
mechanism i n addition to the single s p e c i f i c mechanism implied by 
the molecular complex pictured i n Figure 4. 

A l l analogs i n Table X except 39 have been evaluated i n vivo 
by NCI i n the P388 system. A l l were found inactive at non-toxic 
doses. The lack of i n vivo a c t i v i t y from any of the analogs, 
especially 44, implies that one or more of the 4- and 9-position 
substituents of adriamycin and daunomycin are necessary for a 
useful drug. The DNA/RNA synthesis i n h i b i t i o n shown by 44, while 
not as potent as that of the parents, i s well within the range 
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Table X. Glycosides of Daunosamine. Inhibition 
of Nucleic Acid Synthesis i n Cultured 
L1210 Cells and Effect on Thermal 
Denaturation of Calf Thymus DNA. 

NH2 

Ε Ρ ς η ( y M ) a 

No. R DNA RNA AT m (°C) 

39 
OCH

OH 210 210 

(diastereomeric 
mixture) 

0.5 

0.9 

1.1 
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Table X (Concluded) 

No. 

43 

ED ς n ( y M ) c 

DNA 

9.0 

RNA 

7.4 

A T m ( ° Q 

2.2 

44 

0 OH 

ol To 
0 OH o-

5.6 4.7 12.6 

45 

0 OH 0-

5.4 4.5 6.8 

adriamycin 

daunomycin 

daunosamine 

0.8 

0.3 

> 100 

0.9 

0.3 

> 100 

17.8 

16.8 

1.0 

See Table IV for d e t a i l s . 
3See Table VI for s p e c i f i c conditions. 
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where useful i n vivo-active derivatives appear (see Tables III 
and IV). This suggests that the need for these additional sub
stituents may l i e i n the realm of host effects rather than i n 
their importance for increasing i n t r i n s i c tumor-cell k i l l i n g 
character. 

Totally Synthetic Analogs of Adriamycin. Analogs of this 
group are associated with the anthracycline natural products 
primarily by possessing two structural features i n common, 
a quininoid aromatic unit and a basic side chain. Analogs of 
this type were f i r s t described by Muller et a l . (126) who prepared 
racemic 46 and several other related compounds as analogs of 
rhodomycin Β and daunomycin. No data on the b i o l o g i c a l or bio
physical properties of these compounds have yet been published 
however. 

Very recently Doubl
f i v e anthraquinones bearin
(e.g., 47-49) as models of several intercalating drugs including 

CHo 
I 

R 0 NHCH(CH 2) 3NEt 2 

&® 
0 R» 

47 R = Η, RT =0H 
CH3 I 

48 R = H, Rf = NHCH(CH 2) 3NEt 2 

CHo 
I 

49 R = NHCH (CH2 ) 3NEt 2 , RT = Η 

adriamycin. Spectrophotometric DNA-binding studies determined 
that compounds 47 and 48 had binding constants s l i g h t l y greater 
than adriamycin but that the number of receptor sit e s on the DNA 
was reduced by 25-50%. Compound 49 possessed a binding constant 
about one-half that of adriamycin^but the apparent number of 
receptor sit e s was equivalent to the a n t i b i o t i c . No b i o l o g i c a l 
data on these compounds have been published but i t i s sign i f i c a n t 
that such r e l a t i v e l y accessible and simple analogs exhibit DNA 
binding characteristics very similar to those of the much more 
complex parent a n t i b i o t i c s . 
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Racemic 3-alanine ester 50 was prepared by Yamamoto et a l . 
(128) and i s a close r e l a t i v e of corresponding daunomycinone 
ester 38. This compound i n h i b i t s DNA and RNA synthesis i n c u l 
tured L1210 c e l l s with ED 5q values of 2.6 and 2.8 μΜ, respective
l y . These values are only three-fold higher than adriamycin i n 

0 OH 

50 

the same test and severalfold less than those of J8. The AT m 

value for 50 i s 5.2° compared to 17.8° for adriamycin and 6.3° 
for 38 under similar conditions (see Table VI). Analog 50 was 
inactive i n vivo i n the standard L1210, P388 and B16 tests. The 
high i n v i t r o potency of 50, despite i t s considerable structural 
deviation from adriamycin and daunomycin, provides additional 
encouragement that simplified analogs can possess the necessary 
cytotoxicity. The lack of i n vivo a c t i v i t y of 50 when compared 
to 38 emphasizes again the apparent importance of one or more of 
the 4- and 9-substituents i n attempting to reproduce the thera
peutic characteristics of the natural products i n less complex 
molecules. 

Table XI presents three f u l l y aromatic dihydroxynaphthacene-
quinones bearing basic substituents that may be regarded as ana
logs of adriamycin. Compound 51 was reported by Finkelstein and 
Romano (129) to have i n vivo a c t i v i t y against Sarcoma 180 and 
s o l i d E h r l i c h carcinoma tumors but no a c t i v i t y was seen i n the 
L1210 and P388 systems of the NCI. Believing that a longer, more 
basic side chain would confer greater s i m i l a r i t y to daunomycin, 
basic amides 52 and 53 were prepared from 51 (130). The N,N-
di e t h y l g l y c y l side chain of 52 provided no improvement over 51 
as an i n h i b i t o r of nucleic acid synthesis or i n vivo. The longer, 
N,N-diethyl-3-alanyl, homolog (53) was detectably active i n the 
i n v i t r o test but s i g n i f i c a n t a c t i v i t y against L1210 and P388 
in vivo was not seen. DNA melting temperature measurements on 
51-53 were not possible because of water i n s o l u b i l i t y . 
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Table XI. 5,12-Dihydroxynaphthacene-6,11-diones 
as Inhibitors of Nucleic Acid Synthesis. 

No. 
EDgp (μΜ) 

Structure DNA RNA 

51 

52 

53 

0 OH 

> 100 > 100 

> 100 > 100 

49 39 

adriamycin 0.8 0.9 

See Table IV for de t a i l s . 

In Table XII are presented two N-substituted-l-amino-4-
hydroxyanthraquinone that may be regarded as t r i c y c l i c analogs 
of adriamycin (131). Both display moderate levels of nucleic acid 
synthesis i n h i b i t i o n and substantial thermal s t a b i l i z a t i o n of DNA. 
Compound 54 i s es s e n t i a l l y a lower homolog of 47, one of the com
pounds described by Double and Brown (127) as binding to DNA with 
a constant equal to adriamycin. Compound 54 has shown marginal 
but confirmed a c t i v i t y against P388 lymphocytic leukemia i n the 
mouse i n the QD1-9 schedule (ca 25% increase i n survival time at 
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Table XII. l-Amino-4-hydroxyanthraquinones. 
Inhibition of Nucleic Acid Synthesis 
in Cultured L1210 Cells and Effect on 
Thermal Denaturation of Calf Thymus DNA. 

ED S 0 (yM) a 

No. Structure DNA RNA AT m (°C) 

54 Ο Π 8.2 6.7 12.4 

0 OH 

55 L O I ^ ^ 1 9 1 5 1 0 ·6 

0 NH^O^CH2NMe2 

adriamycin 0.8 0.9 17.8 

aSee Table IV for d e t a i l s . 
See Table VI for s p e c i f i c conditions. 

50-100 mg/kg) but was inactive against L1210. In vivo assays on 
55 have not been obtained. 

The last group (132) of t o t a l l y synthetic analogs, l i s t e d 
i n Table XIII, i s characterized by a variety of basic side chains 
in the 2-position of the aromatic nucleus. The compounds with 
1,4-dihydroxyanthraquinone nuclei and a l i p h a t i c side chains 
(56, 57) were s i g n i f i c a n t l y inhibitory i n the i n v i t r o test but 
the presence of a phenyl ring i n the side chain destroyed a l l 
a c t i v i t y (58, 59). The presence of a phenyl i n a basic side 
chain on the 1-position (55, Table XII) was much less detrimental 
to in v i t r o a c t i v i t y . 

The la s t three compounds of Table XIII, a l l incorporating 
naphthoquinone rings, are the most remote from the anthracycline 
a n t i b i o t i c s of a l l analogs prepared. Appreciable DNA/RNA syn
thesis i n h i b i t i o n was nevertheless encountered, especially with 
62. The p o s s i b i l i t y must be considered that these highly 
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Table X I I I . 2 - S u b s t i t u t e d Anthraquinones and 
Naphthoquinones as I n h i b i t o r s of 
N u c l e i c A c i d Synthesis i n C u l t u r e d 
L1210 C e l l s . a 

ED s η (μΜ) 
No. S t r u c t u r e DNA RNA 

adriamycin 0.8 0.9 

aSee Table IV f o r d e t a i l s . 
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simplified compounds are acting through a t o t a l l y different 
mechanism since the int e r c a l a t i n g potential of the naphthalene 
ring i s decreased because of i t s smaller size. AT m data are not 
available on a l l compounds but 60 and 61 provided values of only 
1.5° under our standard conditions. 

A l l analogs i n Table XIII were inactive at non-toxic doses 
in the P388 and L1210 systems. Naphthoquinone 62 was notable for 
i t s high t o x i c i t y , causing a high proportion of early deaths among 
treated mice at doses above 1.5 mg/kg on the QD1-9 schedule. 

A l l analogs i n Tables XI-XIII are s t r u c t u r a l l y capable of 
intercalating into DNA with the basic side chains forming i o n i c 
bonds with adjacent phosphates. However the lack of side chain 
and aglycone o p t i c a l asymmetry and the conformational f l e x i b i l i t y 
of the side chains make i t d i f f i c u l t to draw useful conclusions 
r e l a t i v e to the proposed adriamycin-DNA receptor complex discussed 
e a r l i e r . These molecule
ble binding modes accordin
obvious advantage can be assigned to any one of them. 

It i s s i g n i f i c a n t that DNA binding parameters comparable to 
those of adriamycin and daunomycin are found with these much-
simplified analogs and that substantial DNA and RNA synthesis 
inhibitory character frequently p a r a l l e l s this behaviour. While 
data are inadequate to firmly associate their mechanism of action 
with that of adriamycin, their comparatively ready synthetic 
a c c e s s i b i l i t y coupled with their frequently interesting effects 
on nucleic acid synthesis make them a class of compounds with good 
prospects for yi e l d i n g a useful antitumor drug. The i n vivo 
a c t i v i t y found for 54 further supports this suggestion. 

Conclusions. The most obvious conclusion to be drawn from 
the foregoing discussion i s that i t i s d i f f i c u l t to improve on 
Nature. In only a few instances have structural manipulations 
with adriamycin or daunomycin provided superior efficacy, and i n 
no case has superior potency resulted. Yet, improved properties 
appear to have occasionally resulted from structures such as 
rubidazone (18), AD32 (Figure 6), 4'-epi-adriamycin (35), and 
the antibiotic-DNA complexes (Table VIII). Further research at 
the p r e c l i n i c a l and c l i n i c a l l e v e l w i l l be necessary to f u l l y 
reveal the value of these materials for human therapy. 

To date i n vivo antitumor a c t i v i t y has been associated almost 
exclusively with derivatives and analogs that have carbon skele
tons i d e n t i c a l to those of adriamycin and daunomycin. The most 
efficacious modifications have been obtained by derivatization of 
the parent a n t i b i o t i c s (e.g., Table III) or by a small stereo
chemical change as i n the 4 ,-epimeric a n t i b i o t i c s (34 and 35)· 
The work with the daunosamine glycosides (Table X) and the β-
alanyl esters (38 and 50) suggest that optimum i n vivo a c t i v i t y 
i s related to the presence of one or more of the 4- and 9-
substituents. Yet appreciable, i f not remarkable, i n vivo 
a c t i v i t y has been displayed by compounds with skeletons deviating 
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s i g n i f i c a n t l y from those of the parents (28, 29, 38), thus 
providing encouragement that there i s no absolute requirement 
for the native skeleton and other skeletal variants could offer 
better antitumor properties and decreased t o x i c i t y . The number 
of possible structural parameters of adriamycin potentially sub
ject to investigation i s very large and only a few have been 
approached, due primarily to the d i f f i c u l t chemistry of the 
anthracyclines. This situation w i l l , unquestionably, change i n 
the future because of the accelerating therapeutic interest i n 
adriamycin. 

The breadth of structural types showing s i g n i f i c a n t i n h i b i 
tory effects on nucleic acid synthesis i n c e l l culture i s much 
greater than that showing i n vivo antitumor action. While i t i s 
well known that i n v i t r o systems c h a r a c t e r i s t i c a l l y provide posi
tive results more frequently than whole-animal tests, the struc
t u r a l spectrum yiel d i n
very broad. Whether th
(e.g., 62) are t r u l y related to adriamycin, or serendipitously 
act by different mechanisms, the potential for developing i n vivo 
antitumor a c t i v i t y from them seems high because they are readily 
approached synthetically and structural parameters can be easily 
altered. 

Perhaps the most valuable result from the derivative and 
analog work reviewed here w i l l be separation of antitumor a c t i v i 
ty from cardiotoxicity. U n t i l recently very l i t t l e was known 
about the r e l a t i o n of chemical structure to cardiotoxicity (133, 
134) because no animal models for this syndrome were available. 
Several test systems have been reported recently (135-138) and 
cardiotoxicity evaluations may be expected to become an essential 
part of analog evaluation. The favorably altered effects of 4 1-
epi-adriamycin (35) when compared to adriamycin was previously 
noted (119). ~~ 

The DNA binding s i t e hypothesis cited throughout the d i s 
cussion has been a fascinating tool for the study of adriamycin 
analogs. It has provided a conceptual base on which to evaluate 
the effects of structural changes on biophysical and b i o l o g i c a l 
properties of drug candidates but has not yet provided any unique 
insights that have led to design of improved drugs. The l a t t e r 
point i s not too surprising i n view of our incomplete knowledge 
on the state of DNA i n the nucleus of l i v i n g c e l l s ; many factors 
i n addition to receptor f i t must govern the effect of a drug on 
the complexities of DNA function. On the other hand, the physi
c a l data that were obtained by Di Marco and colleagues (51) on 
the binding of daunomycin derivatives and analogs to isolated 
DNA, as well as our AT m measurements, are consistent with the 
model. Structural changes that delete or decrease the various 
binding forces maintaining the complex result i n d e s t a b i l i z a t i o n . 
The divergence of the b i o l o g i c a l properties of analogs such as 45 
from their DNA binding properties can thus be interpreted as e v i 
dence that the mechanism of action of the anthracycline 
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Antibiotics does not involve a single stereospecific receptor. 
Future structure-activity work w i l l undoubtedly shed more l i g h t 
on this point. 

Some of the concepts described i n this paper were b r i e f l y 
discussed i n an e a r l i e r symposium report (139). 
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Biochemical Pharmacology of the Anthracycline 

Antibiotics 

N I C H O L A S R. B A C H U R 

Biochemistry Section, Baltimore Cancer Research Center, National Cancer Institute, 
3100 Wyman Park Dr., Baltimore, M d . 21211 

Medical s c i e n t i s t s have a cumulative eighteen year clinical 
experience with the anthracyclin
daunorubicin. Daunorubici
in Italy by Farmitalia and i n France by Rhône-Poulenc in 1964. 
A few years l a t e r , adriamycin was announced by Farmitalia and 
started into clinical trials. These trials indicated that dauno
rubicin was an impressive agent for remission induction i n acute 
leukemia whereas adriamycin had a wider spectrum of a c t i v i t y 
against s o l i d tumors as well as leukemias (1,2,3,4,5). There i s 
little doubt that the anthracycline a n t i b i o t i c s isolated from 
Streptomyces have had a major impact on the prospects of cancer 
chemotherapy, because of t h e i r degree of activity for inducing 
remission or stopping progression of malignant growth and their 
wide ranging activity against malignancies. However, complicating 
th e i r usefulness are the toxic side effects associated with their 
administration: myelosuppression, stomatitis, nausea, vomiting, 
alopecia, electrocardiographic changes, and a serious cumulative 
dosage related myocardiopathy (6). 

Although the agents are nearly i d e n t i c a l s t r u c t u r a l l y (Fig. 
1), adriamycin's potency i s about one and one-half times greater 
than daunorubicin in both pharmacologic e f f e c t and i n t o x i c i t y . 
The only difference between the complex molecules is at the number 
fourteen carbon position where adriamycin has an additional 
hydroxyl. Although many structures were reviewed extensively i n 
the preceeding discussion by Dr. Henry, I think we can reexamine 
the fundamental structure from a biochemical view point. The 
a n t i b i o t i c molecule is double headed with a hydrophobic end and 
a hydrophilic end. The A, B, and C resonating ring system 
comprises the hydrophobic end; and the D ring, with attached amino 
sugar are the hydrophilic head of the molecule. In addition to 
this dual physical c h a r a c t e r i s t i c , the molecules are amphoteric 
with a basic amino group and the acidic phenolic hydroxyls of the 
anthracycline ring. These physical properties plus abundance of 
reactive si t e s offer the potential for numerous interactions with 
cellular components such as nucleic acids, proteins, and lipids. 
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ADRIAMYCI1M OH 

DAUNORUBICIN H 
Figure 1. Structures of adriamycin and daunorubicin 
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Figure 2. Chromosomal damage in human 
cells induced by daunorubicin (10) 

Figure 3. Kinetics of adriamycin and daunorubicin uptake at 37°C in L1210 murine 
leukemia cells in vitro 
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The a v a i l a b i l i t y of biotransformation groups increases even f u r 
ther the complications of drug disposition i n mammals. 

A central structural component of both molecules i s the 
glycosidic bond joining the sugar, daunosamine, and the anthra
cycline nucleus. This bond i s very l a b i l e to chemical and 
enzymatic cleavage; and the scission of the bond inactivates the 
compound. For this reason neither adriamycin nor daunorubicin 
are given o r a l l y since the glycosidic bond i s s p l i t i n the 
gastrointestinal t r a c t . Both adriamycin and daunorubicin must 
be given parenterally to be e f f e c t i v e . 

When adriamycin or daunorubicin are administered i n t r a 
venously to animals or i n humans, the compounds are rapidly 
absorbed into c e l l s and l o c a l i z e d primarily i n the c e l l nucleus 
(7,8,9). There i s good anatomical and chemical evidence to 
indicate that the compounds both l o c a l i z e i n the c e l l nucleus and 
also interact with the nuclear material  Chromosomal prepara
tions from human lymphocyte
rubicin treatment (Fig
tion, ring formation, s p l i t t i n g , separation, and other forms of 
damage. Since both adriamycin and daunorubicin have a unique 
fluorescence, they can be detected by fluorescence microscopy i n 
c e l l s . With this technique the drug fluorescence i s loc a l i z e d at 
the nuclear structures (8). 

It i s remarkable that the seemingly i n s i g n i f i c a n t extra 
hydroxyl of adriamycin makes not only a more potent compound, but 
also a drug with wider spectrum of a c t i v i t y against malignancy. 
For t h i s reason the drugs have been studied and compared. Since 
the whole animal studies are quite complex, we o r i g i n a l l y compared 
adriamycin and daunorubicin i n mammalian c e l l culture containing 
L1210 murine leukemia c e l l s . L1210 c e l l s and other mammalian c e l l 
l ines are inhibited more by daunorubicin than by adriamycin. 
Daunorubicin has a greater a c t i v i t y for i n h i b i t i n g both DNA and 
RNA metabolism as seen i n our laboratory and i n others (Table 1) 
(11,12,13). This, of course, i s the opposite of the c l i n i c a l 
findings and of findings i n vivo and was a perplexing observation. 
The p o s s i b i l i t y remained that the two drugs may be entering the 
c e l l s at d i f f e r e n t rates, so we compared the accumulation of 
adriamycin and daunorubicin i n the L1210 c e l l s . Daunorubicin i s 
taken into the c e l l much more rapidly and to a higher degree than 
i s adriamycin (Fig. 3) (11). Therefore the effective l e v e l of 
drug i n the c e l l i s much higher i n the case of daunorubicin. 
This results i n an apparent superiority of daunorubicin over 
adriamycin at i n h i b i t i n g nucleic acid synthesis. However, the 
s p e c i f i c a c t i v i t i e s of the amount of drug i n the c e l l s compared 
to the amount of i n h i b i t i o n produced by the drug indicates that 
adriamycin has a greater s p e c i f i c a c t i v i t y than does daunorubicin 
(11) . 

Alterations on the side chain at the 9 position have profound 
effects on the p o l a r i t y and s o l u b i l i t y of the anthracycline a n t i 
b i o t i c s . This apparently d i r e c t l y effects absorption of the drug 
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into the c e l l . We have compared metabolites and chemical deriva
tives of adriamycin and daunorubicin with changes only on the C9 
side chain. Compounds with the lowest "polarity" as measured by 
p a r t i t i o n c o e f f i c i e n t have the highest uptake into L1210 c e l l s . 
There i s a near linear relationship of p o l a r i t y to drug uptake 
(Fig. 4). 

In order to avoid the dynamics of the c e l l membrane, we 
investigated drug effects d i r e c t l y in_ v i t r o on a group of p u r i f i e d 
DNA polymerases supplied by Dr. Maurice Bessman. The polymerases 
were T4 bacteriophage induced in E. C o l i . Inhibition of the DNA 
polymerases was s l i g h t l y greater with adriamycin than with dauno
rubicin (Table 2) (14). From our data and from the data of others 
(Table 2) (15), i t i s d i f f i c u l t to explain why adriamycin has a 
higher potency i n mammals. The potency of the two agents i s 
nearly i d e n t i c a l i n these i n v i t r o DNA polymerase assays. In 
addition, their binding to DNA i s quite similar and the unwinding 
angle that they produce
explain the c l i n i c a l difference
rubicin. 

Studies on p u r i f i e d T4 phage induced polymerases uncovered 
another unpredicted action of the anthracyclines which may have 
significance i n their selective action against malignant c e l l s . 
The p u r i f i e d phage polymerases f a l l into three phenotypic groups, 
mutagenic, wild type, and antimutagenic. The mutagenic strains 
have a high mutation frequency, the antimutagenic strains have a 
low mutation frequency, and the wild type f a l l s between with a 
normal mutation rate. We observed that at low drug concentrations 
the mutagenic polymerases were not inhibited but were stimulated 
(ex., L56) (Fig. 5) whereas the antimutagenic polymerases (L141) 
were uniformly inhibited as predicted (14). Simultaneously, a 
5' exonuclease which i s a part of each enzyme and i s theorized to 
be the editing or error correcting system for the phage DNA 
synthesis i s uniformly inhibited at a l l concentrations of the 
drugs. This means that at low drug levels the mutagenic DNA 
polymerase i s made even more mutagenic since the low f i d e l i t y 
polymerase i s stimulated while the associated correction system 
i s inhibited. This does not occur i n the antimutagenic enzymes 
which are uniformly inhibited. This may be a clue to how these 
drugs are selective for leukemic c e l l s . Since the DNA polymerase 
in acute leukemia c e l l s i s believed to be mutagenic (16), the 
drugs may cause the leukemic c e l l s to incorporate too many errors 
into their DNA to be compatible with survival. 

As previously stated, a l l of the studies investigating the 
physical-chemical interactions of adriamycin and daunorubicin and 
the comparative effects on c e l l and tissue culture i n h i b i t i o n , on 
enzymes such as DNA polymerase and RNA polymerase, or on binding 
to DNA have shown l i t t l e i f any difference between the two 
compounds. It i s only i n whole animal studies that s i g n i f i c a n t 
differences between adriamycin and daunorubicin effects are e a s i l y 
discernable. This indicates that other unrealized mechanisms are 
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responsible. From that point of view we can examine other aspects 
of the biochemical pharmacology of these compounds i n the mammal 
such as their metabolic disposition. Patients treated with adria
mycin or daunorubicin excrete s i g n i f i c a n t quantities of the drugs 
and the metabolites i n the urine (17,18). From these metabolites 
we have been able to determine q u a l i t a t i v e l y and quantitatively 
the metabolic sequences and pathways which the drugs traverse 
(19) . 

The major metabolic step for both adriamycin and daunorubicin 
i n mammals i s v i a the keto reduction reaction (20,21,22) (Fig. 6). 
This reaction i s catalyzed by a soluble aldo-keto reductase found 
i n a l l c e l l s analyzed. The enzyme requires NADPH as a cofactor 
and produces the pharmacologically active products, daunorubicinol 
and adriamycinol respectively from daunorubicin and adriamycin. 
After animals are administered adriamycin, the parent drug i s the 
predominant material found i  tissue t eight hours  but adria
mycinol i s a s i g n i f i c a n
administration, daunorubicino
tissues and excreted (22). Since the aldo-keto reductase produces 
pharmacologically active metabolites which d i f f e r from the parent 
i n physical-chemical char a c t e r i s t i c s , this enzyme and i t s l e v e l 
i n tumor and tissue may help determine the pharmacodynamic effects 
of these drugs. In studying the tissue d i s t r i b u t i o n of aldo-keto 
reductase, we examined human tissues obtained at autopsy. A l l 
human tissues examined contain active levels of aldo-keto 
reductase (23). Daunorubicin i s a better substrate for the aldo-
keto reductases i n most animal tissues and with p u r i f i e d aldo-keto 
reductase preparations (21,22,23). 

Both subsequent to or concurrent with carbonyl reduction, the 
anthracycline glycosides are metabolized by glycosidases i n most 
tissues (20,24,25). These microsomal enzymes s p l i t the drug or 
reduced metabolites into aglycones and free amino sugar (Fig. 7) 
(reactions: I -> IV, II I I I , II -*• V) . The major glycosidase 
(I •> IV, II V) i s reductive i n i t s mechanism, requires NADPH 
for a c t i v i t y , produces deoxyaglycones (IV,V) and i s inhibited by 
oxygen (24). As i n the carbonyl reduction, daunorubicin i s the 
better substrate for the glycosidases than i s adriamycin. The 
aglycone products of these reactions apparently have no anticancer 
a c t i v i t y . Since they are liberated i n t r a c e l l u l a r l y , however, 
these aglycones may have a c t i v i t i e s which are not readily apparent 
and more research i s necessary to resolve this question. The 
aglycones because of th e i r high l i p i d , low water s o l u b i l i t y , are 
excreted p r i n c i p a l l y i n the b i l e ; but must be conjugated f i r s t to 
increase water s o l u b i l i t y (22,25,26,27,28). 

Prior to conjugation, i n order to offer a more appropriate 
conjugation s i t e , there i s a 4-0 demethylation of both daunorubi
ci n and adriamycin to y i e l d the demethylated aglycone (V + VI) 
(19). Demethylated aglycones serve as substrate for O-sulfation 
and O-beta-glucuronidation yielding the 4-0-sulfate conjugate and 
4-0-beta glucuronide conjugate (VI VI, VI -> VIII) to be 
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excreted. A l l of these materials are found i n human b i l e and 
human urine (26,27,28). 

Since the reduced compounds, adriamycinol and daunorubicinol, 
show substantial anticancer a c t i v i t y , i t i s possible that other 
metabolites may have other types of a c t i v i t y . There are numerous 
metabolites with the potential for these substances to be 
b i o l o g i c a l l y as well as pharmacologically active. The potentials 
are being examined at the present time. 

Studies to date s t i l l have not explained f u l l y the pharmaco
lo g i c differences between adriamycin and daunorubicin. There are 
major differences i n the disposition and metabolism of the agents 
in vivo and i n the penetration through c e l l membranes as we have 
shown. Also differences i n th e i r effects on immunosuppression 
have been reported (29,30). The evidence i s accumulating to 
define the precise mechanisms of action of these drugs. 

The anthracycline a n t i b i o t i c s show promise as cancer chemo
therapeutic agents. I
daunorubicin have comple
f e e l that we can look forward to encouraging progress i f we learn 
and understand more about the b i o l o g i c a l interactions of these 
agents. Then we may be better prepared to design analogs that 
are safer and more effective i n their purpose. 
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4 
Potential Bioreductive Alkylating Agents 

AI JENG LIN, LUCILLE A. COSBY, and ALAN C. SARTORELLI 
Department of Pharmacology and Section of Developmental Therapeutics, Division of 
Oncology, Yale University School of Medicine, New Haven, Conn. 06510 

Clinical tests of the past years have repeatedly demonstra
ted that alkylating agent
therapies against variou
encourage the expenditure of continuous e f f o r t to develop new 
types of alkylating agents with varied c a r r i e r groups designed to 
orient the alkylating portion of the molecule to different i n t r a 
cellular s i t e s (1), as well as of derivatives which require 
unique modes of activation. Thus, alkylating agents, such as the 
nitrosoureas (2-4), cyclophosphamide (5,6), and the triazine deri
vatives (7-10), which require either enzymatic or chemical a c t i 
vation p r i o r to alkylation, are examples of efficacious materials 
of this class with different neoplastic specificities. These 
alkylating agents may be c l a s s i f i e d as compounds with latent ac
tivity (11). The use of a latenization p r i n c i p l e allows the de
sign of compounds which may exploit biochemical differences 
between the most susceptible normal tissues and neoplastic c e l l s . 
The effective employment of such a p r i n c i p l e , ultimately, re
quires the biochemical monitoring of individual cancers to select 
those most prone to activate the latent alkylating potential. 

Our interest i n the development of potential bioreductive 
alkylating agents, a r e l a t i v e l y new class of drugs which requires 
reductive activation p r i o r to maximum exertion of alkylating po
tential, i s based upon (a) the assumption that in the hypoxic 
neoplastic c e l l s of s o l i d tumors d i s t a l to blood vessels, which 
t r a d i t i o n a l l y are extremely resistant to chemotherapy, the de
creased oxygen tension creates conditions conducive to reduction; 
such c e l l s should theo r e t i c a l l y be p a r t i c u l a r l y sensitive to qui-
nones which require bioreduction pri o r to exertion of their 
growth-inhibitory potential, and (b) studies of the biochemical 
mechanism of action of mitomycin C, an antineoplastic agent which 
has a c t i v i t y against s o l i d tumors of both animals and man (12-15). 
Thus, compounds of this type may be p a r t i c u l a r l y useful against 
certain s o l i d tumors. 

Iyer and Szybalsky (16) have presented evidence to indicate 
that the mitomycins act as bifunctional alkylating agents which 
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add across both strands of the DNA double helix to cause cross-
linking. Furthermore, i t has been demonstrated that (a) the re
duction of the benzoquinone ring of the mitomycin molecule to 
dihydrobenzoquinone was an essential step for biological a c t i v i t y 
(17) and (b) an NADPH-dependent microsomal system was involved 
in the reductive activation step (18,19). Kinoshita and his co
workers (20,21) have reported a positive correlation between both 
the antineoplastic and antimicrobial a c t i v i t i e s of a series of 
mitomycin derivatives and their reduction potentials. These i n 
vestigators have also provided evidence that the carbamyl group 
and the aziridine ring of the mitomycins were not essential for 
biological a c t i v i t y , proposing that the essential portions of the 
mitomycin molecule were the structures shown i n formulas I and 
II (Scheme I). It i s conceivable that charge d e r e a l i z a t i o n 
of the dihydroquinone hydroxyl groups of II results i n o-quinone 

Scheme I χI 

methide (I I I ) - l i k e intermediates, IV and V, which are the forms 
that act to alkylate DNA (Scheme I I ) . 

Scheme II 

o-Quinone methides (III) have been reported to be active 
intermediates i n several chemical reactions; indications for 
their possible involvement i n a number of biochemical processes 
have also been published (22). In view of the s i m i l a r i t i e s i n 
structure and i n possible chemical r e a c t i v i t y between the pre
sumed active form of the mitomycin analogs (V) and quinone 
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R l 

2 

III VII VIII 
methides (III), i t was anticipated that bis(ο-quinone methides) 
(VII), generated i n c e l l s , would have the potential to alkylate 
DNA, as well as other macromolecules of b i o l o g i c a l importance, 
and thereby perhaps be effective tumor-inhibitory agents. Based 
upon this concept, a series of benzo- and naphthoquinones (VIII), 
possessing one or two side chains with the potential to alkylate 
following reduction, wer  (23-25)

Since the NADPH-dependen
mitomycins In vivo apparently has l i t t l e s p e c i f i c i t y , conceivably 
the same quinone reductase system w i l l convert the quinones of 
the bioreductive alkylating series to t h e i r corresponding dihydro-
quinones, a reaction essential for the expression of alkylating 
potential. Furthermore, since Cater and P h i l l i p s (26) reported 
a s i g n i f i c a n t l y lower oxidation-reduction potential for tumor 
tissue, r e l a t i v e to most normal tissues, i t i s conceivable that 
a therapeutic d i f f e r e n t i a l w i l l exist between normal tissues 
and some cancers for compounds requiring bioreductive activation. 

Antineoplastic Effects. 

The naphthoquinone derivatives (Table I) of this series 
produce s i g n i f i c a n t prolongation of the l i f e span of mice bearing 
either Adenocarcinoma 755 or Sarcoma 180 ascites c e l l s , with con
siderably greater potency being exhibited i n the Adenocarcinoma 
755 test system (24). Benzoquinone derivatives, however, were, 
in general, only active against Adenocarcinoma 755 (25); an ex
ception was 2,3-dimethyl-5,6-bis(chloromethyl)-1,4-benzoquinone, 
which was also moderately active against Sarcoma 180. Among 
the naphthoquinones tested (Table I), differences i n maximal 
a c t i v i t y between compounds i n a given tumor system were r e l a t i v e l y 
small. Derivatives with two groups capable of alkylation after 
bioreduction appeared to be equal i n antitumor a c t i v i t y to agents 
possessing only one arm with alkylating potential. Furthermore, 
s i m i l a r i t i e s were observed i n the antineoplastic potencies of 
chloromethyl, bromomethyl, and acetoxymethyl derivatives of 
naphthoquinones, implying that the type of leaving group present 
in the molecule was not c r i t i c a l for tumor inh i b i t o r y potency. 

The mechanism of action of this class of compounds (Scheme 
III) has been hypothesized (23,27) to involve bioreduction i n 
vivo, i n a manner analogous to mitomycin C, presumably by an 
NADPH-dependent quinone reductase enzyme system, although other 

In Cancer Chemotherapy; Sartorelli, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



74 CANCER C H E M O T H E R A P Y 

Table I. Antineoplastic A c t i v i t i e s of Benzo- and Naphthoquinone 
Derivatives Against Sarcoma 180 and Adenocarcinoma 755 
Ascites C e l l s . a 

Inhibitor Ri *2 Adenocarcinoma Sarcoma Ri *2 755b 180° 

None — 13.3 11.8 

0 u 
-CH2C1 -H 47.6 23.4 

0 u ρ -CH2C1 -CH3 39.8 19.2 

r 1 
-CH2C1 -CH2C1 38.6 22.6 

1 -CH2Br -CH3 45.4 25.0 
-CH B H 47.6 24.6 
-CH
-CH2 2

-CH3 -H 10.4 

Λ Λ -CH2C1 -CH2C1 18.5 

CH 3 
L i -CH20Ac -CH20Ac 28.7 14.0 

CH 3 Ύ 
0 

-R2 -CH20Ac -H 37.0 12.4 

CH3o - C H 9 0 A C 9.4 

-CH20Ac -H 39.8 11.2 

aAdministered once d a i l y for 6 consecutive days, beginning 24 hr 
after tumor implantation. 

DAverage survival time (days) of tumor-bearing mice at the optimal 
dosage schedule. 

p o s s i b i l i t i e s cannot be discounted, to form corresponding dihydro-
quinones (X). The dihydroquinones are unstable and spontaneously 
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decompose to form the anticipated reactive intermediates, o-
quinone methides (VII). Such reactive species presumably then 
function as inhibi t o r s of neoplastic growth by alkylation of 
UNA, RNA, and/or other b i o l o g i c a l materials i n a manner similar 
to that of the mitomycins. 

Scheme III 

Although no biochemical evidence i s currently available 
to support the existence of an o-quinone methide i n vivo, chemical 
evidence (28) has been obtained to substantiate the formation 

XVII w i n 
Scheme IV 

In Cancer Chemotherapy; Sartorelli, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



76 CANCER C H E M O T H E R A P Y 

of this intermediate i n the reductive amination of 2,3-dimethyl-
5,6-bis(acetoxymethyl)-1,4-benzoquinone (XII) by aniline and mor
pholine. This was demonstrated by reducing compound XII with 1 
molar equivalent of NaBrfy i n methanol at ice-cold temperature 
(Scheme IV). Two major yellow products were obtained after column 
chromatography on s i l i c a gel. These products were i d e n t i f i e d as 
duroquinone (XIII) and the spiro dimer, 3 f,4 f-dihydro-3,4,6 1,7 f-
tetramethyl-6-methylenespiro[3-cyclohexene-l, 2 1 (1 1H)-naphthalene]-
2,5,5 f,8*-tetradone (XIV). The mechanism involved i n the forma
tion of products XIII and XIV can best be explained by the i n i t i a l 
reduction of compound XII by NaBrfy to the corresponding dihydro-
benzoquinone XV, which decomposes to generate XVI. Further re
duction or dimerization of XVI produces the observed products 
XIII and XIV. To provide additional evidence for the existence 
of XVI, the reduction of XII by NaBrty was carried out i n the 
presence of morpholine and aniline  Th  expected adduct  XVII 
and XVIII were obtaine
mediate XVI to alkylat  morpholin  suggeste
potential to covalently bind to bi o l o g i c a l materials i n vivo, 
i f intermediate XVI were generated enzymatically i n vivo. 

The concept of bioreductive activation of these quinones re
quires s t r i c t structural constraints which allow the generation 
of an o-quinone methide, as well as a redox potential for the 
quinone ring that i s compatible with b i o l o g i c a l activation. 
Studies of the relationships between structure and a c t i v i t y with 
a series of benzo- and naphthoquinone derivatives of this class 
have demonstrated that essentially a l l compounds possessing the 
quinone ring and an appropriate side chain(s) have antitumor ac
t i v i t y (23,24); whereas, compounds with a side chain(s) ultimately 
capable of alkylation, but without the quinone nucleus or vice 
versa (Table II), were t o t a l l y devoid of antineoplastic potency. 
These findings were interpreted to indicate that these molecules 
were unable to generate the required o-quinone methide interme
diate. 

Table II. Some Compounds Devoid of Antineoplastic A c t i v i t y 
Against Sarcoma 180 Which Demonstrate Structural 
Requirements for Bioreductive Alkylating Agents 

2,5-Dimethoxy-3,4-dimethyl-l-chloromethylbenzene 

2,5-Dimethoxy-3,4-dimethyl-l-acetoxymethylbenzene 

2,5-Dimethoxy-3,4-dimethyl-l,2-bis(acetoxymethyl)benzene 

2-Methyl-1,4-naphthoquinone 

2-Acetoxyethyl-l,4-naphthoquinone 

2,3,5,6-Tetramethy1-1,4-benzoquinone (duroquinone) 
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Preliminary studies (29), on the relationship between the 
half-wave potentials ( E 1 / 2 ) of a series of benzo- and naphtho
quinone derivatives of th i s class and t h e i r antitumor effects, 
indicated that compounds with r e l a t i v e l y low redox potentials 
generally possessed the most efficacious antitumor a c t i v i t i e s , 
with the exception of 2,3-dimethyl-5,6-bis(chloromethyl)-1,4-
benzoquinone which has moderate antitumor a c t i v i t y , even though 
i t s redox potential was i n the range of Sarcoma 180 inactive 
materials (Table III)· If the correlation between redox 

Table III. Half-Wave Potential (£1/2) and Antineoplastic A c t i v i t y 
Against Sarcoma 180 of Benzo- and Naphthoquinones 

Inhibitor Rl R2 Antineoplastic E l / 2 
A c t i v i t y (volt) 

-CH
- C H 2 C

-CH2C1 
-CH2Br 
-CH20Ac 

-H 
-CH2Br 
-CH20Ac 

-0.24 
-0.21 
-0.21 

-CH2C1 -CH 2C1 
-CH20Ac -CH20Ac 
-CH20Ac -H 

-0.05 
-0.11 
-0.11 

CH3O 

C H 3 0 ' 

-CH20Ac -CH20Ac 
-CH20Ac -H 

-0.05 
-0.06 

potential and antitumor a c t i v i t y i s an important feature for com
pounds of this class, i t would be expected that materials with 
even lower redox potentials might exhibit more potent antineoplas
t i c properties. In an e f f o r t to alte r the redox potential s i g n i 
f i c a n t l y , an electron donating (methyl) and an electron withdraw
ing (chloro) group were introduced into the benzenoid ring of 
2,3-bis(chloromethyl)-1,4-naphthoquinone. The results obtained 
(Table IV) indicate that the introduction of a methyl- or chloro-
function into the 5- or 6- position of the parent compound does 
not s i g n i f i c a n t l y affect either the redox potential or the anti
tumor a c t i v i t y of the parent compound. A similar observation, 
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Table IV. Half-Wave Potential ( E 1 / 2 ) and Antineoplastic A c t i v i t y 
Against Sarcoma 180 of Some 5- or 6-Substituted 
Naphthoquinones a 

R l 
Λ γ ^ 1 

u N ^ C H 2 C 1 

Ri R2 E 1 / 2 (volt) Av. survival 
time (days)b 

Control 

CI H -0.26 25.0 

H Cl -0.28 21.8 

CH 3 H -0.28 25.8 

H CH 3 -0.31 19.4 

aAdministered once daily for 6 consecutive days, beginning 24 hr 
after tumor implantation. 

DAverage survival time of tumor-bearing mice at the optimal dosage 
schedule. 

that substituents on the benzenoid ring of the naphthoquinone nu
cleus have l i t t l e effect on the redox potential of the quinonoid 
ring, has been reported (30). Furthermore, i t has been shown that 
substituents on the quinonoid ring of the naphthoquinone moiety 
exert stronger effects on the redox potential of the ring than 
substituents on the benzenoid ring (30). In addition, e a r l i e r 
studies on the relationship between structure and a c t i v i t y i n a 
series of naphthoquinone derivatives of this class indicated that 
compounds with one side chain capable of alkylation following re
duction are as active as agents with two alkylating side chains 
(23,24). Based upon these considerations, another series of 2-
chloromethyl- and 2-bromomethy1-1,4-naphthoquinone derivatives 
with various substituents at the 3-position was prepared and their 
redox potentials and antitumor effects against Sarcoma 180 were 
measured (Table V) (31). These derivatives were found to be re l a 
t i v e l y potent inh i b i t o r s of the growth of Sarcoma 180 ascites 
c e l l s , with the exception of 2-chloromethyl-3-benzamido-l,4-
naphthoquinone, which was inactive against this tumor c e l l l i n e . 
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Table V. Half-Wave Potential (Εχ/2) and Antitumor Effects Against 
Sarcoma 180 of 2-Halomethyl-l,4-Naphthoquinones a 

Av. survival time 
R X E l / 2 ( v o l t ) (days) Ρ 

C 6H 5 
CI -0.28 29.7 

NHCC.H. 
fl 6 5 

CI -0.23 13.0 

SC 2H 5 CI -0.27 30.4 

S C 6 H 5 CI -0.23 23.2 

Br Br -0.24 29.8 

CI Br -0.25 29.8 

Mitomycin C -0.44 40.9 

Control 12.4 
aAdministered once daily for 6 consecutive days, beginning 24 hr 
after tumor implantation. 

DAverage survival of tumor-bearing mice at the optimal dosage 
schedule. 

Although the optimal daily dosage level of 15 mg/kg of 3-phenyl-
2-chloromethyl-l,4-naphthoquinone was about equal i n maximal ac
t i v i t y to that of 3-chloro- or 3-bromo-2-bromomethylnaphthoquinone, 
the 3-phenyl derivative produced satisfactory antitumor a c t i v i t y 
over a wider range of dose levels, suggesting that this agent had 
the highest therapeutic index. However, the redox potentials and 
the antitumor effects of these compounds were found to be similar 
to those of the parent compound, indicating that the functional 
groups introduced into the molecule had minimal effect on the re
dox potential of the quinonoid ring, corresponding to the r e l a 
t i v e l y minor effects of these materials on antitumor a c t i v i t y 
r e l a t i v e to the parent compound. Although hydroxyl and amino 
functions were reported to decrease the redox potential when i n 
troduced onto the quinonoid ring of the naphthoquinones (30), 
substitution of these functional groups onto the 3-position of 
2-chloromethyl-l,4-naphthoquinone would be expected to result in 
an unstable molecule due to an electronic effect. 
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Table VI. Antineoplastic A c t i v i t y Against Sarcoma 180 of Quino-
line-5,8-dione and Naphthazarin Derivatives a 

Inhibitor 
Av. survival time 

(days)b 
None 12.4 

0 
^ . 1 1 CH Br 

ι if ιΓ 18.6 

^ N - ^ y ^ C H Br 
0 

HO 0 

f | 
CH 2Br 

19.6 

HO 

1 ! 

0 
^Br 

0 

11.2 

14.4 

0CH30 

OH 0 

10.4 

aAdministered once daily for 6 consecutive days, beginning 24 hr 
after tumor implantation. 

DAverage survival time of tumor-bearing mice at the optimal 
dosage schedule. 
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It i s interesting to note that the half-wave potential for 
mitomycin C under the same experimental conditions was found to 
be -0.44 volt s , a value considerably lower than any of the com
pounds of this series; furthermore, i t s antitumor a c t i v i t y i n this 
system was also considerably greater. These results encourage the 
further design and synthesis of compounds of the bioreductive 
alkylating type with redox potentials lower than those already 
available. 

Both benzo- and naphthoquinone derivatives of this series 
generally are poorly water soluble. This factor adds to the com
p l i c a t i o n of the ultimate preparation of a suitable parenteral 
dosage form. As part of a study to develop new antineoplastic 
agents of this class with (a) lower redox potentials and thus 
possibly greater therapeutic potency, and (b) better water solu
b i l i t y (in s a l t form), the synthesis of a number of 2-chloro-
methyl- and 2-bromomethyl derivative f naphthazarin d 2,3
bis(bromomethyl)quinoline-5,8-dion
compounds (Table VI) wei  posses
t i v i t y , prolonging the l i f e span of tumor-bearing mice from 12 to 
13 days for untreated tumor-bearing control animals to 19 to 20 
days. However, these results were obtained at the expense of sub
s t a n t i a l host t o x i c i t y , as measured by body weight loss during the 
drug treatments. 2-Bromomethyl-3-bromo-6,7-dimethylnaphthazarin 
was found to be inactive against Sarcoma 180 at dosage levels up 
to 40 mg/kg per day, and as expected, 6,7-dimethylquinoline-5,8-
dione and 2,3-dibromo-l,2,3,4-tetrahydro-5,8-dimethoxy-2,3-
methylene-l,4-dioxonaphthalene, precursors of the f i n a l product, 
were found to be inactive as antineoplastic agents. These results 
further substantiated the v a l i d i t y of the proposed model compound 
(VIII). 

Biochemical Studies. 

The involvement of coenzyme Q (CoQ) in mitochondrial electron 
transport has been well recognized i n b i o l o g i c a l systems. Mamma
l i a n succinoxidase and NADH-oxidase systems have been extensively 
studied and may be considered representative of CoQ electron 
transport sequences. A relationship has been documented between 
antimalarial potency of benzoquinone and naphthoquinone deriva
tives and the degree of i n h i b i t i o n of mitochondrial succinoxidase 
a c t i v i t y (32-34), a finding indicative of the importance of CoQ 
to this parasite (35); however, no comparable evidence i s a v a i l 
able to indicate a similar relationship between antineoplastic 
a c t i v i t y of quinone derivatives and i n h i b i t i o n of electron trans
port. Profound effects of ethyleneiminoquinones, which are r e l a 
t i v e l y potent antineoplastic agents, on the respiration of c a r c i 
noma c e l l s have been reported e a r l i e r (36,37). 

These considerations prompted an investigation of the effects 
of the bioreductive alkylating agents synthesized i n this labora
tory on beef heart mitochondrial NADH-oxidase and succinoxidase 
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a c t i v i t i e s . The results (Table VII) indicated that at concentra
tions of 1.7 to 3.3 χ 10-4M, a l l quinones tested depressed mito
chondrial succinoxidase and NADH-oxidase a c t i v i t i e s to about 50% 
or less of the uninhibited controls, except for 2-methyl-3-
acetoxymethylnaphthoquinone. At a lower concentration (3.3 χ 
10~ 5M), only bromomethylnaphthoquinone (R^ = -CH2Br; R2 = H) 
strongly inhibited succinoxidase a c t i v i t y ( i . e . , to below 30% of 
the uninhibited control). Interestingly, at the same concentra
tion (3.3 χ 10~ 5M), bromomethylnaphthoquinone only weakly de
creased NADH-oxidase a c t i v i t y . This finding suggests a s i t e of 
action by this compound at Complex II ( i . e . , succinate-CoQ reduc
tase). In contrast, the three compounds with a 2-methyl group 
(R 2 = CH3) tested, s e l e c t i v e l y inhibited NADH-oxidase a c t i v i t y at 
3.3 χ 10-5M, to at least 50% of control a c t i v i t y . This suggests 
a preferential s i t e of action at Complex I ( i . e . , NADH-CoQ reduc
tase). Among these three methyl compounds  the chloromethyl (Rj 
= CH2C1; R2 = CH3) and acetoxymethy
analogs showed an equa
t i v i t y at the two concentrations tested. Introduction of a 
l i p o i d a l side chain (pentadecyl) into the acetoxymethyl or chloro-
methylbenzoquinone or naphthoquinone analogs resulted in a reduc
tion of enzyme inhibitory a c t i v i t y (Table VIII) and complete e l i 
mination of antitumor a c t i v i t y (38). These results suggest that 
the l i p o i d a l side chain may cause s t e r i c interference with the 
reactive alkylating side chain of the i n h i b i t o r molecule or that 
l i p o p h i l i c i t y plays a negative role i n the b i o l o g i c a l action of 
these compounds. The greater potency of the benzoquinones r e l a 
tive to naphthoquinones as inhibitors of CoQ-mediated enzyme 
systems does not correspond to t h e i r lesser a c t i v i t i e s when com
pared to naphthoquinone derivatives as antineoplastic agents, 
suggesting that the s u s c e p t i b i l i t y of mitochondrial electron 
transport i s not the major or sole determinant i n the biochemical 
mechanism of action of this class of compounds. Accordingly, 
other potential metabolic sit e s of action have been sought. 2,3-
Bis(chloromethyl)-1,4-naphthoquinone, a member of this series 
which i s a r e l a t i v e l y potent i n h i b i t o r of the growth of both 
Adenocarcinoma 755 and Sarcoma 180, has been found to cause 
greater i n h i b i t i o n of the synthesis of DNA in vivo than of the 
formation of either RNA or protein (39). For example, a single 
dose of 30 mg/kg of this compound produced 80% i n h i b i t i o n of the 
incorporation of thymidine-H3 into DNA, with i n h i b i t i o n persisting 
for up to 24 hours after drug treatment. Radioactivity from Cl4-
labeled 2,3-bis(chloromethyl)-1,4-naphthoquinone was found to bind 
t i g h t l y to DNA, RNA, and protein isolated from Sarcoma 180 ascites 
c e l l s exposed to t h i s agent, suggesting the possible alkylation of 
these c e l l u l a r macromolecules. This compound also changed the 
sedimentation pattern i n alkaline sucrose gradients of DNA from 
drug-treated c e l l s , indicating introduction of single strand 
breaks i n these molecules. 
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4. L I N E T A L . Bioreductive Alkylating Agents 85 

The biochemical data available to date indicate that this 
class of agents produces a variety of metabolic lesions in sus
ceptible neoplastic c e l l s , a finding presumably indicative of 
the i r alkylating potential. 
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5 
A Review of Studies on the Mechanism of Action of 

Nitrosoureas 

G L Y N N P. W H E E L E R 

Southern Research Institute, 2000 Ninth Ave. S., Birmingham, Ala. 35205 

This review supplements and updates several previous 
reviews (1,2,3,4), and some of the material covered in those 
reviews will be included here to provide background for more 
recent developments and to present an overview of this subject. 
However, some of the details and literature references that 
were given previously will not be repeated. 

Historical Background 

In 1959 the routine screening of compounds for thera
peutic activity against murine leukemia L1210, under the 
auspices of the Cancer Chemotherapy National Service Center, 
showed that N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) 
was somewhat active. This finding stimulated the initiation of 
an investigation of compounds that might be progenitors of 
diazomethane, with nitrosoguanidines being studied at Stanford 
Research Institute (5,6) and the nitrosoureas being studied at 
Southern Research Institute. It was soon found that replace
ment of the methyl group on the nitrosated nitrogen atom of 
each series of compounds by a 2-haloethyl group gave improved 
anticancer activity and also that the nitrosoureas were more 
active agents than the nitrosoguanidines. 

An additional stimulus for pursuing the study of nitroso
ureas at Southern Research Institute was the observation by 
Skipper, Schabel, Trader, and Thomson (7) that in contrast to 
methotrexate, 6-mercaptopurine, cyclophosphamide, azaserine, 
5-fluorouracil, mitomycin C, and MNNG, intraperitoneally 
administered N-methyl-N-nitrosourea (MNU) was active 
against intracerebrally inoculated L1210 cells. In the con
tinuing program of preparation and evaluation of nitrosoureas 
by Johnston, McCaleb, Montgomery, and collaborators, early 
results (8) showed that N, N'-disubstituted-N-nitrosoureas 

87 
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88 CANCER C H E M O T H E R A P Y 

were active compounds. Subsequent tests (9,_1Q) led to the 
conclusion that greater activity was obtained when the substit
uent on N - l was a 2-chloroethyl or a 2-fluoroethyl group and 
the substituent on N-3 was a 2-chloroethyl, 2-fluoroethyl, 
cycloaliphatic, or heteroalicyclic group. Therefore, most of 
the compounds that have been prepared and tested bear a 
2-chloroethyl group on N - l and miscellaneous groups on N-3. 
The three disubstituted nitrosoureas shown below are under
going extensive clinical trials. They are N, N T -bis( 2-chloro
ethyl )-N-nitrosourea ( B C N U ; NSC 409962), N-( 2-chloroethyl)-
N f -cyclohexyl-N-nitrosourea ( C C N U ; NSC 79037), and N-(2-
chloroethyl) - N T -(trans-4-methylcyclohexyl)-N-nitrosourea 
( M e C C N U ; NSC 95441). 

î 
C 1 C H 2 C H

NO 
B C N U (NSC 409962) 

C 1 C H 2 C H 2 - N - C - Ν Ή 

Ί ο Π 

C C N U (NSC 79037) 

Ο 

C 1 C H 2 C H 2 - N - ë - ΝΉ 

M e C C N U (NSC 95441 J 0 ** 3 

Mode of Decomposition 

It was hypothesized early that the observed biological 
effects of MNNG ( 5 ) and of MNU (11) were due to their decom
position at physiological conditions to yield diazomethane, 
which would then alkylate biological materials. Subsequent 
studies have shown that alkylation of biological materials does 
in fact occur, but experiments with MNNG (12), MNU (13,14), 
and N-ethyl-N-nitrosourea (1J5) that were labeled with 1 4 C , 3H, 
or 2 H in the methyl or ethyl group showed that methyl or ethyl 
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5. WHEELER Action of Nitrosoureas 89 

groups of the alkylation products contained the same ratios of 
isotopes as the parent compounds, and therefore a diazoalkane 
could not be an intermediate. This and other evidence is con
sistent with the intermediate formation (as shown below) of 
methanediazohydroxide, which then decomposes to generate a 
methyl cation. 

Ο 

C E L - N - C - N H 2 

3 , 2 
NO 

CH 3 N=NOH + OCNH 

CH3N=N+ + OH"" 

CH3+ + N. 

C H 3 O H 

HOH 

[HOOCNH 2] ι 
HOH C 0 2 + NH3 

H+ 
By analogy with the decomposition of M N U , it would be 

expected that the decomposition of N-( 2-chloroethyl)-N T -sub-
stituted-N-nitrosoureas would yield 2-chloroethanediazohydrox-
ide and the corresponding isocyanate. The 2-chloroethanedi-
azohydroxide would give rise to a 2-chloroethyl cation, which 
could combine with a hydroxide ion or water to form 2-chloro-
ethanol. In 1967 Montgomery and co-workers (16.) reported 
that decomposition of B C N U and of C C N U in water yielded p r i 
marily acetaldehyde rather than 2-chloroethanol. This 
suggested the intermediate generation of a vinyl cation rather 
than a 2-chloroethyl cation, and they suggested the following 
mechanistic sequence. By this scheme the loss of a proton and 
a chloride ion gives rise to an unstable oxazolidine intermediate, 
which then breaks down into ethylenediazohydroxide and an iso
cyanate. In contrast to B C N U , B F N U (N, N f -bis( 2-fluoroethyl)-
N-nitrosourea) decomposed in the normal manner to yield 
2-fluoroethanol. 
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Ο 

C 1 C H 2 C H 2 - N - C -

N O 

•NHR C 1 C H 2 C H 2 -

O © 

- N - C : = N R 
I 

N O 

C H , C = N R + C I 

I 
C H 

ιΘ 

f C H N J 

V I ι ' 

CH 2 =CHN=NOH + OCNR 

C H 9 = C H N = N © + OH® 

CH3CHO — [CH 2=CHOH] + 
H. 

2 . C H ^ c r i 8 =CH® + N 2 

In 1974 Colvin, Cowens, Brundrett, Kramer, and Lud-
lum ( Γ 7 ) studied the decomposition of 1 4 C-labeled B C N U in 
phosphate buffer at pH 7. 4 and found that contrary to the 
results of Montgomery et al. 63% of the identified volatile 
material was 2-chloroethanol and 31% was acetaldehyde; other 
volatile compounds included dichloroethane and vinyl chloride. 
They also obtained evidence (18) for the formation of a 2-chloro
ethyl cation from C C N U . Reed et al. ( 19 ) reported evidence 
supporting the formation of the 2-chloroethyl cation and of 
2-chloroethanol when C C N U or M e C C N U decomposes in buffered 
aqueous solutions, and they proposed the following mechanism, 
which involves base catalysis. Montgomery and co-workers 
presented (20) the results of additional studies of the decom
position of six N-( 2-chloroethyl)-N T -substituted-N-nitrosoureas 
(including B C N U and CCNU) in both water and buffered solutions, 
and they concluded that it is likely that at physiological con
ditions both of the above modes of decomposition occur. The 
relative extents of the two modes depend upon whether or not 
the solution is buffered at or near physiological pH. In 
unbuffered solutions the major volatile product was acetalde-
hyde, and only very small quantities of 2-chloroethanol were 
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C l C H 2 C H 2 N C O N H - R 
I 

NO 

O H -

O 
|! 

C 1 C H 2 C H 2 N - Cs- N - R 
V M 
Ν Η 

r 
C 1 C H , C H2

N - O H 

C1CH=CH 2 . " N z ^ | 
- H 2 0 

C l C H 2 C H 2 - ^ N ^ O H 

I 
C1CH 2 CH© + N 2 + OH"" 

OH" 

C l C H 2 C H 2 O H 

formed. In buffered solutions much less acetaldehyde and 
much more 2-chloroethanol were produced. The 2-chloroethyl 
cation can be a precursor of acetaldehyde (20), so part of the 
acetaldehyde might be formed by this pathway in addition to its 
formation via the vinyl cation. 

The isocyanates that are generated upon the decomposi
tion of the nitrosoureas can react with water to form carbamic 
acids, which in turn decompose to yield carbon dioxide and the 
corresponding amines. If the concentration and the pH of the 
mixture are suitable, the amine may react with the isocyanate 
to yield the symmetrical urea. 
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H 2 0 
R N C O — - — ^ [RNHCOOH] - R N H 2 + C 0 2 

V ^ J 

R N H - C - N H R 
II 
Ο 

If nucleophiles (including biological materials) other 
than hydroxyl ion are present during the decomposition of the 
nitrosourea the carbonium ions might alkylate them. Also if 
compounds containing active hydrogen atoms are present they 
might react with the isocyanate by a carbamoylation reaction. 
Either alkylation or carbamoylation (or both) of biological 
materials might cause the observed physiological effects of 
these agents. In the special cases where the substituent upon 
N-3 is a 2-haloethyl grou
acid would be a 2-haloethylamine
as an alkylating agent; this would be the case for BCNU. 

Products of Alkylation 

Utilizing C C N U labeled with 1 4 C in the 2-chloroethyl 
group, Cheng, Fujimura, Grunberger, and Weinstein ( 21 ) 
observed the binding of the isotope to poly U , poly A , poly 
( G i U 3 ) > poly G , poly C , tRNA, DNA, albumin, histone, ribo-
nuclease A , and cytochrome C upon incubating mixtures in 
buffered solutions, pH 7. 2 at 3 7 ° . They also observed that the 
1 4 C was bound to the RNA, DNA, and protein of leukemia L1210 
cells following incubation of the C C N U with cells in vitro, and 
Connors and Hare (ji2) similarly observed the binding of 1 4 C 
to RNA, DNA, and protein upon incubation of this labeled 
agent with murine T L X 5 ascites cells. Following the adminis
tration of the C C N U to mice bearing the ascitic form of the 
leukemia L1210, 1 4 C was associated with the three types of 
macromolecules. 

Kramer, Fenselau, and Ludlum (.23) have identified an 
alkylated base that was formed upon exposure of a polynucleotide 
to a N-( 2-chloroethyl)-N-nitrosourea. These investigators 
incubated Γ 2-chloroethyl- 1 4 C ] BCNU with poly C , and after acid 
hydrolysis of the polymer they isolated two products which they 
identified as 3- ( 2-hydroxy ethyl) C M P (I) and 3, N 4 -ethano-CMP 
(II). Both of these compounds upon decomposition yielded 
3- ( 2-hydroxyethyl) - U M P ( III). They suggest that a 3- ( 2-chloro-
ethyl) cytosine moiety may have been an intermediate product in 
the formation of the isolated products. 
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Because of the well-known mutagenic and carcinogenic 
activities of MNU and N-ethyl-N-nitrosourea (ENU) (see 
below) the alkylation of nucleic acids by these agents has been 
studied by a number of investigators. Table I l i s t s the 
alkylated bases that hav
the treatment of deoxyguanosin
tRNA (30), TMV-RNA (31), and bacteriophage R17 (32). The 
products that have been isolated after incubating intact c e l l s 
with MNU or E N U are given in Table II. In most instances, 
7-MeGua was formed in much greater quantity than the other 
methylated bases. The evidence (26, 33) indicates that the 
extent of formation of phosphotriesters i s greater than that of 
most of the alkylated bases but s t i l l much l e s s , with two excep
tions ( 29, 31 ), than that of 7-MeGua. Table III l i s t s the 
alkylated bases that have been isolated f r o m nucleic acids of 
various tissues following the administration of MNU or E N U 
to experimental animals. 
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Table II 
Products Isolated after Incubating Cells with M N U or E N U 

HeLa Cells 
(29) 

Ce-EtGua 
7-EtGua 
3-EtGua 

1-EtAde 
3-EtAde 
7-EtAde 

3-EtCyt 

3-EtThy 

Phospho-
triester 
( Indirect 
evidence) 

L - C e l l s 
(33) 

C^-MeGua 
7-MeGua 

3-MeAde 

Phospho-
triester 
( Indirect 
evidence) 

E . Col i 
(15) 

00-EtGua 
7-EtGua 

3-EtAde 

Table III 
Products Isolated from Tissues of Experimental Animals 

Following Administration of M N U or E N U 
(13,34-M) 

06- MeGua O^-EtGua 
7- MeGua 7-EtGua 

3-EtGua 
3-MeAde 3-EtAde 

7-EtAde 

Experiments have shown that the relative extents of 
alkylation of the various positions on the various bases of DNA 
and RNA differ for several biological alkylating agents. Com
parison of the sites and extents of alkylation of DNA by methyl 
methane sulfonate, ethyl methane sulfonate, isopropyl methane-
sulfonate, and MNU (27) and by diethyl sulfate, ethyl methane-
sulfonate, and E N U (29) showed that MNU and E N U caused 
relatively more alkylation of the O 6 -position of guanine than the 
other agents. Similar results were obtained in experiments 
with RNA and: diethyl sulfate, ethyl methane sulfonate, and E N U 
(31); dimethyl sulfate, methyl methane sulfonate, M N U , and 
MNNG (32); and dimethyl sulfate, M N U , and MNNG (45); 
M N U and MNNG yielded similar results. The nitrosoureas 
also caused the formation of larger quantities of phosphotri-
esters than the other agents (29, 31, 32). There is also evidence 
that ethyl methane sulfonate alkylates the Opposition of guanine 
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moieties more extensively than methyl methane sulfonate and 
that E N U alkylates this position more than M N U (24» 27, 46). 
Lawley (27, 46) has pointed out that these results are consis
tent with the Swain-Scott factors for the alkylating agents and 
the nucleophilicities of the sites on the bases. The relation
ships of these differences to biological effects will be mentioned 
below. 

Consideration of the multiplicity of alkylation products 
listed above for M N U and E N U makes it evident that much work 
remains to be done to isolate and identify alkylation products 
obtained with N-( 2-chloroethyl )-N-nitrosoureas. The task may 
be more difficult, if the alkylation products are 2-chloroethyl 
amines or sulfides, because these compounds themselves might 
be chemically active as alkylating agents. 

Products of Carbamoylation 

Soon after the initiation of studies with nitrosoureas it 
was recognized that carbamoylation of biological materials 
might play a role in causing the physiological effects of the 
agents (16,47). In 1968 we reported (48) that 2-chloroethyl 
isocyanate was as effective as BCNU in decreasing the DNA 
nucleotidyltransferase activity of crude preparations from 
leukemia L1210 cells, and we obtained evidence (49) that car
bamoylation of the e-amino group of lysine moieties occurred 
when BCNU was incubated with histone. Oliverio and co-work
ers reported (50, 51) that following the administration of C C N U 
to dogs and monkeys the cyclohexyl portion, but not the 
2-chloroethyl portion, of the parent compound was bound to 
the plasma protein. Weinstein and collaborators (21, 52) 
observed that the cyclohexyl portion of C C N U was extensively 
bound to globulin, ribonuclease A , cytochrome C, histone, 
albumin, and polylysine (in increasing order) and to proteins 
of LI 210 cells, and hydrolysis of the latter four treated mate
rials yielded NS-cyclohexylcarbamoyllysine. We have recently 
observed (J53) that at physiological conditions the carbamo
ylation of the N 2 of lysine occurs more extensively than car
bamoylation of N 6 . Table IV shows the relative amounts of 
products obtained when a mixture of equimolar quantities of 
C C N U and lysine was incubated in 0.1 M phosphate buffer at 37°. 

Table IV 
Relative Quantities of Products Formed Upon Incubating a 

Mixture of L - [ U - ^ C ] Lysine and C C N U 
Relative 

Product Quantity 

N 2 - ( Cyclohexylcarbamoyl) lysine 
N 6 - ( Cyclohexylcarbamoyl ) lysine 
N 2 , r ^ - D i i cyclohexylcarbamoyl)lysine 

1.00 
0. 38 
0. 09 
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5. WHEELER Action of Nitrosoureas 97 

Experiments with other a -amino acids and with dipeptides also 
demonstrated the carbamoylation of N 2 of amino acids and of 
terminal amino groups of peptides. Incubation of a mixture of 
insulin and C C N U , and hydrolysis of the reaction product 
yielded N-cyclohexylcarbamoylglycine and N-cyclohexylcar-
bamoylphenylalanine, which shows that carbamoylation of the 
amino terminal moieties occurred. We did not detect any 
N^cyclohexylcarbamoyllysine, which would have been indicative 
of carbamoylation of the single lysine moiety present in the 
molecule, but it is emphasized that we did not diligently seek 
N 6 - cyclohexylcarbamoyllysine. 

We have observed (J53) that even at room temperature 
cyclization of the 2-chloroethylcarbamoylamino groups can 
occur to form oxazolinyl groups as shown for N 6 - ( 2-chloro-
ethylcarbamoyl)lysine. Similar cyclization occurs if the 

Ο 
II 

C l C H 2 C H 2 N H C N H C H 2 C H 2 C H 2 C H C O O -

NH 3 + 

H 2 

C N H C H 2 C H 2 C H 2 C H 2 C H C O O -
H 2 c _ r f ^ η 3 + 

2-chloroethylcarbamoyl group is on N 2 of an amino acid. The 
oxazolinyl group is more basic than the 2-chloroethylcarbamo
ylamino group, and the oxazolinyl compound migrates electro-
phoretically similarly to the parent amino acid. This cycl i 
zation is analogous to that which occurs when 1, 3-bis( 2-chloro
ethyl) urea (54) or chloroethylbiurets (55.) are heated in boiling 
water. Under physiological conditions that permit cyclization 
of 2-chloroethylcarbamoyl groups, there is no evidence of 
alteration of cyclohexylcarbamoyl groups. Therefore, proteins 
carbamoylated upon treatment with B C N U might have different 
biochemical properties from those carbamoylated upon treat
ment with C C N U and other nitrosoureas. 

There is evidence that carbamoylation of nucleic acids 
might occur to a small extent. Utilizing [ cyclohexyl- 1 4 C1 C C N U 
(21) and [carbonyl- 1 4 C 1 C C N U (52) in experiments with isolated 
nucleic acids and with intact L1210 cells the Columbia University 
group detected a relatively minute quantity of 1 4 C associated 
with RNA and with DNA in comparison to the quantity associated 
with proteins under the same conditions. Serebryanyi and 
co-workers (56) incubated a mixture of Γ c a r b o n v l - 1 4 C ]MNU 
with DNA and observed that the * 4 C became bound to the DNA. 
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Upon consideration of the relative nucleophilicities of phosphate, 
hydroxyl, and amino groups at pH 7, they suggested that car
bamoylation would occur chiefly with the phosphate groups but 
carbamoylation of the bases might also occur. Upon conversion 
of the carbamoylated DNA to the corresponding apurinic acid a 
small amount of 1 4 C was retained. No carbamoylation product 
was identified. More recently Serebryanyi and Mnatsakanyan 
(57) have incubated adenosine or cytidine with M N U at physio
logical conditions and have obtained chromatographic and ultra
violet spectral data that are consistent with the formation of 
NS-carbamoyladenosine and N 4-carbamoylcytidine. 

Metabolism of Nitrosoureas 

There is evidence that certain nitrosoureas are altered 
by enzymatic metabolism to yield the products shown in Table V . 

Agent 

B C N U 
C C N U 

Table V 
Products of Metabolism of Nitrosoureas 
System Products 

B C N U Microsomal 

Liver cytosol 
Microsomal 

and in vivo 

N, N f -Bis( 2-chloroethyl)-
urea 

Unidentified 
Ring-hydroxylated C C N U 

C i s - 2 and / or trans-2 
Trans.-3 
Cis -3 
Trans-4 
Cis -4 

Reference 

(58) 

(58) 
(60,61,62) 

H i l l et al. (58) observed that BCNU is converted to 
1, 3-bis(2-chloroethyl)urea by microsomal mixed-function 
oxidase that requires ΤΡΝΉ and oxygen. When the microsome 
preparation was replaced with a liver cytosol preparation, a 
product that has not been identified was obtained. 

May, Boose, and Reed (59) and H i l l , Kirk , and Struck 
(58) presented evidence that hydroxylation of the cyclohexyl 
ring occurs very rapidly when C C N U is incubated with a liver 
microsomal preparation in the presence of oxygen and T P N H . 
Reed and May (60, 61) identified five metabolites, which they 
obtained in vitro and in vivo and which are listed in the table. 
They did not specify the configuration of the 2-hydroxy deriva
tive, but in a personal communication Dr . Reed stated that it 
is the cis-2-isomer. Hilton and Walker (62) have independently 
identified the two pairs of 3- and 4-isomers and the trans-2-
isomer as products of in vitro incubation and also found them 
in the plasma of rats. Only the cis-4-isomer and the trans-4-
isomer were found in human plasma following the intravenous 
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administration of C C N U ; these isomers were present in approx
imately equal quantities (63). The data of all of these groups 
of investigators indicate that the rate of metabolic hydroxylation 
exceeds the rate of chemical breakdown of C C N U , and therefore, 
it is likely that the hydroxylated metabolites are intermediate 
precursors of the therapeutically active moieties. There is also 
evidence (58, 59) that hydroxylation of M e C C N U occurs. Because 
of these facts the various hydroxylated compounds are being 
synthesized (60, 64) and evaluated in chemotherapeutic trials. 
The ç i s - 4 - and trans-4-isomers were more active against leuke
mia LI 210 and more toxic than C C N U (64). 

Cowens, Brundrett, and Col vin (65) observed that Ν-( 2-
chloroethyl)-N T , N-dimethyl-N-nitrosourea is stable in aqueous 
solution and is inactive against L I 210 leukemia in vitro but is 
active against this leukemia in vivo. This suggests that meta
bolic alteration gives rise to a more labile nitrosourea. 

The types and extent
ureas bearing other types of substituents on N-3 are not known, 
and the relevance of the known alterations to therapeutic effec
tiveness is not presently known. It can be expected, however, 
that metabolism would alter the physical and chemical properties 
of the parent compounds, and therefore one must exercise 
caution in inferring the transposition of results obtained in 
vitro to an in vivo situation. 

Reed and May (60) also observed that a major urinary 
metabolite of C C N U in mice is thiodiacetic acid, which is evi
dence of thiol alkylation. They suggest that the alkylation might 
involve a 2-chloroethyl cation or 2-chloroacetaldehyde, which 
could be formed upon enzymatic oxidation of 2-chloroethanol. 

Relationships of Phvsicochemical and Chemical Properties to 
Therapeutic Usefulness 

One of the advantages that the most effective nitrosoureas 
have over several other types of anticancer agents is the fact 
that their degree of lipoid solubility permits them ( or perhaps 
their metabolically altered derivatives) to cross such interfaces 
as the t Tblood-brain barr ier" and thus ki l l neoplastic cells present 
in the brain (7). Hansch, Smith, Engle, and Wood (66) used 
the octanol-water partition coefficients to study the relationship 
of lipophilicity to activity against intracerebrally inoculated 
LI210 cells, and Montgomery, Mayo, and Hansch (67) carried 
out a similar study with subcutaneous Lewis lung carcinoma. 
They found that there is an optimum range for the partition 
coefficient. While lipophilicity is surely an important factor in 
determining the biological activity of the nitrosoureas, it seems 
likely that ultimately the biological effects will depend upon the 
alkylating and carbamoylating activities of the agents or their 
metabolic derivatives. Therefore we attempted (68) to relate 
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C 1 C H 9 C H 9 

R' 

Table VI 

Ο 
II 

R-N-C-NH-R' 
I 
NO 

T o , 5 (min) 

53 

5̂40 

0. 520 

dpm 

42.000 

Marrow toxicity 

High (fifi) 

C 1 C H 9 C H 9 - 16,438 

C 1 C H 9 C H 9 30,218 

C 1 C H 9 C H 9 

C1CH 9CH 9-

44 

49 

1. 133 

1. 106 

21.076 

42.789 

High (70) 

High (70) 

C 1 C H 9 C H 9 -

HO 
21 2. 35 824 Low (71) 

C 1 C H 9 C H 9 

A c O N — î 
16 2. 74 41,197 Low (69) 

Half - l i fe in ethanol/phosphate buffer, (1/50), p H 7 . 4 , 3 7 ° . It was necessary to initially 
dissolve some of the compounds in acetone, and in such instances equal volumes of acetone 
were added to the blanks. 

b A 5 4 0 is a measure of the concentration of alkylated 4-(jg-nitrobenzyl)pyridine in an ethyl 
acetate extract of a mixture of the nitrosourea and 4- (jD-nitrobenzyl) pyridine in acetate 
buffer, pH 6. 0, that had been incubated at 37° for 2 hr. 

C T h e dpm is a measure of the radioactivity present in unidentified reaction products obtained 
upon incubating the nitrosourea with l y s i n e - l 4 C in phojphate buffer, pH 7. 4, at 37° for 6 hr. 
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each of these three parameters, namely, partition coefficient, 
alkylating activity, and carbamoylating activity, and the sum
mation of them to the therapeutic activity against i . p. L1210. 
Upon the basis of mathematical correlation we concluded that 
all three parameters are important. We suggested that the 
lipophilicity was a major factor because it determined the 
extent of delivery of the agent to the desired site, that a domi
nant influence of the carbamoylating activity might be associated 
with the whole animal toxicity of the agent, and that the alkyl
ating activity is important in determining the therapeutic index. 
We stress that these assignments are merely suggestions, be
cause it is quite difficult to obtain and properly evaluate data 
for a multifactor system such as this. 

The possible relevance of carbamoylating activity to 
whole animal toxicity is suggested by a consideration of the data 
in Table VI, which lists the chemical half-lives, the alkylating 
activities, and the carbamoylatin
determined for several nitrosoureas, and the relative marrow 
toxicities that others have reported. C C N U , which has a high 
in vitro carbamoylating activity, has a high marrow toxicity 
(69), and therefore, by inference, one would assume that at 
least certain of the hydroxylated metabolic derivatives of C C N U 
would also be myelosuppressive. The data show that the car
bamoylating activities of the cis-4 and trans-4-hvdroxv com
pounds have lower, but still moderately high, carbamoylating 
activity, as do also the acetvlated cis-2 and trans-2-hydroxy 
compounds. Although the relevance of the in vitro data to the 
in vivo situation might be questionable, since it is quite 
possible that the acetyl groups are removed in vivo, these two 
compounds did have high marrow toxicity in vivo. Chlorozotocin 
[ 2- [3- ( 2-chloroethyl)-3-nitrosoureido] -2-deoxy-D-gluco-
pyranose] (12), which has a high alkylating activity and a low 
carbamoylating activity, has a low marrow toxicity (71.). The 
low marrow toxicity of the chlorozotocin tetraacetate along with 
the high in vitro carbamoylating activity is perhaps due to 
removal of the acetyl groups in vivo. In the N-methyl-N-
nitrosourea series of compounds (73) the decrease in marrow 
toxicity parallels the decrease in carbamoylating activity 
(Table VII). Comparison such as this is being extended to 
analogs of chlorozotocin as they become available. 

Schein et al. (74) observed that chlorozotocin was much 
less inhibitory than B C N U for DNA synthesis by human marrow 
in vitro which correlated with the differences in carbamoylating 
activity. 
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Table VIII lists the half-lives, the alkylating activities, 
and the carbamoylating activities of a number of nitrosoureas 
that have been synthesized by Johnston and co-workers at 
Southern Research Institute (8,9,10). These properties were 
determined as described previously (68). Although the activi
ties of a number of these compounds against L1210 leukemia 
(8,9,10), have been determined, the marrow toxicities of most 
of them have not yet been examined. 

It is obvious that the substituents on both Ν and N T have 
great influences upon the properties of the compounds and that 
to a considerable degree one can obtain compounds with specified 
properties by the proper selection of substituents. 

Biochemical Effects 

A number of studies (reviewed in j$) have shown that 
B C N U , C C N U , M N U ,
synthesis of DNA, RNA, and protein in vitro and in vivo. At 
lower concentrations or lower doses the inhibition of the syn
thesis of DNA was usually greater than the inhibition of 
synthesis of RNA and of protein. At still lower doses, and even 
at early times after the administration of the higher doses, 
stimulation of macromolecular synthesis often occurred. 
Similar inhibitions of the synthesis of DNA, RNA, and protein 
have been reported for streptozotocin (75), and inhibition of 
synthesis of DNA by chlorozotocin (71) and by chlorozotocin 
tetraacetate (69) was observed. 

Several studies to investigate the effects of nitrosoureas 
upon specific steps of macromolecular synthesis have been 
carried out. Incubation of crude cell-free preparations from 
L1210 cells with BCNU or C C N U caused decreases in the DNA 
nucleotidyltransferase activity of the preparations, but N-(2-
chloroethyl)N-nitrosourea and MNU had much less effect (48). 
2-Chloroethyl isocyanate caused as much decrease as BCNU or 
C C N U , and it was suggested that the apparent deactivation of 
the enzyme by BCNU and C C N U was due chiefly to the reactions 
of the isocyanates generated from them. In experiments with 
purified DNA polymerases I and II isolated from rat liver and 
hepatoma (76), B C N U , C C N U , M e C C N U , 2-chloroethyl isocya
nate, and cyclohexyl isocyanate inhibited DNA polymerase II but 
did not affect the activity of DNA polymerase I. DNA polymerase 
II is also sensitive to thiol-blocking agents, but DNA polymerase I 
is not (77). Auxiliary data (77) led to the suggestion that 
enzyme I is a repair enzyme and enzyme II is a replicative 
enzyme. Preincubation of DNA with the nitrosoureas or isocya
nates did not significantly decrease its template activity in the 
assay system (48,76). Thus, it appears that the inhibition of 
replicative DNA synthesis might be due at least partially to 
carbamoylation of the replicative polymerase. In studies of the 
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repair of DNA that had been irradiated with X - r a y s (78) or 
ultraviolet light (79) it was observed that B C N U and 2-chloro
ethyl isocyanate interfered with the rejoining of broken strands 
but not with the repair synthesis, which implies inhibition of 
the ligase as a result of carbamoylation of it. These facts 
suggest that the carbonium ions derived from the nitrosoureas 
might alkylate DNA and the isocyanates derived from them 
might interfere with the repair of the damaged DNA. One 
might speculate that if nitrosoureas were used in combination 
with other alkylating agents, both agents might cause alkylation 
of DNA in an additive manner, and the generated isocyanate 
might inhibit repair. 

Incubation of DNA-dependent RNA polymerase from 
Ehrl ich ascites cells with M N U or N-propyl-N-nitrosourea 
resulted in inhibition of the enzyme (80). Injection of these 
agents into mice bearing Ehrl ich ascites cells caused an 
activation of the Mg+ 2-dependen
nuclei from the ascites cells and at higher concentrations an 
inhibition of the Mn+2/(NH 4 ) 2S0 4-dependent RNA synthesis by 
these nuclei (81). In studies with cultured leukemia L1210 
cells it was found that B C N U inhibited the "processing" of 
45S nucleolar R N A more readily than the synthesis of R N A , 
and it also inhibited the "processing" or exit of high-molecular 
weight RNA from the nucleoplasmic fraction (82). T h e 

"processing" of nucleolar RNA was also inhibited by C C N U , 
N - ( 2- fluoroethyl ) - N f - cyclohexyl- N-nitrosourea, 2- chloroethyl 
isocyanate, and cyclohexyl isocyanate, but not by M N U , N-(2-
chloroethyl)-N-nitrosourea, or streptozotocin. It was con
cluded that a carbamoylation reaction was responsible for 
interference with the "processing". A comparison (83) of the 
effects of nitrogen mustard (HN2), B C N U , and C C N U upon the 
synthesis and "processing" of RNA by cultured HeLa cells 
yielded the following results: 

HN2 BCNU C C N U 
Yes No* Yes 
No Yes Yes 
Yes No No 

Yes Yes No 

Inhibits formation of 45-S nRNA 
Inhibits "processing" of 45-S nRNA 
Produces shortened HnRNA 
Inhibits appearance of poly(A)-

containing cytoplasmic RNA 

•inhibition occurs after extended exposure. 

Since each of these agents is an active anticancer agent, it is 
obvious that bifunctionality, carbamoylation, and interference 
with the formation and "processing" of R N A are not requisites 
for anticancer activity. 

A study (84) °f the manner in which M N U interferes 
with protein synthesis led to the conclusion that this agent can 
damage polyribosomes and protein-soluble factors of the cell 
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sap, which leads to inhibition of polypeptide initiation and elon
gation. Other data (8»5 ) were interpreted to indicate that 
changes in the polyribosome profile induced by M N U reflects 
the mechanism of inhibition of protein synthesis rather than 
being a direct consequence of methylation of polysomal mRNA. 
M N U , E N U , and N-butyl-N-nitrosourea caused a significant 
stimulation of aminoacyl-tRNA complex formation but had no 
effect on the binding of nRNA to ribosomes (86). 

The pharmacology of the nitrosoureas has been reviewed 
recently (4) and will not be discussed here, except to say that 
the half-lives of the compounds in the blood are very short, 
that the agents are widely distributed throughout the body with
out evidence of concentration in neoplastic tissues, and that 
the agents cross the "blood-brain barr ier" and thus reach the 
brain and brain tumors. 

As is the case with most anticancer agents, the reason(s) 
for the preferential cytotoxicit
plastic tissues is not known. When rates of synthesis of DNA 
(87» 88» 89» 90) and of protein (84) are used as indicators of the 
"state of health" of various host and neoplastic tissues, it 
appears that both host and neoplastic tissues are damaged, but 
the host tissues recover the ability to synthesize these macro-
molecules more readily than the neoplastic tissues. The mech
anisms of this recovery are not known, but they may include 
the repair of macromolecules and/or the repopulation of the 
tissues with viable cells with the accompanying loss of dead 
cells. It has been observed that deletion of methylated purines 
occurs following the treatment of Escherichi coli with E N U 
(15), of L - c e l l s with M N U (33), and of mice with M N U (40,42). 
Following the administration of [ C 1 4 H 3 ] M N U to mice bearing 
hepatomas, deletion of radioactivity from the DNA, RNA, 
protein, and lipids occurred more rapidly for spleen and liver 
than for the hepatoma (91). The relevance of these deletions 
to survival of the cells and tissues is considered below. 

At minimal concentrations of streptozotocin and 
streptozotocin tetraacetate that were cytotoxic to cultured 
leukemia L1210 cells these agents did not significantly lower 
the levels of activity of thymidine kinase, thymidylate synthe
tase, and DNA polymerase (92). O*1 the other hand, strepto
zotocin, M N U , and B C N U caused decreases in the observed 
activity of NAD glycohydrolase and the level of NAD in a 
variety of biological systems (reviewed in 3). 

Biological Effects 

Many published articles report that a number of nitroso
ureas are active as carcinogenic, mutagenic, and teratogenic 
agents in a number of biological systems, and it is not deemed 
necessary to refer to each of those articles here. For the 
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purpose of this review it is sufficient to state the nitrosoureas 
are quite potent in causing each of these biological effects. On 
the basis of the presently held dogmas of the role of nucleic 
acids in determining heritable traits in biological systems one 
might speculate that these effects derive from alteration of the 
nucleic acids of the cells that were exposed to the agents. The 
contents of Tables I, II, and III show that many alterations of 
the nucleic acids occur upon exposure to M N U and E N U , and 
one might ask whether the extent(s) of occurrence of one or 
more of these alterations correlates with the causation of one 
or more of the effects. A number of these investigators(13, 35, 
36» 37».38» 39) isolated and quantitatively determined only the 
7-alkylguanines, and several of them (ljj, 36, 38, 39) concluded 
that there was no correlation between the extent of formation 
of 7-alkylguanine and carcinogenicity. F r e i (34) detected and 
determined C^-MeGua and 3-MeAde in addition to 7-MeGua 
and suggested that thi
to relate the formation of alkylated bases to carcinogenicity. 
This possibility is of interest, because it has been suggested 
by Loveless (24) that mutagenesis by these agents might be 
related to the formation of C^-alkylguanine moieties. Walker 
and Ewart (33) observed that following treatment of L -ce l l s 
with MNU the deletion of 3-MeAde and 7-MeGua was more 
rapid than that of Οβ-MeGua. Goth and Rajewsky (44) found 
that after the treatment of rats with E N U , the deletion of 
3-EtAde and 7-EtGua from liver and from brains occurred 
relatively rapidly, as did also the deletion of C^-EtGua from 
liver, but the deletion of Œ - E t G u a from brain occurred slowly. 
Kleihues and Margison (42) obtained analogous results with 
M N U for liver and brain and found that the rate of deletion of 
Οβ-MeGua from the DNA of kidney was intermediate between 
the rates for liver and brain. F r e i and Lawley (40) compared 
the rates of deletion of alkylated purines from the DNA of 
bone marrow, small bowel, kidneys, l iver, lungs, spleen, 
and thymus, but not the brain, of mice following the adminis
tration of M N U and found that 3-MeAde and 7-MeAde were 
deleted more rapidly than 3-MeGua, 7-MeGua, and O^-MeGua; 
there was little difference in the rates of deletion of 7-MeGua 
and C^-MeGua during the brief period (18 hours) of observa
tion. Margison and Kleihues (43) observed that, when MNU 
was administered to rats in repeated small weekly doses that 
rather specifically gave rise to tumors of the nervous system, 
C^-MeGua accumulated in the DNA of the brain to a much 
greater extent than in the kidney, spleen, small intestine, and 
liver. Since the nervous system is the primary site of tumor 
formation following the administration of M N U and E N U (11,93) 
and the kidney (93 ) is another frequent site, these results imply 
that the retention of CP-alkylguanine in the DNA might be con
ducive to carcinogenesis. 
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The cause of the cytotoxicity of the nitrosoureas is not 
known, and it seems likely that it might result from a combi
nation of several mechanisms. Verly (94) and Lawley et al. 
(95) have suggested that the delayed inactivation of bacterio
phage by monofunctional alkylating agents is related to the 
presence of apurinic sites in the DNA following the elimination 
of alkylated purines, and Lawley and Brooks (26) and Verly 
and co-workers (97) have observed that the rate of elimination 
of 3-alkyladenine is much greater than that of 7-alkylguanine. 
The formation of and the subsequent hydrolysis of phospho-
triesters might also contribute to single-strand breaks of DNA 
(94) and chain breaks of phage RNA (.32,98) with resultant 
phage deactivation. These same mechanisms may contribute 
to cytotoxicity in cells and tissues, but alkylation or carbam
oylation of other critical cellular constituents might also be 
contributing factors. 

Experiments hav
to sensitivity of mammalian cells in the various phases of the 
cell cycle and to determine the effects of treatment with these 
agents upon progression through the cell cycle. The literature 
prior to 1972 was reviewed (j$), and it will not be repeated 
here. Several studies performed subsequent to that review 
have confirmed and extended the previous conclusions. Tobey 
et al. (99,100) compared the effects of B C N U , C C N U , M e C C N U , 
chlorozotocin, and streptozotocin in a single experimental 
system and found the first four of these compounds had the 
following similar effects: (a) had little effect upon the pro
gression of cells through G 1 ; (b) caused a prolongation of S; 
(c) caused cells to accumulate in late S or early G 2 ; (d) 
caused mitotic non-disjunction and polyploidy (pell enlargement); 
(e) were more cytotoxic to non-cycling cells than to cycling 
cells; and (f) caused an altered clonal morphology and growth 
pattern in surviving cells. Streptozotocin differed from the 
other four compounds by causing less prolongation of S and less 
accumulation of cells in late S and G 2 and by being more cyto
toxic to cycling cells than to non-cycling cells at low concentra
tions. Based upon another study Tobey (101 ) concluded that 
chlorozotocin arrested cells in early G 2 , streptozotocin arrested 
them about one-third of the way through G 2 , and B C N U and 
C C N U arrested them about two-thirds of the way through G 2 . 
Other investigators (102,103) also observed that B C N U , C C N U , 
and M e C C N U were more cytotoxic to plateau-phase or non-
dividing cells than to exponentially growing cells. Hahn et al. 
(104) suggested that the differential sensitivity of non-cycling 
and cycling cells might partially be due to the anomolous binding 
of B C N U to serum protein, but this is probably not the total 
cause, because in the experiments of Tobey et al. serum was 
present in the medium for both the cycling and the non-cycling 
cells. Contrary to the above observation for streptozotocin, 
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M N U prolonged the S phase without killing the cells (105). 
These observations of the greater cytotoxic sensitivity of 
plateau-phase cells and non-cycling cells to the nitrosoureas 
differ from the observations with hematopoietic cells in vivo 
(106.107) in which the rapidly proliferating cells were more 
sensitive than the normal bone marrow. However, non-pro
liferating cells were sensitive to B C N U (108). Although 
cultured cells are sensitive to the cytotoxic effects of the nitro
soureas in all phases of the cell cycle (75,109-113), cells are 
reported to be most sensitive in certain phases. The most 
sensitive phases have been reported variously for different 
cell lines and different agents to be the Gĵ  IS boundary (111 ), 
mid-S (75,112), and G 2 (113). 

It was reported in 1963 (114) that streptozotocin is 
diabetogenic, and many studies related to this property of the 
compound and the disease it initiates have been performed (115). 
There appears to be a
ficity for elliciting diabetes, because although the ethyl analog 
of streptozocin is diabetogenic, the 2-chloroethyl analog 
(chlorozotocin) and chlorozotocin tetraacetate are not ( 116). 
Also , M N U (117) and several analogs of streptozotocin in 
which the glucosyl portion of the molecule is altered (118 ) are 
also non-diabetogenic. Streptozotocin causes a decrease in 
the NAD content of pancreatic islets (119,120.121 ) perhaps by 
reducing the tissue uptake of precursors and decreasing the 
synthesis of NAD (119 ) and by inducing NAD degradation, 
which can be prevented by inhibitors of NAD-glycohydrolases 
(120). The diabetogenic action is probably related to this 
decrease in NAD concentration, since this action can be pre
vented by the administration of NAD (122 ). M N U also 
decreases the NAD content of pancreatic islets but to a lesser 
extent than streptozotocin (121 ) , and other nitrosoureas can 
reduce the NAD content of various tissues (reviewed in j$). 
Therefore the glucose residue (121 ) in conjunction with the 
presence of the methyl or ethyl group on the nitrosated nitrogen 
(116) must cause additional specific cytotoxicity for the β - c e l l s 
of the pancreas. 

Another observed effect of the nitrosoureas that might 
be of potential practical usefulness is the prevention of the in 
vitro sickling of red cells containing hemoglobin S (123) by 
M N U , B C N U , and C C N U . It appears likely that this prevention 
results from the carbamoylation of the hemoglobin S, since 
prevention also results when the cells are treated with 2-chloro
ethyl isocyanate or cyclohexyl isocyanate and the treatment of 
the cells or of mice with B C N U alters the electrophoretic 
properties of the hemoglobin. This reaction is probably analo
gous to the reaction of cyanate, which has undergone extensive 
testing for this purpose, but the use of nitrosoureas as pro
genitors of isocyanates has the potential for accomplishing some 
specificity of carbamoylation. 
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Conclusions 

It is always difficult to specifically define a chemical 
and / or biochemical mechanism by which a drug elicits a thera
peutic response, and the difficulty is greater if the agent has a 
multiplicity of chemical activities and biochemical and physio
logical effects. Nevertheless, knowledge of the possible factors 
that may be involved in bringing about such a response can aid 
in rationally planning therapeutic regimens for use of the agents. 
It is hoped that the facts that have been presented in this review 
will be useful for such planning. 

It is believed that the nitrosoureas have an established 
place in the cancer chemotherapy armamentarium. An ex
panding knowledge of the various aspects of their mechanisms 
of action should make possible a more effective use of the 
compounds already being used and serve as a guide in the 
preparation of other nitrosourea
peutic indexes and more desirable physical and chemical 
properties. 
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