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A Chemical Perspective on the
Anthracycline Antitumor Antibiotics

by Beth R. J. Abdella* and Jed Fisher*t

The anthracycline antitumor antibiotics occupy a central position in the chemotherapeutie control of
cancer, They remain, however, antibiotics of the [ast resort and thus exhibit toxicity both to the neoplasm
and to the host organism. As part of the continuing effort to disseciate the molecular processes responsible
for these two separate toxicities, attention has been drawn to the intrinsic redox capacity of their tetra-
hydronapthacenedione aglycone moiety, and to the possible expression of this redox activily against those
biomolecules for which anthracyclines have a particular affinity (polynucleotides and membranes). This
review is a synopsis of the present trends and thoughts concerning this relationship, written from the
peint of view of the intrinsic chemical competence of the anthracyclines and their metabolites. While our
ignorance is profound—the precise molecular locus of the antitumor expression of the anthracyclines
remains unknown-—there is now evidence that the relationship of the anthracyclines to the DNA (possibly
requiring enzymatic cooperation) and to the membranes, with neither event requiring redox chemistry,
may comprise the core of the antitumor effects. The adventitious expresgion of the redox activity under
either aerobic conditions (in which circumstances molecular oxygen is reduced) or anaerobic conditions
(in which circumstances potentially reactive aglycone tautomers are obtained) is therefore thought to
contiribute more strongly to the host toxicity. Yet little remains proven, and the understanding of the
intrinsic chemical competence can do little more than lightly define the boundaries within which are
found these and numerous other working hypotheses.

Introduction

Over the past decade the anthracycline antitumor an-
tibioties (Fig. 1), exemplified by Adriamyein (doxoruh-
icin) and daunomyein (daunorubicin), have attained a
central position in the chemotherapeutic control of can-
cer (I-8). As a consequence of their relative breadth
and potency, considerable effort has been expended to
discern the molecular mechanisms of their activity.
Progress has, however, been painstaking, and only re-
cently has order begun to emerge from chaos. This re-
view is a distiltation of the current thoughts and ideas
emerging from these experimental endeavors, with a
particular emphasis upon the role of redox transfor-
mations. The focus is placed upon the relevant chemical
and biochemical events, and as such, medical progress
with the anthracyclines is not covered. Literature ci-
tations are selective, and are drawn from the primary
literature of the past three years, through the summer
of 1984.

A systematic organization to this paper is made most
difficult by the extraordinary complexity exhibited by
the anthracyclines in the living organism. There is now
a consensus that multiple pathways exist for the expres-
sion of anthracycline cytotoxicity, and that the full
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expression of any one anthracycline is a linear combi-
nation of all pathways. Unraveling these pathways into
those that are desirable (toxicity to the neoplasia) and
inte those that are not (toxicity to the organism) is an
enigma, only recently rendered less inscrutable. Ac-
cordingly, a chemieal organization is chosen, where
progress in the chemistry of each pathway is evaluated
and an effort then made to place the chemistry into the
appropriate biological context.

We hegin with an evaluation of the basic redox chem-
istry of the anthracyclines, and explore the enzymology
appropriate to mediating these reactions. The relevance
of the cellular DNA as a target of the anthracyclines—
with or without redox activation-—and the potential
consequences of metal ion chelation are then covered.
At this point the enormous separation that yet exists
between the chemical and biochemical knowledge will
be apparent. A summation of the capacity of the cell
membrane as a target is provided and is followed by a
synopsis of the role of redox processes to the antineo-
plastic activity. From these perspectives, the working
hypothesis is suggested that the redox capacity of the
anthracyclines may represent an undesirable pathway,
while nucleic acids and membranes may represent the
focus for the desirable expression of anthracycline ae-
tivity. Yet the precise chemistry remains elusive and
shall remain so until the preeise locus for the expression
of anthracycline antitumor activity has been identified
to the satisfaction of all interested parties. By this fact,
all commentary within this review is qualified.
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Redox Chemistry of the
Anthracyclines

Anaerobic Chemistry: The Chemistry of
the Quinone Methide

Metabolic transformation of a drug as a prerequisite
to the expression of its biological activity is now under-
stood to be a common occurrence. Moore (9,10) was the
first to note that the anthracyclines (among others) com-
prise a family where bioreduction could lead to reactive
intermediates capable of nucleophile alkylation (“bio-
reductive alkylation™) (11). A most reasonable inquiry,
then, concerning the anthracyclines is the relationship
of this chemistry to their biological activity. Do they
alkylate biomolecules, and, if so, does this process define
the antitumor activity, the general toxicity, neither, or
both? Only most recently has our understanding of the
anthracycline chemistry progressed to a point where
the experimental design meaningfully addresses the ki-
netic and chemical competence of Moore’s intermediates
(quinone methides). While a definitive answer has not
been possible, the general outlines of the quinone meth-
ide chemistry are now defined, and a description of these
outlines comprises this section.

To begin with, quinone methide formation is an an-
aerobic event that may occur once and only once for any
one individual anthracycline molecule. Anthracyclines,
as quinones, are intrinsically capable of redox chemis-
try. At carbon 7 is found an oxygen substituent, usually
a glycoside, that is transformed from a stable functional
group in the quinone to a stable leaving group in the
hydroquinone. As the hydroquinone itself is quite prone
to oxidation by Qs, only when O, is absent will it persist
long enough (and this need not be long at all) for this
leaving group ability to be expressed. Intramolecular
loss of this C-7 substituent provides the quinone meth-
ide intermediate [Eq. (1)]. The quinone methide may
be envisioned to behave as a nucleophile, to react with
an electrophile to yield a C-7 functionalized quinone; or
to behave as an electrophile to yield a C-7 functionalized
hydroquinone. This latter hydroquinone may re-elimi-
nate to the quinone methide unless a suitable oxidant
is present to convert this adduct to the stable quinone
state (12,13). If no suitable reagent to react with the
quinone methide is present, it will react with a proton
(an electrophile) to provide a 7-deoxy aglycone or react
with itself to provide a 7,7’ -dimer. In both instances
the quinone methide character is irrevocably lost.

The balance between these various reactions is de-
termined by the overall substitution of the particular

FIGURE 1.

Anthracyclines and anthracyclinones. (1) Daunomycin family: (za) daunomycin (R = L- daunosamine, R’ = H); (15} 7-deoxydau-

nomyeinone (R = R’ = H); (I¢) daunomycinone (R = OH, R’ = H); (id) Adriamycin (R = L-daunosamine, R’ = OHY); (1¢) epirubicin (R
= 4'-epi-L-daunosamine, R’ = OH). (2} Aclaciromycin family: (2¢) aclacinomycin A (R’ = L- rhodosamine-2-deoxy-L-fucese-L-cinerulose
A, R = H); (2b) T-deoxyaklavinone (R = R’ = H). (8} Bi(7- deoxyaklavinon-7-y1). () Nogalamycin family: (41) nogalamycin (R = H, R’
= nogalose, R" = CO,CHa); (4b) T-deoxynogalarol (R = R’ = H, R" = CO,CHg); (4¢) TR-nogamyein (R = nogalose, R’ = R" = H); (4d}
menogarol (R = OCH,, R' = R” = H); (4¢) epimenogarol (R" = OCH,, R = R" = H); (4f) 7-deoxynogarol (R = R’ = R" = H).






